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Abstract

In the present work, we demonstrate a novel approach to nanotribological measurements based
on the bending manipulation of hexagonal ZnO nanowires (NWs) in an adjustable halfsuspended conﬁguration inside a scanning electron microscope. A pick-and-place manipulation
technique was used to control the length of the adhered part of each suspended NW. Static and
kinetic friction were found by a ‘self-sensing’ approach based on the strain proﬁle of the
elastically bent NW during manipulation and its Young’s modulus, which was separately
measured in a three-point bending test with an atomic force microscope. The calculation of static
friction from the most bent state was completely reconsidered and a novel more realistic crackbased model was proposed. It was demonstrated that, in contrast to assumptions made in
previously published models, interfacial stresses in statically bent NW are highly localized and
interfacial strength is comparable to the bending strength of NW measured in respective bending
tests.
S Online supplementary data available from stacks.iop.org/NANO/27/335701/mmedia
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1. Introduction

from their macroscopic analogues. In particular, NWs are
typically much stronger and more ﬂexible compared to their
bulk counterparts [6]. Interfacial phenomena is another issue
of great importance for nanoscale systems. For example,
adhesion and static friction are often high enough to hold a
bent NW on a ﬂat surface in a bent state without gluing or
welding [7]. Such a strong adhesion can be beneﬁcial for the
fastening of individual components of a nanoscale system. On
the other hand, strong adhesion can hinder the normal functioning of devices like relays and switches. Moreover, adhesion and friction may depend on time [8]. Therefore, deeper
understanding and control over the mechanical and

Nanowires (NWs) are among the most important objects in
modern science and have a number of promising applications
in nanotechnology [1–4]. Plenty of prototype nanoelectromechanical systems (NEMS) based on NWs have already
been demonstrated during the last few decades [5]. The fabrication and functioning of NW-based devices are tightly
related to tribomechanical problems since they often involve
the relative motion and mechanical interaction between a NW
and other components. The situation is complicated by the
fact that the behaviour of nanostructures differs signiﬁcantly
0957-4484/16/335701+10$33.00
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tribological properties of the nanoscale systems are of great
importance for the successful implementation of NEMS.
Manipulation of individual nanostructures is one of the
most common methods for studying the mechanical and tribological properties at the nano and atomic scales. There are
several techniques widely used for the mechanical characterization of individual NWs, including nanoindentation [9–
11], the three-point bending test [12–14], the cantilever beam
bending test [6, 15], the tensile test [16, 17], or the
mechanical resonance method [18, 19]. Since nanomechanical characterization became a common practice, mechanical
properties of many nanoscale materials can be found in the
literature (however, it is fair to say that the reported values
often vary drastically from author to author). The tribological
properties of nanoscale systems are signiﬁcantly less studied.
Most of the works in this ﬁeld are performed with different
spherical or faceted nanoparticles manipulated with an atomic
force microscope (AFM) [20–22] or inside a scanning electron microscope (SEM) [23]. The force during manipulation
is typically linked to friction forces and can be detected via
dissipated power, torsional deﬂection of the cantilever or an
external force sensor.
In recent years, nanotribological experiments have also
been carried out on NW-based systems [24–33]. NWs feature
a number of beneﬁts in comparison to nanoparticles for
enriching the experimental methodology toolkit. Namely,
having one dimension outside the nanoscale, NW enables
relatively easy location (NWs may be visible even in an
optical microscope) and manipulation (dragging, pulling,
bending, etc). Recently, manipulation has been employed for
experimental [34] and theoretical [35] studies of the rotational
friction of elongated nanostructures. Moreover, in contrast to
the manipulation of nanoparticles, the use of elastic NW for
nanotribological experiments can eliminate the need to use
external force sensors. The proﬁle of the NW during the
manipulation on a substrate is determined by the interplay
between the elastic forces inside the NW and the interaction
forces between the NW and substrate. Therefore, given that
the geometry and elastic properties of a NW are known, the
NW can serve as a self-sensing system and frictional forces
can be extracted by observing the NW proﬁle during
manipulation. The basic principles of the self-sensing
approach were demonstrated in a simpliﬁed form by Bordag
et al [24], Conache et al [25, 26], Stan et al [27] and Strus
et al [28] in AFM-based experiments. Later, the self-sensing
method was elaborated further by introducing improved
analytical models by Dorogin et al [29, 30], Polyakov et al
[31], Antsov et al [7] and recently by other authors [32, 33].
As was shown in the listed works, the self-sensing
approach can be combined with different regimes of manipulation, and enables us to calculate kinetic, static and distributed friction forces. In particular, kinetic friction can be
measured by observing the curvature of the NW dragged at its
midpoint with an AFM tip [29–31, 36]. Static friction can be
measured by bending a NW from one end, while part of the
NW stays immobile due to adhesion on the substrate. The
proﬁle of the NW in the most bent state before displacement

of the adhered part is used to extract the static friction value
[29, 30, 37].
In the present work, we had advanced the self-sensing
approach by introducing a half-suspended NW conﬁguration
in combination with a pick-and-place manipulation, which
enabled us to control the position and length of the adhered
part of each NW. Experiments were performed inside a high
resolution SEM on hexagonal ZnO NWs positioned over the
trenches etched in a Si substrate and included measurements
of the bending strength, static and kinetic friction. For the ﬁrst
time, kinetic friction was measured in the rotation regime. The
calculation of static friction from the most bent state and the
stress distributions in manipulated NWs were completely
reconsidered. The new more realistic model was inspired by
the concepts of fracture mechanics making use of ﬁnite element method (FEM) computations.

2. Materials and methods
2.1. Method

All types of measurements considered in the present study
required the NW to be located partly suspended over the
trench made in a ﬂat substrate. Depending on whether one of
the NW’s ends is freely suspended or not, two conﬁgurations
are possible: the three-point bending scheme (ﬁgure 1(a)) and
the cantilever beam bending scheme (ﬁgure 1(b)).
All tribological and strength measurements were performed on cantilevered NWs (ﬁrst scheme) inside a highresolution SEM (HRSEM, Helios Nanolab 600, FEI, spatial
resolution approx. 1nm), using a polar coordinate nanomanipulator (MM3A-EM, Kleindiek) equipped with an AFM
probe (ATEC-CONT, Nanosensor). Video data were recorded
during measurements, providing real-time visual feedback on
the behavior of the loaded NW, the actual contact point
between the probe and NW at every stage of the manipulation, the corresponding proﬁle of the manipulated NW, and
the events of NW displacement.
Young’s modulus for the ‘self-sensing’ in tribological
tests was measured by an AFM (Dimension Edge, Bruker) in
a 3-point bending conﬁguration using tapping mode cantilevers (PPP-NCHR, Nanosensors) with normal force constant
between 50 ± 2.5 N m−1. Normal force constant for each
cantilever was calculated using the geometry of the cantilever
measured by HR-SEM [38]. To extract static friction data,
experimental conditions were simulated with FEM using
COMSOL Multiphysics 5 software. Structural characterization of ZnO NWs was performed with a high-resolution
transmission electron microscope (HRTEM, Tecnai
GF20, FEI).

2.2. ZnO NWs

ZnO NWs were chosen due to their physical properties,
geometry and a number of promising applications [39]. ZnO
NWs can withstand signiﬁcant bending deformations without
2
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Figure 1. (a) Schematics of the 3-point bending test with AFM and (b) cantilever beam bending test inside SEM. Note that the lateral sizes of

the AFM cantilever, NW and grooves are not scaled proportionally for better visual perception of the experiment schematics.

fracture [30]. In addition, ZnO NWs can be synthesized with
a well-pronounced hexagonal cross-section [40].
ZnO NWs were synthesized using the solvothermal
synthesis process [41]: 15 ml of 0.1 M zinc acetate dehydrate
(Zn(CH3CO2)2 · 2H2O) (98%, Sigma Aldrich) and 30 ml of
0.5 M NaOH (98%, Sigma Aldrich) solution in ethanol (99%,
Merk) were prepared separately by dissolving precursors at
80 °C under vigorous stirring. After dissolving, both solutions
were mixed together and left for stirring at 80 °C for the next
10 h. In the next step, the mixture was transferred into a
Teﬂon-lined stainless steel autoclave of 50 ml capacity, sealed
and heated at 150 °C for 24 h. For structural characterization,
the obtained NWs were ﬁltered and washed with methanol
and water several times.

to 200 °C for 30 min to remove any possible organic
contaminants.

3. Results and discussion
3.1. Structural characterization

According to the SEM images, the diameters of ZnO NWs
ranged from a few tens to a few hundreds of nm, while
lengths ranged from several hundred nm to a few microns.
Close-up inspection revealed a well-pronounced hexagonal
cross-section characteristic to wurtzite group structures
(ﬁgures 3(a), (b)). A perfect monocrystalline structure is seen
in the HRTEM images (ﬁgure 3(d)). The measured interplanar
distance is about 2.7 Å, which is close to 2.8 Å measured in
¯ ) planes of hexagonal
[42], and corresponds to the (0110
¯ ) planes of hexagonal
wurtzite ZnO. The direction of the (0110
wurtzite ZnO are perpendicular to the axis of the NW, indicating that 〈0001〉 is the preferred growth direction of the
ZnO NW.

2.3. Preparation of the substrates

A p-type Si wafer (0.001–0.004 Ω cm, (1 0 0) crystal orientation) was used as the substrate. A drop of a polystyrene (PS)
spheres suspension (PS latex 900 nm) was placed on the
substrate. After the evaporation of the solvent, the silicon
substrate with the PS spheres was heated to 110 °C, which is
higher than the glass transition point (Tg ∼ 93 °C) of PS, to
ﬁx the PS sphere mask onto the silicon substrate and to melt
the adjacent PS spheres together. Then anodization was proceeded at a constant voltage of 20 V in 0.3 M oxalic acid for
3–5 s. After anodization, the PS spheres used as an initial
mask were removed by immersion in toluene. To etch the
exposed Si surface, anodized Si specimens were immersed for
1–2 min in 25% tetramethyl ammonium hydroxide at 90 °C,
and then the sample was immersed in concentrated HF to
remove the remaining SiO2 mask. This procedure resulted in
the formation of inverted pyramids of different sizes
(ﬁgure 2).
ZnO NWs were deposited from the solution by drop
casting. Prior to the experiments the substrates were annealed

3.2. Young’s modulus measurement (3-point beam
bending test)

Tribological measurements considered in the present work
assume a known Young’s modulus (E). Mechanical properties of ZnO NWs can easily be found in the literature [18, 43–
53]. However, the reported values of the Young’s modulus
scatter drastically, ranging from a few tens, e.g.
[43, 44, 50, 51] to hundreds of GPa, e.g. [45, 48, 52].
Moreover, some investigations clearly demonstrate the
dependence of elastic properties on the NW diameter, e.g.
[45, 47, 48, 53], while others do not, e.g. [18, 46]. Therefore,
it is evident that the mechanical characterization should be
performed for every particular set of NWs used in the
manipulation experiments.
3
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Figure 2. SEM image of inverted pyramids etched in the Si wafer. The image is taken under 45 degrees tilt.

Young’s moduli of NWs used in the present study were
measured by an AFM-based 3-point bending test (ﬁgure S1 in
the electronic supplementary information) as one of the most
reliable techniques for the mechanical characterization of onedimensional nanostructures as follows [54]:
E=

(FL3)
,
8d (Ad 2 + 24I )

3.3. Cantilever beam bending tests

Competition between the NW/substrate contact strength and
inner NW strength during the bending test leads to either
fracture or displacement of the NW. Displacement of most of
the NWs from their initial locations as deposited from the
solution was impossible, most probably due to the contact
ageing [58]. Contact ageing is a common observation of
increasing friction with time of undisturbed nanocontact
[59, 60]. The exact nature of contact ageing in this case is not
clear yet. Moreover, the adhered part of the NWs was typically too long for convenient manipulations. It was conditioned by the deposition from the solution: NWs preferred to
be situated either between or inside the trenches. To make
tribological testing possible and assure fresh contacts, the
‘pick-and-place’ approach was applied by breaking the suspended part and transferring it to a suitable place in the
vacuum conditions of the SEM chamber (ﬁgures 5(a)–(e)).
This also enabled us to control the length of the adhered part.

(1 )

where F is the force acting on the NW, L the length of the
suspended part of NW, d the deﬂection of the center point, A
the area of the cross-section and I the area moment of inertia.
The results of the measurements for 21 ZnO NWs of different
diameters are plotted in ﬁgure 4.
A clear size effect can be seen for NW diameters below
40 nm. Measured values are higher than those reported in the
majority of papers dedicated to the elastic properties of ZnO
NWs. On the other hand, our results are more consistent with
the bulk value of 140 GPa for ZnO and are in a good
agreement with those reported by Chen et al [45] and Stan
et al [48]. However, in contrast to [45], the size effect in our
case appears at smaller diameters.
Typically, elastic stiffening of NWs with a decrease of
diameter is attributed mainly to the increased contribution of
surface effects for nanostructures like, e.g. surface bond
saturation resulting from an increased electron density [55] or
a decrease in surface interatomic spacing due to surface
reconstruction [56, 57]. Since the scope of the present work is
related mainly to tribological measurements, and the Young’s
modulus is just one of the parameters needed for the extraction of frictional data in the self-sensing approach, we will
leave detailed discussion of the measured Young moduli
values outside the paper.

3.3.1. Bending strength. For the NWs broken in the bending

test, bending strength σst was calculated as the maximum
stress in a NW before fracture sst = E ⋅ d ⋅ | k | 2, where κ is
the curvature at which the bent beam is fractured or displaced,
E is the Young’s modulus and d is the diameter of NW [61].
Since the Young’s modulus of our ZnO NWs was found to
depend on diameter, we could not use one single E value for
the calculation of forces involved in the bending test, but
needed to estimate its value on the basis of the dependence
(ﬁgure 4) obtained in the 3-point bending test.
Figure 6 represents the bending strength calculated for 59
broken NWs (blue circles). It can be seen that both average
strength and data scattering increase as diameter decreases.
Numerical values of the strength are close to the theoretical
4
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Figure 3. SEM (a), (b) and TEM (c), (d) images of ZnO NWs.

strength, which can be estimated as E/10 based on the atomic
bonding consideration [62, 63]. For convenience, E/10
values are plotted on the same graph (ﬁgure 6, red triangles).
Such high strength indicates that the ZnO NWs are of the
highest quality, with a low concentration of the major
structural defects.
Scattering of the strength values is a common phenomenon for NWs [64, 65], especially in cantilever beam
conﬁguration where stress distribution is highly nonuniform.
The strength of NW in the bending test is determined by the
presence of a critical defect [66] in the vicinity of the maximal
strain in the deformed material. NWs used in our experiment
are of high quality, which can be concluded both from
electron microscopy images and from high strength values,
therefore an increase of strength data scattering with a
decrease of NW diameters is expected.

3.3.2. Static friction. After the picked NW was positioned

into a desired location on the substrate, static friction was
measured. Static friction, however, is known to be strongly
time dependent due to the contact aging [67]. The systematic
and detailed study of contact aging is outside the scope of the
present paper, therefore we focused on the static friction of
fresh contacts. Each experiment started with the positioning
of the NW broken in the bending test into a desired location.
Then, prior to the real measurements, NW was displaced in
order to ‘reset’ the static friction to its minimal value and then
immediately was bent and displaced again to measure the
fresh static friction.
Similar to the strength measurements, the calculation of
static friction from the bending experiment relied on the
proﬁle of the NW in the most bent state prior to the
displacement of the adhered part (ﬁgure 5(f)). In previous
5
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described in [30], we obtained 31 MPa in contrast to
1.8 GPa calculated with our FEM model. In total, the median
value of the maximal interfacial shear strength of the fresh
contact (second displacement) calculated using the FEM
model for 16 ‘bend-and-displace’ tests was found to be 1.3 ±
0.7 GPa, which is comparable with the bending strength of
ZnO NWs.
High values obtained with the new model may seem
doubtful at ﬁrst. However, the validity of the new model is
strongly supported by experimental observations.
First, curvatures of the NWs in both strength and static
friction tests are also comparable. It means that breaking the
NW/substrate contact and breaking the NW itself are indeed
two competitive processes and should have comparable
values.
Second, in the new model, static friction does not depend
on the length of the adhered part and this was clearly
demonstrated experimentally. We succeeded to displace one
NW from its initial position without breaking. It means that
the strength of this particular NW was higher than the strength
of the aged contact. The adhered part of this NW was
relatively long and we observed a stepwise displacement
(ﬁgure 8). When the shear strength in the bending test was
exceeded, some fraction of the adhered part released, but NW
was still held on the substrate by the shorter part. The tip was
moving smoothly at a constant velocity; nevertheless,
transitions between different adhered states were abrupt,
enabling ﬁve separate calculations of shear strength for each
adhered state. Every time, displacement happened at a similar
maximal curvature of the NW. According to the FEM model,
shear strengths in these points were 5.7/6.6/6.9/5.7/
5.1 GPa.
Third, a substantial difference between static and kinetic
friction was also observed for other nanoscale systems using
completely different methods [23, 34].

Figure 4. Young’s modulus E measured for 21 ZnO NWs of

different diameters d, plotted with blue and exponential interpolation
ﬁt lined in red.

works dedicated to the calculation of static friction from the
‘most bent state’, interfacial stresses and the corresponding
friction force were assumed to be linearly distributed in the
adhered part [29, 30]. In this work, we performed FEM
simulations for all NWs that were bent and displaced in the
experiment in order to examine the stress distributions in the
NW/substrate interface more accurately. ZnO NW was
modelled as a prismatic elastic beam with a hexagonal
cross-section. Part of the beam was rigidly ﬁxed to simulate
the NW/substrate contact in a static situation when NW is
loaded from one end, but the adhered part is immobile.
Geometrical parameters of the wire, the length of the adhered
part, maximal deﬂection, as well as the point of external force
applied to the wire were taken directly from the corresponding experiment. Values of Young’s modulus were chosen
separately for every particular experiment based on the NW
diameter in accordance with the AFM measurements, as
depicted in ﬁgure 4. A more detailed technical description of
the FEM simulations can be found in the electronic
supplementary information.
Results of the FEM simulations revealed a strong
deviation from linearly distributed stress. According to the
FEM model, the forces in contact between an elastically bent
NW and a substrate are highly non-uniform and most of the
interfacial shear stress is concentrated in close vicinity to the
interface between the adhered and suspended part of the NW
(ﬁgure 7). Therefore, it is more reasonable to consider the
overcoming of the static friction as a crack instability problem
in the NW/substrate interface at the point of maximal
interfacial stress. As soon as a crack forms, it will propagate
without additional force and the whole NW will be displaced.
Static friction can be represented then in terms of the maximal
interfacial shear strength just before displacement of the
whole NW. It is evident that in this case, static friction will be
signiﬁcantly higher than previous models predict. Indeed,
when we calculated the maximal shear stress for the case
depicted in ﬁgure 7 using the simpliﬁed approach as

3.3.3. Kinetic friction. In some cases after overcoming the
static friction in the bending test, the NW did not straighten
completely, but continued to rotate while preserving the bent
proﬁle of a constant curvature (ﬁgures 5(g), (h)). Such
behavior allowed us to estimate the kinetic friction involved
in rotation. Since the rotating part was moving as a rigid
object with a constant proﬁle, kinetic friction can be
parameterized simply as an average interfacial shear
strength which is the force acting on the NW divided by
the contact area (area of the bottom facet of the NW
contacting the substrate) τ = F/A. The total force can be
found from the proﬁle of the bent NW during the rotational
motion. The calculated friction data are highly scattered
(ﬁgure 9). For most of the NWs, friction values were below
15 MPa; however, in some cases friction was signiﬁcantly
higher, reaching tens of MPa. Some NWs rotated at very
small bending curvatures, making it impossible to accurately
calculate friction by mathematical ﬁtting. Such cases are
denoted on the histogram as =1. In general, obtained values
correlate well with a few MPa as found for the ZnO/Si
system by other methods. Average shear stresses obtained by
6
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Figure 5. Typical manipulation of half-suspended ZnO NW inside HRSEM: (a)–(c) bending and breaking of the NW, (d)–(e) pick-and-place

manipulation, (f)–(g) static friction measurements, (g)–(h) bent NW is rotating.

Figure 6. Bending strength (blue circles) and E/10 (red triangles)

plotted versus diameter d of NW. Second power trend lines are ﬁtted
with respective colours for convenience.

dragging ZnO NWs on a Si wafer in its midpoint were found
to be 2.1 MPa [48] and 3.2 MPa [31], and 1 MPa in a pulling
experiment [68].
The high scattering of kinetic friction values is common for
nanowire-on-substrate systems [25]. Scattering of kinetic friction
values is mainly related to local asperities, surface defects and
other imperfections both on the substrate and on NWs. Due to
the short range of van der Waals interaction, the presence of a
few or even single asperity is able to decrease real NW-substrate
contact by an order of magnitude, and correspondingly decrease
friction [58]. On the TEM image (ﬁgure 3(d)) of the ZnO NW it
is seen that the NW surface is not perfectly smooth, but has
some imperfections that can vary from NW to NW. According
to the AFM measurements, the root mean squared roughness
(RMS) of the structured Si substrate is 0.3 nm, which is rather
ﬂat, but not sufﬁcient to equalize real and apparent contact areas

Figure 7. Interfacial stress distribution in the facet of elastically bent
ZnO NW contacting the Si substrate modeled with FEM. The model
is static and deﬂection corresponds to the most bent state before
displacement of the adhered part in the real bending test. Arrows
indicate the direction and relative magnitude of the interfacial forces
at each point (for convenience, the density of the arrows decreased in
comparison to the real number of elements in the FEM model).

(for comparison the RMS value for atomically ﬂat silicon is
approximately 0.04 (HOPG 0.03 [69])). Although for fundamental studies of friction at the atomic scale smoother substrates
can be beneﬁcial, our system corresponds well to the real NEMS
applications with similar materials and surface treatment
7
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Figure 8. Stepwise displacement of adhered NW. Arrows indicate the point that separates the moving part of the NW from the part rigidly

adhered to the substrate.

the static friction from the manipulation data. The previous
‘linear’ model might severely underestimate stresses generated at
the NW/substrate interface, and the difference increases for the
longer adhered part. It was shown that interfacial shear strengths
of the ZnO-NW/Si-substrate system is comparable to the
bending strength of ZnO NWs. Kinetic friction was measured in
rotational experiments and the obtained values correlate well
with results measured for the ZnO/Si system by other methods.
On the basis of the present study, it can be concluded that the
manipulation of suspended NWs have a number of strong
advantages for nanotribological studies in comparison to
manipulations on a ﬂat substrate. A suspended conﬁguration in
combination with the pick-and-place technique allows us to
perform multiple measurements on the same NW with a precisely varied contact area. Moreover, a suspended conﬁguration
enables us to avoid the tip wear caused by the tip/substrate
contact, therefore assuring longer tip lifetime.

Figure 9. Statistical distribution of kinetic friction from rotation

observations of suspended ZnO NWs.

techniques. Another issue that is worth noting is that the velocity
factor was not taken into account when calculating the kinetic
friction in the rotational experiment. Moreover, the situation is
complicated since different parts of the NW move at different
velocities. Previously, it was demonstrated by different authors
that friction can be slightly dependent on velocity in the wide
range of velocities [70–72]. In our experiments, the tip is always
moving at the constant velocity of approximately 100 nm s−1.
However, since the length of both the suspended and adhered
parts varied from experiment to experiment, the real velocity of
the ZnO NW relative to the substrate also varied and could have
a minor contribution in data scattering.
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