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ABSTRACT

A micro/nanoscale strain sensor based on helical gold nanotube films (GNTFs)
is proposed, which is prepared by magnetron sputtering using carbon nanocoils
(CNCs) as templates. The gauge factor of the sensor reaches 5, while the stretch
of it can achieve more than 10% owing to the helical geometries. The resistance
increase of GNTFs with temperature decreasing from 300 to 4 K indicates a
thermal activation tunneling model for electron transport. With thicknesses
increasing from 16 to 32 nm, the GNTFs show a structural transition from dis-
continuous to quasi-continuous film. In this transition region, the conductive
path of GNTFs increases rapidly, resulting in a rapid resistance decrease of
CNC-GNTF composite structure. When a helical GNTF is stretched, the resis-
tance is increased. The helical GNTFs in the transition region exhibit the highest
response sensitivity, which owes to the special torsion-dominated strains of this
helical structure to some extent. The unique helical morphology gives the sensor
great stretchability and special electrical response. Choosing appropriate CNCs
and GNTFs with suitable thickness, the helical GNTFs can be used as
micro/nanostretchable strain sensors, stretchable electrodes or connects, res-
onators in micro/nanoelectromechanical system.
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substrates provide a wide development space for
new strain sensors with small size, large deformation,
high sensitivity, low power and easy integration.

Introduction

Flexible strain sensor is an advanced sensor technol-

ogy accompanying with the development of smart
sensor system, which has played more and more
significant roles in wearable instruments [1], e-skins
[2, 3], robots [4], energy-harvesting systems [5, 6] and
touch-on displays [7, 8]. Recently, the applications of
micro/nanomanufacturing techniques in flexible
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Gold film has been a research focus for strain
sensors with high sensitivity and flexibility [9-12].
The gold film has three types of structure, which are
continuous film, quasi-continuous film and nanois-
land array, where the electron transport is deter-
mined by surface scattering, conductive path
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between gold nanoparticles and tunneling effect
between islands, respectively [13]. Due to the differ-
ences in structure and thickness, the gauge factors of
gold films are varied between 1 and 300. Parker and
Krinsky [14] studied the electrical resistance-strain
characteristics of thin gold films prepared by vacuum
evaporation. Varying the thickness of gold film, the
gauge factor changed from 1 to 100. The discontinu-
ous gold film with a thickness less than 10 nm
showed the highest gauge factor due to the expo-
nentially dependence of resistance on separation
space between gold particles. Neugebauer et al
proposed different conductive mechanisms for the
evaporated gold films with different thicknesses,
which transformed from electron tunneling to
essential bulk conduction with thickness increasing
[13].

Due to the original non-continuity, the highest
gauge factor and the ability to bear large deformation
without permanent damage on structure, the dis-
continuous films drew much attention in the field of
flexible sensors. However, the gold nanoparticles in
this type of discontinuous film tend to migrate to
form larger islands and consequently to reduce the
gauge factor. For solving this problem, monolayer or
multilayers of self-assembled gold nanoparticles with
dielectric between them on flexible substrates were
developed [15-17]. Brust et al. prepared self-assem-
bled multilayer thin films consisting of 6-nm gold
nanoparticles and dithiols. This kind of film shows a
mode of activated electron hopping [18]. Herrmann
et al. [19] prepared film of 18-nm gold nanoparticles
using inkjet printing and demonstrated its exponen-
tial sensitivity of the electrical resistance to longitu-
dinal deformation, determining the gauge factor to be
varied between 50 and 200. Jiao et al. [20] reported
the strain gauge made up of 50 nm gold nanoparticle
monolayer on the flexible polyethylene terephthalate
substrate, which can accurately track various
mechanical stimuli and achieved a high gauge factor
up to 70.

However, the size and application of these strain
gauges based on gold films are mainly in macroscale.
In micro/nanoscale, the electrical responses to local
tension for some nanomaterials were reported
[21-23]. However, their applications were limited by
their tensile abilities. The gold film-based flexible
strain sensor using super nanospring [carbon nano-
coil (CNCQ)] as carrier or template provides an idea
for solving this problem. CNC is a kind of carbon
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nanotubule with a unique 3D helical structure, which
shows excellent mechanical [24-26], electrical [27, 28]
and thermal properties [29]. As a super nanospring,
the large elastic expansion up to 40% and superior
fatigue resistance of a CNC make it a great candidate
for the application in nanoscale flexible sensor and
MEMS/NEMS. When a CNC is longitudinally stret-
ched, the strains of the CNC consist of tension, shear,
bending and torsion, due to the helical morphology
[25]. The gold film on a helical nanowire would
exhibit quite different electrical response under ten-
sion compared to those on macroplanar substrates. In
addition, the ability that transforms the unidirec-
tional deformation into torsion which cannot be
achieved by other micro/nanostructures brings CNC
great advantage in strain sensor research. In this
research, we developed helical gold nanotube films
(GNTFs) using CNCs as templates. The resistance
response to strains and the electron transport of the
helical GNTFs are investigated.

Experimental

CNC synthesis by chemical vapor
deposition (CVD) method

The CNCs were synthesized by a CVD method [30].
0.2 mol/L solution consisting of Fe, (504)3-9H,0,
SnCl,-5H,0 and deionized water was served as the
catalyst precursor. The catalyst was first dipped on
the quartz substrate and then calcined at 710 °C for
30 min in an argon atmosphere with an Ar flow rate
of 365 sccm. At last, the carbon deposits were
achieved at 710 °C for 1 h by introducing acetylene
and Ar gases with flow rates of 15 and 325 sccm,
respectively.

Helical GNTF preparation

The GNTFs were deposited onto individual CNCs by
magnetron sputtering. Three parameters, which are
sputtering time, pressure in sputtering chamber and
temperature of substrate, were modulated in
sequence to control the thickness and gold particle
size of GNTFs, while the sputtering power was fixed
at 20 W. The sputtering time was increased from 0.5
to 16 min. The film thickness and gold particle size
were all changed with the sputtering time. As pro-
posed in some works, the sensitivity of nanoparticles
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based strain gauges is proportional to the diameter of
nanoparticles. It is reasonable to evaluate that the
helical GNTF with larger particle size will exhibit
larger sensitivity as well in this research. To achieve
the largest gold particle size, the pressure and tem-
perature were varied from 1 to 4 Pa and from RT to
300 °C, respectively, with 4 min sputtering time. The
relationship between GNTF thickness and sputtering
time was determined by measuring the thickness of
GNTF deposited on silicon dioxide substrate with an
atomic force microscope (AFM). To observe the
morphology of GNTFs on CNCs, scanning electron
microscope (SEM) and transmission electron micro-
scope (TEM) were employed. For sample prepara-
tion, CNCs were dispersed onto copper micro grid,
followed by gold sputtering onto their surfaces. The
size of gold particles was counted.

Resistance of helical GNTF and its response
to tension

As shown in Fig. 1a, an individual CNC was first
extracted from an as grown CNC bush by a micro-
tungsten probe with silver paste under an optical
microscope. Then, a gold film was pre-sputtered on
the individual CNC by 2 min at 2 Pa and RT. After
that, the individual CNC with GNTF was suspended
between two electrodes by silver paste with the help
of micromanipulators. The composite structure of
CNC and GNTF is called C-GNTF in this paper. The
electrodes which were made of glass slices with
100-nm gold film on the surfaces were fixed on a
larger glass substrate with a hole in the middle. This
hole was designed for repeated sputtering. The dis-
tance between the two electrodes was 50 to 100 pm.
Figure 1c shows the SEM image of a typical sample.

The resistance of the C-GNTF sample with 2 min
gold pre-sputtering was measured with a source
meter (Agilent B2902A). After the resistance mea-
surement, the sample was sputtered again for
another 2 min while the sputtering condition kept the
same as before. The resistance of the sample was
measured after every 2 min sputtering till the total
sputtering time reached 14 min.

As shown in Fig. 1a, b, an insulated microprobe
was employed to stretch the C-GNTF transversely in
the middle under the optical microscope with the
help of a micromanipulator. The current fed through
the sample was 1-3 pA. The deformation of the
C-GNTF was monitored by a CCD camera, while the
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resistance of the sample was recorded by the source
meter simultaneously. The resistance response under
lateral tension of the same sample after different time
sputtering was measured. However, the resistance of
CNC itself will greatly reduce the sensitivity of
resistance response due to the parallel connection
between CNC and GNTF. Thus, a 15-nm layer of
Al,O5 acting as an insulation layer was sandwiched
between CNC and GNTF to eliminate the influence of
CNC. The Al,O5 layer was sputtered onto a CNC by
magnetron sputtering at 1 Pa and RT with a sput-
tering power of 100 W. For distinguishing, the com-
posite structure with an AlO; layer is called
A-GNTF. The resistance response under lateral ten-
sion of A-GNTFs was also measured.

The measurements mentioned above were based
on a two electrode method, the results of which could
be affected by the contact resistance between GNTF
and gold electrodes. It is difficult to apply four elec-
trodes to a lateral tension measurement. Based on the
optimal thickness and structure of GNTF determined
by the resistance response under lateral tension, a
four-electrode method was employed in a longitudi-
nal tension measurement to verify the sensitivity. As
schematically shown in Fig. 1d, an A-GNTF with
optimal thickness and structure was connected
between two tungsten probes with silver paste. Two
flexible carbon nanotube (CNT) bundles attached on
the tips of tungsten probes were employed as sensing
probes [31], which were attached to the A-GNTF by
van der Waals forces. The A-GNTF was longitudi-
nally stretched by the tungsten probes, while the
CNT bundles moved with the stretching of A-GNTF.

Electron transport of helical GNTF

To investigate the electron transport of helical GNTF,
the resistance of individual A-GNTFs was measured
from 300 to 4 K in a closed cycle refrigerator system.
The resistance of the A-GNTF at different tempera-
ture was recorded by the source meter under a con-
stant current of 2 pA.

Strain analysis of CNC

To further characterize the resistance response of a
helical GNTF to extension, strain analysis was carried
out. Due to the helical morphology of CNC, the total
tension is a combination of four types of strains. Chen
et al. [25] have studied the axial stretch of CNC under

@ Springer



2184

A

(a) Microscope
- it
. sputtering ’ &

Pre-
g
Microprobe
with Silver Paste

CNC Cluster

Figure 1 a Schematic of sample preparation and resistance
response measurement under lateral tension. b CCD image of
resistance response measurement for a CNC under an optical
microscope. ¢ SEM image of a typical sample. d Schematic of

an axial tensile load with material mechanics. As
shown in Fig. 1e, there are four types of acting forces
on the cross section of the coil,

FH
VR? + H?
FR
VR? + H?
FRH
VR? + H?
FR?
VR? + H?

where Nr, Qr, Mr and T are the tension force, shear
force, bending moment and torsion moment,
respectively. F, R and ¢ are the tensile load, coil
radius and helical angle of the coil, respectively.
H = h/2n, where h is the pitch of the coil. Normal
strain induced by tension force and shear strain
induced by shear force are expressed as,

Np=F-cos¢ =
QF=F-sin¢g =
Mg =F-cos¢-R=

Tr=F-sin¢g-R=
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resistance response measurement of A-GNTF by the four-electrode
method under longitudinal tension using flexible CNT bundle as
sensing probe. e Schematic representation of the CNC as a helical
spring and the resultant forces at the cross section.
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where E, G, o, and A are the Young’'s modulus, shear
modulus, shear coefficient and cross-sectional area of
the coil. A = nd?/4, where d is the line diameter of the
coil. o = (74 6v)/6(1+v), where v is the Poisson
ratio. E =2(1+ v)G. The strains induced by tension
and shear force keep equal in the cross section.

The bending and torsion moments induce normal
and shear strains, respectively, which vary in the
cross section from point to point. The value of
bending and torsion induced strains is related to the
position of the measured point, which needs complex
analysis. For simplicity, the maximum normal and
shear strains in the cross section are calculated as,
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where I and | are the moment and polar moment of
inertia of the cross section, respectively, when I =
nd*/64 and | = nd*/32. The maximum values of &y
and er are distributed on the surface of CNC.

The tensile load applied on the CNC is expressed
as,

AL
F = Koh =

where K is the spring constant of each coil in the
CNC. AL/L is the length expansion of the CNC.
Giving the length expansion and geometric parame-
ters, the normal and shear strains of the CNC can be
calculated.

It is noted that the strains on CNC vary from point
to point. For more intuitionistic and comprehensive
point of view, a finite element analysis (FEA) based
on Comsol 3.5 was carried out to simulate the strain
response of CNC. The model of CNC was established
in Matlab. Then, the model was imported into
Comsol 3.5. The CNC was longitudinally stretched by
5%.

Results and discussion

Morphology of GNFs and size of gold
particles under different sputtering
conditions

Figure 2a shows the SEM images of GNTFs coated on
CNCs under different sputtering time at 1 Pa and RT.
The growth of gold on the surface of CNC corre-
sponds to Volmer-Weber island growth mode, which
can be clearly seen from the SEM images. With
sputtering time increasing, the nanoparticles keep
growing, with interspace decreasing. The nanoparti-
cles are basically separated before 4 min sputtering.
The film sputtered by 4 min shows the most obvious
grainy morphology. When the sputtering time
exceeds 4 min, the interspace between gold particles
is gradually filled with new gold nanoparticles. The
gold film becomes to be continuous and smooth.
Figure 2b is the TEM images of the GNTF on CNC at
2-min sputtering time, where a thin layer of GNTF on
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the surface of CNC can be observed. Good lattice
inside a nanoparticle can be seen from the lower
image. The inter-planar spacing is estimated to be
0.236 nm, corresponding to that of the (111) planes of
gold (0.235 nm).

Figure 2c presents the relationship between the
thickness of GNTFs and the sputtering time, which
determines the sputtering speed to be 4 nm/min. The
diameter of gold nanoparticles was counted for dif-
ferent sputtering time, as shown in Fig. 2d. The gold
nanoparticles keep growing till the sputtering time
reaches 4 min, when the particle size reaches
16.71 nm which is almost equal to the film thickness
at 4 min. Then, the particle size tends to be
stable after 4 min sputtering. Because the gradually
filled interspace obscures the boundary of the parti-
cles, it becomes difficult to measure the size of
nanoparticles with sputtering time increasing after
4 min. The inset in Fig. 2d shows the histogram of
nanoparticles’ sizes for the gold film sputtered by
6 min. The particle size ranges from 13 to 20 nm, and
the average size is 16.43 nm.

Figure 2e is the size of gold particles at different
sputtering pressures, while the sputtering time and
the temperature of substrate are fixed at 4 min and
RT, respectively. It is found that the particle size
reaches the largest at 2 Pa. Then, fixing the sputtering
time and pressure at 4 min and 2 Pa, respectively, the
temperature was increased from RT to 300 °C. The
particle size increases slowly with the rise of tem-
perature, as shown in Fig. 2f. The increase in depo-
sition speed at 2 Pa accounts for the increase in
particle size, while the increase in temperature pro-
motes the surface diffusion, resulting in the increase
in particle size. Considering the small size increase
induced by the temperature rise and the bearing
ability of samples in high temperature, the following
sputtering was conducted at RT and 2 Pa.

Characterization of resistance and electron
transport of GNFs

From the SEM images and the results of size statistics,
it is considered that a transition of GNTF from dis-
continuous to quasi-continuous film occurs when the
film thickness increases from 16 to 32 nm. For further
demonstration of the transition, the resistance of a
C-GNTF sample with different film thickness was
measured. The C-GNTF sample exhibits linear I-
V' characteristic curve (inset of Fig. 3a). The noise
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Figure 2 a SEM images of GNTF on the surface of CNC at
different sputtering times. b TEM images of GNTF. ¢ Thickness of
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Figure 3 a Resistance of a C-GNTF sample at different film
thicknesses. The inset is the -V characteristic curve of the sample.
b Temperature-dependent resistance of an A-GNTF sample with a

during measurements introduces an error of voltage
within 2%. As shown in Fig. 3a, when the thickness
of the GNTF increases from 8 to 56 nm, the resistance
of the sample decreases from 143 to 11 kQ. The
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film thickness of 8 nm. ¢ Exponential relationship between the
resistance and temperature of two A-GNTF samples with film
thicknesses of 8 and 32 nm.

appearance electrical resistivity of the C-GNTF at
thickness of 8 nm in Fig. 3ais 9.2 x 107> Q m, which
is comparable to that of the CNCs reported in Ref.
[24]. Thus, the resistance change induced by gold



J Mater Sci (2018) 53:2181-2192

particles is very little when the thickness is less than
8 nm, which is considered to be originated from the
discontinuous structure of the GNTF. A rapid resis-
tance decrease with thickness increasing from 16 to
32 nm can be seen from Fig. 3a. When the film
thickness exceeds 32 nm, the resistance changes
slightly with thickness increasing, the reason for
which is considered as the almost invariable resis-
tivity after the transition from discontinuous to quasi-
continuous film.

For further demonstrating the structural change,
the temperature dependence of the resistance for
GNTF was measured. Figure 3b is the resistance of an
A-GNTF with a film thickness of 8 nm. The resistance
increases with temperature decreasing, indicating a
thermal activation tunneling of electron transfer. The
resistance of GNTF «can be expressed as
R = Rpexp(E/kT), where E is the activation energy
and k is the Boltzmann constant. Figure 3c shows the
linear relationship between LnR and 1/T for two
A-GNTF samples with film thicknesses of 8 and
32 nm, determining the activation energies of 0.0027
and 0.0014 eV, respectively. The reduced activation
energy indicates a reduced tunneling barrier for
electrons from particle to particle, resulted from the
increase in particle size and decrease in interspace
between particles. The reduced activation energies
induce very little resistance change as calculated.
Thus, the rapid resistance decrease with thickness
increasing from 16 to 32 nm is mainly due to the
increase in conductive path density [32].

Resistance response of GNFs
under transverse tension

Considering the transition of GNTFs from discon-
tinuous to quasi-continuous film and the rapid
resistance decrease of C-GNTFs in this transition
region, the resistance responses to strains of C-
GNTFs with film thicknesses of 16, 24 and 32 nm
were measured to investigate the change in response
sensitivity with the increase in gold film thickness.
Figure 4a shows the resistance response of a C-GNTF
sample with 16 nm thick film for 7 cycles. After
repeating for 4 times, the resistance response
becomes stable. The initial resistance for cycles 4-7
keeps at 63.8 kQ. Considering the measurement
error, the resistance responses for cycles 4-7 are
essentially the same. The length of the C-GNTF was
measured from the CCD image by 10 times and taken
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as the average value, within 2% error. The length
expansion of C-GNTFs is less than 10% in the
experiments. The resistance changes linearly with the
length expansion. The ratio of relative resistance
change to length expansion is defined as gauge factor
“¢” ¢ = (AR/Ry)/(AL/Ly), where Ry and L, are the
initial resistance and length of the C-GNTF, respec-
tively. The value of g is obtained from linear fitting of
the seventh cycle to be 0.41 for the sample shown in
Fig. 4a.

Figure 4b—d shows the results of tension tests for 7
CNC samples with 16, 24 and 32 nm thick gold film.
The relative resistance change shows good linear
relation with the length expansion. The samples with
32 nm film thickness show the smallest sample to
sample variation. The average gauge factors for the
C-GNTF samples at film thickness of 16, 23 and
32 nm are 0.46, 0.86 and 0.35, respectively, as shown
in Fig. 4g. Figure 4e and f shows the resistance
responses of two C-GNTF samples (sample 1 and
sample 2) at different film thicknesses. The gauge
factors for sample 1 at film thicknesses of 16, 24 and
32 nm are 0.31, 0.99 and 0.34, respectively, while
those for sample 2 are 0.32, 0.53 and 0.34, respec-
tively. The gauge factor at film thickness of 24 nm is
significantly larger than those at thicknesses of 16 and
32 nm. In the transition region, the conductive path
increases rapidly with film thickness. The GNTFs
with 24 nm film thickness have more chance to
change from quasi-continuous state to discontinuous
state under strain, resulting in a separation of gold
particles. This determines the significantly higher
gauge factor for 24-nm-thickness film. When the film
thickness is fixed, the resistance response of
C-GNTFs is affected by two parameters, which are
the helix geometries and initial resistance of the
CNCs. The differences in resistance responses
between sample 1 and sample 2 are owed to these
two parameters.

As the resistance and its response to tension for
C-GNTFs are affected by the initial resistance of
CNCs due to the parallel connection between the
CNC and GNTF, it is necessary to eliminate the
influence of the initial resistance of the CNC. For this
purpose, a 15-nm layer of Al,O3 as an insulation layer
was sandwiched between CNC and GNTF. Figure 5a
shows the resistivity of A-GNTFs with different film
thicknesses. Due to the essentially insulated nature of
the Al,O; layer, it is necessary to sputter a layer of
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GNTF with enough thickness (at least 16 nm thick in
this research) on the surface of the Al,O; layer before
fixing the sample onto electrodes to ensure the good
electrical contact between the sample and the elec-
trodes. The resistivity of A-GNTFs decreases rapidly
from 3.18 x 107 to 0.86 x 107° Qm with film
thickness increasing from 16 to 32 nm. Figure 5b
shows the resistance responses of two A-GNTF
samples (samples 8 and 9) with film thicknesses of 24
and 16 nm, respectively. The gauge factors for the
two samples are 5.07 and 1.21. After eliminating the
influence of the resistance of CNC, the gauge factor is
improved by several times. However, it is noted that
the significant decrease in the gauge factor for
C-GNTFs cannot be simply explained by a parallel
connection. As a composite structure, CNC and
GNTF cannot be treated separately. On the other
hand, the morphology of GNTF on the Al,O; layer
may have differences compared to that on the surface
of CNC, which has not been systematically studied in
this research.

Verification of resistance response
sensitivity by a four-probe method

To eliminate the influence of contact resistance and
verify the results obtained before, a four-electrode
method was employed in the resistance measurement
for A-GNTFs under longitudinal tension. As shown
in the inset of Fig. 6a, two flexible CNT bundles are
attached to an A-GNTF sample firmly and move with
the stretch of the A-GNTF. The sample was first
stretched and then recovered to initial length. The
stretching process was recorded by a CCD camera.
Figure 6a presents the resistance evolution recorded
by the source meter of the A-GNTF sample (sample
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10) with film thickness of 24 nm. We applied cyclic
loading—unloading tests to the sample. With the
stretching process, the resistance of the sample is first
increased from 91 kQ to a higher value and then
decreased to 91 kQ. In the 5 cycles, the resistance of
the sample at unloading state keeps around 91 kQ.
Figure 6b is the resistance response to length expan-
sion of sample 10. From the linear fitting, the gauge
factor of sample 10 is determined to be 5.18.

Strain analysis for GNFs under tension

It is difficult to analyze the strains of CNC under
transverse tension when the deformation varies along
the length direction. For convenience, the strain
analysis for a CNC under longitudinal tension is
carried out. When the resistance changes linearly
with tension, the total resistance change will be pro-
portional to the total deformation no matter how the
deformation varies along the length direction. Thus,
it is reasonable to use longitudinal tension analysis to
describe transverse tension. Figures 7a—c shows the
relationship between the strains on CNC and its
geometries, calculated from Egs. (1) to (4). The CNC
is stretched by 5%. The torsion and bending strains
mean the maximum shear and normal strains on the
CNC induced by torsion and bending moments,
respectively. The line radius r, coil radius R and pitch
h are varied in the strain calculation. Two of the
geometric parameters are fixed when the other one is
modulated. The fixed line radius, coil radius and
pitch are 150, 400 and 800 nm, respectively. All the
strains are less than 1%, as seen from Fig. 7a—c. The
torsion strain dominates while the tension strain is
much less than the other three strains. The shear
strain and bending strain have the similar value. All

Figure 6 a Resistance (a) 140 (b)
evolution and b its relationship M 50 | < Sample 10---g=5.18 Q",o
with length expansion of an 130 |+
A-GNTF sample (sample 10) w 40 <>"9 ’
under longitudinal tension 120 |+
tests. The inset in a is the CCD &) Loading < Or .
. o S < o
image of the longitudinal = 110 t X RPN
tension tests using CNT ox Dé 0,0
bundles as sensing probes. 100 H &
l« 10 &
®
90 Unloading 0
" 1 " 1 " 1 " 1 i 1 " 1 " 1 " 1 " 1 " 1 1 " 1
0 20 40 60 80 100 120 140 0 2 4 6 8 10
time (s) AL/L (%)
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Figure 7 Relationship between strains and a line radius, b coil radius and ¢ pitch. d FEA results of strains for a CNC (r = 150 nm,

R = 400 nm, & = 800 nm).

the strains show positive relation with line radius
and pitch, and negative relation with coil radius. In
other words, the more the CNC like a spring, the less
strains will be. For practical CNCs used in the
experiments, the torsion strain is around 2%, and the
other strains are always less than 1%. For a practical
CNC used in the research (r = 220 nm, R = 327 nm,
h = 1.8 pm), the contribution to total strains made by
torsion, shear, bending and tension are 45, 18, 32 and
5%, respectively.

Figure 7d shows the FEA results of strains for a
CNC with 150 nm line radius, 400 nm coil radius and
800 nm pitch. The CNC is stretched by 5%. The val-
ues of strains are close to those calculated from the
theoretical analysis. From the normal strain in Z di-
rection, it is seen that the inside of the coil is stret-
ched, while the outside is compressed. From the
center to the surface of the fiber, the strain increases
gradually. The absolute value of the normal strain in
the inner side is larger than that in the outer side.
That means the GNTF is stretched overall. From the
local point of view, the resistance of the GNTF in the
outer side may be decreased when the GNTF is
compressed. However, the total resistance of the
helical GNTF is increased when the GNTF is stret-
ched overall, as revealed by the experiments. The two
figures on the right of Fig. 7d are the shear strains on
CNC. We only discuss the absolute value of shear
strain here when the sign of the value is related the
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direction. From the inner side to outer side, the shear
strain decreases from 0.40% (inner side) to 0.25% (the
left and right sides of the cross section) then to 0.15%
(the outer side). It is easy to understand the change in
shear strain. Considering the helical morphology, the
length of the fiber is gradually increased from the
inner side to the outer side of the coil. Assuming the
deformation keeps equal in the cross section, the fiber
in the inner side with smaller length will experience
larger strain. The difference in the normal and shear
strains between different parts of the fiber will be
smaller with the line radius decreasing.

The strain gauges made of deposited metal film or
metal nanoparticle film have been widely researched,
which are based on the tension strain of the film on
the surface of a flexible substrate. The electron tun-
neling for discontinuous film and the electron scat-
tering for continuous thin film between metal
particles are sensitive to tension. It has been proposed
that the sensitivity of deposited metal film-based
strain gauges decreases first and then increases with
thickness increasing. The lowest sensitivity lies in the
transition region from discontinuous to continuous
film. However, the helical GNTF is a completely
different strain system, which holds four types of
strains simultaneously. The torsion and shear strains
dominate the total strains. On the other hand, the
surface of CNCs is a high curvature surface for gold
nanoparticles when the perimeter of CNCs is only
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about 60 times of the particle size. The GNTF on CNC
may exhibit quite different electrical response com-
pared to that on macroplanar substrate under the
same strain. It seems that the torsion-dominated
strains could more easily change the electron tun-
neling between gold particles and the network of
conductive path for the GNTFs in the transition
region. For completely discontinuous helical GNTF,
the resistance response has not been measured due to
the significant influence of CNC’s resistance for
C-GNTFs and the effect of contact resistance and
instability for A-GNTFs.

The helical GNTFs sensitive to strains can be used
as flexible micro/nanostrain sensing elements, while
those insensitive to strains show potential applica-
tions as flexible electrodes or connects. With the
thickness increasing, the resistance of GNTFs keeps
decreasing to a very small level when the C-GNTFs
can be used as microelectrodes or connects. The
resistance change under tension of C-GNTFs will be
negligible when the GNTF and the CNC are thick and
spring-like enough, respectively. On the other hand,
the spring-like characteristics of helical GNTF bring it
great flexibility no matter how it will be used.

Conclusions

Helical GNTFs were prepared by depositing gold
film onto CNCs using magnetron sputtering. A
transition from discontinuous film to quasi-continu-
ous film of GNTF was observed when the thickness
increased from 16 to 32 nm. In this transition region,
a rapid resistance decrease of C-GNTF was found
due to the significant increase in conductive path.
The resistivity of GNTF decreased rapidly from
318 x 107> to 0.86 x 107°Qm with thickness
increasing from 16 to 32 nm, accompanied with the
decrease in electron tunneling barrier between gold
particles. The GNTFs with a film thickness of 24 nm
showed the highest gauge factors which reached 5,
corresponding to the point that the conductive path
increases fast with thickness increasing. The torsion
strain dominates the total strains, which is generally
around 2% for practical CNCs stretched by 5%. The
shear, bending and tension strains are always less
than 1%. The unique strains owing to the helical
morphology and the high curvature surface of helical
GNTFs result in the different electrical responses of
the helical GNTFs compared to those on macroplanar
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substrates. Choosing appropriate CNCs and GNTFs
with suitable thickness, the helical GNTFs can be
used as micro/nanostretchable strain sensing ele-
ments or stretchable electrodes or connects.
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