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The tensile strengths of individual multiwalled carbon nanotubes (MWCNTs)
were measured with a “nanostressing stage” located within a scanning electron
microscope. The tensile-loading experiment was prepared and observed entirely
within the microscope and was recorded on video. The MWCNTs broke in the
outermost layer (“sword-in-sheath” failure), and the tensile strength of this
layer ranged from 11 to 63 gigapascals for the set of 19 MWCNTs that were
loaded. Analysis of the stress-strain curves for individual MWCNTs indicated
that the Young’s modulus E of the outermost layer varied from 270 to 950
gigapascals. Transmission electron microscopic examination of the broken
nanotube fragments revealed a variety of structures, such as a nanotube ribbon,
a wave pattern, and partial radial collapse.

Theoretical analysis predicts that ideal single-
walled carbon nanotubes (SWCNTs) should
possess extremely high tensile strengths (1).
The strain at tensile failure has been predicted
to be as high as ;30% for SWCNTs (2), and
thus a tensile strength of ;300 GPa would be
expected if the in-plane Young’s modulus E
(;1000 GPa) of graphite were used (3), and
the axial E of some SWCNTs might even
exceed this value (4–6). A recent and more
sophisticated model of mechanical relaxation
of SWCNTs describes a mechanism of defect
nucleation in which two hexagon pairs are
converted, through Stone-Wales bond rota-
tion, into 5-7-7-5 (pentagon-heptagon) de-
fects that can then migrate in the nanotube (1,
7). Strength is then predicted to be a function
of both nanotube structure (chirality and di-
ameter) and of parameters such as tempera-
ture and strain rate (1, 7–10).

Previous methods for measuring the me-
chanics of individual carbon nanotubes in-
clude observing the thermally induced or
electric field–induced vibration of “cantile-
vered” nanotubes inside a transmission elec-
tron microscope (TEM) (11, 12), measuring
the lateral bending of suspended multiwalled
carbon nanotubes (MWCNTs) (13, 14) or of
SWCNT ropes (15) with atomic force mi-
croscopy (AFM), measuring axial compres-
sion with tapping-mode AFM (16), and ex-

amining the pattern of mechanically deformed
MWCNTs in polymer composites with a TEM
(17, 18). Axial E values ranging from ;200 to
;4000 GPa, an average bending strength of
;14 GPa, axial compressive strengths of ;100
GPa for MWCNTs, and strain at failure of
;0.05 for SWCNT ropes were obtained in
these studies. Carbon nanotubes are thus poten-
tially the ultimate fiber for high-strength mate-
rials applications such as composite reinforce-
ment or cable components.

We have measured the stress-strain re-
sponse and strength-at-failure of individual
arc-grown MWCNTs under tensile loading.
Tensile-loading experiments with individual
nanotubes has not been done before because
of their small size; whiskers and fibers having
diameters on the order of micrometers have
been loaded in pure tension (19). We have
developed and built a manipulation tool that
can also be used as a mechanical loading
device; it operates inside a scanning electron
microscope (SEM) (20–22). Individual
MWCNTs were picked up and then attached
at each end of a section length onto the
opposing tips of AFM cantilever probes.
Each nanotube section was then stress-loaded
and observed in situ in the SEM (a LEO 982
FE-SEM was used). Each tensile-loading ex-
periment was recorded on video, and the data
were later analyzed after conversion of the
video frame images to computer files.

After the MWCNTs broke, the AFM can-
tilevers with attached nanotube fragments
were transferred to a TEM sample stage and
examined in the TEM (a JEOL FX 2000
TEM was used, at an operating voltage of 200
kV) to determine accurately the inner and
outer diameters (IDs and ODs) and to identi-

fy, if possible, any structural changes. The
AFM probes used in these experiments pro-
vide a sharp end for picking up and mounting
each nanotube, and they act as force sensors
through the imaging of the cantilever deflec-
tion. The SEM images of a nanotube linked
between two opposing AFM tips before ten-
sile loading are shown in Fig. 1. In the ex-
periment, a soft AFM probe {a cs12 contact
mode AFM probe with a nominal force con-
stant less than 0.1 N/m [Molecular Devices
and Tools for Nanotechnology (NT-MDT)]}
and a rigid AFM probe (either a Digital In-
struments TESP probe tip or a NT-MDT cs12
noncontact mode probe) were used. The rigid
cantilever (top cantilever, Fig. 1) was driven
by the y linear picomotor of the tensile-load-
ing stage, and the soft cantilever (lower can-
tilever, Fig. 1) bent from the tensile load
applied to the nanotube linked between the
AFM tips. By recording the whole tensile-
loading experiment, both the deflection of the
soft cantilever [the force applied on the nano-
tube (23)] and the length change of the nano-
tube were simultaneously obtained (Fig. 2A).

Firm nanotube attachment onto the AFM
tips is critical. The small sample size pre-
cludes conventional methods of attachment
such as strong adhesives or grips or both that
are used for measuring the tensile strengths of
larger diameter whiskers (17). However, sol-
id carbonaceous material can be deposited in
electron microscopes onto surface regions
where the electron beam repeatedly scans
(24, 25). The deposition rate depends on im-
aging parameters, the vacuum quality, and
the surface contamination of the sample. Two
processes are reported to be involved in the
deposition. One is the dissociation of the
residual organic species inside the SEM
chamber by the electron beam, followed by
the subsequent deposition onto the surface;
another is the migration of the organic con-
tamination on the sample surface toward the
focused point of the electron beam, followed
by dissociation and deposition (24, 25). We
exploited this method of making a solid car-
bonaceous deposit to locally attach nanotubes
onto the AFM tips. A deposit at least 100 nm
square was typically made at each MWCNT/
AFM tip interface and was usually a strong
enough attachment to allow the loading and
breaking of MWCNTs before the attachment
failed (20–22). For the MWCNTs in the cur-
rent sample set, about half would become
detached at one of the deposit sites during the
tensile-loading experiment. We report here
the results from the successful mounting, ten-
sile loading, and breaking of 19 MWCNTs.

The majority of the MWCNT fragments
after breakage projected essentially straight
out from each AFM tip, but sometimes curled
MWCNT fragments were found that evident-
ly were the remains of MWCNT fracture.
Two series of SEM images of two individual
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MWCNTs captured before and after breaking
are shown in Fig. 3. In the first series (Fig. 3,
A through C), a ;6.9-mm-long section of a
MWCNT (Fig. 3A) was stretched and broken
in the middle. The resulting fragment at-
tached on the top AFM tip (Fig. 3B) had a
length of at least 6.6 mm, whereas the frag-
ment on the lower AFM tip (Fig. 3C) had a
length of at least 5.9 mm. The quoted frag-
ment lengths are lower limits because of par-
allax effects in imaging. Thus, the sum of the

fragment lengths far exceeded the original
section length. This apparent discrepancy can
be explained by a “sword-in-sheath”–type
fracture mechanism, similar to that observed
in carbon fibers (26).

In another example of sword-in-sheath
failure, a tensile-loaded MWCNT with a sec-
tion length of ;11 mm (Fig. 3D) suddenly
converted to an S-shaped ;23-mm-long sec-
tion (Fig. 3E). The apparent extraordinary
increase in length was because the outermost

layer fractured before the inner section had
been totally pulled out. When the outer layer
broke, the lower cantilever rebounded to its
initial position from a deflection of ;10 mm
just before breaking. We attempted to mea-
sure the force needed to pull out the inner
shell from the outer shell by moving the rigid
cantilever upward. No deflection of the lower
soft cantilever could be observed, which for
this imaging magnification corresponded to a
force less than 10 nN (27). After being com-
pletely pulled out, the upper fragment was at
least 22 mm long, whereas the lower fragment
was ;10 mm long, which shows that the
pulled-out section extended well beyond the
attachment site before breaking. Evidently,
for this particular MWCNT, there was a long
section extending below the attachment site on
the lower tip. The bulk sample consisted of
MWCNTs with a typical length around 30 mm,
which is significantly longer than the gauge
lengths of MWCNTs that were tensile-loaded
(Table 1). Of the 19 fractured MWCNTs, 16
clearly had a fragment length sum far exceed-
ing the section length just before breaking. We
could not evaluate any extra “pullout” length
for the other three MWCNTs (which broke
very near the attachment point). The sword-in-
sheath breaking mechanism is therefore a com-
mon failure mechanism for MWCNTs loaded
in this way.

We suggest that MWCNTs break under
tensile load in these experiments as follows.
Only the outermost layer of each MWCNT is
strongly bonded to the carbonaceous deposit.
There are relatively weak van der Waals in-
teractions between the MWCNT layers (28),
and the shear strength between layers is prob-
ably small [the average shear strength for
high-quality graphite is ;0.48 MPa (29);
also, the pullout experiment described above
indicates a low shear strength between
shells]. With the outer layer initially carrying
the load because of the way the ends of the
MWCNT section are attached and the weak
interlayer interactions, it is the outermost lay-
er that breaks, followed by pullout. In some
cases, the inner-layer pullout could extend all
the way to the end of the MWCNT where the
nested layers terminate at the cap, and in
other cases the pulled-out length may be dic-
tated by the presence of an “internal closure”
(or sudden layer termination) along the
MWCNT.

Table 1 shows the gauge length (the sec-
tion length before loading, L0) of each
MWCNT, the ID and OD of each MWCNT
as determined by TEM, the applied force (F)
at which each MWCNT broke, and the tensile
strength (ss) calculated from the cross-sec-
tional area S of the outermost layer of the
MWCNT [S 5 p(OD)d, where d is the inter-
layer separation of graphite, 0.34 nm]. The
measured tensile strengths of the outermost
layer of each MWCNT ranged from ;11 to

Fig. 1. An individual MWCNT mounted between two opposing AFM tips. (A) An SEM image of two
AFM tips holding a MWCNT, which is attached at both ends on the AFM silicon tip surface by
electron beam deposition of carbonaceous material. The lower AFM tip in the image is on a soft
cantilever, the deflection of which is imaged to determine the applied force on the MWCNT. The
top AFM tip is on a rigid cantilever that is driven upward to apply tensile load to the MWCNT. (B)
High-magnification SEM image of the indicated region in (A), showing the MWCNT between the
AFM tips. (C) Higher magnification SEM image showing the attachment of the MWCNT on the top
AFM tip. There is an apparent thickening of the MWCNT section on the surface. (D) Close-up SEM
image showing the attachment of the MWCNT on the lower AFM tip. The MWCNT section is
covered by a square-shaped carbonaceous deposit.

Fig. 2 (A) Schematic showing the prin-
ciple of the tensile-loading experiment.
When the top cantilever is driven up-
ward, the lower cantilever is bent up-
ward by a distance d, while the nano-
tube is stretched from its initial length
of L to L 1 dL because of the force
exerted on it by the AFM tips. The force
is calculated as kd, where k is the
force constant of the lower cantilever.
The strain of the nanotube is dL/L. (B)
Plot of stress versus strain curves for
individual MWCNTs. The E values in
Table 1 are as follows: 954 GPa from a
linear fit to the upswing part of the
curve for nanotube 2 (O); linear fits of
the first (470 GPa) and the second (300
GPa) upswings for nanotube 15 (h),
and 335 and 274 GPa from linear fits of
the whole curve for nanotubes 18 (D)
and 19 (¹).
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;63 GPa. There was no apparent dependence
of tensile strength on the outer shell diameter.
These values, although lower than theoretical
predictions for a perfect SWCNT, are still
significantly higher than the tensile strengths
of conventional carbon fibers (30). Tensile
strengths up to 20 GPa were reported for
graphite whiskers (28), which were stated to
have a scroll-like structure rather than the
“Russian doll” structure (nested cylinders)
often observed in MWCNTs.

There is an inverse relation between stiff-
ness (Young’s modulus E ) and tensile
strength for the four MWCNTs for which we
have obtained values of E for the outer cyl-
inder. This is often also observed for conven-
tional carbon fibers of significantly larger
diameter than the MWCNTs studied here.
Further work on measuring E and ss for a
much larger set of MWCNTs is needed to see
whether this is indeed a general property of
arc-grown carbon MWCNTs.

There could be several contributing fac-
tors to the measured tensile strengths being
lower than theoretical predictions for perfect
SWCNTs. If structural defects exist in the
outer shell of the MWCNTs loaded here,
which were produced by the arc discharge
method, their strengths could be significantly
lower as compared to the defect-free case.
During elongation of a SWCNT, there will
naturally be some diameter reduction. In a
MWCNT, that reduction may be halted (or
retarded) by the reinforcing of the inner
shells. The presence of small twist or shear
loads or both in our current method is also
possible; removing these limitations entirely
is an area for future improvement. Our ability
to see small twist or bending moment effects
is currently limited by several factors, includ-
ing the flexibility of these MWCNTs, which
means that they might undergo slight twisting
upon attachment, for example, and the possi-
bility that the MWCNT is not perfectly
aligned initially with the tensile-loading di-

rection. Finally, neither theory or experiment
has yet fully assessed the influence of either
strain rate or defects on strength.

The Young’s modulus values of the outer
layer obtained from the stress-strain curves of
MWCNTs (Fig. 2B) range from ;270 to
;950 GPa. The measured strain at failure can
be as high as ;0.12 (12% change in length)
(Fig. 2). Nominal (or “engineering”) tensile
strengths and the E values based on the cross-
sectional area of the full specimen are signif-
icantly lower and range from ;1.4 to ;2.9
GPa for the nominal tensile strengths and
from ;18 to ;68 GPa for the Young’s mod-
ulus values.

Our TEM examination of the broken
MWCNT fragments revealed a variety of struc-
tural patterns (Fig. 4). They are presented as
examples of what happens as a result of either
the tensile loading or the fracture event. Vibra-
tion of the long thin MWCNT sections sticking
out from the AFM tip hindered high-resolution
imaging. We observed several MWCNT frag-
ments that showed a wavelike structure on both
sides in the TEM image (Fig. 4, A and B); this

Fig. 3. Fracture of two individually loaded MWCNTs captured in two
series of SEM images. The first series shows (A) a MWCNT having a
section length of ;6.9 mm under tensile load just before breaking. (B)
After breaking, one fragment of the same MWCNT was attached on the
upper AFM tip and had a length of ;6.6 mm. (C) The other fragment of
the same MWCNT was attached on the lower AFM tip and had a length
of ;5.9 mm. In the second series, (D) shows another MWCNT having a

section length of ;11 mm under tensile load before breaking. (E) The same
MWCNT with an S shape immediately after fracture; it now has a length of
;23 mm, and the lower cantilever has deflected back to its initial (relaxed)
position, indicating the partial pullout of the two nanotube fragments after
breaking. In these two examples of fracture events, the fact that the sum of
the fragment lengths far exceeds the section length just before break is
explained by the sword-in-sheath fracture mechanism.

Table 1. Partial list of the MWCNTs tested in the
tensile-loading experiment [the full list is given on-
line (21)]. Shown are the nanotube number, gauge
length, IDs and ODs, force applied at fracture, and
the tensile strength calculated for the outermost
cylinder. The ID of some of the MWCNTs could not
be determined (indicated by dashes). Number 15
was one of only three nanotubes for which the sum
of the fragment lengths did not greatly exceed the
section length just before breaking.

MWCNT
number

L0

(mm)
ID

(nm)
OD

(nm)
F

(nN)
ss

(GPa)

2 6.50 – 19 400 20
5 6.87 – 20 1340 63
6 10.99 9.5 33 810 21

10 1.80 10 36 920 24
15 2.92 – 13 390 28
18 6.67 4 22 810 35
19 6.04 4 22 920 39

Fig. 4. TEM images of fracture structures of
several MWCNT fragments. (A) TEM image of a
MWCNT (number 6) fragment having a wave
pattern along the outer surface. (B) TEM image
of the wave pattern of the same fragment at
high magnification, corresponding to the indi-
cated region in (A). (C) A thin-walled, twisted
and collapsed MWCNT fragment from the frac-
ture of MWCNT number 2. (D) A collapsed
MWCNT (number 5) fragment on an AFM tip.
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permanent wavelike deformation only occured
on the outer surface of these MWCNTs. We
speculate that when the outer layer of the
MWCNT breaks at these large stresses, the ac-
cumulated elastic energy is released and gener-
ates a stress wave; the stress wave travels
through the outer surface of the MWCNT and
permanently deforms it (31). A second possibil-
ity is that an accordia-like relaxation of the outer
shell onto the inner section occurred immediate-
ly after the breaking of the outer shell. Ribbon-
like structures were also often seen in the TEM
images of the MWCNT fragments (Fig. 4C) and
might result in the section of the outer shell from
which the inner section has been pulled out.
Radial collapse of the MWCNT fragment (Fig.
4D) was also seen. At high tensile strain, the
MWCNT experiences a Poisson contraction,
which could trigger radial collapse. Partial, and
total, radial collapse of MWCNTs has been
previously reported (16, 32, 33). Observation of
these types of fragments suggests that the effect
of large tensile load and of fracture on nanotube
structure will be a fascinating area for further
study. Future directions include attempting me-
chanical-loading measurements on SWCNT
ropes and individual SWCNTs, as well as on
other types of nanotubes such as boron nitride,
and studying the influence of strain rate, tem-
perature, and chemical environment.
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Cloning and Heterologous
Expression of the Epothilone

Gene Cluster
Li Tang, Sanjay Shah, Loleta Chung, John Carney, Leonard Katz,

Chaitan Khosla, Bryan Julien*

The polyketide epothilone is a potential anticancer agent that stabilizes mi-
crotubules in a similar manner to Taxol. The gene cluster responsible for
epothilone biosynthesis in the myxobacterium Sorangium cellulosum was
cloned and completely sequenced. It encodes six multifunctional proteins com-
posed of a loading module, one nonribosomal peptide synthetase module, eight
polyketide synthase modules, and a P450 epoxidase that converts desoxy-
epothilone into epothilone. Concomitant expression of these genes in the
actinomycete Streptomyces coelicolor produced epothilones A and B. Strep-
tomyces coelicolor is more amenable to strain improvement and grows about
10-fold as rapidly as the natural producer, so this heterologous expression
system portends a plentiful supply of this important agent.

The epothilone polyketides (1) stabilize micro-
tubules by means of the same mechanism of
action as the anticancer agent Taxol (2). How-
ever, epothilones are advantageous in that they
are effective against Taxol-resistant tumors and

are sufficiently water soluble that they do not
require deleterious solubilizing additives (3).
For these reasons, epothilone is widely per-
ceived as a potential successor to Taxol (4).

The paucity of epothilones currently obtain-
able represents a major impediment to clinical
evaluation of this important agent. The epothi-
lone producer Sorangium cellulosum yields
only about 20 mg liter21 of the polyketides and
has a 16-hour doubling time that makes produc-
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