
Chemical Physics Letters 478 (2009) 230–233
Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/locate /cplet t
High tensile modulus of carbon nanotube nano-fibers produced by dielectrophoresis
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We report an experimental measurement of the high tensile modulus of single-walled carbon nanotube
(SWNT) bundles and SWNT nano-fibers produced by dielectrophoresis. The average tensile modulus of
the SWNT nano-fibers is 265 GPa, much higher than the carbon nanotube fibers spun by other tech-
niques. The tensile modulus increases as the diameter of the fiber decreases due to changes in the diele-
trophoretic forces that densify the packing of SWNT bundles. Tensile modulus of 643� 86 GPa and
443� 14 GPa were obtained, respectively, from a SWNT bundle of 10 nm diameter and a SWNT nano-
fiber of diameter 55 nm with a packing density of 69%, respectively.

� 2009 Published by Elsevier B.V.
1. Introduction

Carbon nanotubes (CNTs) are light and stiff with Young’s mod-
ulus of about 1 TPa and tensile strength greater than 100 GPa as
predicted by quantum mechanics calculations [1–3]. Experimental
measurements of the mechanical properties including the strength
of individual multiwalled carbon nanotubes (MWNTs) have dem-
onstrated that the values approach theoretical predictions [4–6].
On the other hand, single-walled carbon nanotubes (SWNTs) tend
to form bundles [7–9]. Practically, many applications involving sin-
gle-walled carbon nanotubes actually use bundles instead of
individuals and understanding of the mechanical properties of sin-
gle-walled carbon nanotube bundles is of great interest to both sci-
entific studies and industrial applications [10,11]. For example,
carbon nanotubes (CNTs), especially single-walled carbon nano-
tubes, have been used as fillers to fabricate polymer composites
or are woven directly into functional sheets with enhanced
mechanical, electrical, and thermal properties [12–14].

To produce a carbon nanotube nano-fiber, one method is to
assemble individual SWNTs or SWNT bundles in a head-to-tail
manner. Unlike the covalent bonds within a SWNT, the bonding
between SWNTs is largely through van der Waals forces, the
strength of which also depends on the interfacial area and the
packing density of the SWNTs. There have been two major meth-
ods reported in the literature for fabricating continuous long SWNT
nano-fibers: (a) dry spin and (b) wet spin [15–18]. In both meth-
ods, the densification of SWNT bundles inside an SWNT nano-fiber
is achieved by mechanical twisting, capillary pinching from the li-
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quid medium, polymer binding, or a combination of all. However,
the highest tensile modulus reported in the literature for the SWNT
nano-fibers, 80 GPa, is still more than one order of magnitude low-
er than that of individual SWNTs. An alternative way of producing
SWNT nano-fibers with a controllable diameter and length is
dielectrophoresis [19], in which the dielectrophoretic forces also
densify the as-drawn SWNT nano-fiber in addition to the capillary
pinching forces provided by the liquid-fiber interfacial meniscus.
Therefore, a dielectrophoretically drawn SWNT nano-fiber prom-
ises an even higher packing density as well as higher mechanical
toughness and strength. On the other hand, SWNT nano-fibers of
small diameter are also highly desirable in practical applications.
For example, when they are used as fillers in composite materials,
they would provide better load transfers because they have higher
surface/volume ratios. The SWNT nano-fibers made by dielectro-
phoresis have also exhibited excellent mechanical rigidity,
strength, and abrasion resistance when they are used as the atomic
force microscope (AFM) probes [20]. Superb performance in field-
induced electron emission has also been demonstrated using these
single SWNT nano-fibers [21].

2. Experimental

The starting SWNT material was purchased commercially
(Cheap Tubes, Inc.) and it was first examined in a transmission
electron microscope (JEM-2010F) to reveal the structure and mor-
phology of the SWNTs and SWNT bundles. The pristine SWNTs
were then purified and cut to segments of length about 2 lm.
The CNT–water suspension is prepared by dispersing the processed
SWNTs in de-ionized water.

The SWNT nano-fibers of various lengths were then prepared
using the dielectrophorestic method described in a previous publi-
cation [19]. A sharp tungsten needle, prepared by chemical etching,

http://dx.doi.org/10.1016/j.cplett.2009.07.091
mailto:lcqin@physics.unc.edu
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett


Fig. 1. (a) TEM image of the pristine SWNT material showing the SWNT bundles;
(b) a SWNT nano-fiber is being drawn out of the SWNT suspension by a tungsten
needle; (c) a SWNT nano-fiber laid on top of SiO2 trenches forming five nano-
bridges; (d) the same nano-bridge structure after being fixed to the substrate by
deposition of tungsten using FIB.
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was used as the working electrode and a small metal ring was used
as the counter electrode in the experimental set-up. The diameter
of the SWNT nano-fibers is controlled to be from a few nanometers
to a few microns by adjusting the processing parameters such as
the concentration of SWNTs in the CNT–water suspension, the
retrieving speed of the SWNT fiber from the CNT–water suspen-
sion, the applied AC voltage, and the frequency that are used in
the dielectrophoretic drawing process.

For measurement of the mechanical properties of the dielec-
trophoretically produced SWNT fibers, a silicon substrate with
nano-trenches was fabricated by growing a layer of SiO2 onto the
silicon wafer which had been masked by designed patterns drawn
by photolithography. The nano-trenches, which are from 1.5 lm to
3 lm in width and 400 nm in depth, were fabricated on the final
substrate. A drawn SWNT nano-fiber was then brought into con-
tact with the substrate using a micromanipulator. The SWNT
nano-fiber sticks firmly to the SiO2 surface through van der Waals
interactions. The finished SWNT nano-fiber nano-bridges were
examined in a scanning electron microscope (SEM). To provide ex-
tra anchoring forces to prevent slippage between the SWNT nano-
fiber and the SiO2 substrate, a focused ion beam system (FIB) was
also employed to deposit a layer of tungsten onto the SWNT nano-
fiber. Both the fixed and unfixed structures were used to measure
the elastic properties of the SWNT nano-fibers.

An atomic force microscope (AFM) was used for both imaging
and performing force measurements on the SWNT nano-fiber
nano-bridges. In order to prevent slippage between the AFM probe
and the SWNT nano-fiber during vertical loading, we used a flat-
tened AFM probe with a tip diameter of about 100 nm in the force
measurements [22]. In the experiment, the AFM probe was loaded
vertically on the desired positions with the force measured by
detecting the amount of cantilever deflection while the sample dis-
placement is recorded simultaneously [23]. In this study, the
force–displacement curves were collected at three different loca-
tions on the substrate: (i) the mid-span of the nano-bridge, (ii) a
segment of the SWNT nano-fiber sitting on the top of the trench,
and (iii) the top surface of the substrate.
3. Results and discussion

Fig. 1a shows the morphology of the pristine SWNT material ob-
served with a transmission electron microscope (TEM). Individual
SWNTs are found to agglomerate into bundles with an average
diameter of 10 nm. A snapshot of the dielectrophoretic drawing
in action is given in Fig. 1b, where a continuous SWNT nano-fiber
is being produced. Fig. 1c is an SEM image of a SWNT nano-fiber
lying on the nano-trenches fabricated on a silicon substrate with
width between 1.5 lm and 3 lm and depth of about 400 nm.
Fig. 1d shows the same structure depicted in Fig. 1c after tungsten
pads were deposited using FIB to hold the SWNT nano-fiber in
place.

Fig. 2a shows an AFM topographic image of the nano-bridge. Be-
fore the force measurements, the diameter of the SWNT nano-fiber
was measured in the SEM, which is 66 nm, as shown in the inset of
Fig. 2a. The three force–displacement curves obtained are dis-
played in Fig. 2b in the same colors (pink,1 blue, and yellow) and
marked with the same letters A, B, and C as the corresponding ar-
rows and letters indicating their respective locations given in
Fig. 2a. As shown in the figure, position A (pink) is on the bare sub-
strate, position B (blue) is on the SWNT fiber lying on substrate,
and position C (yellow) is at the mid-span of the SWNT fiber. The
pink curve, acquired from the bare substrate, exhibits a straight
1 For interpretation of color in Figs. 2 and 3, the reader is referred to the web
version of this article.
line and its slope Ki equals to the spring constant of the silicon can-
tilever, Kc, which is 0.78 N/m as calibrated by using a standard cal-
ibration cantilever [24]. The slope of the blue curve Kii, acquired
from a position on the SWNT fiber with solid support from the sub-
strate underneath the SWNT fiber, represents a combination of
spring constants of both the silicon cantilever, Kc, and the radial
compressional spring constant of the SWNT nano-fiber, Kr, with a
relationship

Kii ¼
KcKr

Kc þ Kr
: ð1Þ

The measured value of Kii is 0.68 N/m. The total displacement re-
corded at the mid-span of the nano-bridge is due to the displace-
ments from the cantilever, the radial compression of the SWNT
nano-fiber, and the axial stretching of the SWNT nano-fiber. There-
fore, the slope of the yellow curve, Kiii, acquired at position C, is a
combination of all three corresponding spring constants, which
can be expressed as

Kiii ¼
KiiKt

Kii þ Kt
¼ 0:60 N=m; ð2Þ

where

Kt ¼
KiiKiii

Kii � Kiii
ð3Þ

is the tensile spring constant of the SWNT nano-fiber. It is revealed
in the graph that both the blue curve B and the yellow curve C begin
to deviate from straight lines after a region of low displacement. It
indicates the elastic limit and the starting of plastic deformation in



Fig. 2. (a) AFM topographic image of a SWNT nano-fiber nano-bridge with the inset
being an SEM image of its suspended section; (b) force–displacement curves
obtained by loading vertically the AFM probe on the three positions indicated by
colored arrows (letters) in (a); (c) tensile modulus obtained from eight SWNT nano-
fibers of different diameters.

Fig. 3. (a) AFM topographic image of a nano-bridge structure formed by a SWNT
bundle; the inset is an SEM image showing the dimensions of the bundle; (b) force–
displacement curves obtained from the three positions indicated by colored arrows
(letters) in (a); (c) simulation model of a SWNT bundle attracted by dielectroph-
oretic forces towards the tip of the preformed SWNT nano-fiber; (d) simulated
dielectrophoretic forces and measured packing densities of eight SWNT nano-fibers
plotted with respect to their diameter; (e–g) high-resolution SEM images showing
different surface morphologies of the SWNT nano-fibers with increasing diameters
as indicated in the respective diagrams.
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the radial compression and/or axial stretching. The positions of
elastic limit are labeled as EL1 and EL2 in the graph [25]. In this
study, the tensile modulus Et of the SWNT nano-fiber is evaluated
using the classical model of three-point bending on a clamped
beam. Et is calculated from the experimentally measured tensile
spring constant, Kt, of the SWNT nano-fiber by

Et ¼
KtL

3

192I
; ð4Þ

where L is the span length of the nano-bridge and I is the moment of
inertia of the SWNT nano-fiber cross section, which can be calcu-
lated by I = pr4/4 with r being the radius of the SWNT nano-fiber
[25]. For the SWNT nano-fiber shown in Fig. 2, L = 2.17 lm and
r = 33 nm. As a result, an average tensile modulus of Et = 293 GPa
was obtained over two consecutive measurements for this SWNT
nano-fiber.

The same procedure was used to obtain Et for another seven
SWNT nano-fibers with different diameters in the present study.
The tensile modulus Et shows a clear descending trend as the
SWNT nano-fiber diameter increases. The tensile moduli of the
eight SWNT nano-fibers tested are plotted in Fig. 2c with respect
to their diameter. Et decreased significantly from 443 GPa to
173 GPa as the diameter of the SWNT nano-fiber increased from
50 nm to 100 nm. The same measurement procedure was also per-
formed after the SWNT nano-fiber was fixed by depositing tung-
sten pads on top of the SWNT nano-fiber across each trench.
However, consistent values of modulus were obtained and this
indicates that the anchoring forces provided by the frictions be-
tween the SWNT nano-fiber and the SiO2 substrate are sufficient
to prevent slippage during force loading.

To correlate the mechanical properties of the SWNT nano-fibers
with the dielectrophoretic drawing process, another experiment
was performed to measure the elastic moduli of the constituting
individual SWNT bundles. Electron beam lithography was used this
time to fabricate a platform structure on a silicon substrate with
square pits of 250 nm in width and 200 nm in depth. The SWNT–
water suspension used in the previous experiment was then
spin-coated onto the substrate surface. Several SWNT bundles of
about 10 nm in diameter happened to be running across some pits
to form nano-bridges. An AFM image of one such nano-bridge is
shown in Fig. 3a. The dimensions of the SWNT bundle are mea-
sured in the SEM and they are labeled in the inset of the figure.
The three arrows, colored in blue (A), pink (B), and yellow (C), indi-
cate the three locations (A, B, and C) selected for the force–dis-
placement measurements: (A) the solid substrate surface, (B) a
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segment of the SWNT bundle on the top surface of the substrate,
and (C) the mid-span of the nano-bridge. The measured force–dis-
placement curves are displayed in Fig. 3b with the same colors and
letters as their corresponding arrows. Using Eqs. (2) and (3) and
following the same calculations, we obtained the tensile modulus
Et of the SWNT bundle with a average of 643� 86 GPa over five
consecutive measurements.

Since the SWNT nano-fibers are composed of mostly SWNT
bundles, by assuming voids and the SWNT bundles of 10 nm in
diameter are the only two elements in the entire SWNT nano-fiber,
we applied the law of mixture, Efiber = vEbundle, to estimate the vol-
ume density v of the SWNT bundles inside a SWNT nano-fiber after
knowing the respective moduli of the fiber Efiber and the bundle
Ebundle, respectively. For the SWNT nano-fiber characterized in
Fig. 2a, v = 43.5% was obtained.

Fig. 3c illustrates the dielectrophoretic forces that the SWNT
bundle is subject to with an electric field being applied between
the preformed SWNT nano-fiber and the holder ring in the suspen-
sion. The SWNT bundle is aligned and attracted by the dielectroph-
oretic forces towards the gradient of the electric field strength
squared, FDEP = CrE2, where C is a constant related to the AC field
frequency, geometry of the SWNT bundle, dielectric constants
and conductivities of the medium (water), and the SWNT bundle
[26]. The dielectrophoretic forces attract the nearby SWNT bundles
towards each other and pack them into the preformed SWNT nano-
fiber. As the diameter of the preformed SWNT nano-fiber changes,
the electric field distribution also changes in the suspension,
resulting in a change in the dielectrophoretic forces and the pack-
ing density of the newly added SWNT bundles. We have calculated
rE2 in the vicinity of the preformed SWNT nano-fiber tip using
computer simulations (FEBLAB) for each SWNT nano-fiber diame-
ter encountered in the elastic modulus measurement. The FDEP val-
ues are obtained by assigning an arbitrary value for the coefficient
C and are plotted against each diameter in the top portion of
Fig. 3d. The packing densities calculated from the tensile modulus
are also plotted with respect to each diameter at the bottom por-
tion of the figure. Both plots show a decrease in value with increas-
ing SWNT nano-fiber diameters. There are two types of forces that
tend to densify the packing of SWNT bundles inside a SWNT nano-
fiber during the dielectrophoretic drawing process: (i) the capillary
forces at the interfacial meniscus and (ii) the dielectrophoretic
forces inside the suspension. Since the capillary forces are deter-
mined only by surface tensions of the contacting interfaces, it
should be independent of the SWNT nano-fiber diameter. There-
fore, the decrease in dielectrophoretic forces should account for
the decrease in packing density of the SWNT nano-fibers as their
diameter increases. To further clarify the above mechanism, we
also used a high-resolution SEM to examine the morphology of
three SWNT nano-fibers with diameters of 100 nm, 250 nm and
500 nm, respectively. It is clearly shown in Fig. 3e–g that, as the
diameter of the fiber increases, the original smooth surface
(Fig. 3e) of the SWNT nano-fiber changes into a rough surface
(Fig. 3f), and eventually distributed with visible holes (Fig. 3g).
The cross section of a SWNT nano-fiber has a density gradient from
a densely packed core to a loosely packed outer shell because the
dielectrophoretic forces exerted on the SWNT bundles decrease
as the SWNT nano-fiber grows thicker.

The measured tensile modulus for the SWNT bundle,
643� 86 GPa, is within the range of theoretical predictions and it
shows good reliability of the method used in this study. The tensile
modulus of the SWNT nano-fiber is 265 GPa averaged over the
eight SWNT nano-fibers tested in the experiment. This value is
more than three times larger than the stiffest continuous CNT-fiber
reported in the literature [24]. The dependence of the SWNT nano-
fiber packing density on dielectrophoretic forces makes it possible
now to achieve even higher tensile strength and stiffness. In addi-
tion, dielectrophoretic spinning is a unique method that is capable
of producing continuous CNT-fibers of very small diameter.

4. Conclusions

Single-walled carbon nanotube nano-fibers produced by dielec-
trophoresis exhibit high tensile modulus with an average of
265 GPa. The tensile modulus increases as the diameter of the car-
bon nanotube nano-fiber decreases. The highest tensile modulus of
about 650 GPa has been measured from a single-walled carbon
nanotube bundle of 10 nm in diameter.
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