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Mechanical properties of gold nanowires were determined in this investigation using a multifunctional
nanomanipulator inside a scanning electron microscope (SEM). Gold nanowires were synthesized by electrochemical
deposition (ECD) technique. Three different characterization techniques including tensile, buckling and bending tests
had been adapted to quantitatively determine Young’s modulus, yield stress and fracture stress of the gold nanowires.
The mechanical characterizations show that the nanowires were highly flexible in nature. The excellent resilience and
the ability to store elastic energy in these nanowires confirm their potential applications in nano electromechanical
devices.
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1. Introduction
Nanowires (NWs) have a wide range of potential applications in
opto-electronic nanodevices [1], biological sensors [2], and
nanoelectronic circuits [3]. As NWs have large surface to volume
ratio as compared to bulk materials, considerable research interest has
been developed in the measurement of the material properties of NWs.
Metallic NWs have extensive applications as interconnecting leads
and functional building blocks in nanodevices and nanoelectronics
because of their unique electrical and mechanical properties [4].
Amongst metallic NWs gold NW is getting more attention in
nanotechnology due to their capacity for biomolecule
functionalization [5, 6], high conductivity [7] and distinct optical
properties [8]. Due to these extraordinary behaviors, great efforts
have been made to synthesize gold NW with different techniques.
Although gold NWs are touted as the next generation material for
use in nanoscale systems, its mechanical properties are still not well
explored [9]. It is significant and essential to study accurately and
reliably the mechanical characteristics of individual gold NW for
fundamental understanding of deformation behavior at the nanoscale
which is important for development and processing of novel
nanowire-based devices. Mechanical characterization of individual
NW is challenging due to its extremely small dimension, difficulty in
manipulation, alignment and gripping, and requirement of application
and measurement of very high resolution force and displacement [10].
This investigation reports on the measurement of mechanical
properties of individual electrochemically grown gold NWs inside an
SEM using a custom made nanomanipulator. The ends of the NWs
were clamped between two AFM tips attached with the
nanomanipulator stages for in situ mechanical characterizations. The

NWs for this work were prepared by using electrochemical deposition
(ECD) method [11, 12]. Three different techniques including tensile,
buckling and bending tests had been performed for mechanical
characterizations of the NWs. The mechanical characterizations
reveal high flexibility of the gold NWs.

2. Synthesis of Gold Nanowire and its Morphological and
Microstructural Study
Gold NWs were grown inside commercial polycarbonate (PC)
membrane templates (300 nm pore channel size) using ECD method
[13]. Gold solution of 0.1 wt% for the ECD was prepared by
dissolving 1gm gold foil in 10 ml aqua regia diluted in 100 ml deionized water and subsequently heated at 90 C for 30 min. To ensure
good electrical contact during the deposition, the back of the PC
membrane template was sputter coated with gold before being
attached to the working electrode which was a stainless steel sheet of
9 mm diameter. This working electrode was placed underneath the
template and a platinum mesh was used as the counter electrode. The
distance between the two electrodes was kept as 30 mm. Gold NWs
were deposited by applying 1V for 3h. The sample with the working
electrode was immersed in CH2Cl2 solution for 30 min to dissolve the
PC membrane. The deposited NWs were remained on the flat
working electrode and stuck to the surface on drying.
Scanning electron microscope (SEM, Hitachi 4100) and
transmission electron microscope (TEM, JEOL 2010) were used to
study the morphology and microstructure of the prepared gold NWs.
The samples were ultrasonically dispersed in alcohol to form nano-
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material suspension and dropped onto carbon film supported with a
metal holder for TEM study.
SEM image shown in Fig. 1(a) indicates that plenty of gold NWs
were formed on electrochemical deposition of gold on PC membrane.
The formed NWs were quite clean with no contamination attached to
their surfaces. The lengths of gold NWs were measured to be 5-20
m. Some of the NWs were observed to be aggregated into bundles
and looked wider than others in the SEM image. TEM image of the
gold NW is shown in Fig. 1(b). Detailed examination of the NW
along their length revealed that they were uniform in width; smooth
surface and free of defects. The NWs were of high purity and
homogenous in nature. The study of the cross-sectional morphology
of the NW specified that the NWs had circular cross-sections and
diameter ranging from 150-350 nm. Figure 2 shows the SEM image
of circular cross-section of a NW.
(a)

(b)

Fig. 1 (a) SEM and (b) TEM images of gold nanowires
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travelling range of the picomotor was 10.0 mm with dynamic step
size 30 nm when the picomotor drives at 2 KHz. The rotational stage
movement was achieved by mounting a rotating picomotor on the top
of the Z-stage which can provide angular step sizes less than 0.02.

Fig. 3 Schematic of the nanomanipulator
The fabricated nanomanipulator was placed inside a JEOLJSM6300 SEM to perform manipulation, electrical and mechanical
characterizations of gold NWs. The maximum resolution of the SEM
is 3.5 nm at 30 kV. The X-Y stage of the manipulator guided motion
parallel to the x-y plane of SEM stage and the Z stage was used for
the motion along the SEM beam axis. Two AFM tips of known spring
constants FPC10, AIST (~0.066Nm-1) and BS-Tap300Al (~40Nm-1)
were fixed to the rotating picomotor and X-Y stage respectively, to
hold a NW for mechanical characterization. Rigid tip was used to
manipulate the NW from the source and whereas the soft tip served as
a load sensor. Independent three axes relative displacements between
tip and sample can be achieved with this customized design. The
details about the design and fabrication of the nanomanipulator are
given elsewhere [15, 16].

Fig. 2 SEM image showing the cross-section of a nanowire

4. Manipulation and Mechanical Characterization of a
Nanowire with the Nanomanipulator
3. Design and Fabrication of a Nanomanipulator for in-situ
Mechanical Characterization
Due to the extremely small size of NW in-situ mechanical
characterization is a challenge. In-situ nanomanipulation relies on
high magnification SEM images as a visual feedback system in order
to interact with a nanoscale target using a probe, which has been
extensively utilized to characterize the mechanical and electrical
properties of novel nanostructures [14]. Well-controlled lateral and
longitudinal motions are necessary for manipulation of nanostructures.
A nanomanipulation system was developed using commercially
available actuators and positioning stages to use inside limited space
within an SEM for in-situ mechanical characterizations. The
positioning stages of the manipulator were equipped with AFM tips
for both manipulation of NWs and measurements.
As shown in Fig. 3, the nanomanipulator was designed by
superposition of three linear stages, X, Y, and Z, and one rotational
stage (θ) that can move to different ranges and precession. These were
referred as coarse and fine movements respectively. The coarse
movements along the X, Y and Z axes were based on a parallelguiding plate-spring mechanism and chosen because of their parallel
and precise displacements. This ensured high flexibility and easy reconfigurability to the manipulator. The parallel plates were driven by
vacuum compatible picomotors (New Focus, 8321-V). The maximum

Picking of single NW from its source and clamping it along the
axis of load application was a difficult task in performing mechanical
characterization. The rigid cantilevered tip was first mechanically
fixed to the rotating picomotor and used for manipulation of a NW
from its source placed on the X-Y stage of the nanomanipulator. This
tip was brought into mechanical contact with the top of a NW by
supplying necessary voltage to the attached picomotor. Due to Van
der Waals force, the NW end stuck to the tip. Amorphous carbon was
deposited at the tip-nanowire junction to make the contact more rigid
[17]. A deposit at least 100 nm square was typically made at each
nanowire-tip junction and was usually a strong enough attachment to
allow the loading and breaking of NW before attachment failed. The
NW was picked up from the source by applying enough force to the
cantilever. The tip along with the NW was then detached from the Zstage and fixed to the X-Y stage. The free end of the NW was
clamped to the soft cantilevered tip which was fixed on the Z-stage.

4.1 Evaluation of Mechanical Properties with Tensile Test
Tensile test, a quasi-static test is generally used for mechanical
characterization of nanotubes, nanowires and nanofibers of short
lengths. A continuously increasing load P was applied to the NW end
fixed to the rigid cantilever to elongate the NW until it fractured. The
stress distribution on the cross section of a NW due to the axial load
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where A is the area of cross section of the NW, L is the original length
of the NW,  and  are the axial stress and strain of the NW in the
linear elasticity range, respectively. The stress-strain plot of a gold
NW of length 8 m and diameter 150 nm is shown in Fig. 7. The
Young's modulus, yield stress and fracture stress of the NW can be
determined from this stress-strain diagram as 21.6 GPa, 151 MPa and
241 Mpa, respectively. Several nanowires were tested and the
measured mechanical characteristics of four different NWs are shown
in Table 1. The average Young's modulus is roughly 20  2 GPa and
the yield and fracture stresses are dependent on the section area. As it
is shown, NWs with bigger section area got bigger strength. In some
cases the NW being tested was not perfectly aligned with the axis of
the applied load as SEM provides only top view of the NW. As a
result it can measure misalignment in the x-y plane but cannot detect
slight height mismatch in the z-direction. The method developed by
Ding et. al [19] for the determination of effect of in-plane
misalignment and height mismatch on the load and strain during the
tensile testing was used to minimize the error in measurement.

Stress (Mpa)

during the test depends upon the way how the axial load is actually
applied. A schematic diagram of the tensile test is given in Fig. 4. The
loading process was recorded in a series of SEM images to estimate
the applied load and corresponding change in distance between the
AFM tips. As it must be relied on image analysis to measure the load
and displacement, proper specimen alignment was a critical task. This
was accomplished very carefully adjusting the tips position until both
were in focus before final clamping. The entire NW was kept in the
SEM image to accurately determine the length of the NW. Figure 5
shows the SEM images of elongation of a NW due to applied load.
The images show that the deflection of the soft cantilever increases as
the rigid cantilever is moved in the downward direction. The NW
finally broke into two parts. The soft cantilever returned back to
original position after the NW was broken. The SEM image of a
NW captured after breaking is presented in Fig. 6. As shown, the NW
of original length 8 m was stretched and broken in the middle.
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Fig. 4 Schematic diagram of tensile tests

Strain (%)
Fig. 7 Stress-strain diagram of a gold nanowire under tensile load

NW

Fig. 5 SEM images of tensile test on a gold nanowire
(
b
)

(
a
)

Young’s
Length Radius
modulus
(μm)
(μm)
(GPa)

Yield
Stress
(MPa)

Fracture Fracture
Stress
Strain
(MPa)
(%)

1

6.821

0.137

21.4

125

222

17.3

2

8.022

0.150

21.6

151

241

7.2

3

6.272

0.102

18.3

113

165

14.3

4

6.452

0.121

19.7

122

192

12.1

Table 1 Young‟s modulus of nanowire with tensile test

4.2 Buckling Test

Fig. 6 (a) SEM image of breaking of a nanowire; (b) A part of the
broken nanowire
The deflection d of the soft cantilever at each loading and the
length of the NW were estimated from the pixel resolution of the
images. The maximum deflection of the cantilever was measured to
be less than 5% of its length and therefore the applied load P was
determined as P = d  k [18] where „k‟ is the spring constant of the
soft cantilever and „d‟ is the cantilever deflection. The axial deflection
(elongation)  of the NW due to application of load P was determined
from the change in length of NW in the recorded images. With the
knowledge of the linear elasticity, Young's modulus of NWs were
determined using Hooke's law as
E

PL

 A






(1)

Two different modes for structure collapse, yielding and buckling
are generally observed in compression test. Yielding mode dominates
the structure collapse for the short column and it changes to buckling
mode due to the instability of structure at the large length to diameter
ratio. For the given length smaller diameter column undergo Euler
type buckling, whereas for larger diameter buckling is not observed.
As the column buckles, instead of remaining straight, it becomes
sharply curved. Young‟s modulus is then measured from the buckling
mode of the column due to application of axial compressive load.
In the compression test, axial loads were continuously applied to
the NW by moving the X-Y stage of the manipulator in upward
direction using the picomotor attached to the stage. The load deflected
the soft cantilever which was connected to the rigid cantilever
through the NW. It was made sure that the NW buckled perpendicular
to the direction of the electron beam to reduce the probability of any
hidden displacement along the electron beam direction which may
alter the actual measurement results. On application of certain load i.e.
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the critical load Pcr, NW transformed to buckling mode along the
principal axis of cross-section having least moment of inertia as [15],
Pcr 

π EI
(KL) 2
2

(2)

where I= (πr4/4) is the moment of inertia and KL is the effective
length of the NW. As one end of the NW was fixed to rigid cantilever
and the other to soft cantilever, it can be assumed as fix-pin model for
which K = 0.7. The end condition constant can be also determined
from the distance between two adjacent inflection points of the
buckling shape. Equation (2) indicates that the critical load for
buckling instability development is proportional to 1/L2 and I. Figure
8 shows a series the SEM images of change of modes of the NW with
the application of axial load. The change in shape can be summarized
as, when (i) P < Pcr, the NW is in stable equilibrium and bent slightly;
(ii) P = Pcr, NW is in neutral equilibrium and bent amplitude could be
arbitrary; and (iii) P>Pcr, NW is on unstable equilibrium and buckled
laterally under the slightest disturbance. The corresponding applied
force with respect to lateral deflection of a gold NW of length 14.40
m and diameter 338 nm is shown in Fig. 9. The critical load (Pcr)
was determined to be 1.378 N from the force-deflection curve which
indicates high flexibility of the NW. Young‟s modulus of several NWs
of different lengths and cross sections were determined and estimated
to be roughly 22  2 GPa, as shown in Table 2. Bigger Young‟s
modulus can be found at NWs with smaller length to diameter ratio.
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4.3 Bending Test
The cantilevered tip containing the NW was mounted on the X-Y
stage for bending test in such a way that the horizontal axis of the tip
became parallel to the longitudinal axis (length) of the NW. The other
(free) end of the NW was simply contacted to the soft tip, attached to
the rotating picomotor on the Z-stage to perform bend test. In the insitu bend test, transverse load was applied on individual gold NW by
moving the stage containing the rigid cantilever vertically upward
after ensuring the alignment of the ends of the NW. Young‟s modulus
of the NW was measured from the deflection  at the free end of the
NW due to the applied load. The effect of shear was neglected in the
determination of load and assumed that the load applied along the
central axis of the NW. P and  were determined from a series of
SEM images captured during the test. A sequence of recorded SEM
images of bending of a NW is shown in Fig. 10. As the NW gradually
bent with the applied force, the vertical separation between the two
AFM tips was considered as the deflection of the NW. P was
determined from the displacement of the soft cantilever and its spring
constant, similar to the compression test and tensile test. Young‟s
modulus was determined from the load-deflection relationship,
E

PL3
3I

(3)

where L and  can be determined from the horizontal and vertical
distances between the two tips, respectively, in case the NW is
horizontally placed prior to force applied. The P- curve of a gold
NW subjected to bend test is shown in Fig. 11. The plot shows that
the mechanical behavior of the NW at the large deflection region was
almost same as in the small deflection region. No permanent
deformations of the NWs were observed during the test and back to
its original position on the removal of the load. The average Young‟s
modulus from bend tests of several dufferent NWs were determined
to be roughly 22.5 ± 3 GPa as shown in Table 3.

Load (μN)

Fig. 8 Series of SEM image of buckling of a gold nanowire

Fig. 10 SEM images of bending of a gold nanowire

Lateral Deflection (μm)

NW

Length Radius
(μm)
(μm)

Buckling Moment of Young’s
Length /
Force
inertia
modulus
diameter
(μN)
 10-3 (μm4) (GPa)

1

15.041

0.172

1.473

0.172

24.08

43.7

2

14.404

0.169

1.378

0.641

22.14

42.61

3

19.058

0.152

0.479

0.419

20.61

62.69

4

15.880

0.152

0.731

0.419

21.84

52.23

Table 2 Young‟s modulus of nanowires with buckling test

Load (μN)

Fig. 9 Load-deflection curve of a gold nanowire due to buckling

Defection at free end (μm)
Fig. 11 Load-deflection curve of a gold nanowire caused by bending
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Length Radius
NW
(μm) (μm)

Applied
Moment of Young’s
Deflection
load
inertia modulus
(μm)
(μN)
10-3 (μm4) (GPa)

1

4.81

0.171

0.389

0.813

0.671

25.88

2

10.76 0.173

0.045

1.228

0.704

21.69

3

6.76

0.162

0.026

0.211

0.541

24.25

4

5.12

0.144

0.019

0.131

0.338

19.54

Table 3 Young‟s modulus of nanowires with bending test

5. Results and Discussion
The average Young‟s modulus of the gold NWs were measured to
be 20  2 GPa, 22  2 GPa, and 22.5  3 GPa with tensile, buckling,
and bending tests, respectively. Young‟s modulus is an intrinsic
material property and fundamentally related to internal atomic
bonding. The measured values were less than that of their counterpart
bulk value which is 78 GPa [20]. An important factor in evaluating
the mechanical properties of NW is size effect [21]. As grain sizes or
structural dimensions decrease, interatomic reorganization near
surfaces gain influence over bulk material behavior. Due to change in
atomic coordination and electron distribution, free surfaces in
material can have different elastic modulus from the bulk [22, 23].
The non-bulk geometry of the NW can primarily be attributed to the
influence of variable surface elasticity. Bond length, bond energy and
arrangement of atoms also influence the overall elastic behavior of
the material. Molecular dynamics simulation illustrates that if the
bond energy between neighboring atoms is significant compared with
interaction with other atoms, Young‟s modulus of the NW will be less
than the bulk material [23]. Other factors such as different level of
vacancies within the NW due to different synthesis conditions and
crystal orientation can contribute in the reduction of Young‟s modulus
[24]. Interfaces, interfacial energy, and surface topography also play
increasingly important role in the deformation and failure processes
of the NW. Length to diameter ratio affects the deflection of the NW
which also influences the Young‟s modulus.
It is also interesting to note that the measured values of Young‟s
modulus by different testing methods have a little difference. This
variation may be due to different boundary conditions assumed for
estimation of Young‟s modulus with different techniques [25]. The
effect of end condition constraint on the force–deflection curve of the
NW still to a large extent is unknown. Young‟s modulus of the NW
determined with the buckling test was determined to be higher than
that obtained with the tensile test. This can be attributed to the
dissimilar structural variation of the NW at the same strain during the
tensile and compressive processes. Nonlinear elastic response of the
NW core plays the greatest role in determining the elastic modulus of
NWs subjected to axial tensile or compressive loads [26]. This effect
stems from the fact that in equilibrium surface stresses give rise to
axial compressive strain in the NW core. As NW size decreases, this
compressive strain increases in magnitude because of larger surface to
volume ratio. The increase or decrease of the Young‟s modulus of the
NW depends on the crystallographic orientation of the lattice. The
different Young‟s modulus with bend test may be due to the
involvement of less surface atoms which are easier to stretch than the
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atoms locked in the crystal lattice. It can be summarized that the
different behaviors of Young‟s modulus with tensile, compressive and
bend tests are not experimental error, but can be due to surface effect,
atomic rearrangement, dissimilar structural variation etc.
The dispersion of the measured Young‟s modulus with each
technique was due to the lack of measuring accuracy of displacement,
length and diameter of the nanowire. As the sample size becomes
smaller and smaller any measuring inaccuracy of the size of the NW
may have significant effect on the final result. Equations (1)~(3) show
that Young‟s modulus of a NW is functions of its length and load.
Measurements of all the parameters required for the calculation of
Young‟s modulus were restricted by the pixel resolution of the image
and applied load direction. Perfect alignment was also difficult to
achieve for exact determination of loading direction which may result
in variation of moment of inertia. Moreover, average value of
diameter of the NW was accounted instead of actual value in the
calculation of area and moment of inertia. The dispersion of the
Young‟s modulus measured with the bend test was found to be larger
than that measured with tensile and compression tests. The induced
stress is concentrated at the upper and lower free surfaces of the NWs
during the bend test; however, NW subjected to tension or
compression has uniform applied stress through the entire cross
section. To accurately measure the mechanical properties, the position
of applied force should be calibrated very carefully for the precise
determination of deflection of the free end and the length of the NW.
The failure strength of the gold NW was measured to be higher
than the bulk gold which is typically around 100 MPa. This can be
attributed to the reduction in the number of defects in the NW in
comparison to bulk material. Since the fracture process is influenced
by defect nucleation and propagation, the probability of failure is less
in nano-material and therefore has high fracture stress. Due to bondlength contraction of the surface atoms there was relaxation of the
surface and which lead to higher fracture strain. The tiny grain size
and small lateral dimensions restrict dislocation activity, driving an
increase in yield and fracture strength of NWs.

4. Conclusions
Nanomechanical characterizations of gold NWs with three
different methods, tensile, buckling and bending tests have been
presented. Mechanical and structural aspects are of critical
importance in determining the long-term stability of such small
structures. Among the characterization techniques used in this study,
bending test present the most convenient way to conduct as it only
needs to apply a smaller force and monitor only the deflected end
rather than the entire NW. The tensile and buckling tests are more
challenging since the NW must be clamped at both ends, stretched or
compressed uni-axially, and measured its elongation with nanometer
resolution. Compared with buckling and bending tests, tensile test is
straightforward and reliable, as the stress state in the specimen tends
to be uniform. Moreover, tensile test has the full capacity for the
measurement of elastic modulus, yield strength, and tensile strength.
The buckling test is a way to determine the Young‟s modulus for a
longer NW under compression which is important for mechanical
applications in case the material is not isotropic. In addition, the
mechanical properties are observed to be also dependent on the
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geometrical condition of the NWs irrespective of the experimental
technique. Presence of fewer mechanical defects per unit length offers
high strength to the NWs. Such properties are essential to the design
and reliability of novel nanodevices. The work provides a better
understanding of the mechanical property of gold NWs, as well as
gives more options to build nanodevices such as, sensors, electronics,
and solar cells etc.
.
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