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Frictional behavior of one-dimensional materials:
an experimental perspective

Tursunay Yibibulla,?® Lizhen Hou,*® James L. Mead,® Han Huang,® Sergej Fatikow®
and Shiliang Wang @ *2

The frictional behavior of one-dimensional (1D) materials, including nanotubes, nanowires, and nanofibers,
significantly influences the efficient fabrication, functionality, and reliability of innovative devices integrating
1D components. Such devices comprise piezoelectric and triboelectric nanogenerators, biosensing and
implantable devices, along with biomimetic adhesives based on 1D arrays. This review compiles and
critically assesses recent experimental techniques for exploring the frictional behavior of 1D materials.
Specifically, it underscores various measurement methods and technologies employing atomic force
microscopy, electron microscopy, and optical microscopy nanomanipulation. The emphasis is on their
primary applications and challenges in measuring and characterizing the frictional behavior of 1D
materials. Additionally, we discuss key accomplishments over the past two decades in comprehending
the frictional behaviors of 1D materials, with a focus on factors such as materials combination, interface
roughness, environmental humidity, and non-uniformity. Finally, we offer a brief perspective on ongoing
challenges and future directions, encompassing the systematic investigation of the testing environment
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and conditions, as well as the modification of surface friction through surface alterations.

1. Introduction

The outstanding mechanical,"® electrical,”® and optical'*™*?
properties of one-dimensional (1D) materials including nano-
fibers (NFs), nanowires (NWs), nanotubes (NTs), and nanorods
(NRs), along with their high aspect ratio, large surface-to-
volume ratio, and low defect density, have unlocked
a plethora of exciting possibilities across various applications.
These materials unlock tremendous potential across a wide
array of applications, ranging from the micro/
nanoelectromechanical systems (MEMS/NEMS) design*™’ to
the development of nanogenerators for energy harvesting,'®>*
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and advanced material innovation®®* to groundbreaking
advancements in biomedical research.?®** It is vital to under-
score that the design, manufacturing, and utilization of these
devices are intricately linked to a deep understanding of their
surface frictional behavior, as it profoundly influences their
performance across various domains.

Many nanogenerators, specifically piezoelectric and tribo-
electric nanogenerators (PENGs and TENGS), rely heavily on the
intricate interplay between friction and energy harvesting
efficiency.'®?%%” TENGs use electrostatic friction for charge
transfer, where mechanical movement between different
materials causes charge separation. Metal NWs, such as silver
(Ag)*®**> and copper (Cu)** showed best charge transfer effi-
ciency, improving performance, as schematically shown in
Fig. 1(a). A schematic diagram is presented to the operation of
contact-mode TENG using a composite of polyvinylidene
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fluoride (PVDF)-Ag NW and nylon fibers. In PENGs, utilizing the
piezoelectric effect, pressure or strain leads to mechanical
deformation of piezoelectric materials, causing charge separa-
tion, so far semiconductor NWs, including zinc oxide (ZnO),**™*
silicon (Si),*** gallium nitride (GaN)**** and cadmium sulfide
(CdS)*** have emerged as pivotal contributions in optimizing
the energy conversion process. Their unique 1D structure
renders them exceptionally well-suited for enhancing the effi-
ciency of energy conversion. This is evident from the schematic
setup for Fig. 1(b). However, practical applications pose
a significant challenge for TENGs and PENGs due to unavoid-
able external mechanical contact on the triboelectric materials,
leading to substantial wear and material adhesion. This results
in nanogenerators being prone to wearing out by friction forces,
causing a substantial decrease in durability that urgently needs
to be addressed.*® To mitigate these friction-related issues,
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PVDF-CNT Foam

Fig. 1 Schematic diagram for nanogenerators based on 1D materials: (a) PVDF-Ag NW composite and nylon fibers based TENG. Reproduced
with permission.** Copyright 2017, Wiley. (b) ZnO NW based PENG. Reprinted with permission.” Copyright 2008, Springer Nature. (c) Generating
piezoelectric charges from a PVDF-CNT foam device. Reprinted with permission.s* Copyright 2019, Springer Nature.

researchers are exploring some alternative 1D materials or new
hybrid materials with high Young's modulus, hardness, and
strength, or those possessing anti-wear properties and effective
lubrication. For instance, such as carbon (C) NTs,*”** which
exhibit robust mechanical strength and low interlayer friction,
effectively mitigating sliding friction between contacting
surfaces. Mixing 0D** and 2D materials with CNT leads to
substantial reduction in friction across various surfaces,**”*7>
and thus have demonstrated the ability to effectively improve or
partially alleviate the issues, as illustrated in Fig. 1(c). There-
fore, the meticulous consideration of the frictional behavior
exhibited by 1D materials becomes crucial in the optimization
of nanogenerators. Understanding and harnessing the unique
frictional properties of 1D materials play a pivotal role in fine-
tuning TENGs for enhanced performance and efficiency in
energy conversion processes.

The role of friction in biomedical research is paramount
when considering 1D materials. Specifically, the frictional
forces between 1D materials and biological cells usually exert
significantly influence over crucial cellular processes such as
adhesion, spreading, and movement, as illustrated in
Fig. 2(a)—(c).”*”” Meanwhile, the ability to control the frictional
properties of 1D materials emerges as a guiding factor in
shaping cell behavior, impacting fundamental cellular
processes like differentiation, proliferation, and tissue regen-
eration.*’®*” For example, in the tissue engineering and
regenerative medicine, when designing scaffolds or substrates,
the consideration of frictional properties becomes integral in
replicating the native tissue environment. Optimized friction
facilitates cell attachment, alignment, and tissue formation,
thereby enhancing the success of tissue engineering
approaches.®®* Also, in drug delivery systems utilizing 1D
materials as carriers for therapeutic molecules, the friction
between these materials and the surrounding biological envi-
ronment can crucially impact stability, release kinetics, and
interactions with cells or tissues. A nuanced understanding and
control of the friction of 1D materials could effectively
contribute to enhancing the efficacy and specificity of drug
delivery systems.**** Moreover, 1D materials have successfully
found wide applications in the development of biointerfaces

© 2024 The Author(s). Published by the Royal Society of Chemistry

and biosensors, as shown in Fig. 2(d)-(f). In these applications,
the frictional interaction between 1D materials and biological
molecules or analytes directly influences their detection or
sensing capabilities. Precision in controlling friction enhances
the sensitivity, selectivity, and reliability of biosensing plat-
forms, opening avenues for applications in diagnostics, moni-
toring, and biomarker detection of biosensing platforms,
enabling applications in diagnostics, monitoring, and
biomarker detection.**®* Clearly, in-depth investigation,
understanding, and controllable modulating of the friction
behavior of 1D materials in biomedical research provide
scientists and engineers with the opportunity to enhance their
understanding of interactions with biological systems. This
enables the development of innovative biomedical applications
and advances the fields of tissue engineering, drug delivery,
biosensing, and implantable devices.

The exceptional adhesive capabilities demonstrated by
geckos, as well as some spiders, beetles, and flies, has been
ascribed to the compliance of the hierarchical fibrillar struc-
tures that exist on their toes or extremities. The compliance of
these structures, which resemble a 1D array, is strongly influ-
enced by the friction behavior associated with individual 1D
fibrils as they contact adjacent fibrils or to the surface they are
brought in contact with. The hierarchical structure of a gecko's
foot consists of setae with thousands of nanoscale spatulae, as
shown in the SEM micrographs in Fig. 3(a)-(c). These spatulae
have specialized geometry and are also extremely compliant,
permitting them to conform to a surface as it is brought into
contact, maximizing the total area in contact, and therefore
generating strong shear friction as well as strong adhesion force
through van der Waals (vdW) interactions.”*” Fundamental
research into the frictional behavior of 1D materials has
significantly improved our understanding of the high adhesion/
friction strength, self-cleaning capability, and rapid
attachment/detachment transition of hierarchical fibrillar
structures. This understanding has also catalyzed the develop-
ment of high-performance reversible dry adhesives. The devel-
opment is exemplified by CNT-based adhesives that have
demonstrated a tenfold increase in frictional force compared to
a gecko's foot.*”?>*%% A variety of optimized artificial adhesive
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Fig. 2 (a and b) Frictional control model of traction forces of adherent cells by adhesion ligands on surfaces: (a) controlled movement of
integrin—fibronectin complexes as they move directionally within the interlayer situated between the cell membrane and the substrate surface;
(b) the relationship curve between velocity and the myosin motor characteristic force F, (solid line) and sliding friction F; (dashed lines) for ligand
surface mobilities from 10% to 10° N ms™%. Reproduced with permission.” Copyright 2011, Elsevier. (c) Scanning electron microscopy (SEM)
image depicting the deformation of NWs upon direct contact with the attached cell body. Reproduced with permission.” Copyright 2016, ACS.
(d) Schematic of the multiplexed detection for cancer marker proteins using an Si NW array. Reproduced with permission.®® Copyright 2005,
Springer Nature. (e) SEM image of NW interface with cell membrane. Reproduced with permission.®* Copyright 2015, ACS. (f) A schematic
illustration of DNA extraction from microbial cells using NW in a microchannel. A fluorescence images of DNA extraction from a single cell of
subtilis (Upper right) and coli (Bottom right). Reproduced with permission.3* Copyright 2019, ACS.

Fig. 3 (a) Gecko foot attached to a glass substrate, (b) SEM images of setal array, and (c) spatulae at the tip. Reproduced with permission.**®
Copyright 2004, Elsevier. (d) The vertically aligned CNT array and (e) the entangled top layer. Reproduced with permission.®® Copyright 2008,
AAAS.
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systems that offer reversible adhesion have been demon-
strating, facilitating reusability, repositionability, and damage-
free removal.****

The fabrication and assembly of many of the devices and
artificial adhesives outlined in this introduction requires the
dedicated synthesis of 1D materials and customized integration
strategies. Additional modification steps for the 1D material
may also be required. A large quantity of literature that
comprehensive reviews the application-specific synthesis,
modification, and integration of 1D materials already exist, and
therefore are considered to lay outside the scope of this
review‘98,104—112

To date, several reviews have been directly associated with
the frictional characteristics of nanomaterials. For example,
Schirmeisen et al. focused on the frictional behavior of nano-
particles on substrates using atomic force microscopy (AFM)-
based manipulation techniques." Guo et al. discussed the
advancements in friction research concerning low-dimensional
materials, encompassing 1D and 2D materials."** Additionally,
Polyakov et al. focused on the friction of 1D materials on flat
substrates under vacuum conditions, where real-time observa-
tion was provided by the SEM." These reviews collectively offer
a valuable overview of experimental methodologies available for
study the frictional behavior of 1D materials, and a deeper
understanding of the underlying mechanisms. Nevertheless,
the reviewed 1D friction studies are carried out on a limited
variety of flat substrates and under specific test environment
conditions. Furthermore, the most recently developed testing
methodologies and the latest research findings on the frictional
behavior of 1D materials have not yet been systematically
compiled into a comprehensive review. Recognizing this deficit,
this review has been composed to provide a thorough overview
of experimental techniques developed over the past two decades
for characterizing the frictional behavior of 1D materials. In the
Second section, the review concisely clarifies the unique char-
acteristics of 1D materials and also addressing the challenges in
further developing our understanding. In the Third section,
recent experimental strategies for measuring the frictional
behavior of 1D nanomaterials are defined, their experimental
results are summarized, and the associated experimental chal-
lenges are elucidated. In the Fourth section, a systematic anal-
ysis is provided on how the frictional behavior of 1D materials
depends on various factors, including materials combinations,
interface roughness, environmental humidity, and non-
uniformity. Finally, the Last section discusses ongoing chal-
lenges and potential future directions in the field from our
perspective.

2. Unique characteristics of the
frictional behavior of 1D materials

Friction is the resistance force that arises at the interface when
two contacting objects either undergo relative motion or exhibit
a tendency for such motion. As researchers begin to investigate
the friction behavior of nanoscale objects and between surfaces
containing nanoscale features, the atomic spacing between the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interacting surfaces diminishes to several Angstroms, and the
discrete atomic structure inherent to each surface invariably
influences the behavior of friction. As a result, friction behavior
at the nanoscale can exhibit some unique characteristics or
phenomena, for example, ultra-low friction nearing zero,'®
negative friction coefficients,"”**® and the tendency for friction
force to decrease with increasing normal load."® The existence
of such intricate phenomena has coined the term micro/nano-
friction.” The discovery of micro/nanofriction has brought into
question our commonly held understanding of macroscale
friction behavior. Consequently, to develop a full under-
standing of friction, it is imperative that researchers scrutinize
the frictional dynamics of surfaces and interfacial molecular
layers at the nanoscale by considering their molecular and
atomic structures.

When discussing macroscopic friction and nanoscale fric-
tion, we are primarily addressing the manifestation of friction
phenomena at different scales. Macroscopic friction, commonly
observed in everyday life, is typically associated with the bulk
properties of the volume of material within the interfacial
region of interest, as depicted in Fig. 4(a). The fundamental
assumption of macroscopic friction theories is that the objects
or volumes of interest are continuous, dense entities that
behave in a manner that can be described by continuum
mechanics. Under such assumptions, the friction force is
directly proportional to the applied normal load and can be
described by Amonton's law:'**'** F = uN, where F, u and N are
the friction force, friction coefficient, and external applied
normal load, respectively. It is independent of the apparent
contact area Aapparent- At the micro/nanoscale, however, friction
is explained through single and multi-asperity models where
the friction force primarily depends on the real or true contact
area Ayye (defining the true contact area is nontrivial), and is
suggested to express as F = gA{y., where o is the interfacial
shear strength, A, is the true contact area, and x is a exponent
factor ranged from ranges from 0.25 to 1 depending on the
commensurability of the surfaces.'>'**

1D materials can exhibit unique friction characteristics due
to their distinct structure; namely their high-aspect ratios and
small diameters. Such unique friction characteristics can be
observed when dragging or pulling a 1D material across
a substrate. Depending on the mechanical compliance of the 1D
material, it may either remain rigid or conform to the topog-
raphy of the surface it is contact with, as shown in Fig. 4(c) and
(d), respectively. The tendency of the 1D material to conform is
dictated by the balance between the interfacial adhesion energy
(the driving force for conformation) and the elastic energy
associated with deflection of the 1D material (the resistance to
conformation).””**' The tendency of a 1D material to conform
or not conform during sliding can lead to a non-constant fric-
tion force with respect to time, revealing distinctive frictional
behavior.”>***3% The ease at which a 1D material can conform
can also give rise to novel “electro-capillary-elastic” coupling
behavior, deviating from the conventional theory that frictional
forces originate from electrostatic and capillary forces
alone.®*** In addition to the usual “static” friction and
“kinetic” friction, there is also unique “rolling” friction, which

Nanoscale Adv., 2024, 6, 3251-3284 | 3255
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Fig. 4 Differences and similarities between macro and nanoscale friction: (a) macroscale contact and (b) microscale contact of rigid bodies.
Reproduced with permission.?> Copyright 2009, IOP. (c) Rigid NW contact with rigid substrate and (d) ultra-compliant NW contact with rigid
substrate. Here N is the applied normal force, A is the true contact area, A pparent IS the apparent contact area, u is the friction coefficient, and
is the shear strength. Reproduced with permission.**® Copyright 2017, Springer Nature.

has been found to significantly affect the frictional behavior of
1D material on a substrate.”®»***** Numerous studies has
shown that the structural geometry (primarily, length** and
diameter”**) and conformability (either remaining
rigid*****>*3 or conforming**®) of a 1D material, as well as the
anisotropic nature®” ™' and time dependency**™** of the
interface motion can introduce further complexity in the fric-
tional response. Nevertheless, the underlying mechanisms for
such unique frictional behavior exhibited by 1D materials
remain far from fully clarified.

Fundamentally, the single-asperity models have successfully
explained frictional phenomena at the atomic-level, validated
through an extensive range of AFM tests, theoretical calcula-
tions, and simulations over the past few decades.****** However,
this idealized model is insufficient when applied to mesoscopic
and macroscopic scales due to the increasing complexity of
contact and friction behavior, leaving numerous questions
unanswered. The unique geometric structures of 1D materials
can result in distinct contact and friction behavior compared to
traditional mesoscales. Therefore, investigating the frictional
behavior of 1D material surfaces holds the potential to bridge
the gap between the existing single-asperity models and real-
world observations at mesoscopic and macroscopic scales.
This, in turn, will not only guide the optimization of
nanomaterial-based coatings,"****® lubricants,” and tribolog-
ical systems,"” leading to improved performance and durability
in various engineering applications, but will also benefit the
design and development of nanoscale devices such as
nanosensors,'**1¢> MEMS/NEMS,'*¢21163 and nanorobots.'**'¢”

3. Methods for characterizing the
frictional behavior of 1D nanomaterials

Characterizing the frictional behavior of 1D materials neces-
sitates addressing at least two specific technical challenges: (i)
a means of inducing the 1D material to slip or exhibit the
tendency to slip with respect to its contacting substrate
surface, and (ii) a means of directly or indirectly measuring
the lateral force responsible for inducing slip at the 1D
interface. The first technical challenge is commonly accom-
plished through a contact-based nanomanipulation tech-
nique. In this approach, the slipping behavior of a targeted 1D
material is induced by one or more nanoprobes, such as an

3256 | Nanoscale Adv, 2024, 6, 3251-3284

etched W or Si cantilever tip. The position and movement of
the tip as well as the induced movement of the 1D material
itself can be visually monitored using a variety of microscopy
techniques, AFM, SEM, transmission electron microscopy
(TEM), or optical microscopy (OM). However, the second
technical challenge generally demands sophisticated and
intricate measurement devices and methods. In most cases,
lateral forces in the range of uN to nN are measured directly,
either by (1) an optical lever-based readout of an AFM canti-
lever, or (2) via dedicated force sensors which utilize piezor-
esistive, electrostatic, or capacitive mechanisms in
combination with SEM, TEM, or OM. In recent years,
a comparatively simpler indirect measurement strategy has
been successfully developed, assessing frictional forces by
directly observing the induced deformation of the targeted 1D
materials using AFM, SEM, TEM, or OM.

3.1. AFM-based measurements

AFM can precisely generate the relative slip between 1D mate-
rials and substrates through the manipulation of a sensitive
cantilever with a tip. The applied manipulation force can be
determined from the cantilever deflection measured using
a laser beam and a position-sensitive detector. The unique
working principle of AFM makes it a powerful tool for studying
the frictional behavior at nanoscale. Various AFM-based strat-
egies have been developed to date for measuring the frictional
behavior of 1D materials.

3.1.1. Direct measurement strategies. In 1999, Falvo et al.
tested the frictional behavior of CNTs on mica and graphite
substrates by the push forces collected from the AFM tip leading
to the sliding or rolling of the CNTs (Fig. 5)."** In their study,
a sliding friction force per unit length of 0.006 nN nm™" and
a sliding friction force per unit area of 2 MPa for a CNT with the
average radius of 13.5 nm was obtained. Moreover, distinct
behaviors were identified for a CNT sliding on mica and
graphite substrates by end and side, respectively. On mica,
when the CNT slid from its end, end-on pushes resulted in
a noticeable initial stick-slip peak in the lateral force trace, as
depicted in Fig. 5(b). In contrast, side pushes on mica produced
a smooth lateral force trace accompanied by an in-plane rota-
tion of the NT, and no initial stick-slip peak was observed, as
depicted in Fig. 5(b). However, on graphite, during the side-on
pushes, they not only observed the smooth lateral force trace

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a and b) AFM images of CNT's original position and after sliding. Inset in (b) shows the lateral force profile during the sliding manipulation.

(c and d) AFM images of the during rolling and corresponding lateral force profile of a CNT. Reproduced with permission.t*¢ Copyright 1999,

Springer Nature.

with in-plane rotation (indicating sliding) but also instances
where the CNT displayed a pronounced periodic stick-slip
modulation, which they termed rolling, as shown in Fig. 5(c)
and (d). Subsequently, Kim et al. further investigated the rolling
and sliding behavior of short ZnO NWs on Si substrate by the
manipulation technique using a Si AFM tip. Both sliding and
rolling behaviors of the NWs were detected using the lateral
mode of AFM, as depicted in Fig. 6(a) and (b). Furthermore, they
also identified a coexistence of rolling and sliding during the
manipulation, with some areas exhibiting indistinguishable
characteristics. Their analysis yielded unprecedented high
friction coefficients of 242 and 462.'%®

In 2002, Ishikawa et al. affixed a MWCNT onto the tip apex of
a commercial silicon nitride (SiN) cantilever, as depicted in

Fig. 6

Fig. 7(a) and subsequently tested the friction behavior between
the CNT and mica substrate by sliding the CNT on the mica
surface. Despite the challenges in directly measuring the
absolute values of frictional forces, they chose to gauge the
output voltage proportional to the frictional force. Fig. 7(b) and
(c) shows the dependences of frictional force on the external
load and scanning length. It was found that the CNT tip
exhibited a completely different behavior from that of conven-
tional tip, attributed to the unique shape of CNT. Furthermore,
a notable scanning length dependency of the friction force is
observed due to the deformation of CNT.**®

In 2008, Bhushan et al developed a new method for
measuring the friction between two individual CNTs, by sliding
a CNT welded onto the Si AFM tip over another CNT suspended

(b)
60- A
3 o
=3
g 40f, ® et A
O frecsmmsmmes ° . a
E a s .
S 201 =®m
k3]
T
[T

Rolling/Sliding ~ Sliding  Undeter-
mined

(a) AFM images of the translation motion of ZnO NW during manipulation when both pure sliding and rolling sliding. The arrow indicates

the motion of the probe tip, while the dotted circle indicates the marker on the NW used to assess the degree of rolling. (b) Average dynamic
frictional forces measured during the manipulation. Reproduced with permission.**® Copyright 2013, RSC.
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Fig. 7 (a) MWCNT attached to AFM tip. (b) Friction versus load curve
analysis of a scanning length set at 20 nm. (c) Friction and scanning
permission.*®® Copyright 2002, Elsevier.

over a microtrench, as schematically shown in Fig. 8(a). They
used the MWCNT-tipped probe to continually scanned horizon-
tally'® and vertically'”® over the SWCNT in a crossed geometry, as
depicted in Fig. 8(a) and (b). In their first horizontal scanning
experiments, they employed tapping mode of the AFM, calcu-
lated the experimental value of friction coefficient 0.006 & 0.003
resulting from the interaction between the two CNTs, which
caused changes in tapping amplitude. The tapping amplitudes
and corresponding SEM images of the CNT tip during different
cycles of scanning are illustrated in Fig. 8(c) and (d). Additionally
kinetic shear strength 4 = 1 MPa by using continuum mechanic
model.® And found remarkably unexpected results with a fric-
tion coefficient of 0.2 and a kinetic shear strength of 1.4 GPa
during their vertical scanning experiments conducted in force-
calibrated mode."”® Their experiments mark the pioneering
endeavors in the historical pursuit of determining the frictional
properties of individual 1D materials. But the substantial
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s for both conventional and CNT probes were generated through the
length relationship diagram at various applied loads. Reproduced with

difference between the results of the two experiments may be
attributed to the lack of visualization in the AFM operating
process or the isotropic feature of the CNTs.

In 2009, Lucas et al. further investigated the rolling and
sliding friction behavior of Si-supported CNTs by scanning the
MWCNT with the Si AFM tip along the longitudinal and trans-
versal directions, as depicted in Fig. 9(a)-(c). They observed
completely different with Bhushan's results,***"”° a higher fric-
tion coefficient in the transverse direction compared to the
parallel direction, according to the detected friction force
profiles presented in Fig. 9(d) and (e). As illustrated in Fig. 9(f),
the transverse direction exhibited independence from the CNT
radius, whereas in the longitudinal direction demonstrates an
inversely proportional relationship to the CNT radius.*”

3.1.2. Indirect measurement strategies. Although direct
AFM measurement strategies have yielded some remarkable
results, and the detailed techniques of the measurement have

AFM probe 25 -
(a) 4 (C) 204 <— Approaching (d)
I 15 > Retracting
First 10 |
p < || cycle 5
z ' 2 - 1]J.m
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Fig. 8 (a) Experimental schema for testing the frictional behavior betwe
a microtrench made of polycrystalline Si. (c) Cantilever tapping amplitud
test, and after ~500 cycles. Reproduced with permission.t*® Copyright
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en two individual CNTs. (b) SEM image of CNTs suspended on the top of
e and (d) SEM profiles of the MWCNT tip during the first cycle, during the
2008, APS.
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Fig. 9 (a) AFM topography image of a CNT. The fast-scanning direction of the AFM tip is indicated by an arrow (x direction). (b and c) Friction

images of the highlighted longitudinal and transverse sections of the CNT. (d and e) Position and friction force profile across the CNT. The
topography profile (black solid line) is along the white solid lines in (d) and (e). (f) Diagram of longitudinal and transversal shear strength as
a function of CNT radius. Reproduced with permission.**” Copyright 2009, Springer Nature.

seen significantly improvement, they remain time-consuming
and inaccurate. This is attributed to the complex mechanical
relationship involving contact forces and contact areas among
the AFM-tip, the targeted 1D materials, and the supporting
substrate. Consequently, simpler indirect measurement strate-
gies have been developed. Falvo et al initially proposed an
indirect strategy to measure the frictional force between an
individual 1D virus and a supporting substrate by using AFM-
based nanomanipulation.’” In this method, they manipulated
an initially straight individual 1D virus on a graphite substrate,
and bent it into arc shape, as illustrated in Fig. 10(a) and (b). By
using the small deflection cantilever beam model with one end
fixed, as shown in Fig. 10(c) and (d), the interfacial frictional
shear force per unit length between the 1D virus and graphite
substrate was estimated to be 5 mN m ™" by using eqn (1),

d*y(x)
dx4

Gn = EI 1)

where, g, is the lateral static friction per unit length acting on
the 1D virus, E and I are the Young's modulus and second
moment of inertia of the 1D virus, y(x) is the deflection of the
longitudinal deflection of the virus cantilever.

Subsequently, Bordag et al. applied this indirect strategy to
further measure the static friction between NWs and substrates,

showcasing significant improvements and extensions in AFM-
based nanomanipulation.’”” In their experiment, an initially
straight InAs NW attached to a SiO, substrate was manipulated
to its most bent state using an AFM tip, as illustrated in
Fig. 11(a) and (b). Once equilibrium was reached between the
static friction and the elastic restoring force of the bent NW, the
static friction could be indirectly determined from the bending
curvature of the NW, based on the elastic beam theory, Bordag
et al. derived a simple equation,'”

4o = IR
where k is curvature of the bend profile of the NW, to calculating
the static friction force. Consequently, the average shear fric-
tional force per unit area of 0.99 £ 0.25 MPa was estimated for
the InAs NWs on Si substrates by using eqn (2).'”

Although the new indirect strategy is simple and can signifi-
cantly reduce the effect of the contact uncertainties from the direct
AFM measurement,”*"> it was found that the proposed
mechanical models are overly simplified, which might lead to
significant errors in certain practical calculations. To achieve
a more complete and accurate description, some more sophisti-
cated mechanical models were developed for the calculation of the
static friction distribution along the whole 1D materials.'3*'7%17>-18

()

AFy ()
‘i X
boam
tip constraint
L .

L. |

Fig. 10 (a and b) AFM images of the tobacco mosaic virus on graphite

before and after AFM manipulation, respectively. (c and d) Schematic

illustrations of the mechanical model for calculating frictional forces between a virus and a graphite substrate. Reproduced with permission.*”*

Copyright 1997, Elsevier.
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Fig. 11 (a and b) AFM micrographs of InAs NWs on SiO, substrate before and after manipulation, respectively. The black arrow in (a) denotes the
force vector to be applied to the NW, and the circles in (b) are the inner and outer curvature radii. Reproduced with permission.*”2 Copyright 2007,
Wiley. (c) AFM image of a SWCNT manipulated into an S shape. The arrows in (c) are the frictional forces act on the SWCNT to prevent it from
returning to its undeformed position. The forces have been normalized by the maximum frictional force per unit length. (d) Friction force

distributions along the length of SWCNT. Reproduced with permission.*”® Copyright 2009, IOP.

For example, Strus et al. considered the bending of the 1D material
as a pure bending state, found that the normal static friction force
along the 1D material could be expressed as,'”

(3)

1 3

Based on this model, Strus et al."”® investigated the interfa-
cial friction force distribution along the length of a supported
SWCNT, which was manipulated into various shapes on the Si
substrate using AFM, as illustrated in Fig. 11(c) and (d). Later
on, Stan et al. proposed another route to calculate the static
friction force along the NW, by fitting the NW skeleton using
a parabola in the form, y = Ax> — Bx + C. In terms of the coef-
ficients A, B, and C of the fitting parabola, the local friction force
per unit length could be obtained by,'”

244° (84%52 + 8ABx + 2B* — 3)
(4423 + 44Bx + B> +1)"°

f=-El (4)

Fig. 12 depicts the AFM image of a Si NW manipulated in the
most bent state by the AFM tip as well as the static friction force
along NW calculated by using eqn (4).
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Fig. 12

As indirect measurement strategies are considerably simpler
in experiments compared to direct strategies, and can signifi-
cantly reduce uncertainties associated with the complex contact
relationships in the direct approaches, many researchers have
employed these indirect strategies for further studies on the
frictional behaviors between 1D materials and substrates, each
yielding commendable results.***'”>%* Nevertheless, it is crucial
to emphasize that indirect measurement strategies relying on
eqn (1)—(3) exhibit significant sensitivity to the bending profile
of the targeted 1D materials. Importantly, the approximate
treatment of boundary conditions for the derivation of eqn (2)
and (3) could introduce considerable inaccuracy in actual
measurements, likely contributing to the extremely high static
friction stress values, approximately two orders of magnitude
higher compared to the kinetic friction stress, reported in
certain earlier studies.'”*'”®

3.1.3. Achievements and challenges in AFM-based
measurements techniques. Direct measurement strategies
have been employed to investigate frictional behavior, entailing
the manipulation of 1D materials with an AFM tip to gain
insights into sliding and rolling behaviors. Concurrently,
researchers have introduced innovative manipulation tech-
niques, such as attaching MWCNT to AFM tips or utilizing AFM-
based nanomanipulation, facilitating controlled experiments to
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(a) The most bent segment of a Si NW hook. The bending stress profile along the white middle line of the NW is shown. (b) The friction

force per unit length necessary to balance the elastic forces in the bent NW. The length and orientation of the line segments give the amplitude
and direction of the friction force from outside and inside of the hook toward the NW. (c) The profile of the friction force per unit length, f, shear
force, V, and bending moment, M, as a function of distance, s, along the NW. Reproduced with permission.”> Copyright 2012, Springer Nature.
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comprehend the distinctive frictional properties of individual
1D materials. The broad applicability of AFM-based measure-
ments is demonstrated through the exploration of diverse
material systems, including CNTs, ZnO NWs, and Si NWs. In
addressing the limitations of direct measurements, advance-
ments in indirect measurement strategies have emerged,
involving the manipulation of 1D material's shape and esti-
mation of frictional forces based on resulting deformations,
offering a simpler and potentially more accurate alternative.
AFM-based measurements have the potential to explore the
dependences of the frictional behaviors of 1D materials on the
testing and environmental parameters, including relative
humidity, temperature, normal loading, sliding velocity, and
interface potential difference. This not only significantly
improves our understanding of the frictional behaviors of 1D
materials but also contributes to the design and applications of
micro/nano devices based on the friction of 1D materials.
However, due to their inherent characteristics, AFM
measurements also unavoidably confront some inevitable

View Article Online

Nanoscale Advances

3.2. SEM based measurements

The necessity for precise real-time visualization in the investi-
gation of interfacial forces at the nanoscale has driven the
integration of SEM into the examination of the frictional
properties of 1D materials. Currently, the incorporation of SEM
with advanced manipulation and force-sensing techniques,
provided a powerful method, specifically in situ SEM nano-
manipulation, for the real-time characterization of the frictional
behavior of 1D materials in a visualization mode.

3.2.1. Indirect measurement strategies based on SEM
manipulation. In 2007, Desai et al. firstly used this strategy for
observing the interfacial friction and adhesion of NWs.** As
shown in Fig. 13(a), one end of the targeted ZnO NW was
fastened at the edge of a TEM Grid, the Si AFM tip, moistened
on the manipulator arm, was attached to the end of the NW to
deflect. Based on the mechanical model can be represented in
Fig. 13(b), the bending profile of the NW could be described by

using,'?

1 q(l - x)°
2 — - >
73 Y EI ( ) X7k
X 5 = | l , [5)
1+ ﬂ ? — | - u + (Fuaw — F)(l. —x) + (r+ e)Frcos 0§ — (l. — x)Fisin 0 |, x=I,
dx EI 2

issues and challenges. (a) Lack of real-time direct visual feed-
back: AFM cannot provide real-time direct visual feedback and
can only monitor the initial and final states of the dynamic
testing process. This “blind manipulation” characteristic not
only severely impacts testing efficiency but also introduces
considerable uncertainty in actual measurements. For example,
lateral forces measured by AFM may originate from interactions
between the AFM tip and 1D materials, between 1D materials
and the substrate, or between the AFM tip and the substrate,
making it challenging to differentiate."®*"** Additionally, the
frictional forces experienced by flexible 1D materials during
movement on the substrate, especially static frictional forces,
are often non-uniform along the length direction of the 1D
materials. As AFM measurements lack real-time visual charac-
teristics, complex mechanical models must be used for deriva-
tion, potentially leading to significant errors in the obtained
results.””*”®* Moreover, distinguishing between sliding and
rolling of 1D materials on the substrate remains a chal-
lenge.”***** (b) Unpredictable deformations and damages: fric-
tion forces between 1D materials and the substrate are often
substantial, and the sharp AFM tip used in manipulation and
measurement processes may cause deformations or damages
on the sample surface. The tip itself may undergo significant
deformations or damages, affecting the final measurement
accuracy and reliability.’***®” The experimental results for 1D
materials obtained by AFM-based methods are outlined in
Table 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry

where [ and [ are the total and force acting lengths of NW
respectively, g is the force per unit length induced by ion-beam,
F,qw and F; are the vdW adhesion force and friction force
between Si AFM Tip and ZnO NW respectively, F; is extracted
force by AFM tip, and 4 is the slope angle. According to eqn (5),
a friction force of 7.7 nN between the NW and AFM tip was
obtained by numerically solving eqn (4)."*

In 2010, Zhu et al. reported the experimental measurement
on the frictional shear stress of ZnO and Ag NWs over Au
substrate using the in situ SEM manipulation strategy. In their
experiment, an initially straight NW affixed to a tungsten (W) tip
underwent buckling when the W tip was pushed from
a manipulator arm towards an Au substrate, as shown in
Fig. 13(c) and (d). As the loading on the NW increases, the NW
undergoes buckling until it reaches the point of sliding.
Applying the buckling theory with one end fixed and the other
end pinned, the friction force on the NW could derived from the
bending profile of the NW using the following equation,

dy* P Fx

VBT ©)
where P and F are the normal and friction forces, respectively,
as depicted in Fig. 13(e). In their study, the friction coefficients
and shear strengths between Ag NWs and Au substrates,
ZnO NWs and Au substrates as 0.09-0.12, 134-139 MPa,
0.1-0.15 and 78.9-95.3 MPa were obtained by numerically
solving eqn (6).'*?
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(@) NW snap in due to the adhesion from the AFM tip (three different stages of NW loading are superimposed), (b) mechanical model for

calculating forces acting on the NW in (a). Reproduced with permission.*®2 Copyright 2007, AIP. (c and d) SEM images of an individual NW before
buckling and after buckling and just prior to sliding on the right end, respectively. (e) Mechanical model for calculating forces acting on the NW in

(d). Reproduced with permission.*** Copyright 2010, Springer Nature.

The methods proposed by Desai et al.***> and Zhu et al.***
presented a novel perspective for investigating the interfacial
frictional behavior of 1D materials on substrates. However, both
methods employed relatively intricate mechanical models
requiring numerical solutions and, notably, did not explicitly
differentiate between static and kinetic forces. Subsequently,
Polyakov et al. developed a nanomanipulation techniques based
on an in situ SEM strategy for visual observation and perform
a comprehensive characterization on the frictional behavior of
1D NWs over substrates.'*>'*1%41%7 In their study, the 1D
materials on substrates were manipulated by an AFM tip glued
to a quartz tuning fork (QTF), which is driven by a 3D nano-
manipulator inside the SEM, as depicted in Fig. 14(a). The
friction forces on the targeted NWs could be derived from the
lateral forces recorded by the AFM tip or from the bending NW

Fig. 14

profiles using the Timoshenko beam theory. Fig. 14(b)-(e)
shows the SEM images of an NW pushed to slide along the
HOPG substrate by AFM tip with constant velocity.'” After
sliding a few microns, the NW curved into an arc shape with
a distinct curvature, attributed to the equilibrium maintained
between NW-substrate kinetic friction and internal elastic
forces within the NW. According to these equilibrium condi-
tions shown in Fig. 14(f), the bending shape of the NW could be
described by,*”

d*p kin L
Elﬁ——q {I—LH(I—E)}COS(p, (7)

where ¢ is the tangent angle function of the NW axis I, " is the
distributed kinetic force on the length, H(x) is Heaviside step

function. Consequently, by numerically solving eqn (7) with

f v=const = HOPG | .

Fapl»lal
06 - * Oxidized Si

02t B
. .
/ . .
0.0 h e B L L
40 60 80 100 120 140 160
NW diameter, nm

(a) Experimental scheme of the nanomanipulation of NW with AFM tip glued inside the AFM tip QTF inside the SEM. Reproduced with

permission.**® Copyright 2015, IOP. (b—e) SEM images of a ZnO NW on the HOPG pushed to slide by the AFM tip from the initial to final shape. (f)
Mechanical model for calculating the kinetic frictional force on the NW, and kinetic frictions measured as a function of NW diameter on HOPG
and oxidized Si wafer. Reproduced with permission.*®” Copyright 2012, Wiley.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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initial condition ¢’ = 0, the kinetic friction per unit length 0.04-
0.5 nN nm ™" for ZnO NWs on HOPG substrate and 0.03-0.7 nN
nm™~ " for ZnO NWs on Si substrate, as depicted in Fig. 14(f)."’

In their above mentioned technique,””” even after the
external force is extracted, Polyakov et al. found that, after
removing the external force, the bent NW usually spring back
slightly and would find a new balance shape due to the elasti-
cally restored force and the static frictional force from the
substrate (Fig. 15). By neglecting the tangential component of
static friction, they obtained,***

d’k k3> 7 ®

st/ _ anrn  r
q (l)*EI(dlz"' >

for calculating the static friction on NW with the boundary
conditions, dk/dl|;—, = dk/dl|;—; = 0 and k|;—o = k|;— = 0, where
k and ¢°({) are the curvature and the static frictional force along
the NW, respectively. Based on eqn (8), it was found that the
static friction force per unit length is between ZnO NW-Si
substrate is 1.7-2.34 nN nm ', very close to their kinetic fric-
tion force 1.8 nN nm ™"

To evaluate the reliability of the mechanical models sug-
gested for calculating the static friction along bent NWs based
on their bending profiles, Antsov et al. performed a direct
comparison in 2014. In their study, a ZnO NW on SiO, substrate
was manipulated into a complex shape, as shown in Fig. 16(a),
by using the AFM tip in SEM chamber. Subsequently, the static
friction force along the bent NW was calculated using the
mechanical models described by eqn (2),"* (3),"”* (4),"”* and
(8),'****> respectively. As can be seen from the comparative

View Article Online

Review

results in Fig. 16(c), it seems like the mechanical model sug-
gested by Dorogin et al. provided a more accurate description
for NWs with more intricate bending shape. This is presumed to
be attributed to the consideration of the conditions at the free
end in Dorogin's model.'”* However, it should also be noted that
all these models neglected the tangential component of the
frictional force along the NW, which could result in noticeable
inaccuracies in actual calculations. For instance, the frictional
force at the end of a bent NW is generally assumed to experience
the highest static frictional force from the substrate, as the end
is expected to have the maximum tendency to slide on the
substrate. Nevertheless, as observed in Fig. 16(a), the friction
forces at the free ends are considerably lower than the
maximum frictional forces.

3.2.2. Direct measurement strategies based on SEM
manipulation. As the manipulation force on the NW could be
directly recorded by the pre-calibrated QTF force sensor
installed inside the SEM (see Fig. 14(a)), Polyakov et al. first
detected directly the lateral force for the sliding of ZnO NW on
Si substrate as depicted in Fig. 17(a)-(e), and obtained the
average frictional shear stress of 2.1 + 0.26 MPa. Subsequently,
Polyakov et al. comparatively studied the kinetic behavior and
tribological properties of Ag, Au, and Cu nanodumbbells on
a SiO, substrate. As seen in the typical SEM images extracted
from the recorded video of the manipulation process shown in
Fig. 17(f)-(j),"*® the nanodumbbell rotated around one of its
ends (kinetic friction) at a force of 10-20 nN, after overcoming
the static friction force of ~500 nN. During the in situ
measurement, the static and kinetic friction typically exhibited

Fig. 15

(a) SEM image of a bent ZnO NW lying on a substrate. (b) Schematics of the expected static friction force distributed along a bent NW. (c)

Distribution diagram of static friction along the NW in (a) obtained from eqn (7). Reproduced with permission.*** Copyright 2012, Springer Nature.

1um

95 aJ/lnm

Fig. 16

0 (b).

(a) nN/nm

05

(c)

A: Dorogin’s model
B: Stan’s model
C: Strus’ model
D: Bordag’s model

(@) SEM image of the bent ZnO NW held by the static friction from the substrate. The rows showed the normal component of static

friction force. (b) Numerically calculated elastic energy. (c) Static friction forces distributions along NW using different models. Reproduced with

permission.**® Copyright 2014, Elsevier.
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(a—d) SEM images of the suspended NW being pushed by the tip. () The corresponding force curve. Reproduced with permission.***

Copyright 2011, Elsevier. (f—i) SEM images for the manipulation process of an Ag nanodumbbell. (j) The corresponding recorded tip—nano-
dumbbell interaction force. Reproduced with permission.**® Copyright 2015, IOP.

a significant difference, presumed to be closely related to the so-
called “contact aging” phenomenon at the nanoscale. More-
over, in their manipulation experiment, the nanodumbbells
exhibited several regimes of motion (sliding, rolling, and rota-
tion). Sliding (translation) was observed in very rare cases.
Rolling of a nanodumbbell onto the other side was observed
more frequently. The most common scenario was the rotation
of the nanodumbbell around one of its end bulbs.

Note that the NW-substrate friction force is usually quite
higher, it is therefore needs a high preload force on the AFM tip
to manipulation the NW. This usually leads to the unexpected
damages on the targeted NW, and especially results into
significantly uncertainties in the actual testing process.”” As
result, Gao et al. developed a new technique based on the force
feedback characteristics of force sensor to eliminate the effects
of preload on the measurement. Using the new testing tech-
nique, they found that the friction shear stress between Si NWs
and SiC substrate is 1.05 + 0.32 MPa.***

3.2.3. challenges in SEM-based
measurements. The development of techniques for measuring
friction forces in 1D materials using SEM has evolved from the
early stages of observations and measurements of sliding and
total friction forces. From the development of by using in situ
SEM manipulation method to evaluate frictional behavior to
sensor integrated method. It has advanced to incorporate more
sophisticated measurements, including static friction transi-
tion to kinetic friction, pure kinetic friction, and the relaxation
from kinetic friction to self-equilibrium static friction forces.
Additionally, these techniques now allow for the observation of
various frictional processes, such as rolling, sliding, and
rotating (currently only available for large aspect ratio NWs).
This progress has significantly enhanced the capabilities of
these methods, providing exceptional real-time observational
insights.

However, certain challenges and issues still persist. SEM
operates under high vacuum conditions, making it impractical
to assess the impact of relative humidity, which has been shown
to significantly alter the frictional behavior of 1D materials.
Moreover, the high-energy electron beam used in SEM may
impact the interfacial frictional properties of 1D materials in

Achievements and

© 2024 The Author(s). Published by the Royal Society of Chemistry

several ways: (i) inducing changes in the sample's morphology,
potentially deviating from its native state;*** (ii) generating
electrostatic attraction forces that interfere with precise friction
force measurements; (iii) triggering chemical reactions, altering
the interfacial composition and influencing observed frictional
behavior;***2* and (iv) inducing residual stress in 1D NWs being
tested and altering the accuracy of the indirect measurement
strategies.’®* In addition, the manipulation of 1D materials in
SEM processes potential obstacles, including the impact of
manipulator vibration'*?*?%* and the preload*® of the
manipulation tip, both may affect the result accuracy.

Finally, it should also be noted that while the in situ SEM
manipulation strategy enhances visibility during the manipu-
lation of 1D materials, it falls short in fully revealing the contact
interface between NWs and substrates. In this regard, TEM may
provide a solution for detecting the contact interface during
sliding. For example, in 2003, Fujisawa and Kizuka pioneered
a groundbreaking technique by combining AFM with TEM and
STM (scanning tunneling microscopy). This
approach allows for the simultaneous observation of a TEM
movie capturing the AFM/STM tip apex and sample surface with
the AFM force signal and STM current signal. They witnessed
the lateral sliding of the Cu tip on the Cu surface when the
sample underwent displacements perpendicular to the surface.
This implies that the AFM data, including the cantilever
deflection, results not only from a force component acting
perpendicular to the surface but also from a force component
parallel to the surface.'® In 2012, Sato et al. developed an
electrostatically driven MEMS system operating within a TEM
specimen chamber, allowing for precise sub-nanometer actua-
tion, studied the Ag-Ag asperity friction.*** In 2021, Shan et al.
studied the single asperity friction between Ag cantilever and W
substrate by in situ TEM manipulation.>* In 2022, He et al. used
AFM/TEM combined techniques conducted experiments on
single asperity between W tip and Au substrate.*** These studies
offered an opportunity for the direct observation of the inter-
facial contact at the nanoscale. However, the current scope of
these investigations is restricted to the examination of indi-
vidual asperities due to the severely limited observation range.
This limitation currently hinders the ability to observe the

innovative
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Table 2 List of experimentally determined frictional properties of 1D materials with substrates measured by SEM-based techniques®

Techniques

Interfaces

In situ SEM manipulation
In situ SEM manipulation

In situ SEM manipulation
In situ SEM manipulation

In situ SEM manipulation

In situ SEM manipulation

In situ SEM manipulation

In situ SEM manipulation
In situ SEM manipulation
In situ SEM manipulation

ZnO NW-Si substrate

Ag NW-Au substate; ZnO
NW-Au substate

ZnO NW-oxidized Si wafer

ZnO NW-Si wafer

ZnO NW-oxidised Si wafer

ZnO NW-oxidised Si wafer;
ZnO NW-HOPG substrate

ZnO NW-Si substrate

Ag ND-SiO, wafer
SiC NW-Si substrate
MWCNT-MWCNT

Friction parameters Notes Ref
fi=7nN EI=29.7 pN pm™" 192
Bzno-au = 0.1-0.15; pag ay = Azno-au = 217-387 nm?; As,_ 193
0.09-0.12; 07n0-au = 78.9- Au = 240-288 nm*
95.3 MP3; 0zn0-au = 134-139
MPa
G = 0.2 £ 0.08 NN nm™; g3 Hexogen; D = 160 nm; L = 194
=2.1 =+ 0.26 MPa 3.9 um
gs =1.7-2.4nN nm ;¢ = — 195
1.8 nN nm™"
g™ =11nNnm g, = 5 Hexogen; D = 70-150 nm; L 144
nN nm™; g, = 0.25 nN =10-20 pm
nm Y ¢ = 195 MPa; 6}, =
65 MPa; o = 2.8 MPa
Gcom (0N Si) = 0.12-16 nN Hexogen; D = 60-160 nm (D 132
nm ™~ geom (on HOPG) = =110 nm)
0.04-7.5 nN nm ™ %; g, (on
Si0,) = 0.04-0.5 NN nm™; gy
(on HOPG) = 0.03-0.7 nN
nm™%; ¢, (on Si0,) = 36 MPa;
d. (on HOPG) = 24 MPa; 07,
(on Si) = 3.2 MPa; gy (on
HOPG) = 2.75 MPa
o = 1-60 MPa Hexogen; few tens to a few 213
hundreds of nm; several
hundred nm to a few um
f; = 500 nN; fi = 10-20 nN — 198
ok = 1.05 & 0.32 MPa — 201
05 = 0.3 MPa; g, = 0.09 MPa D=60nm; L =7.5pum 214

“ geom: Static-kinetic combined friction force, o.om: static-kinetic combined shear stress, ¢

max,

gs : maximum static shear strength, bar “~”: average values.

distribution of frictional forces along the length of 1D mate-
rials. The experimental results of 1D materials measured using
SEM based techniques are presented in Table 2.

3.3. OM-based measurements

Although the resolution of OM is typically above 200 nm, people
discovered long ago that through OM, it is possible to “see”
individual NFs with diameters well below 100 nm. Attempts
were made to directly achieve and conduct nanomanipulation
using NF materials under an OM.>*** It is precisely based on the
special imaging features of NFs under an OM that, in the past
two decades, researchers have gradually established nano-
manipulation techniques based on OM. These techniques are
employed to manipulate individual NFs and characterize their
various properties. In particular, this OM-based nano-
manipulation method has become one of the primary
approaches for systematically characterizing the mechanical
behavior and surface mechanical properties of NFs, through the
combination with external manipulators, MEMS, or force/

displacement Sensors, and other micro-nano
devices 126,139,142,183,216-222
3.3.1. Direct OM-based measurement strategies. Man-

oharan et al. pioneered the development of custom adhesion-
friction force sensor to directly measure the adhesion-friction
force of the NW-substrate interface under OM with zero applied

3266 | Nanoscale Adv, 2024, 6, 3251-3284

max,

: maximum static force per unit length,

normal load. In their experiment, the force sensor was mounted
on a piezoelectric actuator with a travel of 100 um in the x, y and z
directions. The ZnO NW sample was fastened at the end of the
cantilever of the force sensor using focused ion beam deposited
platinum, as depicted in Fig. 18(a). A Si wafer used as the
substrate was placed on a manual manipulator with 1 pm posi-
tioning accuracy, and a minimum of 0.5 um positioning resolu-
tion can be achieved with an OM using a 100x long working
distance objective, as shown in Fig. 18(b). The adhesion-friction
force sensor has a U-shaped spring for friction force measure-
ment and a cantilever beam as shown in Fig. 18(c) and (d). When
the NW shears on the substrate, the displacement of the friction
force spring can be directly measured by recording the extension
of the reference gap. Fig. 18(f) presents the typical friction loading
and unloading curve for a ZnO NW on Si substrate under ambient
conditions. They estimated that the frictional shear stress
between ZnO NW and Si substrate was ~1 MPa.'*®

In 2009, Akanda et al. proposed a novel direct measurement
method by using a two-manipulator system with two force sensors,
enabling direct visual observation at atmospheric environment
under OM. Illustrated in Fig. 19(a)-(d), the force sensor adopts
a four-legged parallel beam structure, offering precise measure-
ment of friction and normal contact forces under high-resolution
digital microscope observation. Manipulator 1 serves the purpose
of transporting test samples or micro-probes, while manipulator 2
hosts a micro-force sensor connected to a piezoelectric platform.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 (a) Experimental setup diagram showing the nanosize force sensor oriented on a Tritor® piezo-actuator and the Si substrate (not up to

scale). (b) Experimental setup under a 100x OM objective. (c) Force sensor (not up to scale) diagram and (d) the corresponding SEM image of the
force sensor (inset: zoomed view of the displacement markers). (e) OM image of the NW positioned on the substrate with the intended contact
length. (f) Friction loading and unloading curve of ZnO NW on Si substrate under ambient conditions. Reproduced with permission.*?* Copyright

2009, IOP.

In the experiment, the Pt microwire could be pushed and pulled in
normal contact between two closely placed W probes, and the
push/pull forces are directly recorded at specific speeds controlled
by a computer-controlled piezoelectric platform. Fig. 19(e) illus-
trates a typical cycle of push/pull motion at a speed of 2.5 pm s ",
The push/pull motion, performed for a given speed and defor-
mation at B shown in Fig. 19(d), is repeated for several cycles. The
push/pull forces recorded for the first four consecutive cycles are
presented in Fig. 19(f) as a function of time. The static and kinetic

Test zone

[
e\’,(,{?f Cantilever

Capacitiv

Double beam
/ cantilever
Sample ‘% _
Piezo ¥| £
stage || =
>

Capacitive sensor

Fig. 19

(a) Experimental setup for the two-manipulator system. (b)

friction coefficients, 0.25 and 0.2 between the Pt wire and W tip,
were calculated based on the normal force and friction force.*
In 2020, Das et al. introduced an innovative MEMS-based
system dedicated to precisely measuring adhesion and fric-
tion forces in 1D materials.*** The testing process involved
utilizing digital image correlation (DIC) on high-magnification
OM images, enabling the accurate calculation of relative
motion within the MEMS components, and consequently, the
determination of applied forces on the fibers with an impressive
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Four-legged parallel beam cantilever. (c) Schematic of friction force

measurement system. (d) Optical micrograph of two W probes and the targeted Pt wire. (e) The push—pull cycle of the wire against the probes,
corresponding to the piezo displacement during friction measurement, and (f) frictional forces recorded at various cycles. Reproduced with

permission.??> Copyright 2011, Elsevier.
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resolution of approximately 2 nN, as illustrated in Fig. 20. In the
experiment, two segments of Polyacrylonitrile (PAN) from the
same fiber was isolated using a manipulator. One segment was
securely placed across a 50 um section of the MEMS device,
while the other was affixed across two glass beads using a two-
part epoxy, as depicted in Fig. 20(a) and (b), respectively.
Fig. 20(c) and (d) provide the schematics of the normal and
shear detachment testing procedure, encompassing the contact
of midpoints of two orthogonal fibers, the establishment of an
adhesive connection, and subsequent detachment. For shear
detachment test, two PAN fibers were attached to two MEMS
devices and brought into contact by translating along the y-axis
using a piezoelectric actuator and detached them in shear mode
by translating the top MEMS device along the x-axis with
a second piezoelectric actuator. They continuously monitored
the entire experimental process of each MEMS device using
a dedicated high-resolution OM/CCD camera system. Fig. 20(e)
depicts the top view of a transverse sliding experiment, show-
casing DIC-derived rigid body U - displacements of two
components of the MEMS force sensor superimposed directly
onto the image. The relative displacement of these components,
when multiplied by the spring constant of the device, yielded
the tangential force applied during transverse sliding. In their
test, the stick-slip detachment behavior between NFs was
identified, as indicated in Fig. 20(f). Moreover, the interfacial
shear adhesion strength is shown to be constant for a broad
range of contact radii (25-140 nm) and approximately equal to
the material shear stress at yielding. It is therefore suggested
that the shear yielding might be the controlling mechanism for
the shear detachment of individual polymer NFs interacting
with vdW adhesion.

Nanofiber /¢
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3.3.2. Indirect OM-based measurement strategies. Inte-
grating sensors or MEMS with OM manipulation techniques for
directly measuring the interfacial friction forces of 1D materials
provides a powerful tool for studying the frictional behavior of
1D materials. However, such direct measurement strategies
usually are involved with complex experimental process. As
aresult, indirect OM-based measurement strategies emerged in
the past decade.

3.3.2.1. Frictional behavior of 1D materials and a substrate.
Qin et al. initially introduced an indirect technique for measuring
static friction forces between NWs and substrates, utilizing the
OM manipulation for the real-time visualization testing. In their
test, an initially straight Si NW on the Polydimethylsiloxane
(PDMS) substrate was bent into its maximum bending state, by
using a W tip driven by a micromanipulator with the resolution
of 0.5 um under the OM, as shown in Fig. 21(a)-(d). Before and
after the manipulation process, the size and bending profile of
the NW could be imaged by AFM, as can be seen from Fig. 21(e)
and (f). Employing DataThief software, the Cartesian coordinates
of each centerline point along the NW could obtained from the
AFM image, as shown in Fig. 21(g). Assuming that bending
deformation contributes significantly to strain energy, and
neglecting the contributions from axial stretching and transverse
shear, the static friction force per unit length g, between the Si
NW and the PDMS substrate could be calculated from the
maximum lateral force, f{s), written as,"”*

d’e

S(s) = ~E1'5 5, ©)

where 6 is the angle between ds and dx as depicted inset of in
the Fig. 21(g). As a result, the strain energy and lateral force
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Fig.20 (a) PAN NFs mounted onto a MEMS device. (b) NF mounted between two glass beads. Inset: SEM micrograph of the PAN NF, showing the
uniform diameter along its length. (c and d) Schematic of the normal and shear detachment test, respectively. The fibers are shown in blue color.
(e) The top view of a part of the MEMS testing device, along with the two intersecting fibers on the right side, used in a shear experiment. The rigid
body U-displacements of two components of the MEMS device, calculated through DIC, are superimposed onto the bottom. (f) Tangential and
normal forces curve as the function of the displacement. The tests were conducted at a crosshead speed of 12 nm s~*. Reproduced with
permission.??* Copyright 2020, Elsevier.
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could be obtained as depicted in Fig. 21(h) and (i). The static treatment, as shown in Fig. 21(j). Moreover, as observed from
friction and interface shear strength are found to depend on the  Fig. 21(k), water contact angle measurements suggest that the
ultraviolet/ozone (UVO) treatment of PDMS. The shear strength  UVO-induced hydrophobic-to-hydrophilic conversion of PDMS
starts at 0.30 MPa without UVO treatment, increases rapidly up surface is responsible for the increase in the static friction,
to 10.57 MPa at 60 min of treatment and decreases for longer while the hydrophobic recovery effect contributes to the
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Fig.21 (a—d) Optical micrographs of the initial to most bending states of a Si NW after extracted the W tip. (e and f) AFM images of the initial and
final state of the Si NW. (g) AFM image of Si NW in the most-bent state, with the digitized data points and the geometric relationship (inset). (h and
i) Strain energy and lateral friction force distribution along the NW as a function of s in (g). (j) Frictional shear strength between Si NWs and PDMS
substrate at different UVO treatment times. (k) Dependence of frictional shear strength on the water contact angle. Reproduced with permis-
sion.'”* Copyright 2011, ASC.
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decrease. The static friction between NWs and PDMS holds
crucial importance in various applications of NWs, such as
flexible/stretchable electronics, NW assembly, and nano-
composites (e.g., supercapacitors). The findings by Qin et al.
provide valuable insights that can facilitate quantitative inter-
face design and control for these applications. However, it is
essential to acknowledge that the results are based on the
assumption that contributions from axial stretching, and
transversal shear are negligible. This assumption may intro-
duce significant errors when calculating the friction force at the
free ends of bent NWs. For instance, in the case of the NW
illustrated in Fig. 21(g), the two free ends are expected to
experience substantial static force, yet the obtained static forces
at these locations are nearly zero.

To further clarify the effects of transverse/tangential friction
on the bending profile of NW in the most-bent method for
calculating the static friction force between NWs and substrate,
Hou et al. started the derivation from the force equilibrium
equations for the bent NW depicted in Fig. 22(a)-(c),**

dr
W—kS‘Fq[—O,
ds
kS + gn =0, 10
3 TS +a (10)
dk
El— 8=
g T5=0

Fig. 22

(b)
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where T is the tension, S is the shear stress, [ the coordinate
along the natural axis of the NW, g, and g, are the normal and
tangential components of the static friction per unit length
acting on the NW, respectively. T, 7 k, g, and g, are the functions
of [. For a relatively short NW, a new expression was obtained,

&’k EIP L\ (¢n)osin 20p
(¢n)o = <E1d12+ 5 )O+K(R—O) O (1)

Here (¢n)p and (gn)o are the normal friction forces at P and O,
respectively, L and Ro are the length of the NW and curvature
radius at O, respectively, and K = (¢y)p/(¢n)o- As the last term of
eqn (11) represents the contribution of the tangential friction
force, it is suggested that the contribution of the tangential
friction force to the bending of the NW is related to the value of
L/Re. 1t is also shown that the second term is approximately
equivalent to —(g,)o/10, and eqn (11) can be approximately
rewritten as,*'®

&’k EIR
(o= (B + 5

where (¢n)porogin Was derived by Dorogin et al. based on the
assumption of g, = 0. If the NW profile is considered as
a circular arc, i.e. dk/dl = 0, eqn (11) can be further simplified
into the Bordag's equation, (¢n)gordag = EIk*/2.772 By assuming T
=0 and g, = 0, eqn (11) can be also simplified Strus's equation,
(@n)strus = EIA*k/dI?.77® Finally, it is concluded that when L/Ro =
1, both the Dorogin's and Strus's models can achieve reasonable

(12)

> = (qn)Dorogim
[0}

_lJ_J

-60

40

-20

(a) Schematics of the mechanical model for a bent NW segment held on a substrate by the static friction. (b and c) Distribution of the

friction along x and y directions. (d) NWs manipulated to the most-bent state by the W tip under OM. (e) Frictional shear stress calculated by
different mechanical models versus the L/Ro value. The inset shows the corresponding values in the logarithmic coordinate. Reproduced with

permission.*¢ Copyright 2015, IOP.
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Tip 1 on Si substrate
Tip 1 on SiN substrate
Tip 2 on Si substrate
Tip 2 on SiN substrate

g @Si substrate
@9\‘».‘ substrate
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Length (um)

¢eO0

(a) Optical micrograph of a NW, sliding on the Si substrate at a constant speed due to the push from a W tip. (b) Mechanical loading model

for the sliding NW. (c and d) Optical micrographs of the same NW sliding on Si substrate pushed by tip 1 and tip 2, respectively. (e) The same NW to
(c and d) slid on SiN substrate pushed by tip 2. (f) Frictional shear stress on Si and SiN substrates plotted as a function of the NW length.

Reproduced with permission.??” Copyright 2015, AIP.

accuracy in estimating the static friction force, but the Bordag's
equation will lead to a significant underestimation, as demon-
strated in the experimental results shown in Fig. 22(d) and (e).
Based on eqn (11), the average frictional shear stress between
alumina (Al,03) NWs and Si substrate are measured to be
2.41 MPa by the indirect OM-based measurement strategy.”*®
To further study the frictional behavior of 1D materials on
substrate in air atmosphere, Wang et al. developed the push-to-
slide method based on OM nanomanipulation.*”” In their exper-
iment, an initially straight NW was pushed at its midpoint using
a W tip to slide at a constant speed along a substrate surface, as
depicted in Fig. 23(a). The NW would bend into an arc shape due
to the equilibrium between elastic force of NW and kinetic friction
from the substrate. Assuming the deflection of the NW caused by
NW-substrate friction is small and can be described by the small
deflection beam theory, as illustrated in Fig. 23(b), the kinetic
frictional force per unit length could then be derived from,*”

and SiN substrates, exhibit quite different bent shapes, leading
to different frictional shear stress of 2.0 and 1.5 MPa, respec-
tively, as shown in Fig. 23(d) and (e). These comparative test
presented in Fig. 23(f) directly demonstrated that the substrate
could significantly affect the frictional force on NWs.*"” Simi-
larly, Aditi et al. further demonstrated that ZnO NWs on SiN and
SiO, substrates exhibit different frictional shear stress values of
2.0 and 1.5 MPa, respectively, and the substrate effect on fric-
tional shear stress was attributed to the differences in Hamaker
constants and surface roughness of the substrates, as shown
in Fig. 24.>'®

The assumption of small deflection significantly limited the
use of eqn (13) in many actual tests, where the NW being tested
usually have length over 10 pm. In 2016, Xie et al. proposed
a simple analytical formula calculate the kinetic friction per
unit length (fi) on the bent NWs with relatively large deforma-
tion based on the force-equilibrium model,***

h EI h
8l — — —=0.27
(&) (&) :
fi= N ; (14)
[0.8263¢**M/E +7.948 x 107! x e 1%/1] x (F) 7>0.27
where / and L are the deflection of the NW end and the half-
k= 82‘367 (13) length of the NW. As evident from the results presented in

and the frictional shear stress could be further obtained by
o = qi/w, where w is the contact width between the NW and
substrate. Fig. 23(c) and (d) shows that the same NW on the
same substrate, when pushed subsequently using two W tip
with different shapes, exhibited the same bend shape, leading
to the same frictional shear stress of about 2.0 MPa. This
suggests the tip shape could not significantly affect the
measured results. Meanwhile, it is should observed that the
same NW, when pushed subsequently by the same W tip on Si

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 25(a)-(e), eqn (14) exhibited a high level of reliability in
estimating the kinetic frictional force on NWs with various
lengths and deflections.””® Moreover, as can be seen from
Fig. 25(c) and (d), for the relatively long NW, bending shapes for
the sliding state and the static shape after tip removal are
different, and the difference in their bending energies, AU = U;
— Uy, could be derived from their shapes as shown in Fig. 25(f).

From the perspective of energy-conversion, the work W done
by the friction should be equal to the reduction of the bending
energy, AU, restored in the NW during the bouncing process

Nanoscale Adv., 2024, 6, 3251-3284 | 3271
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Fig.24 Comparative test of ZnO NWs on SiN and SiO, substrates: (a) SEM image of a ZnO NW on SiO, substrate and (b) optical micrograph of the
NW in (a) sliding on the substrate. The three dotted lines are the numerically modelled NW profiles using loads of 0.50, 1.00 and 1.50 MPa,
respectively. (c) SEM image of a ZnO NW on SiN substrate. (d) Optical micrograph of the NW in (c) sliding on the substrate. The three curves
represent the NW profiles simulated using loads of 1.77, 1.83 and 1.99 MPa, respectively. (e) The kinetic frictional shear stresses of ZnO NWs on
SiN and SiO, substrates plotted as a function of the NW diameter. (f) AFM images of the SiN and SiO, substrate surfaces and their corresponding
cross-sectional line profiles. Reproduced with permission.?*® Copyright 2016, Elsevier.

form Fig. 25(c) and (d). As W¢ could be estimated by the swept Clearly, the frictional shear stress values determined from the
area, Aswept, for NW scanning from initial bending state to final two methods are quite close. Besides the calculation based on
bending state, using Wy = —fidswept, the kinetic friction fi could the swept area shown in Fig. 25, Xie et al. also proposed

be obtained by,*** a method presented in the Fig. 26(a)—(c), where the swept area of
NW end is much easy to identified.**
Sk = (Ui = Utna))/ Aswept- (15) The approximate analytical expression for force-equilibrium

method introduced by Xie et al. allows the calculation of friction
force through a direct algebraic expression, where the dimen-
sionless shape factor, /#/L, can be conveniently measured by OM.
This is simpler and demands less image processing techniques,
compared to the previous methods where calculating friction
force required iterative adjustments through best-fitting the

(b) (e) ) C)
: : A\

(d)

In their test, 16 SiC NWs with different diameters and
lengths on SiN substrate were examined. As shown in Fig. 25,
the frictional shear stress was determined to be ranged from
0.18 to 0.51 MPa, and from 0.21 to 0.62 MPa by using the force
equilibrium and energy conservation models, respectively.”*®

i

(c)

f—
10pm pd/m

1.0
0.8
0.6
0.4

10 um
i 0.2

——Experiment
FEM

Fig. 25 (a—c) Optical micrographs of three NW segments with difference lengths pushed to slide along the Si substrate by a W tip. (d) Optical
micrograph of the NW shown in (c) after tip removal. (e) The comparison of NW profiles before tip removal from the tests and the FEM
simulations. (f) Distribution of elastic energies per unit length of the bent NW shown in (c) and (d), and (g) the corresponding the swept area Agyept
(crossed). Reproduced with permission.?*® Copyright 2016, IOP.
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(d) F=2Lxf

(a—c) Initial bending status and final bending status of a NW on substrate after the tip withdrawal, and the simulated final bending statuses

at different friction forces compared to the experimental, respectively. Reproduced with permission.**2 Copyright 2015, Springer Nature. (d) The
cantilever model for a NW sliding in a stable manner on a substrate at a constant speed. Reproduced with permission.**® Copyright 2022, Springer

Nature.

numerically computed bent profile. Recently, a more precise
analytical expression for force-equilibrium method, based on
the non-linear elastic beam model shown in Fig. 26(d), has been
employed for calculating the kinetic friction force between ZnO
NWs and graphite surface,'

f cos? da (f)zsinozcos2 &

> ! EI) ~ 360
£\ (13 sinacosa  cost @\
— = — S 16
(EI 129600 10368 (16)

3.3.2.2. Frictional behavior between NWs. The friction forces
between individual NWs could also be determined the direct
OM-based measurement strategy, which was first achieved by
Wang's group in 2018. As shown in Fig. 27, Two NWs were
individually fastened at the edges of two Si substrates to form
two NW cantilevers, and the suspended segments were cross
overlapped. One Si substrate could be laterally moved, while the
other substrate was fixed, resulting in the shearing of the crossly
overlapped point between the two NWs. As the testing process
was visualized under the OM, the shearing process between the
two NW could be directly identified from the deflection of the
target NW. As an example, Fig. 27(c)-(g) depicted the initial
status, intermediate status, status prior to relative sliding
between the two NWs, occurrence relative sliding, and right
after bouncing backward in the opposite direction to the
movement of the manipulator NW. In principle, the friction
between the two NWs could be derived from the deflection of

Holder

(b)

Si wafer on holder
Si wafer on holder

Si wafer on arm

Target NW / 1?;
Manipulator NW

~
Fig. 27

E
=
]
c
2]
s
2
]
3
&

the target NW. However, in actual tests, it is quite difficult to
adjust the relative position between the two NWs.

Recently, Yibibulla et al. developed a simpler setup for
testing the frictional force between two crossly overlapped NWs.
In their experiment, two individual SiC NWs were cantilevered
at the adjacent edges of a TEM grid by vdW force, forming
a crossed cantilevers, as depicted in Fig. 28(a)-(e). As the
manipulator m-NW and target t-NW were positioned at the
same substrate, it is much easier to observe the deflection of t-
NW during the shearing process, as compared to the test system
developed by Xie et al.**® According to the small-deflection beam
model shown in Fig. 28(f), the static friction force between the
two NWs could be calculated by,***

3EI
B

fi= (17)
where, 6, is the maximum displacement distance of contact
point of the NWs along with the y direction. Moreover,
assuming that the released elastic energy of t-NW during the
sliding back equals to the kinetic friction energy between NWs,
the kinetic friction force between the two NWs could then be
derived from,***

fi = k(om” — 0x7) (18)

where 0y is the y direction maximum displacements of contact
points at each most bending state, and dy is the y direction
distance between the initial position of the contact point of
NWs and the point where it rebounds and slips back. As can be

Si wafer on holder

-1
5]
k=l
]
=
c
S
=
2
5]
=
P

Si wafer on holder

Si wafer on arm

Si wafer on arm

(a and b) Sketches for OM-nanomanipulation system and positioning of NWs for friction testing, respectively. (c—g) Optical snapshots of

a target NW being deflected by a manipulator NW during friction testing. Reproduced with permission.?2° Copyright 2018, IOP.
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(a) Physical photograph for the OM-nanomanipulation system. (b) Top-view SEM image of a Si TEM grid. (c) Cross-section of the grid's

window edge (Side-view image). (d) Optical micrograph showing two SiC NWs on a Si TEM grid during shearing. (e) 3D model showing the
geometry of the contact area between the two SiC NWs. (f and g) Schematic illustration of the mechanical models for the calculation of static and
kinetic frictional forces between two individual NWs, respectively. Reproduced with permission.??* Copyright 2022, Wiley.

observed in Fig. 29(a)-(h), the two NWs consistently remain in
the same plane during the shearing process, and sliding process
is actually composed of numerous discontinuous stick-slip
events. As the sizes and morphologies of the two NW could be
identified by SEM after the test (see Fig. 29(i)-(m)), the average
kinetic shear stress corresponding to the whole shearing
process was measured to be 1, = 6.4 £ 1.1 MPa, and the
maximum static shear stress was t; = 7.8 & 1.6 MPa. These
values are much greater than the values of 0.7-1.3 MPa and 0.4
to 0.8 MPa for the static and kinetic shear stresses between
Al,O; NWs, respectively.””® Additionally, these values surpass
the value of 1-3 MPa commonly found in most NW-substrate
interfacial systems.
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3.3.3. Achievements and challenges in OM-based
measurement strategies. From the early stages of OM-based
direct measurement strategies to the sophisticated manipulation-
based methodologies, the trajectory of OM techniques has under-
gone a profound evolution. This evolution is notably characterized
by substantial advancements in understanding the interfacial fric-
tional behavior, progressing from the interaction of 1D materials
with substrates to the intricate frictional behavior between indi-
vidual 1D materials. OM-based strategies offer a cost-effective,
convenient, and visually intuitive approach, particularly well-
suited for real-time monitoring of the frictional behavior of 1D
materials, such as interactions between NWs and substrates or
among individual NWs. The visualizable manipulation mode can

(a—g) High-magnification OM images (x—y plane view) of t-NW being deflected by m-NW during shearing at different stages. (h) Stick-

slip curve obtained by plotting displacements at the contact point of the t-NW and m-NW as a function of the displacement of the m-NW. (i)
Low-magnification x—y plane-view SEM image of (g) state. (j and ) The high-magnification x—y plane view SEM images of the lateral profiles of t
and m-NWs. (k and m) The high-magnification SEM images of cross-sectional profiles of t and m-NWs. Reproduced with permission.??
Copyright 2022, Wiley.
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significantly enhance the testing efficiency compared to AFM-based
strategies, especially when testing friction forces between individual
1D materials where the complex contact relationships between
NWs and AFM tips are challenging to distinguish. Additionally,
OM-based strategies are adaptable to diverse environmental
conditions, including humidity and temperature, and hold the
potential to investigate the contribution of electrostatic forces to the
frictional behavior of 1D materials. However, the limitation in
spatial resolution of OM can significantly impede or restrict
applications in certain frictional behaviors of 1D materials, such as
stick-slip behavior and vibrational characteristics at the atomic
scale. Future integration of laser Doppler techniques holds the
potential to enhance OM-based strategies, addressing the spatial

View Article Online

Nanoscale Advances

resolution limitations and expanding their applications in nano-
mechanical testing of 1D materials. This advancement could also
broaden their applications in the scope of nanomechanical char-
acterizations. The experimental results obtained through OM
techniques so far are summarized in Table 3.

4. The influencing factors for the
frictional behavior of 1D materials
4.1. Material combinations

It is widely recognized that the materials in contact play a pivotal
role in determining friction behavior, with their varying surface

energies, atomic

structures, and

adhesion

properties

Table 3 List of experimentally determined frictional properties of 1D materials with substrates and between two individual 1D materials
measured by OM-based techniques”

Techniques Interfaces Friction parameters Notes Ref
Micromechanical tester SWCNT-SWCNT wg=022Nm* D =40 nm; A = 6.05 x 10’ 225
nm?
OM-sensor ZnO NW-Si substrate Uy = 25-45; 0, = 1 MPa Hexagonal R = 100 nm; L = 125
30-40 pm; ambient
OM-sensor Pt NW-W tip s = 0.23 £ 0.02; us = 0.2 + Circular; D = 625 nm; 223
0.01; 6 = 1 MPa atmosphere
OM- sensor Pan fiber-Pan fiber Several tens MPa Circular, D = 400-4000 nm; 224
T = 23 °C; RH = 20-50%
OM-manipulation Si NW-PDMS g5 X = 0.3 MPa; g5 ** = 0.006 Hexagonal; D = 35-55 nm; L 174
nN nm™* =4-8 um; T = 23 °C; RH =
50%
OM-manipulation Si NW-PDMS 5™ = 10.57 MPa; g3 = Hexagonal; D = 35-55 nm; L 174
0.236 nN nm ™" ~ 4-8um; T = 23 °C; RH =
50%; 60 min UVO treatment
OM-manipulation Al,0; NW-Si substrate gs = 0.68-2.7 MPa; g, = Rectangular; w = 69— 142
1.16-3.4 MPa 290 nm; & = 87-487 nm; T =
25°C; RH = 35%
OM-manipulation Al,O0; NW-Si substrate gs = 0.32 nN nm; 05 = 2.41 Rectangular; w = 86 nm; i = 216
MPa 135 nm; L = 3.38-9.05 pm; T
=~ 25°C; RH = 35%
OM-manipulation Al,O3; NW-Si and SiN g (on Si) = 2.06 + 0.2 Mpa; Rectangular; w = 133 nm; & 217
substrate oy (on SiN) = 1.5 £+ 0.2 MPa =86 nm; L = 3.6-8.3 um; T
= 25°C; RH = 35%
OM-manipulation ZnO NW-amorphous SiO,; gy (on Si0,) = 1.05 + D = 150-400 nm; T = 25 °C; 218
ZnO NW- SiN substrate 0.28 MPa; gy (on SiN) = 2.08 RH = 35%
+ 0.33 MPa
OM-manipulation SiC NW-SiN substrate 0 = 0.18-0.51 MPa (force- D =50-370 nm; L = 5-41 219
equilibrium model); and oy um; T = 25 °C; RH = 35%
= 0.21-0.62 MPa (energy-
conservation model)
OM-manipulation Al,O; NW-Si substrate — L =3.1-32.35 um; T = 25 °C; 126
RH = 45%
OM-manipulation SiC NW-SiN substrate oy = 127-166 MPa A =945-11441nm* T = 25 222
+ 5°C; RH = 45 £ 15%
OM-manipulation Al,O; NW-AL,O; NW ds = 0.71-1.34 Mpa; oy = — 220
0.43-0.82 Mpa
OM-manipulation SiC NW-SiC NW ds=7.1+ 0.8 MPa; g, = 14.7 Hexagonal; D; = 96-324 nm; 221
+ 1.8 MPa; 6, = 5.2 + D, = 58-186 nm; A = 8.41 X
1.1 MPa; ¢ = 64.4 & 7.2 10%-1.12 x 10* RT; RH =
Mpa; ds = 18.7 + 3 MPa; 0 20-40%; 40-60%; 60-74%
= 49.6 + 5.8 MPa
OM-manipulation ZnO NW-NG; ZnO NW- g (on NG) = 0.48 MPa; a Hexagonal; D = 485-142 nm; 139
HOPG (on HOPG) = 0.25-2.785 T = 25 °C; RH = 50%
MPa
“ wg: Friction energy, w: width, h: height, NG-natural graphite SiO, HOPG-highly oriented pyrolytic graphite, UVO: ultraviolet ozone.
© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv, 2024, 6, 3251-3284 | 3275
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contributing to distinct friction responses. Thanks to advance-
ments in AFM measurements and molecular dynamics simula-
tions, our understanding of interfacial material combinations
influencing frictional behavior at the atomic scale has signifi-
cantly improved. It is generally expected that material combina-
tions also exert a substantial impact on the frictional behavior of
1D materials. However, due to challenges in characterization,
there are limited reported results on this topic, and the funda-
mental understanding remains largely unclear.

In 2010, Conache et al. comparatively measured the frictional
shear stress of InAs NWs on three distinct substrates, SiO,, flu-
orosilanized SiO,, and silicon nitride (Si;N,), using the indirect
AFM-based measurement strategy."”” It was shown that on all
three substrates thick NWs showed a difference between sliding
and static friction of up to three orders of magnitude - a behavior
that is usually associated with atomic-scale point contacts.
Moreover, all three substrates exhibit quite similar static fric-
tional behavior, suggesting that the condensed water layer that
must be present on the oxide and nitride surfaces does not
significantly affect the friction of NW. Subsequently, Wang et al.
comparatively tested the friction forces of different NWs on
various substrates using the OM-based measurement
strategy.”"**® It was found that the frictional shear stress of Al,05
NWs on Si and SiN substrates was 2.0 & 0.2 and 1.5 £ 0.2 MPa,
respectively,”” while the frictional shear stress for ZnO NWs on
SiO, and SiN substrates was 1.05 + 0.28 and 2.08 + 0.33 MPa,
respectively.”® Kim et al. tested the friction of oxidized Si NWs on
thermally grown SiO, and CVD-deposited single-layer graphene
using the direct AFM-based strategy.'® The frictional shear stress
between the oxidized Si NWs and the SiO, substrate was esti-
mated to be ranged from 7.5 to 12.3 MPa, while that between the
oxidized Si NWs and the graphene substrate ranged from 4.7 to
7.0 MPa."® In addition, the result also suggested that the
dependence of shear stress on the radius of the NWs was not
significant, which is quite consistent with the frictional behavior
of ZnO and Al,O; NWs on Si, SiO, and SiN substrates obtained by
Wang et al.,>"*'® but quite different from those observed for InAs
NWs on SiO,, fluorosilanized SiO,, and SizN, substrates by
Conache et al.”” Although these comparatively measurements
demonstrated that different substrates or 1D materials could
significantly affect the frictional behavior of 1D material, it is still
quite hard to isolate the contribution of material combinations
on the interfacial friction. This is because the different NWs or
substrates used in the test many have different roughness, while
the interfacial friction is quite sensitive to the roughness. To
isolate the contribution of material combination, Hou et al
comparatively measured the frictional shear stress of the CVD-
grown hexagonal ZnO NWs on natural graphite and mica
substrates.”® Both substrates have similar surface roughness
values of subangstrom-scale and interfacial adhesion energies
with ZnO NWs. Yet, a kinetic frictional shear stress of 0.51 MPa
was obtained for the ZnO-graphite system, significantly lower
than that of 5.1 MPa for the ZnO-mica system, as depicted in
Fig. 30. The results demonstrate that the kinetic friction at
a perfectly smooth contact interface may not be controlled by the
adhesion, whilst being commonly referred to as adhesive friction
or adhesion-dominated fiction.
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4.2. Surface roughness

Numerous friction tests on 1D materials conducted on smooth
substrates consistently reveal a proportional relationship
between the friction force of 1D materials and substrates and
their respective contact areas. This observed correlation aligns
with the behavior noted in AFM tips and nanoparticles on
smooth substrates."***® However, when 1D materials are placed
on rough substrates, a more intricate friction behavior emerges.
In such cases, 1D materials may span regions of the substrate
containing surface features, influenced by mechanical
constraints imposed by contact with surface steps, asperities, or
wavinesses. This bridging phenomenon may lead to a substan-
tial reduction in the real contact area. Consequently, the friction
force, directly proportional to the real contact area, decreases on
substrates with uneven surface topography.'?®!3*196:222
Conversely, 1D materials may conform to the topography of
a substrate, resulting in a notable increase in friction compared
to its bulk counterpart. This increase is widely accepted as the
primary contributor to the elevated friction/adhesion observed
in gecko-like fiber-based adhesives.®>**”*?® On the other hand,
when sliding over a rough substrate, 1D materials may experi-
ence increased frictional forces due to mechanical interlocking
and the presence of a Schwoebel barrier at steps or asperities,
similar to observations when AFM tips and nanoparticles slide
over a rough substrate.””*** However, despite theoretical
considerations regarding the size/diameter-dependent fric-
tional behavior of 1D materials, experimental validation of this
dependency remains challenging due to substantial experi-
mental challenges associated with their testing.

Polyakov et al. firstly conducted a study on the effect of
surface roughness of the substrate on the static frictional
properties of 1D materials. In their comparatively test, the static
friction forces of 5.8, 3.9, 1.4, and 0.6 nN nm ™' were obtained
for copper oxide (CuO) NWs on amorphous silicon substrates
with different roughness of 0.7, 2.1, 5.4, and 16.1 nm, respec-
tively.'® Moreover, they analyzed the approximately an order of
magnitude decreases in friction force using the real contact
area, which was found through a multiple elastic asperity model
based on the Derjaguin-Muller-Toporov contact mechanics. In
the subsequent study by Xie et al.,*** the frictional shear stress
on SiC NWs was found may decrease from 0.38 to 0.02 MPa for
the SiN substrates with increased roughness from 0.5 to 23 nm.
Moreover, it was suggested that there is a power-law relation-
ship between frictional stress and surface roughness as shown
in Fig. 31(a), and the substrate's effect was primarily driven by
changes in the number of contact asperities between a NW and
a substrate according to the Monte Carlo calculations.

The effect of substrate surface texture on the friction of the
1D materials was firstly investigated by Xie et al, by the
comparative test of Al,O; NWs on Si substrates, which were
grooved to have different textures using nanoscratching per-
formed on a HYSITRON Triboindenter®.'?® It was found that
Al,O0; NW could span across relatively narrow grooves, but
might be in contact with the bottom of relatively broad grooves,
dependent on the adhesion energy and elastic compliance of
the NW. In particular, for the narrow grooves, they proposed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Optical image of a ZnO NW sliding stably on the graphite substrate. (b) SEM image of the ZnO NW in (a) after the test. The inset in (b)

shows the hexagonal structure of the NW. (c) The kinetic shear stresses of ZnO NWs on graphite substrate plotted as a function of the diameter of
NWs. (d) Optical image of a ZnO NW sliding stably on the mica substrate. The SEM image inset in (d) shows the hexagonal structure and diameter
of the ZnO NW. (e) The kinetic shear stresses of ZnO NWs on mica substrate plotted as a function of the diameter of NWs. Reproduced with

permission.*** Copyright 2022, Springer Nature.

a quantitative criterion based on the classic theory of elasticity
to predict the contact status between a NW and a grooved
surface. Assuming that the cross-sectional profile of the narrow
grooves is sinusoidal, the criterion can be written as,**¢

te = [12ywg*l(m* Ehsin )] (19)
where ¢, is the critical thickness of the NW, v is interface energy
for the NW/substrate system, ¢ is the angle between a tangent
on the longitudinal axis of the bent NW and the groove direc-
tion, E is the elastic modulus of the NW, and w, and 4, are the
height and width of the groove, respectively. For a NW with
a thickness of ¢, if ¢ > ¢, the NW will span over the groove, and if
t < t., the NW will be in contact with the bottom of the grooves.
Moreover, a genetic algorithm was developed to determine the
effective contact area between the NW and the textured
substrate. The frictional force was found to be nearly propor-
tional to the effective contact area, regardless of width, depth,
spacing and orientation of the surface textures. It is interesting
to found that interlocking caused by textured grooves was not
observed in this study.

To further identify the effects of surface waviness and step,
Hou et al. recently comparatively test the friction behavior of
ZnO NWs on natural graphite (NG) and highly oriented pyrolytic
graphite (HOPG) substrates in ambient conditions.*® NWs on
the step-free and waviness-free NG substrate exhibit a diameter-
independent nominal frictional shear stress of 0.48 MPa, and

this provides a benchmark for studying how the surface
topography of graphite influences NW friction. NWs on the
HOPG substrate present a significant diameter-dependent fric-
tional shear stress, increasing from 0.25 to 2.78 MPa with the
decrease of NW diameter from 485 to 142 nm, as shown in
Fig. 31(b). The waviness of HOPG has a limited effect on the NW
friction, as a NW can fully conform to the substrate. However,
unlike the Al,O; NWs on grooved Si substrates,"® the surface
steps on the HOPG can significantly enhance the NW friction
and lead to a much higher frictional shear stress than that on
NG due to mechanical blocking and the presence of a Schwoe-
bel barrier at step edges. The surface steps, however, can also
generate small wedge-shaped gaps between a NW and
substrate, and thus reduce the NW friction, as shown in
Fig. 31(c). With the decrease in NW diameter, the capacity for
the NW to better conform reduces the length of the wedge-
shaped gaps, leading to the observed increase in NW friction.

4.3. Relative humidity

The frictional behavior of nano-objects on substrates can be
significantly affected by humidity or moisture in the environ-
ment. This aspect has been extensively studied over the past
several decades, primarily through the measurement of friction
between AFM tips and substrates or between nanoparticles and
substrates using AFM.*'** Previous findings suggest that
absorbed water molecules may serve as lubricants, reducing

1
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(a) Frictional shear stress of SiC NWs against the surface roughness of SiN substrate. Reproduced with permission.??? Copyright 2017,

Springer Nature. (b) Dependences of frictional shear stress of ZnO NWs on HOPG and NG substrates on the NW diameter. (c) Sketches of a NW
conforming to a wavy substrate surface and the step-induced gap between the NW and substrate surface. Reproduced with permission.***

Copyright 2022, Springer Nature.
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interfacial friction, but they can also contribute to the formation
of a liquid bridge at the interface, thereby increasing interfacial
friction. However, the impact of environmental humidity on the
frictional behavior of 1D materials remains largely unclear,
mainly due to the substantial challenges faced in actual exper-
imental characterization.

The initial quantitative exploration of the impact of relative
humidity (RH) on the interfacial frictional behavior of indi-
vidual NWs was carried out by Yibibulla et al.>** The investiga-
tion involved testing the frictional behavior between NW
contact pairs in air, as illustrated in Fig. 29. In their experiment,
the frictional forces between NW contact pairs were assessed
under environmental RH ranging from 20% to 74%. As shown
in Fig. 32(a), the average static and kinetic shear strengths, 75 =
7.1 £+ 0.8 MPa and 7 = 5.2 + 1.1 MPa, are found to be insen-
sitive to the RH within the range of 40-60%, and obvious slick-
stick behavior was observed during the sliding process (see
Fig. 29(h)). When the RH increased to 74%, the shear strength
values increase to 7, = 18.7 & 3.0 MPa and 7} = 14.7 + 1.8 MPa.
Conversely, with a decrease in RH to 20%, a significant surge in
both static and kinetic shear strengths is observed: 75 = 64.4 =
7.2 MPa and 7 = 49.6 £ 5.8 MPa. Furthermore, the sliding
process between two individual SiC NWs displays pronounced
irregular stick-slip behavior in a relatively low RH environment
(below 30%, see Fig. 32(c)). However, the stick-slip behavior
becomes much smoother with increasing RH, as depicted in
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Fig. 32(b). The effects of humidity on the shearing behavior
between two intersected NWs could be understood as follows
(see the schematic diagrams shown in Fig. 32(d)-(f)). The
heightened frictional shear stress at relatively low RH was
ascribed to the mechanical interlocking of surface defects and
asperities present on the NWs. In conditions of moderate RH,
ranging from 40% to 60%, an absorbed water layer on the NW
surfaces served as a lubricant between the sliding surfaces,
resulting in a reduced shear strength. With an RH above 60%,
the formation of a water meniscus at the contact area intro-
duced viscous damping during sliding, consequently increasing
the shear strength. This damping effect could also attenuate
stick-slip behavior. At the conclusion of the shearing process of
a NW pair in a high RH environment, an ultimate shear
strength of several tens of MPa was achieved, indicating that the
complete detachment of the NWs was associated with the
rupture of a meniscus bridge.

The observed humidity effect on the frictional behavior
between NWs, as directly investigated by Yibibulla et al.,*** is
believed to contribute to the advancement of novel approaches
for dispersing and manipulating 1D materials. Additionally, it
holds potential for optimizing the design of new devices based
on arrays of 1D materials. However, it is crucial to highlight that
the fundamental mechanisms concerning the impact of
humidity on the frictional behavior of 1D materials remain
elusive. This is due to the limited experimental results obtained
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(a) The average static and kinetic frictional shear strengths of all tested NW pairs plotted as a function of environmental RH. (b and ¢)

Characteristic deflection/shear stress progression of selected NW pairs obtained at 74% and 29% RH, respectively. (d—f) Schematic diagrams to
show the effects of humidity on the shearing behavior between two intersected NWs. The blue mesh in (d—f) illustrates the presence of a water
film and meniscus. Reproduced with permission.??* Copyright 2022, Wiley.
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thus far, emphasizing the need for thorough experimental
measurements, theoretical calculations, and simulations for
further exploration.

4.4. Non-uniformity, heterogeneity, surface modification,
and anisotropy

The frictional behavior of non-uniform and heterogeneous 1D
materials is an intriguing yet complex research direction in
the field of nanotribology. A 1D nanomaterial can be
geometrical non-uniform, due to variation in the shape or size
of its cross-section along its longitudinal axis. The surface of
a 1D nanomaterial can also be heterogeneous due to the
presence of defects, contamination, or through surface
modification. The composition of 1D material may also be
heterogeneous due to, for example, a composition gradient or
stepwise change in composition along its longitudinal axis, or
due to the addition of a coating, through surface modifica-
tion, or the presence of core-shell structure. 1D nano-
materials. 1D nanomaterials that exhibit irregularity or
heterogeneity with respect to their longitudinal will, by
nature, have the tendency to exhibit anisotropic frictional
behavior. This can be simply explained by recognizing that
the compositional or geometric condition of the interface
between the 1D material and a surface it comes into contact
with will differ along its length. Therefore, when a frictional
force is applied to a 1D material in a different direction or
location, a different interface location, with a different
compositional and geometric condition, may take part in the
friction interaction, and therefore provide a different friction
response. If the complex friction behavior of irregular and
heterogeneous 1D materials can be understood, then the
careful design of a 1D material's geometry and composition
could be used to provide tailored and anisotropic friction
behavior to suit a particular application. Additionally modi-
fying the surface of non-uniform 1D nanomaterials through
functionalization or a coating can be carried out in order to
tailor the material's frictional performance.?****®* For
example, recently Wu et al. fabricated a snake-inspired smart
nano-stepped surface by replicating the microfibril structure
of the ventral scales of the Chinese cobra into a thermo-
responsive shape-memory polymer. During heating, this
surface transitions from a flat structure to one with nano-
steps, imparting frictional anisotropy. The desired frictional
anisotropy can be tailored by halting the heating process.
Utilizing this surface, they achieved unidirectional transport
of particles and demonstrated dry self-cleaning.'*!

Only a small number of studies have made experimental
progresses in investigating the anisotropic nature of friction in
1D materials. For example, in 2009, Lucas et al. firstly observed
anisotropy in the shear strength of CNTs in the transverse and
longitudinal direction by AFM, as illustrated in Fig. 9."*” This
was explained through molecular dynamics simulations, where
friction in the vertical direction induced a soft “hindered roll-
ing” of the nanotube and frictional dissipation, which was
absent or partially absent when the tip slid parallel to the CNT
axis, especially for chiral CNTs. While their findings provide

© 2024 The Author(s). Published by the Royal Society of Chemistry
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initial experimental insights into the anisotropy of friction in
1D materials, these experimental findings fall short in
adequately addressing the complexities of frictional behavior in
non-uniform 1D materials.

To date, the understanding of the frictional behavior of 1D
materials obtained through experimental studies, whether
involving friction between 1D materials and substrates or
between 1D materials themselves, has assumed a uniform and
smooth surface for 1D materials. In reality, 1D materials may
not be uniform; surface roughness, defects, and unevenly
distributed cross-sections can influence the actual contact area
and alter the frictional response during sliding. Nevertheless,
previous studies either focused on substrate roughness or
attributed errors to factors such as surface defects in 1D mate-
rials, without quantifying the impact of defects in 1D materials
on frictional behavior. For instance, in a recent friction experi-
ment between two individual SiC NWs, Yibibulla et al. observed
an uneven surface of SiC NWs,** as indicated by the red arrows
in Fig. 29(m) and (k). However, they did not quantify the
irregularity of the NW's surface and its impact on their frictional
behavior; they merely briefly mentioned the effect of uneven
surfaces on frictional results.

5. Outlook

This review thoroughly outlines the experimental measurement
methods employed to assess the frictional behavior of 1D mate-
rials, which include AFM, SEM, and OM-based measurements.
Through a comprehensive evaluation of these methods, the paper
delves into their strengths and limitations in the actual testing
process, shedding light on the challenges associated with charac-
terizing the friction behavior of 1D materials. Apparently, AFM and
SEM-based measurements have proven highly feasible in studying
the static, kinetic, and rolling friction of 1D materials, yielding
valuable results in the initial study on the frictional behavior of 1D
materials. This success can be attributed to the well-developed and
commercialized AFM and SEM testing systems with high space
and force resolutions. However, AFM-based measurements face
challenges such as low testing efficiency and considerable uncer-
tainty in the complicated contact relationships between the AFM
tip, 1D material, and substrate during practical tests due to the
lack of real-time direct visual feedback. Meanwhile, SEM-based
measurements operate in a high vacuum with high-energy elec-
tron beam irradiation, lacking the capability to assess the effects of
environmental humidity and facing challenges in eliminating
possible charging effects from the electron beam irradiation. On
the other hand, OM-based measurements have demonstrated
greater proficiency and cost-effectiveness in measuring the fric-
tional behavior of 1D materials, thanks to the ease of operation
and low cost of OM-based testing systems. Furthermore, similar to
AFM-based measurements, OM-based measurements enable
testing processes in various environmental conditions, and thus
are expected to serve as a powerful and effective route for testing
the environmental parameters on the frictional behavior of 1D
materials. However, the relatively limited space resolution of OM
may hinder the testing of ultra-small 1D materials and the fric-
tional behavior at the atomic scale.
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Building on these advancements, current research has
primarily focused on studying the frictional behavior of
a limited set of 1D materials and substrates with smooth
contact surfaces. While these studies provide valuable insights,
there is a notable gap that calls for a more extensive exploration
of various interfacial material combinations and surface
topographies (roughness) to comprehensively capture and
understand the frictional behavior of 1D materials. Addition-
ally, accurately determining the contact area between 1D
materials and substrates or between individual 1D materials
plays a key role in understanding frictional behavior but
remains a challenge across all currently available measurement
techniques. To address this limitation, enhancements in
imaging techniques, such as higher resolution microscopy and
advanced manipulation tools, are essential. Furthermore, the
influence of the non-uniformity, testing environment and
sliding velocity on the friction behavior of 1D materials stands
out as the critical factors in the design of 1D materials-based
devices for real-word applications. Research into the impact of
non-uniformity, environmental factors (temperature, humidity,
and atmospheric conditions) and sliding velocity is necessary
for a comprehensive and in-depth understanding in future.

The frictional behavior between individual 1D materials is
crucial for enhancing gecko-inspired materials and optimizing
reversible adhesives. Despite significant advancements in
synthesis, the clumping between adjacent 1D materials due to
strong surface forces remains a persistent issue. Tackling this
challenge requires a comprehensive understanding of the fric-
tional and adhesive behaviors between individual 1D materials
and the underlying mechanisms. Unfortunately, research in
this specific context is still in its early stages. While there has
been notable progress in investigating the sliding and peeling
behaviors of 1D materials from substrates, the nuanced study of
detachment between two or more individual 1D materials
remains in a preliminary phase. Preliminary findings indicate
that the combined impact of environmental humidity and
sliding velocity can notably affect the frictional behavior of 1D
materials, particularly the friction forces between individual 1D
materials. It is anticipated that OM-based measurements,
offering visualizable manipulation under ambient atmosphere
conditions, will play a key role in elucidating this specific topic.
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