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Elastic and tribological properties of zinc oxide nanowires
(NWs) on Si wafer and highly oriented pyrolytic graphite
(HOPG) are experimentally investigated and theoretically
interpreted. Measurements are performed inside a scanning
electron microscope (SEM) using real-time manipulation
technique that enables two possible ways of data registration:
‘‘external’’ force registration with quartz tuning fork (QTF)
based sensor and ‘‘internal’’ force registration utilizing in situ
observed elastic deformation of NWs. Young modulus is
determined by loading half-suspended NW at its free end and
then employed for the following tribological experiments.

Maximal static friction force is estimated when NW is being
pushed at one end and switches from partial to complete motion
upon overcoming static friction. Kinetic friction is extracted
from the profile of the NW being uniformly dragged at the
midpoint. After being brought to rest after the manipulations,
the NW causes redistribution of static friction force from
the supporting surface which is calculated and compared
with kinetic friction. Thus, it is possible to describe the
complete range of tribological phenomena: static friction upon
the transition to kinetic friction, pure kinetic friction, and the
relaxation of kinetic friction to self-balanced static friction.

ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Nanowires (NWs) can be defined as
1D crystalline structures with characteristic diameter ranging from 1 to 100 nm and unconstrained length. Semiconducting crystalline NWs possess superior electronic,
mechanical, piezoresistive properties, and comprise a
prospective class of materials for electronic and nanoelectromechanical applications [1–8].
Specifically, since zinc oxide NWs possess piezoelectric
and piezoresistive properties [2, 3, 6–8], it is a promising
material for energy harvesting microelectromechanical
(MEMS) and nanoelectromechanical (NEMS) systems.
Assembly of prototype devices often involves numerous
techniques of manipulation. Manipulation of NWs and
carbon nanotubes (CNTs) has become a ‘‘hot’’ topic in the
last decades [9, 10]. Thus detailed understanding of mechanical

and tribological properties of NW during manipulations in
various conditions is essential for precise control and output
quality.
One of the simplest possible physical systems for studies
of the mechanical properties consists of an NW upon a
flat surface (substrate) and external manipulator. Various
physical phenomena can be investigated in such a system,
including elasticity of NW (and substrate), adhesion and
friction between NW and substrate, electrostatic forces [11],
and conductivity [12]. Most of experimental setups used to
investigate mechanical properties of NWs on flat substrates
include atomic force microscope (AFM) [13–15] or scanning
tunneling microscope [16]. Sophisticated experiments
involve specially constructed equipment or combination
of existing methods, e.g., AFM-in-SEM (scanning electron
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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microscope) [17]. However, the state of the art in NW
manipulation still exhibits a plenty of ‘‘white spots’’ in the
interpretation of the experimental data. Large scattering of
experimental data, lack of theoretical explanations, in some
cases unpredictable behavior of the system are common.
NWs inherit some degree of macroscopic properties such as
surface defects, contaminations, and impurities that promote
indefiniteness of the physical system and complicate the
interpretation.
Elastically deformed NWs are appealing objects to
investigate NW’s elastic properties and coupling with other
related phenomena such as piezoresistivity [1], piezoelectricity [18], and friction [13]. For the latter case NW is
elastically deformed by friction forces and optionally
external concentrated force originating from AFM tip.
Theoretical methods used for investigation of NW’s
mechanical and tribological properties usually applied in the
framework of classical approach and range from simplest
Newton’s mass point models [19] to continuum models and
finite element method (FEM) calculations [20]. Due to the
relatively large sizes of systems, application of molecular
dynamics is limited. In the studies dedicated to elastic
deformation of NWs the Timoshenko elastic beam theory
[21] has shown to be fruitful for modeling of elastic strains
and interpretation of experimental data [22].
An approach based on the elastic beam theory utilized
the bent profile of an NW on a substrate to estimate the
NW-substrate friction [13]. The bending profile of an NW
comes as a result of the interplay between elastic and
friction forces. For simplification of theoretical analysis the
modeled NW was assumed to form a circle with uniform
distribution of elastic and friction forces along the NW. This
method was applied to study both static and kinetic friction,
and for determination of local strain in semiconductor
NWs [11, 23, 24]. However, the model neglected the role of
free NW ends and did not take into account variation of the
actual friction force vector along the NW’s length.
Strus et al. introduced an improved method that uses
the profile of a CNT bent by means of AFM on substrate to
calculate the static friction and flexural strain energy density
[25]. The proposed method is highly sensitive to any
inaccuracy in determination of the bending profile. Furthermore, boundary conditions of zero force and momentum at
the ends of the CNT were not taken into account, thus leading
to significant inaccuracy in the results [26].
The goal of the present paper is to propose, demonstrate,
and summarize several methods of experimental investigation and theoretical treatment of NW-on-substrate
manipulation [17, 26–29]. These methods enable to gather
information on elastic properties of NW (particularly,
Young’s modulus), NW-substrate distributed static and
kinetic friction as a function along NW’s length as well as
NW flexural strength at break.
We describe a real-time experimental manipulation
technique inside an SEM chamber, which enables measurement of both the elastic and frictional properties of the
same NW on a flat substrate. A zinc oxide NW was translated
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

over a flat substrate (oxidized Si wafer and highly oriented
pyrolitic graphite, HOPG) using a nanomanipulator equipped
with a force sensor composed of a quartz tuning fork (QTF)
with a glued AFM tip. This setup combines advantages of
real-time visual guidance of the NW system in vacuum
conditions and high precision manipulations typical for
AFM. Although ZnO NWs were used for the current study
on oxidized Si wafer and HOPG, the described methods can
be easily adopted and applied for other 1D nanostructures
such as nanotubes, etc.
On the theoretical side, we proposed several models
based on the elastic beam theory. They develop and
improve the known models with prospects of obtaining
more precise and well-defined data concerning the mechanical properties of NWs. The presented experimental data
evidence the consistence of our methods and models for
describing the elastic and tribological properties. On the
other hand, the inevitable uncertainties associated with the
experimental techniques and sources of errors in theoretical
analysis are discussed in an additional section.
2 Theoretical background
2.1 Elastic beam theory for modeling of
nanowires Let us consider a prismatic-shaped NW of
length L and diameter D, bent under external lateral forces
(see Fig. 1). The external forces may include distributed
(such as friction) forces as well as concentrated forces (such
as driving force from the tip). The NW is sustained in
equilibrium due to interplay of intrinsic elastic force in the
NW and the external forces of various origins.
We will designate the force and momentum of elastic
stresses in a cross-section of the NW as F and M, respectively.
Their components can be written as an integral by the crosssection area S at any given point l of NW axis [21, 30]:
Z
(1a)
Fi ¼ s ig ng dS;
S

Mi ¼

Z
eiab ra s bg ng dS;

(1b)

S

Figure 1 (online color at: www.pss-b.com) Schematics of an NW
of length L and diameter D held in bent state by in-plane distributed
lateral force f. Fixed coordinate system Oxyz and local coordinate
basis (t,n) along the NW axis l are used. Angle between the tangent
vector t and axis Ox is denoted as w.
www.pss-b.com
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where sab are the components of stress tensor, ng the
components of the normal vector to the element of crosssection area dS, ra the components of the radius vector from
the axial point l, and eabg represents the unit anti-symmetric
tensor. Both the elastic force F and the momentum M are
considered as functions of the coordinate l along the NW
axis (Fig. 1).
The full system of equilibrium equations for the NW
consists of the equations for elastic force F and momentum
M [12]:
dF
¼ f ;
dl

(2a)

dM
¼ F  t;
dl

(2b)

where f is the distributed external force acting on the NW
per unit length and t is the tangent vector of the NW axis.
Here, and below we assume that the NW is undergoing a
pure bending deformation. This can be a good approximation
for the given problem as long as the external forces are close
to the normal direction of the NW and lie on the same plane
as the NW. The case of pure bending of prismatic shaped
NW yields the following equation for momentum in the
framework of linear isotropic elasticity [30]:
M ¼ EIt 

dt
;
dl

(3)

where E is the Young modulus of the NW and I is the area
moment of inertia of the NW. Equation (3) describes the
momentum of elastic forces inside an NW bent purely with
the given curvature. It can be projected to the Oz axis and
rewritten as
M ¼ EI

d’
¼ EIk;
dl

(4)

where w(l) is the tangent angle function over the length of
the NW and k(l) ¼ 1/R(l) ¼ dw/dl is the curvature function
related to the local radius of curvature R(l).
2.2 Cross-section and contact area of nanowire Elastic response of purely bent NW is determined by
its Young modulus E and area moment of inertia I which
is directly related to geometry of the NW (cross-section),
particularly the diameter D. In one’s turn the NW crosssection determines the NW-substrate contact area and the
area in the vicinity of the contact that essentially determine
the NW-substrate friction.
Several typical geometries of cross-section characteristic for NWs are presented in Fig. 2. Contact regions
for first two – hexagonal and rectangular (belt) shapes
are easily defined. Determination of contact region for
circular cross-section is a non-trivial problem that requires
employment of contact mechanics models such as Johnson–
Kendall–Roberts (JKR) or Derjaguin–Muller–Toporov
(DMT) [31, 32]. The hexagonal cross-section is intermediate
www.pss-b.com

Figure 2 (online color at: www.pss-b.com) Schematics of crosssections of NWs, corresponding contact region with substrate
and area moment of inertia. Hexagonal cross-section of diameter
Dhex (a). Rectangular cross-section of width Drect and height
Brect (b). Circular cross-section of diameter Dcirc (c).

between the rectangular, where contact line is equal to the
whole diameter and the circular case, where the contact line
is a small fraction of the diameter. In the present work
the hexagonal cross-section was chosen for the calculations
in the experimental part.
The maximal tensile stress smax that apparently occurs
on the outermost side of NW, can be expressed as a function
of local NW curvature k:
s max ¼ EDk=2:

(5)

Equation (5) can be used furthermore in order to estimate
the tensile strength of the NW when the manipulation ended
up with a fracture.
2.3 Nanowire loaded at the end Let us consider
an NW of length L fixed at one end and loaded by a
concentrated force Fload perpendicular to the initial straight
NW line (Fig. 3). This problem is classical and described in
textbooks (e.g. [30]) through the following equilibrium
equation along the NW axis:
EI

d2 ’
þ Fload cos’ ¼ 0:
dl2

(6)

Figure 3 (online color at: www.pss-b.com) Schematics of NW
fixed at one end and loaded at the other end by concentrated force
Fload.
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Boundary conditions for the fixed end and for the zero
momentum M at the other end dictate:
’jl¼0 ¼ 0;

(7a)


d’
¼ 0:
dl l¼L

(7b)

NW profile can be then expressed via elliptic integrals or
calculated numerically from the tangent angle w(l) directly
from Eq. (6). For the reference, the length of the NW from
0 to the current point as a function of the current tangent
angle is:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z’
IE
d’
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
l¼
2Fload
sin’0  sin’

(8)

0

where ’0 ¼ ’jl¼L is the tangent angle at the free end, which
correspondingly can be found from Eq. (8) knowing the
overall length L through the following equation:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z’0
IE
d’
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
L¼
2Fload
sin’0  sin’

(9)

0

The profile of the NW in Cartesian coordinates can be
expressed therefore as:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2IE pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sin’0  sin’0  sin’ ;
(10a)
x¼
Fload

y¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z’
IE
2Fload

0

sin’d’
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
sin’0  sin’

(10b)

2.4 Nanowire loaded at the midpoint and
balanced by uniformly distributed kinetic friction
forces on a flat surface When an NW is being uniformly
dragged at its midpoint without rolling and all parts of
the NW have the same constant velocity, the equilibrium
equations Eq. (2a,b) are still applicable due to Galileo’s
principle of relativity. In this case, the profile of the deformed
NW is determined by the balance of the external driving
tip force, the kinetic friction between the NW and the
substrate and the intrinsic elastic forces of the NW. The
distributed driving force Fapl-lat can be modeled via the delta
function, and the kinetic friction qkin maintains a constant
vector opposite to the direction of motion and Fapl-lat
(see Fig. 4):


L
f ¼ qkin þ Fapllat  d l 
;
(11)
2
where d(x) is Dirac’s delta-function.
The condition of zero total force yields Fapl-lat ¼ qkinL.
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4 (online color at: www.pss-b.com) Schematics of an
NW of length L being pushed at the midpoint by concentrated
force Fapl-lat and affected by distributed kinetic friction force qkin.
Fixed coordinates system Oxyz and local coordinate basis (t,n)
along the NW axis l. Angle between the tangent vector t and
axis Ox is denoted as w.

Zero elastic force and momentum at the free ends of the
NW dictate the boundary conditions [30]:
Fjl¼0 ¼ Fjl¼L ¼ 0;

(12a)

Mjl¼0 ¼ Mjl¼L ¼ 0:

(12b)

The differential equation of ‘‘kinetic’’ equilibrium of
the NW on the interval (0, L) directly follows from Eqs. (2)
and (3):



d2 ’
L
cos’;
(13)
IE 2 ¼ qkin l  LH l 
dl
2
where H(x) is the Heaviside step function. The Eq. (13) can
be solved numerically in order to obtain the NW profile.
It is easy to see that the solution of Eq. (13) together with
the initial condition w0 (0) ¼ 0 fully complies with the free
boundary conditions Eq. (12a,b).
2.5 Nanowire loaded at the end and balanced
by combined distributed kinetic and static friction
forces Let us consider a specific situation, when initially
straight NW has been loaded at some point and a part of
the NW was fixed to the substrate by static friction (see
Fig. 5). The mobile part of the NW undergoes kinetic friction
and the concentrated load force. The distributed force f
consists of the external tip force Fapl-lat applied at the
point Ltip and the kinetic friction force qkin per unit
length distributed uniformly along the moving part of the
NW:
f ¼ qkin þ Fapllat  dðl  Ltip Þ:

(14)

Zero elastic force and momentum at the NW’s free
end dictate the boundary conditions [30]:
Fjl¼Lkin ¼ 0;

(15a)

Mjl¼Lkin ¼ 0:

(15b)
www.pss-b.com
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Motionless (‘‘static’’) part of the NW is assumed to be a
rigid rod of length Lst with 2 degrees of freedom: axis Oy
and rotation angle in the plane Oxy. Values of elastic force
Fyjl ¼ 0 and momentum Mjl ¼ 0 at the start point of the
motionless region follow from the solution of Eqs. (17a,b,c)
for continuity reasons. We assume that the interfacial stress
between the NW and substrate and consequently the static
friction force is distributed linearly along the linearly rotated
static part of the NW: qsty ðl0 Þ ¼ a  l0 þ b, where a and b
are unknown constants. For the equilibrium of the NW,
conditions for total force and momentum yield a system of
two equations:

Fy 

l¼0

¼

ZLst

qsty ðl0 Þdl0 ;

(19a)

qsty ðl0 Þl0 dl0 ;

(19b)

0

Mjl¼0 ¼
Figure 5 (online color at: www.pss-b.com) Schematics of an
NW loaded by concentrated force Fapl-lat and affected by distributed
kinetic friction force qkin of the interval (0, Lkin) along l axis. The
left end is fixed by strong static friction force qst on the interval
(0, Lst) along l0 axis. Angle between the tangent vector and axis
Ox is denoted as w and Fapl-lat is directed by angle u to Oy axis. The
external force is applied at the very end of the NW (a), the external
force is applied at an arbitrary point Ltip of the NW (b).

And elastic force F according to Eq. (1a) yields together
with Eq. (15a):
F ¼ qkin  ðl  Lkin Þ  Fapllat  ðHðl  Ltip Þ  1Þ;
(16)
where H(x) is Heaviside step function.
Finally the equation for w(l) describing the profile of NW
with boundary conditions:
EI

d2 ’
¼ fqkin ðl  Lkin Þ  Fapllat  ðHðl  Ltip Þ  1Þg
dl2
 cosð’ þ uÞ;

0

which easily determine a and b. This allows to find
such parameters as maximal static friction qstmax ¼ jbj and
ZLst 

1
 st 0  0
averaged static friction qstavg ¼
qy ðl Þdl .
Lst
0

2.6 Nanowire self-balanced by distributed
static friction forces on a flat surface In the case
when the NW had been preliminarily bent by an actuator, it
can be sustained in bent state by static friction forces from
the substrate after the removal of the external load. The
equations of equilibrium for a purely bent NW affected by
distributed static friction force f(l) ¼ qst(l) give (see Fig. 1
and, e.g., [30]):
dFt
 kFn ¼ qstt ;
dl

(20a)

dFn
þ kFt ¼ qstn ;
dl

(20b)

(17a)
EI
’jl¼0 ¼ 0;

(17b)


d’
¼ 0;
dl l¼Lkin

(17c)

where Eq. (17b) defines orientation of the NW with
respect to the coordinate system, Eq. (17c) follows directly
from Eqs. (15b) and (15a) is automatically satisfied.
Equation (17a) can be simplified in particular case
Ltip ¼ Lkin and yields:
EI

d2 ’
¼ qkin ðl  Lkin Þ  Fapllat  cosð’ þ uÞ:
dl2

www.pss-b.com

(18)

ZLst

dk
¼ Fn ;
dl

(20c)

where Ft and Fn are the projections of elastic force F, qstt ,
and qstn are the projections of qst to the local coordinates (t,n).
The complete set of boundary conditions Eqs. (12)
applied to the system Eqs. (20) yields:
kjl¼0 ¼ kjl¼L ¼ 0;

(21a)



dk
dk
¼
¼ 0:
dl l¼0
dl l¼L

(21b)

We will neglect the tangential component of the friction
qstt ¼ 0, thus making the system of Eqs. (20) complete and
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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yielding:
Ft ¼ EI

Zl
k

dk
k2
dl ¼ EI ;
dl
2

(22a)

0

qstn




d 2 k k3
¼ EI
þ
;
dl2
2

(22b)

which solves the system together with the initial condition
Ftjl ¼ 0 ¼ 0. The absence of a tangential friction component
does not lead to the vanishing of Ft which is then fully
‘‘driven’’ by the normal component Fn and necessary for
exact NW equilibrium.
It is important to note that the assumption qstt ¼ 0 was
dictated by an intuitive consideration that the direction of qst
should be close to the direction at which the NW tends to
unbend. This ‘‘unbending’’ direction correspondingly lies
close to normal to the NW’s line. Formally it means that the
integral contribution of qstt along the length of the NW is
much smaller than that of qstn . Moreover, the tangential
component of force does not contribute to bending in the
framework of the given model (as can be seen from Eq. 2b)
and is considered to be a small effect of higher order.
3 Experimental results
3.1 Synthesis of ZnO nanowires ZnO NWs were
grown using Au nanoparticles as a catalyst for the vapor
transport method (VTM) [33]. Droplets of water suspension of
60 nm Au nanoparticles (BBI International) were deposited on
a silicon substrate. Then 1:4 mixture of ZnO and graphite
powder was heated to 800–900 8C in an open-ended quartz
tube over a period of 30 min. Synthesized NWs were 10–
20 mm long and had diameters in the range of 60–200 nm.
Morphology of the synthesized NWs is of highly
importance within the scope of the present investigation.
Size and geometry of the NW strongly influence the
interfacial forces as well as elastic properties of the NW
and therefore qualitatively determine behavior of NW.
Resolution of SEM used in present study was not sufficient
to distinguish single facets on the NW surface. Therefore,
based on the literature data for ZnO NWs the cross-section of
NWs used in experiments assumed to be hexagonal [34].
3.2 Experimental set-up Experimental measurements considered in the present paper involve visually
controllable manipulations (positioning and bending) of
ZnO NWs inside SEM (Vega-II SBU, TESCAN; typical
chamber vacuum 3  104 mbar). The manipulation tool
comprised an AFM chip with contact cantilever (Nanosensor
ATEC-CONT cantilevers C ¼ 0.2 N m1) connected to a
3D nanomanipulator (SLC-1720-S, SmarAct). The tip of
the AdvancedTEC AFM probes is tilted about 15 degrees
relative to the cantilever, providing tip visibility from the top.
For the case described in Section 3.3 where force
evaluation was required the home-made force sensor was
used made by gluing AFM cantilever to one prong of
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

QTF (Fig. 6) [17]. The tip was glued in such way that
sensor operated in shear mode (the tip oscillated parallel
to the sample surface). Such approach enabled to measure
the force applied by AFM tip to the NW. The tip was
electrically connected to the QTF electrode to exclude
charging effects. To make the QTF response faster, the
Q-factor was reasonably decreased by putting a small drop of
epoxy resin (Ecobond 286, Emerson & Cuming) onto the
opposite prong of the QTF. The signal from the QTF was
amplified by lock-in (SR830, Stanford Research Systems)
and recorded through the ADC-DAC card (NI PCI-6036E,
National Instruments). The typical values of the driving
voltage were 10–30 mV and corresponding tip oscillation
amplitude in order of 100 nm. The force sensitivity of the
sensor was calibrated on precalibrated AFM cantilevers
(FCL, AppNano and CSG11 C ¼ 0.03–0.1 N m1, NT-MDT)
similar to the procedures described in Refs. [35, 36].
Advanced software was developed to control the nanomanipulator and record simultaneous signals from the
nanomanipulator’s position sensors and signals from the force
sensor. More details on the force sensor, data acquisition, and
manipulator control used can be found in Ref. [17].
Silicon wafer and HOPG were chosen as substrates
due to their flatness. The substrates were prepared by
mechanically transferring the grown NWs from the original
wafer to oxidized (50 nm of SiO2 layer) silicon wafer
(Semiconductor Wafer, Inc.) or freshly cleaved HOPG using
a piece of clean-room paper. During the transfer process lots
of the NWs broke into smaller pieces of different lengths
ranging from few hundred nm to several mm.
Experimental measurements included measurements of
Young modulus (Section 3.3), kinetic friction (Section 3.4),
static friction (Sections 3.5 and 3.6), as well as mechanical
strength of NWs (Section 3.6.3).
3.3 Young modulus measurements Si wafers
used for Young modulus measurements contained 1 mm
deep and 2  2 mm2 wide trenches (Fig. 7b) cut by focused
ion beam (Helios NanoLab, FEI). Experiment started with
finding NW that had appropriate parameters (uniform

Figure 6 (online color at: www.pss-b.com) Schematics of experimental setup with QTF-based force sensor inside SEM.
www.pss-b.com
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Figure 7 (online color at: www.pss-b.com) Schematics of experiment. (a) QTF with the glued AFM tip contacts an NW suspended
over a trench on the silicon sample; (b) corresponding SEM image of
the AFM tip, NW and trench.

thickness, sufficient length) and situated in the close
proximity of the patterned area. The selected NW was
moved then by the AFM tip toward nearest trench and
positioned over its edge so that one end of the NW was
suspended over the trench while another end was fixed to
the substrate surface by the adhesion force. Measurement
procedure consisted in bending of the NW suspended part by
the AFM tip in direction parallel to the trench wall (Fig. 7).
The QTF oscillation amplitude signal (which directly
correlates with the applied force) and SEM images were
recorded simultaneously during the measurements. For the
calculation of Young modulus the NW profile from the SEM
image was numerically fitted to the curve given by the
equation of equilibrium for a bent elastic beam [Section 2.3,
Eq. (6)] and the value of Young modulus was extracted.
The typical force curve and the corresponding SEM
images are presented in Fig. 8. The averaged value of
Young’s modulus for 13 different NWs was found to be
58  34 GPa. The mean value is in good agreement with
other works performed on ZnO NWs. Manoharan et al. found
40 GPa for an NW with the diameter of 200–750 nm [37]
and Song et al. found 29 GPa for an NW with the diameter of
45 nm [38]. Significant variation in magnitudes of Young’s
modulus from 22 to 117 GPa in the measured set of
NWs clearly evidences the importance of gathering the
Young’s modulus for each NW individually in order to
perform calculations of friction based on the balance of elastic
and friction forces as described in Sections 2.4, 2.5, and 2.6.
The proposed method opens a route to measure Young’s
modulus of rather short NWs with lengths of a few microns.
In our experiments, the length of the suspended part of NW
was about 1–2 mm in contrast to at least a few tens of mm in
other works dealing with NW bending [18, 39].
Another advantage of the method is that there is no need
to worry about fastening of the NW to the substrate. The
static friction force between the NW and the substrate was
high enough to keep the adhered part of the NW in place as
was seen in SEM images. It would make sense to assume that
in such hard contact any ‘‘floating’’ deformations were not
possible. In some cases when the force was sufficiently high,
sudden slips of NW were observed. Then the before-slip
interval was used for the analysis.
www.pss-b.com

Figure 8 SEM images of the suspended NW being pushed by the tip
and the corresponding force–time curve. Free oscillation of the tip
away from the NW (a); the NW starts to bend and the force is
increased (b); disturbance caused by slippage of the tip on NW
surface (c); maximal bending of NW after which the tip came off the
NW and force dropped back to zero. The calculated Young’s
modulus is E ¼ 104 GPa.

It is also worth noting that breaking of NW was never
observed in the bending experiments, even at large bending
angles (u  608).
3.4 Kinetic friction For the kinetic friction measurements a NW was translated along the substrate surface
by pushing it at its midpoint with AFM tip. During dragging
the NW bent into an arc of a certain curvature that is
determined by balance of NW-substrate kinetic friction and
elastic forces inside the NW. The profile of the NW remained
constant during translation and was used to determine the
kinetic friction force distributed along the NW (Fig. 9).
The determination of the kinetic friction was problematic for the relatively low aspect ratio NWs (shorter than
about 3 mm for 100 nm thickness) due to the large radius of
the curvature during the translation. Thus, longer NWs were
preferable.
For calculation of the distributed kinetic friction force
the Timoshenko beam theory was applied as described in
Section 2.4. NW length L, diameter D and profile during
manipulation were obtained from the SEM images. Actual
values of Young moduli measured individually for each NW
as described in Section 3.3 were used for the calculation.
The measurements were performed on eight NWs with
different diameters on silicon substrate. The average value
of the interfacial shear stress is skin ¼ 3.2 MPa [29]. These
results are in a good agreement with Manoharan and
Haque who obtained the 1 MPa for the interfacial shear
stress for ZnO 30–40 mm long NWs with 200 nm diameters
parallel to the NW axis dragging [40]. Few experiments were
performed also on HOPG and the average kinetic friction
was found to be 2.75 MPa [29]. However, it should be
noted, that measurements on HOPG are problematic due to
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Fig. 10c–d). The NW was bent by dragging it with AFM
tip. After the removal of AFM tip the NW remained in
a bent state due to the static friction force between the NW
and substrate. Then the static friction force model was
applied.
The backbone of the NW was skeletonized according to
the described method, and the static friction distribution
pﬃﬃﬃ
qstn ðlÞ was calculated taking into account I ¼ 5 3D4 256
for the hexagonal cross-section of the NW, where D is the
diameter of the NW’s visible from the top. Polynomial
functions of a degree of up to 7 were used, which corresponds
to N ¼ 3 in all the images for except of Fig. 10a, where N ¼ 2.
The resulting diagrams of elastic energy ust and friction
force qstn distributions are depicted in Figs 10e–h and i–l,
respectively. The elastic energy per unit length ust and
total elastic energy Ust of bent NW can be calculated,
respectively, as [30]:
Figure 9 SEM images of the ZnO NW shape profile during the
NW dragging on HOPG substrate (inverted contrast). The AFM
tip contacts the intact NW, the arrow indicates the direction of
tip movement (a); partially displaced NW (b); completely displaced NW (c); final characteristic shape corresponding to
skin ¼ 0.6 MPa (d).

the unpredictable behavior of HOPG in experiments. In
some cases the upper layers were rumpled and torn during
manipulation.
3.5 Nanowire self-balanced by distributed
static friction forces on a flat surface NW elastically
bent in plane may keep its deformed profile without external
force only due to static friction between surface and NW.
This requires the NW to be flexible enough (high aspect
ratio) and static friction to be sufficiently high. This kind of
self-balanced system, theoretically described in Section 2.6,
can be used for estimation of static friction for experimentally observed bent NWs self-balanced by distributed static
friction forces on a flat surface. The input parameters of
the model are Young modulus E, cross-section moment of
inertia I, and the curvature k(l) as a function along the NW.
Consider, for example, a microscope image of an NW
bent upon a substrate. An original method of skeletonization
suitable for finding elastic and friction forces with use of
Eq. (22) was developed [26]. The method reveals curvature
k(l) and includes the following steps: (i) filtration of the
source image and identification the backbone of the NW
in Cartesian coordinates as an array of separate points;
(ii) differential analysis of the backbone points to find the
tangential angle curve; and (iii) interpolation of the tangential
angle curve with polynomial function confined by the
boundary conditions Eq. (12). As a result a smooth polynomial
function w(l) is obtained, which can be then utilized for the
further qstn ðlÞ calculations according to Eq. (22b).
Let us now consider a real situation of bent ZnO NW
resting on a HOPG substrate (Fig. 10a–b) or silicon wafer
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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It worth noting that the distributed elastic energy is
proportional to the square of the NW curvature k(l) and
therefore contains much smaller error compared to the
friction force. Profiling of the distributed strain energy
along the NW length and calculation of the total elastic
energy may be important for engineering piezoresistive
and piezoelectric NW-based devices [7].
The shape and extreme values of qstn are sensitive to
any errors in the interpolated NW profile and to the
polynomial degree. However, some reliable quantities
capable to characterize the NW-substrate system can be
defined. The friction profile qstn ðlÞ contains several ranges
with different signs. In order to estimate the average friction
forces acting on the
 different parts of the NW, let us define

 liþ1

R
Qsti ¼  qstn ðlÞdl, that have a meaning of an effective force

 li
acting on the corresponding range (where li are defined as
averaged friction force
roots qstn ðli Þ ¼ 0). In addition, a total
P  
along the NW length qstn ¼ i Qsti  L can be introduced.
This may be utilized to characterize the magnitude of the
NW-substrate friction interaction and is in agreement with
the kinetic friction force measurements [26].
For example, NW on HOPG shown in Fig. 9 was
dragged at its midpoint for kinetic friction measurement
and then left on the substrate to relax. Then the same NW
in relaxed state is demonstrated in Fig. 10a, where it can
be clearly seen that the NW profile was not changed
noticeably. However, the distribution of friction forces
had been changed from constant along the NW to non-trivial
distribution depicted in Fig. 10e. The average values of
interfacial shear stress for the relaxed NW s st ¼ 0.73 MPa
is comparable to the kinetic friction shear stress skin ¼
0.59 MPa. It means that upon the redistribution of the friction
www.pss-b.com
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Figure 10 (online color at: www.pss-b.com) Measurements of elastic energy density and static friction distribution as functions
along the NW for differently shaped NWs (in rows): (a–d) SEM images of the NW (inverted contrast); (e–h) static friction distribution;
(i–l) elastic energy density distribution along the NW. Parameters used: Young modulus E ¼ 57 GPa; diameter D ¼ 115 nm (a,e,i);
D ¼ 111 nm (b,f,j); D ¼ 112 nm (c,g,k); D ¼ 103 nm (d,h,l). Figures (a) and (b) contain ZnO NWs on HOPG substrates, (c) and (d)
on Si wafer.

forces along the NW, the average force is approximately
preserved.
3.6 Nanowire loaded at the end and balanced
by the combined distributed kinetic and static
friction forces Another approach in measurements of the
NW static friction consists in bending of an NW lying on a
flat substrate by pushing it at one end with an AFM tip
while some part of the NW at opposite end is adhered to
the substrate. Adhered end stays motionless as long as
the applied external force does not exceed the total static
friction force between adhered part and substrate [28]. When
www.pss-b.com

the elastic stress generated inside the bent NW overcomes
the total static friction force, the whole NW is displaced. The
NW bending profile just before the complete displacement
(‘‘most bent state’’) of the NW is used then to find the static
friction force. It is done by fitting the experimentally found
NW bending profile in ‘‘most bent state’’ to the theoretical
profile of an elastic beam lying on a flat substrate and pushed
from one end by a point force in the substrate plane, while
the second end is fixed by static friction as described in
Section 2.5. From the elastic deformation of the NW the
generated elastic force and momentum are calculated, enabling
to find counteracting friction forces in the adhered part.
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Depending on the point of the force application on the
NW two loading schemes are possible. In the first loading
scheme external force is applied at the very end of the
NW, and bending profile is rather simply determined and
described (Fig. 11a–f). If an external force is applied at
longer distance from the end of the NW, the profile may
be more complicated and the second loading scheme is
realized (Fig. 12a–d).
It should be noted that the method is applicable only
for NWs having aspect ratio in the appropriate range
(between 10 and 100 for given materials). In case of too
small aspect ratio the NW slides or rotates as a whole object.
For too high aspect ratio the internal elastic force produced
during NW bending is not strong enough to overcome the
static friction force, and the NW cannot be displaced even
after significant bending. In the experiments described
in the current Section 3.6 only Si wafer was used due to
stronger adhesion.

of NW and straightening of the whole NW (Fig. 11a–f).
Considering the length, the cross-section of the NW, and
the applied force Fapl-lat as fitting parameters, the NW
‘‘most bent state’’ profile was calculated according to
Eq. (18) and laid over the SEM image (Fig. 11e). The values
of Young’s modulus E ¼ 57 GPa and the interfacial
shear stress associated with the kinetic friction force
skin ¼ 2.1 MPa were taken from our previous works
described in Section 3.3 [27]. The statistics of the maximal
static friction measurements for a set of 32 NWs is presented
in Fig. 11g.
3.6.2 Second loading scheme When an external
force is applied at a longer distance from the end of the NW,
the free end of the moving part is bent in opposite direction
(Fig. 12). The degree of bending of the moving part is
determined by the magnitude of the kinetic friction force.

3.6.1 First loading scheme Figure 11 represents a
typical manipulation experiment according to the first
loading scheme. The NW was bent by pushing it from
one end by an AFM tip until the internal elastic stress
generated due to deformation led to release of adhered part

Figure 11 Manipulation experiment of ZnO NWs according to
the first loading scheme (see the text). Series of SEM images
(inverted contrast) of the NW bent by AFM tip from one end while
other end is adhered to the substrate by static force (a–f). Fitting
profile lied over the real NW image (e). Completely displaced
NW (f). The distribution of maximal static friction versus NW
diameter (g).
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 12 Manipulation experiment of ZnO NWs according to the
second loading scheme (see the text) imaged in SEM (inverted
contrast). Intact NW (a). Part of the NW is displaced (b). ‘‘Most
bent’’ profile of the NW before the complete displacement; the
calculated profile (dotted black line) is laid over the SEM image;
points (1, 2) indicate the static portion of the NW (c). The whole NW
is displaced (d). The NW diameter is D ¼ 155 nm, the calculated
maximal static friction is qstmax ¼ 46 nN nm1 (s stmax ¼ 514 MPa),
and the kinetic friction is qkin ¼ 0.25 nN nm1 (skin ¼ 2.8 MPa).
The measurement statistics of static and kinetic friction for a set
of 7 NWs (e).
www.pss-b.com
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The ‘‘most bent’’ profile of NW in this case contains
information about both the static and the kinetic friction.
It enables to introduce the kinetic friction qkin as an
independent fitting parameter in addition to the applied
force Fapl-lat, in contrast to the first scheme where we used
the average value of qkin taken from previous experiments.
The fit for the NW bending profile was calculated according
to Eqs. (17) and compared to the experimental profile of
the NW (Fig. 12c). The second loading scheme was
applied to 7 NWs (Fig. 12e). The median value of measured
kinetic friction was qkin  0.25 nN nm1 (skin  2.8 MPa),
which is close to our previously obtained results [29].
These measurements confirm that for NWs, the static friction
can be significantly higher than the kinetic friction.
Maximal static friction and critical interfacial shear
stress were measured for 39 NWs. The median values of
the maximum static friction and average static friction
were found to be qstmax  11 nN nm1 and qstavg 5 nN nm1,
respectively. The corresponding values of critical interfacial
static shear stress and average static shear stress were
qstmax  195 MPa and qstavg  67 MPa.
3.6.3 NW strength Loading scheme described in
Section 3.4.3 can be used for calculation of NW fractural
strength when the static friction in adhered part is higher than
the force needed to break the NW by bending (Fig. 13a–f). In
general, the NWs broken in experiment experienced smaller
interfacial shear stress (a longer motionless region Lst)
but higher tensile stress compared to the displaced NWs.
The tensile stress is maximal at the boundary dividing the
motionless and displaced regions of the NW (Fig. 13e).
However, the NWs did not necessarily break in the maximal
tensile strain region but in any region probably with a
structural defect. The statistics of maximal tensile stress
values for both broken and displaced NWs are presented in
Fig. 13g. The median value of tensile stress measured for 32
successfully displaced NWs was s tens
displ  2.6 GPa, while for
was
3.3
GPa.
These values are in
21 broken NWs s tens
fract
good agreement with failure tests performed by Hoffmann
et al. on ZnO NWs, where failure occurred with stress
in the range from 2 to 9 GPa [41].
4 Discussion
4.1 Limitations of the elastic beam model ZnO
NW is a single crystalline material and should possess
anisotropy of elastic properties. On the other hand,
investigations revealed presence of various defects in NWs
grown using VTM [42]. Both facts lead to significant
variations in NW’s elastic moduli (Section 3.3). In fact
the measured Young modulus is averaged characteristic
related to certain kind of elastic deformation and it may
change, e.g., if NW has rolled to another contact facet.
Deformation of NW during the manipulation experiments is actually more complicated than purely bent strain
assumed by the simple elastic beam theory in Section 2.1.
This is connected with points of application of external
forces (distributed friction and tip’s concentrated forces) and
www.pss-b.com

Figure 13 Fracture of an NW during manipulation imaged in
SEM (inverted contrast). Intact NW (a). Gradual bending of NW
(b–d). The ‘‘most bent state’’ profile before the fracture of the NW
and the calculated bending profile (dotted black line) laid over the
SEM image; points (1, 2) indicate the static part of the NW (e).
The broken NW (f). The NW diameter is D ¼ 115 nm; its fracture
tensile stress is s tens
frac ¼ 5.1 GPa. The statistics of the maximum
tensile stress for both broken NWs (21 NWs) and displaced NWs
(32 NWs) (g).

torques produced by them. As a result of forces applied at
NW’s sidewalls, direction of the momentum M deviates
from Oz and NW is torqued. Torsion of NW is not considered
in the model and, consequently, real magnitude of external
force can be higher because the torsional component is
neglected.
It is also important to note that no plastic deformation
was observed during the bending experiments. Bent NWs
released from external forces have relaxed to restore straight
profile (except for special cases of fracture described in
Section 3.6.3).
4.2 Cross-section, substrate, and contact area
Geometry of NW and particularly cross-section require special
attention in nanomanipulation experiments, because they
determine the area momentum of inertia I and NW-substrate
contact area and strongly influence on flexibility of the NW.
Uncertainty of these parameters can introduce significant
scattering in experimentally obtained friction data.
On the contrary to ‘‘dry’’ macroscopic friction, nanoscale friction is controlled by intermolecular van der Waals
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forces and extensively depends on the contact area. Moreover, even small surface defects (‘‘bumps’’) may introduce
large difference in friction due to rapid decay of van der
Waals forces with separation distance.
Scattering in magnitudes of friction force is sometimes
explained by presence of contamination layer in contact
area which prevents easy sliding (low friction) that would
take place in the case of clean surfaces [43]. Nevertheless,
a broad experience in manipulation of ZnO NWs allows
us to propose rather opposite explanation of scattering in
our experiments. NWs with visible surface defects or
contaminated have demonstrated low friction versus
NWs of perfect shape and visibly ideal surface. Sometimes
‘‘perfect’’ NWs were adhered to the substrate so strongly
that it was not possible to move them by means of our
manipulation setup.
Real-time visual guidance is the technique necessary for
correct estimation of the geometry of NW and consequently
the contact area. In the most of cases in our experiments it
was possible to clarify and filter out belt-like and other
irregular shaped NWs. However, resolution of the SEM used
in our experiments did not enable us to clearly identify
the cross-section of NW in some cases. Therefore high
resolution microscopy is of critical importance to increase
the quality of data analysis.
HOPG is an attractive substrate due to the following
reasons: (i) it is considered to be atomically flat, (ii) relatively
low friction. However, it should be operated very tenderly,
because flakes tend to form and spoil the measurements.
Graphene sheets are flexible structures linked to each other
by weak van der Waals forces [44]. Under the electron beam
radiation the graphene layer might get damaged, producing
more structural defects [45]. During the manipulations
wave-like deformations of graphene sheets were observed
when tightly approached tip slid over the sample surface.
Rather technical issue connected with the deformed HOPG is
that visibility of graphene sheets in SEM requires welladjusted contrast image. Taking into account this property
and avoiding deformed sheets, HOPG is suitable for
nanomanipulation purposes. Adhesion between ZnO and
HOPG appeared lower than that with Si substrate, which
makes HOPG more suitable for measurements with longer
NWs. Therefore, we would recommend using HOPG as a
substrate with certain precautions.
4.3 Other peculiarities Measurements of Young
modulus using QTF-based force sensor involve calibration
procedure (see Section 3.3). The calibration implies that
interaction between the sensor and measured sample leads
to the same amplitude–force dependence as in case of the
reference sample, i.e., calibration curve is invariant. In our
case the reference and measured samples are essentially
different and the exact conformity of calibration curves
would need a special investigation.
Due to high scattering of Young modulus, it would be
better to perform deformation-based methods of friction
force measurements described in the present paper pairwise
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with measurements of Young modulus. Experimentally this
is not always possible for each particular NW or might be
time-consuming.
Frame rate of SEM observations make it possible to
control the state of the system within the timescale of
human’s responsiveness. Although, characteristic times of
NW systems are several orders smaller. The motion seen as
smooth translational might be actually stepped movement.
In the Section 3.4 considering measurements of kinetic
friction, NW is assumed to be uniformly moving. The actual
NW dynamics is a slip-stick motion, which is practically
impossible to observe directly. This would mean that during
most of time NW is statically adhered and moves only short
periods of time. But one can claim that in spite, during the
short slip periods the NW reaches equilibrium with the
external pushing force, and the bending profile is determined
exactly by kinetic friction force. If the NW was bent
‘‘weaker’’ (straighter) than the equilibrium requires, the NW
would be deformed further by the tip. If the NW was bent
‘‘stronger’’ than necessary, the NW would relax (become
weaker deformed) during the slip. Then static friction only
conserves the current bending profile until the next slip.
However, the general definition of kinetic friction does
not consider underlying mechanics, and is fundamentally
macroscopic.
Anticipating the conclusions part, it is important to note
that real-time manipulation of NWs is certainly a significant
milestone in application-oriented nanoscale mechanics
and tribology research, overcoming many limitations of
ambient AFM manipulation and opening new fields for
disputes. However, still a bunch of technical challenges
bring uncertainties and complicate the analysis, leaving
space for progressing technologies and further research
activities aimed to increase measurements precision and
rise level of control over the nanomanipulations.
5 Conclusions Advanced experimental technique for
real-time manipulations of NWs in situ inside SEM was
considered. The given technique is capable of measuring
such relevant NW parameters as Young modulus, bending
strength, static, and kinetic friction. Experimental data is
obtained either by using self-made force sensor based on
QTF, or by utilizing the profile of the elastically deformed
NW for interpretation of intrinsic strains and external forces.
Then the elastic beam theory is utilized to model and fit the
NW bending profile to obtain numerical values of measured
parameters.
The applicability of the technique was demonstrated on
ZnO NWs deposited on silicon wafer or HOPG substrate.
The Young modulus was measured on 13 half-suspended
NWs and the values ranged from 22 to 117 GPa with average
value of 58 GPa, which is in a good agreement with other
works performed on ZnO NWs [37, 38]. Significant variation
in values indicates the importance of gathering the Young’s
modulus for each NW individually in order to perform
calculations of friction based on the balance of elastic and
friction forces.
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The average values of interfacial shear stress skin in
kinetic friction measurements were found to be 3.2 MPa [29]
for eight NWs on Si wafer. The average maximal static
friction was found to be about 20 times higher than the
kinetic friction (67 MPa). This significant difference with
kinetic friction made us speculate that some additional
phenomena are involved (NW-substrate contact reconfiguration, contact aging, etc.).
The described technique has certain advantages over
the more common AFM-based manipulation methods. It
benefits from vacuum environment and provides continuous
visual guidance over a manipulation process. The applicability of the described method is not limited only by NWs,
but can be applied to other 1D nanostructures such as
nanotubes, nanorods, and nanofibers.
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