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uncertainty in the Cs fountain frequency (1

part in 1015 statistical over the time scale of

these measurements and 1 part in 1015

systematic) (18) and from the uncertainty in

correcting for the frequency shifts in the

cables used to transfer the maser signal to

the femtosecond comb laboratory. Lastly, the

uncertainty in the relative altitudes of the Sr

ion trap and the Cs fountain leads to a small

uncertainty because of the gravitational shift.

Correcting for the systematic shifts gives

frequency values of 444,779,044,095,484.3

(1.9) Hz and 444,779,044,095,484.8 (1.6) Hz

for the data taken with use of the two different

methods of nulling the electric quadrupole

shift, which agree to well within their

statistical uncertainties. The unweighted mean

of the two values gives a final value for the

674-nm electric quadrupole clock transition

frequency in 88Srþ of 444,779,044,095,484.6

(1.5) Hz. In calculating the final uncertainty,

only the statistical error is reduced, because

the systematic uncertainties are mostly com-

mon to the two measurements. This result is

in good agreement with earlier, less-accurate

measurements (9, 10) of the Sr clock tran-

sition frequency. It is also a factor of 3 more

accurate than any previously reported optical

frequency measurement, and its fractional

uncertainty of 3.4 � 10j15 is within a factor

of 3 of that of the NPL primary Cs standard

(when both statistical and systematic errors

are considered). Apart from the uncertainty

arising from the Cs standard, the dominant

sources of uncertainty in our measurement

are technical in nature and can be reduced by

refinements to the experimental arrange-

ment. In particular, improvements to the

extinction of the cooling laser radiation

during the probe laser periods (e.g., by

placing an iris after the shutter) will reduce

the 422-nm ac Stark shift, whereas reduc-

tions in the probe laser linewidth and ULE

cavity drift rate will reduce servo errors. A

second endcap trap is also being developed,

which will enable a more detailed investiga-

tion of systematic errors by means of two-

trap comparisons. With these improvements,

we anticipate a frequency measurement that

is limited by the accuracy of the Cs fountain.

As well as being of interest for a possible

future redefinition of the second, measure-

ments of this and other optical frequency

standards over timescales of a few years will

provide increasingly sensitive laboratory

tests of the time invariance of fundamental

constants (22, 23).
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Multifunctional Carbon Nanotube
Yarns by Downsizing an

Ancient Technology
Mei Zhang,1 Ken R. Atkinson,2 Ray H. Baughman1*

By introducing twist during spinning of multiwalled carbon nanotubes from
nanotube forests to make multi-ply, torque-stabilized yarns, we achieve yarn
strengths greater than 460 megapascals. These yarns deform hysteretically
over large strain ranges, reversibly providing up to 48% energy damping, and
are nearly as tough as fibers used for bulletproof vests. Unlike ordinary fibers
and yarns, these nanotube yarns are not degraded in strength by overhand
knotting. They also retain their strength and flexibility after heating in air at
450-C for an hour or when immersed in liquid nitrogen. High creep resistance
and high electrical conductivity are observed and are retained after polymer
infiltration, which substantially increases yarn strength.

Archaeological evidence from the late Stone

Age indicates that humans long ago dis-

covered the basic secrets of spinning (1).

Similar processes involving the twisting of

centimeter-long fibers to make continuous

yarns are critically important for many of

today_s industries, and they remain a focus

of research and development. The present

work reduces the diameters of fibers used

for spinning by a factor of 1000, increases

twist by about the same factor, and discovers

useful properties for the resulting spun car-

bon nanotube yarns.

Nanotube spinning is motivated in part

by interest in the very high strength and

electrical and thermal conductivities of in-

dividual nanotubes (2). Breakthroughs have

been made in wet spinning of single-walled

nanotubes (SWNTs) (3–6) and in dry-state

spinning of multiwalled nanotubes (MWNTs)

and SWNTs (7, 8), but the highest strength

achieved with any of these spinning methods

is about an order of magnitude lower than the

strength of individual SWNTs, È37 GPa (2).

There is no single best solution to the

challenge of converting available nanotube

powders into useful fibers and yarns. Excel-

lent fiber strength (4.2 GPa) and modulus

(167 GPa) have been achieved by incorpo-

rating SWNTs in a high-strength, high-

modulus polymer, but electrical and thermal

conductivities are low because of limitations

on nanotube content (5). Much higher con-

ductivities result for thermally annealed,

solution-spun yarns comprising only SWNTs

(2, 4), but achieved mechanical properties

are far lower than can be obtained using a

polymer matrix for intertube stress transfer

(6 ). Coagulation-spun yarns comprising È60

weight % SWNTs in a polymer matrix have

high strength (È1.8 GPa) and more than 10

times the toughness (È600 J/g) of any syn-

thetic polymer, but the electrical conductivity

is so low that charge/discharge rates for

fiber-based supercapacitors are limited (6 ).

The challenge is to produce yarns that are at

the same time strong, creep resistant, highly
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conducting, and reversibly deformable over

relatively large strains to absorb energy.

It is likely that the characteristics of the

frictional forces that couple fibers in twist-

based yarns change as fiber diameter decreases

to the nanoscale. Nevertheless, a generic equa-

tion (9) provides useful insights for spinning

nanotube yarns. Specifically, the ratio of yarn

tensile strength (s
y
) to the tensile strength of

the component fibers (s
f
) is approximately

sy=sf , cos2 aE1 Y ðk cosec aÞ^ ð1Þ

where k 0 (dQ/m)1/2/3L, a is the helix angle that

fibers make with the yarn axis, d is the fiber

diameter, m is the friction coefficient between

fibers, L is the fiber length, and Q is the fiber

migration length (i.e., the distance along the

yarn over which a fiber shifts from the yarn

surface to the deep interior and back again).

The cos2 a term in Eq. 1 describes the

strength decrease of a twisted assembly of

continuous fibers, which occurs because the

fibers in the twisted yarn are inclined at the

angle a with respect to the tensile axis. For

short fibers, however, in the absence of twist

there is little strength because there are no

significant transverse forces to bind the fiber

assembly together. The E1 – (k cosec a)^ term

describes the generation of transverse forces

by transfer of the tensile load to the yarn

surface, which locks the fibers together as a

coherent structure. The components of k show

that the strength obtainable for a given level

of twist increases with increasing coefficient

of friction and fiber length and with decreas-

ing fiber diameter and fiber migration length.

Like the spinning method of Jiang et al.

(7), the present process involves drawing

carbon nanotubes from a MWNT Bforest[ (in

which all nanotubes grow from a substrate in

a manner resembling tree trunks in a dense

bamboo forest and have nearly the same

height). Li et al. (8) made the important

discovery that MWNT yarns with much

higher strengths could be directly spun from

aerogels during nanotube synthesis by chem-

ical vapor deposition (CVD). Although a

stable twisted yarn was shown (8), the ratio

of nanotube length (È 30 mm) to yarn diam-

eter was very low (about unity), which should

limit the benefits of twisting.

Scanning electron microscope (SEM)

images (Fig. 1, A and B) show yarn assembly

during our spinning process, in which

MWNTs È10 nm in diameter are simulta-

neously drawn from the MWNT forest and

twisted. The direction of drawing was orthog-

onal to the original nanotube direction and

parallel to the substrate, although the spinning

process is sufficiently robust that the angle

between the initial nanotube direction and the

draw direction can be decreased from 90- to

almost 0-. The nanotube forests were grown

on an iron catalyst–coated substrate by CVD,

using a method (10) that builds on important

advances of the Dai (11) and Ren (12) groups.

Although this spinning process is amenable to

automation for spinning continuous yarns, the

present results are for yarns that were hand-

drawn from a nanotube forest while they were

twisted with a variable-speed motor operating

atÈ2000 rpm (13). In some spinning trials, the

spun yarns had such small diameters (È 1 mm)

that spinning was somewhat like hauling in a

fish with an invisible line—with the additional

complication that the line is simultaneously

being twisted at a high rate. The achieved yarn

length was limited to È1 m by the arm length

of the person doing the drawing, although

there is no fundamental limit on achievable

yarn lengths.

Although the MWNT lengths are 0.1 to

1% those of staple fibers such as wool and

cotton, this simple method results in yarns that

are strong, very flexible, tough, and highly

conducting. The geometry of the spun yarn

resembles that of wool or cotton yarn, and we

were able to select spinning parameters by ex-

tending the classic theory of staple yarns from

the microscale to the nanoscale (9), using ad-

ditional insights from theoretical work on nano-

tubes by the Pipes and Ruoff groups (14, 15).

The yarn diameter was set by controlling

the width of the forest sidewall that was used

to generate an initial wedge-shaped ribbon,

which is shown converging from about the

thickness of the forest to that of the yarn at

the apex (Fig. 1) (fig. S2). The forest

sidewall width ranged from less than 150 mm

toÈ3 mm; the resulting unplied yarn diameters

were between È1 and 10 mm. A forest sidewall

200 mm wide produced a twisted yarn È2 mm

in diameter, and a forest area of 1 cm2 could

generate an estimated 50 m of this yarn. The

inserted twist was typically È80,000 turns/m,

versus È1000 turns/m for a highly twisted

conventional textile yarn with diameter 80

times as large. Because tan a/pD is the twist

required to provide the helix angle a for a

yarn having diameter D, such huge twists

provide helix angles comparable to those of

highly twisted conventional textiles.

Measurements of yarn diameter by SEM

and yarn mass per length showed that the

twisted yarn had a density of È0.8 g cmj3.

The linear density of the unplied yarns

(called Bsingles[) was typically È10 mg mj1,

compared with the usual 10 mg mj1 and 20

to 100 mg mj1 for cotton and wool yarns,

respectively. About 100,000 MWNTs pass

through the cross section of a nanotube yarn

5 mm in diameter, as compared with the 40 to

100 fibers in the cross section of typical

commercial wool (worsted) and cotton yarns.

SEM images of singles, two-ply, and

four-ply MWNT yarns, respectively, are

shown in Fig. 2, A to C. The two-ply yarns

were obtained by overtwisting a singles yarn

and then allowing it to relax (untwist) around

itself until it reached a torque-balanced state.

This procedure was repeated for the two-ply

yarn, using an opposite twist direction, to

produce four-ply yarns; such a method was

used to make rope in the days of sailing

vessels. The two-ply structure was torque

balanced, as indicated by MWNT alignment

along the yarn axis (Fig. 2B).

R E P O R T S

Fig. 1. (A and B) SEM images, at two
different magnifications, of a carbon
nanotube yarn in the process of being
simultaneously drawn and twisted during
spinning from a nanotube forest outside
the SEM. The draw twist process was
interrupted and the sample was trans-
ferred to a SEM for image recording. A
forest strip (width È600 mm) formed the
pictured twisted yarn, 3.2 mm in diameter
(fig. S2). The MWNTs, È10 nm in di-
ameter with length 10,000 times their
width, form small bundles of a few nano-
tubes each in the forest, with individual
nanotubes moving in and out of different
bundles. The three-dimensional connectiv-
ity caused by intermittently switched
bundling, visible in SEM micrographs, is
believed to be important for the spinning
process.
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Unlike singles yarn of a conventional

textile, the MWNT singles yarn largely

retains twist when the yarn ends are released.

The enhanced locking of twist possibly

reflects the high interfiber contact area per

yarn volume as a result of the very high

surface-to-volume ratio of the MWNTs.

Particularly surprising is the observation that

twist is retained up to the location of the

break point for singles yarns that have been

broken by tensile extension. In part because

of twist retention, highly twisted singles

yarns can be knitted and knotted (Fig. 2, D

and E). Abrasion and knotting, especially with

an overhand knot, seriously degrades the

strength of most polymer fibers (including

those used for antiballistic vests), convention-

al textile yarns, individual polymer chains,

actin filaments, and DNA, causing rupture at

the entrance to the knot (16, 17). This is not

the case for the investigated singles and two-

ply nanotube yarns, where tensile failure is

not observed in the vicinity of an inserted

overhand knot. High abrasion resistance is

suggested by the absence of ultimate tensile

failure in a long yarn loop that was pulled

through a very tight overhand knot. This

useful resistance to knot-induced failure is

likely a consequence of the very small ten-

sile and compressive strains introduced by

bending a MWNT 10 nm in diameter to the

radius of a yarn knot; these strains are 0.05%

of those that would occur in a fiber 20 mm

in diameter with the same bending radius.

Although very high electrical conductiv-

ities have been observed for yarns of pure

nanotubes (4, 7, 8), continuous composite

fibers involving nanotubes and insulating

polymers generally have low conductivities,

whether the polymer is present during the

spinning process or added after spinning. We

find that the intertube mechanical coupling

introduced by twisting largely maintains

electronic connectivity between nanotubes

during infiltration (18) of poly(vinyl alcohol)

(PVA), thereby avoiding a major decrease in

electrical conductivity. The investigated yarns

(diameters from 2 to 10 mm) had a four-probe

electrical conductivity of È300 S/cm at room

temperature and a negative temperature depen-

dence of resistance (È –0.1% per -C between

liquid nitrogen and room temperature). PVA

infiltration decreased yarn electrical conduc-

tivity by only È30%, leading to MWNT/PVA

composite yarns whose electrical conductivity

is more than 150 times that of coagulation-

spun nanotube composite fibers (6) contain-

ing this insulating polymer.

The untwisted yarns were so weak that

they broke when pulled away from surfaces

that they accidentally contacted, whereas the

singles yarns had measured tensile strengths

between 150 and 300 MPa (13). Higher

strengths, between 250 and 460 MPa, were

observed for two-ply yarns. These values are

engineering stresses based on cross-sectional

area measured by SEM for the unstressed

yarn. As a result of a giant Poisson_s ratio

effect, the true stress at break (normalized to

the true cross-sectional area at the beginning

of yarn rupture) is È30% larger. From the

maximum observed density of 0.8 g cmj3,

we calculate the density-normalized failure

stress of the two-ply yarns to be between

310 and 575 MPa/gIcmj3, as compared with

values between 50 and 500 MPa/gIcmj3 for

polymer-free nanotube fiber spun from an

aerogel (8) and 93 GPa/gIcmj3 for the highest

performance graphite fibers (19). Infiltra-

tion with PVA (18) increased the observed

strengths of singles yarns to 850 MPa.

The pure nanotube yarns had a much

larger strain-to-failure (up to 13%) than

graphite fibers (È1%). This high failure

strain, combined with high failure strength,

meant that the work needed to break the yarns

(called toughness) was also high: È14 J/g for

the singles yarn, 20 J/g for the two-ply yarn,

and 11 J/g for the PVA-infiltrated singles

yarns, which combined their higher strength

with a lower strain-to-failure (È3 to 4%).

Although this toughness for the two-ply yarn

(20 J/g) is above that of graphite fibers (12 J/g)

and approaches that of commercial fibers used

for antiballistic vests (È33 J/g for Kevlar

fibers), far greater toughness has been demon-

strated (6 ) for solution-spun SWNT/PVA

composite fibers (600 J/g).

The stress-strain curves (Fig. 3A) show

rapid collapse of the yarn stress once the

breaking strain is exceeded, as also seen for

conventional yarns (9). A simple model of

tensile failure is thought to apply: Initial

failure of the MWNTs in a central zone

increases the freedom of movement of the

MWNTs in the surrounding zones, which

reduces transverse forces and ultimately leads

to sliding of nanofibers with respect to each

other (drafting) and catastrophic failure of the

yarn. This process ensures that the ends of the

broken yarn are drafted, as we observed.

The nanotube yarns showed hysteretic

stress-strain curves when subjected to load-

unload cycles (Fig. 3B). Although complete

unloading did not return the yarn to its original

length, the initial hysteresis loop was essen-

tially unshifted on subsequent cycles. Depend-

ing on initial strain, the observed energy loss

per stress-strain cycle of a two-ply MWNT

yarn was 9 to 22% for cycle strain of 0.5%, 24

to 28% for cycle strain of 1.5% (Fig. 3C), and

39 to 48% for the maximum reversible cycle

strain (2 to 3% for total strains up to 8%).

Within a hysteresis loop, the effective modulus

on initial unloading and initial reloading was

much larger than for the final parts of the

unloading and reloading steps (Fig. 3D). Also

relevant for applications, the failure strength of

nanotube yarn (singles and two-ply) was

unaffected by 50 loading-unloading cycles over

a stress range of 50% of the failure stress. The

nanotube yarns were resistant to creep and

associated stress relaxation: The stress relaxed

no more than 15% when a two-ply nanotube

yarn was held for 20 hours at 6% strain (initial

R E P O R T S

Fig. 2. SEM images of (A) singles, (B)
two-ply, and (C) four-ply MWNT
yarns, as well as (D) knitted and (E)
knotted MWNT yarns.

19 NOVEMBER 2004 VOL 306 SCIENCE www.sciencemag.org1360
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stress 170 MPa), and this small stress relaxation

occurred within the first 20 min and was largely

viscoelastic. Thermal stability was also high:

The failure strength of a two-ply yarn (300

MPa) was essentially unchanged after heating in

air at 450-C for an hour. Although air oxidation

was evident in SEM micrographs, a nanotube

yarn held at 450-C for 10 hours was sufficiently

strong and flexible to be tightly knotted. Tight

knot tying was also possible while the nanotube

yarn was immersed in liquid nitrogen.

We observed giant Poisson_s ratios for the

nanotube yarns, which increased with increas-

ing strain from 2.0 to 2.7 for MWNT singles

yarn and from 3.3 to 4.2 for two-ply yarn

(Fig. 3E). This Poisson_s ratio of 4.2 means

that elongating the yarn by a strain e provides

a strain of j4.2 e in each of the lateral di-

mensions and a fractional volume decrease of

7.4 e, versus a fractional volume increase of

È0.4 e for an ordinary solid with a typical

Poisson_s ratio of È0.3.

The origin of these giant Poisson ratios is

topological and is basically the same as for

Bfinger trap[ toys, selenium and tellurium

single crystals, and the helically wound

muscular hydrostats that provide stiffness for

squid tentacles and the bodies of various

worms (20). Unwinding an ideal helix by

stretching provides a Poisson_s ratio of 90.5

and stretch densification as long as the helix

angle is sufficiently small (G54.73-). Hearle

(21) long ago predicted giant Poisson_s ratios

for conventional yarns when this helix angle a
is small and the ratio of fiber tensile modulus to

yarn bulk modulus is large, and Poisson_s
ratios of up to 0.8 have been predicted by

Pipes and Hubert (14) for twisted nanotube

arrays. These Poisson_s ratios, and the associ-

ated stretch-induced densification of up to 7.4

e, might be used for tuning the absorption and

permeability of nanotube yarns and textiles by

applying small applied strains in a yarn

direction.

The MWNT yarns are interesting as

multifunctional materials. Their strength,

toughness, mechanical energy damping capa-

bility, and resistance to knot-induced failure

could be exploited, as could yarn diameters

that are 2% the diameter of a human hair. Re-

placing metal wires in electronic textiles with

these nanotube yarns could provide important

new functionalities, such as the ability to

actuate as an artificial muscle and to store

energy as a fiber supercapacitor or battery.

The small yarn diameters, like those of micro-

denier yarns used for soft fabrics, could

eliminate the uncomfortable rigidity some-

times found for metal wire–containing con-

ducting textiles that provide radio or

microwave absorption, electrostatic discharge

protection, textile heating, or wiring for elec-

tronic devices.
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R E P O R T S

Fig. 3. Mechanical properties of MWNT yarns.
(A) Engineering stress-strain curves of singles
(black), two-ply (red), and PVA-infiltrated sin-
gles (blue) yarns at a strain rate of 1%/min
for a centimeter gauge length. (B) Hysteretic
stress-strain curves (strain rate 1%/min) ob-
served on unloading and reloading a two-ply
yarn over a 1.5% strain range after differing
initial strains. (C) Energy loss per cycle for the
stress-strain loops in (B) involving 1.5% strain
change (blue squares) versus initial strain on
unloading. Data for a similar experiment
involving 0.5% strain change in the hysteresis
loops are also shown (red circles). (D) Effective yarn moduli calculated for the stress-strain loops
shown in (B) versus total tensile strain. Red circles and black squares are the effective moduli for
the beginning and end of unloading, respectively; blue diamonds and green triangles are those for
the beginning and end of reloading, respectively. (E) Percent change in diameter and length of a
two-ply yarn (top) and a singles yarn (bottom) measured during yarn stretching in a SEM.
Symbols: blue circles, initial stretch; black diamonds, first stress decrease; green circles, second
stress increase; black squares, second stress decrease; red circles, stress increase until yarn rupture.
Curves in (C) to (E) are guides for the eye.
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