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of individual isolated MWNTs potentially 
conferred to the material made from them 
can be achieved or exploited. [ 2–6 ]  Conse-
quently, direct use of nanotubes [ 7–10 ]  in 
their intended application as deagglomer-
ated MWNTs for mechanical stiffening 
and strengthening, conductivity con-
trol, [ 11 ]  particularly in transparent media 
for the replacement of indium tin oxide 
as a nearly depleted resource, [ 12 ]  and even 
respiratory studies [ 13,14 ]  would streamline 
industrial processes and facilitate their 
broader use—without having to resort to 
fl uid suspension, surfactants, and sub-
stantial processing as is generally required 
now. [ 15 ]  

 Many researchers have explored selec-
tive chemistries and mechanical tech-
niques to obtain debundled CNTs to 
address the limitations associated with 
nanotube agglomeration. Selective chem-
ical functionalization has commonly been 
used to improve the dispersion of the 

CNTs in different solvents and polymers. For instance, CNT 
solubility improves in organic solvents once they are covalently 
endowed with alkene functional groups [ 16–19 ]  such as tetrahy-
drofuran, chloroform, dimethylformamide, [ 20 ]  and methylene 
chloride. [ 21 ]  Ultrasonication and ball milling, on the other hand, 
are straightforward approaches to break down CNT bundles, 
though at a cost: ultrasonication over long periods causes a 
signifi cant increase in defects in the CNTs with an associated 
increase in the D band intensity (as measured by Raman spec-
troscopy) due to disordered sp 3  carbon. [ 22 ]  In extreme cases, the 
graphene layers of the CNTs are completely destroyed and the 
nanotubes are converted into amorphous carbon nanofi bers. [ 23 ]  
Furthermore, individual CNTs obtained by wet ultrasonication 
are usually very short, [ 24 ]  only ≈10 to ≈100 nm in length. Ultra-
sonication also creates holes along the CNT side walls, resulting 
in “worm-eaten” damage. [ 25–27 ]  Likewise, ball milling creates a 
large amount of amorphous carbon from CNT samples, [ 28,29 ]  
clearly indicating that the CNTs are damaged. 

 Once debundled, the orientation of the CNTs is important in 
most practical applications, and several methods have already 
been demonstrated to align the individually dispersed CNTs 
in a liquid medium. Some common methods include shear 
fl ows, [ 30,31 ]  electric fi elds, [ 32–35 ]  and magnetic fi elds, [ 36–39 ]  all of 
which have limited alignment effi ciency because of the rota-
tion of CNTs due to fl uid transport and Brownian motion of 
the CNTs in the fl uid. Furthermore, chemical treatment of the 
CNTs are necessary to stabilize the dispersion, with surfactants 
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  1.     Introduction 

 Multi-walled carbon nanotubes (MWNTs) are aggregated in 
their natural state after synthesis, and subsequent emulsifi ca-
tion is a necessary step for their use in most industrial pro-
cesses, not because of the specifi c application but because of 
their inevitable tendency to naturally agglomerate into ≈10 µm 
bundles due to the large inter-CNT van der Waals forces in 
addition to their extremely high aspect ratios and fl exibility. 
Even in their dry state, these micro-scale bundle agglomer-
ates nevertheless adversely affect the electronic structure of the 
individual MWNTs, [ 1 ]  and, when used to fabricate composite 
materials, deliver only modest improvements in mechanical 
and electrical properties. As such, few, if any, of the advantages 
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or polymers required in typically complex, multistep chemical 
and physical processes. [ 16–21 ]  

 In this context, we report a simple, scalable, and rapid means 
to separate MWNTs from their bundles in their dry state. This 
is achieved without requiring suspension in solution nor the 
use of surfactants or any surface modifi cation, instead only 
requiring surface acoustic wave (SAW) irradiation of the as-
supplied dry bundled MWNTs, as illustrated in  Figure    1  , pro-
ducing individual CNTs that are subsequently aligned using 
an applied shear force, thus overcoming the limitations of cur-
rent approaches—even in comparison to other dry approaches 
that require substantial processing [ 40 ] —and presenting a direct 

method to produce oriented, individual 
CNTs. The method is explained in the fol-
lowing section, followed by experimental 
results that incorporate a simple analytical 
exploration of what mechanisms are respon-
sible for their separation and alignment.   

  2.     Materials and Methods 

 A SAW is a nanometer-order amplitude elec-
tromechanical wave that propagates along 
the surface of a single-crystal piezoelectric 
substrate. [ 41 ]  The wave motion is trapped 
near the surface due to its relative slowness 
compared to the bulk wave speed, and is 
absent beyond about fi ve wavelengths below 
the substrate surface, yet will propagate over 
thousands of wavelengths of distance—sev-
eral centimeters—along the surface in a 
low-loss, single-crystal piezoelectric mate-
rial such as lithium niobate (LiNbO 3  (LN), 
Roditi, London, UK). Patterned metal elec-
trodes deposited directly onto the piezoelec-
tric substrate—interdigital transducers(IDT), 
reported long ago by White and Voltmer [ 42 ]  
and depicted in  Figure    2  a, make the gen-
eration of SAW simple and straightforward. 
There are many kinds of SAWs, though by 
far the most commonly used for actuation 
is the Rayleigh wave, [ 43 ]  a transverse-axial 
elliptical electroacoustic wave propagating at 
velocity  c  s  = 3965 m/s along the  x -axis surface 
of an unloaded 127.68°  Y -rotated cut,  X -prop-
agating LN substrate as shown in Figure  2 a. 
The maximum particle velocity of the sur-
face as the SAW passes is on the order of 
1 m/s regardless of the excitation frequency, 
i.e., the SAW frequency. At 10-MHz order 
excitation frequencies, the wave amplitude 
is only of order 10 nm, but the acceleration 
of the surface is incredibly high, at around 
10 8  m/s 2  or 10 million  g ’s. Such extreme sur-
face accelerations are known to drive inertial 
behaviour in smoke nanoparticles in air that 
are bounced from the surface, forming pat-
terns according to the SAW amplitude distri-

bution. [ 44 ]  SAW is furthermore known to align CNTs but only in 
suspension and with suffi cient surfactant to prevent agglomer-
ation. [ 45,46 ]  We note the underlying mechanism for their align-
ment, arising from acoustic boundary layer streaming—the 
fl uid fl ow in a thin submicron layer immediately adjacent to 
the substrate surface that is a consequence of its oscillation as 
the SAW traverses [ 47,48 ] —is entirely distinct from the dry-state 
deagglomeration mechanism due to mechanical impact and 
Coulombic fi ssion. This mechanism and subsequent shear-
driven alignment that we shall discuss below, is, to the best of 
our knowledge, the fi rst time unbound CNT deagglomeration 
and alignment in the absence of solution has been reported.  
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 Figure 1.    Deagglomeration of dry CNT bundles to form individual CNTs on a SAW device. Field-
emission gun scanning electron microscopy (FEG-SEM) images of a) pristine CNTs including 
bundles of 100 µm and larger size. b) Small bundles (<10 µm) generated after 2 min of SAW 
exposure on a grounded 100 nm thick Au layer atop the lithium niobate substrate, preventing 
electric fi eld interaction between the bundle and SAW. c) Large bundles ≈100 µm deagglomerate 
into smaller bundles via impact forces from mechanical vibration in the absence of electric fi eld 
on the Au surface. d) Individual CNTs, appearing around the periphery are expelled from small 
1–10 µm bundles like the one at the center due to Coulombic fi ssion; and e) individual CNTs 
appear as a consequence on the lithium niobate surface after 10 s of SAW exposure.
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 In the present work, a pair of simple Al–Cr IDTs were fab-
ricated using sputter deposition (Hummer Sputter System, 
Anatech, Union City, CA) and standard UV photolithography 
with wet etching techniques onto 500 µm thick LN wafers; each 
IDT comprised 20 simple straight fi nger pairs with the gap 
and fi nger width each being a quarter of the SAW wavelength 
 λ  SAW  = 200 µm such that the fundamental Rayleigh wave 
mode’s resonance frequency was  f  = 20 MHz given the value of 
 c  s , as illustrated in Figure  2 . Details of the fabrication procedure 
can be found elsewhere. [ 49,50 ]  A radio frequency (RF) signal gen-
erator (N9310A, Agilent Technologies, Santa Clara, CA) and 
RF power amplifi er (10W1000C, Amplifi er Research, Bothell, 
WA) were used to drive both IDT electrodes at the resonance 
frequency, producing a standing Rayleigh SAW along the  x -axis 
between the two IDTs. Outside these IDTs, a pair of α-gel (Oba 
Machinery, Shizuoka, Japan) absorbers were used to prevent 
edge refl ections and the potential generation of spurious bulk 
waves. 

 In order to prevent loss of the MWNTs (www.cheaptubes.
com) with average diameter and lengths below 50 nm and 
10 µm, respectively, from the LN surface and to enhance 
deagglomeration and subsequent alignment, a glass cover slip 

(20 mm × 20 mm) (Figure  2 b) was placed above the CNT bun-
dles that were in turn deposited atop the LN substrate. A pres-
sure of ≈10 kPa was applied to the top cover slip to compress 
the CNT bundles against the substrate. The motion of the CNT 
bundles was initially monitored using an optical microscope, 
revealing that the power required to drive debundling was at 
least 3 W; lower powers were found to produce no changes in 
the bundle shape or position. Increasing from 3 to 7 W, the 
CNT bundles were found to progressively deagglomerate faster 
and occur across a greater percentage of the bundles. Beyond 
7 W, no improvement in the debundling was observed, and 
furthermore our devices tended to fail prematurely, making 
it often impossible to properly assess the deagglomeration 
results. The useful power for deagglomeration in our device 
was therefore estimated to be 3–7 W. While deagglomerating, 
a shear force parallel to the substrate surface was applied to 
the CNTs by sliding the cover slip over the LN and CNTs in a 
direction θ with respect to the SAW propagation over a distance 
of approximately 10 mm (Figure  2 c), therefore leading to the 
alignment of individual CNTs; an XYZ translation stage with 
standard micrometers (Thorlabs, Newton, NJ) to which the 
cover slip was attached was used to provide all sliding motion. 
Scanning electron microscopy (Nova NanoSEM 450, FEI, Hills-
boro, OR), image processing (MATLAB, Mathworks, Natick, 
MA), and micro-Raman spectroscopy (Confocal Micro-Raman 
Spectrometer (632.8 nm), Renishaw, Wotton-under-Edge, UK) 
were used to characterize the morphology and molecular struc-
ture of the results. 

 To determine the yield of the process in delivering indi-
vidual CNTs from the bundles, image processing ( Figure    3  ) 
was performed using custom MATLAB code with the  region-
props  function (Mathworks, Natick, MA), [ 51 ]  incorporating 
statistical classifi cation of the image components to separate 
out the bundles from individual CNTs. The area occupied 
by individual CNTs in each image is determined by thresh-
olding the 255-greyscale SEM image (Figure  3 a); “dark” pixels 
of greyscale value less than 127 were rendered white and the 
remainder black, thus inverting the consequent black and 
white image (Figure  3 b). Pixels detected to be a part of a CNT 
bundle in white in Figure  3 c were inverted to black in Figure  3 d 
to remove them. At the magnifi cation used here, the bundles 
were identifi ed as objects possessing a contiguous area greater 
than 100 pixels (Figure  3 c); if the magnifi cation is altered, then 
obviously the threshold pixel count would need to be changed, 
though the difference between those pixels associated with 
an individual CNT and entire bundles is fairly obvious over a 
broad range of magnifi cations. By doing this, the projected area 
ratio of individual to bundled CNTs can be obtained, enumer-
ating the CNTs in and out of the bundles if their respective den-
sities are known.   

  3.     Results and Discussion 

  3.1. SAW-Assisted     CNT Deagglomeration  

 In pristine CNTs, bundles of different sizes are randomly 
formed due to the large van der Waals forces between the 
individual CNTs and also between the bundles themselves; 
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 Figure 2.    Schematic illustration of the deagglomeration of CNTs using 
the SAW. a) The SAW device, indicating the IDT electrode pair, the refl ec-
tors, and placement of the CNT bundles. b) From the side, but not to 
scale, the bundles are shown to be trapped by a glass cover slip as they 
are propelled and c) broken up into individual CNTs and smaller, broken 
bundles while remaining sandwiched in the gap between the glass cover 
slip and the substrate and exposed to the SAW. d) The alignment mecha-
nism was determined by shearing the CNTs along an angle  θ  with respect 
to the SAW propagation direction by sliding the cover slip in this direction.
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larger 100 µm bundles agglomerate from smaller bundles as 
depicted in Figure  1 a: note how the large bundles in the image 
are actually composed of many, smaller (1–10 µm dimen-
sion) bundles. During SAW exposure, the large acceleration 
( a  s  ∼ 10 8  m/s 2 ) generated by the SAW perpendicular to the 
LN substrate causes a substantial impact force on the CNTs 
on every cycle of the SAW, equating to 20 million impacts 
per second. Such acceleration is known to cause inertial ejec-
tion of even nanoscale objects from the substrate surface, 
such as smoke particles. [ 44 ]  The inertial forces responsible for 
the impact force may be estimated as  F  I  ∼  m  p  a  s , where  m  p  is 
the mass of the bundles. Thus, the larger the CNT bundle, the 
larger the impact force on that bundle; small bundles or indi-
vidual CNTs may not be affected as strongly by impact due to 
their exceptionally low mass. 

 For the large bundles in Figure  1 a, a simple experiment con-
fi rmed that mechanical impact was solely responsible for their 
breakup to smaller 1–10 µm bundles (Figure  1 b). A grounded 
100 nm Au layer was deposited on the LN device over several wave-
lengths and under the large CNT bundles to prevent exposure of 
the bundles to evanescent electric fi elds from the SAW such that 
the bundles were isolated from Coulombic forces and thus only 
subject to mechanical and intermolecular forces. We note that 
other forces arising due to the SAW may also be present on the 
CNT bundles, including acoustic radiation forces and acoustic 
streaming-driven drag forces, but it is evident from the com-
parison of force magnitudes in  Table 1  that for bundles ∼10 µm 
and larger these are insignifi cant compared to the mechan-
ical and intermolecular forces. The acoustic radiation force 
 F  R  = −( π p  o  2  V  p  β  m  ϕ /2 λ )sin(4π x / λ , in which  ρ  m  and  β  m  are the 
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 Figure 3.    Detection of bundled and individual CNTs. a) Original, 256-grey SEM image, thresholded b) to a black and white image with 127 as the 
threshold; CNT bundles were identifi ed as contiguous regions with more than 100 white pixels. d) Individual CNTs were identifi ed through subtrac-
tion of these bundle regions from the image. e) The percentage of projected area by individual CNTs compared to the total projected area of CNTs, 
whether in a bundle or not, as calculated for 45 SEM images of the SAW deagglomeration results. On average (represented by the blue line), 64% of 
the CNT-fi lled area is occupied by free CNTs.
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density and compressibility of the medium, that is, air, respec-
tively,  p  o  the pressure amplitude,  V  p  the bundle volume,  x  the 
distance from a pressure node (e.g.,  x  = 100 µm when located at 
a pressure antinode),  ρ  p  and  β  p  the density and compressibility of 
the bundle, respectively, and  ϕ  = [(5 ρ  p  − 2ρ  m  )/(2ρ  p   + ρ  m  )] − (β  p  /β  m  ) 
the acoustic contrast factor, [ 52 ]  is typically on the order of ∼10 −19  N 
for a 10 µm bundle. Likewise, the drag force on the CNT bun-
dles due to acoustic streaming in air  F   D   ∼  µUR  o  ∼ 10 −9  N, [ 44,53 ]  
where  µ  is the fl uid viscosity and  U  ∼ 1 m/s is the velocity of the 
surrounding fl uid, is also insignifi cant. 

 After exposure to the SAW for about 2 minutes at ≈7 W 
power but with the 100 nm Au layer atop the device, all large 
bundles are observed to break up into much smaller 1–10 µm 
bundles as shown in  Figure    4  b, with the largest percentage of 

bundles having a radius of about 2–3 µm; this is also the size at 
which the impact forces on the bundle approach the magnitude 
of the adhesive van der Waals forces between the bundle and 
LN surface, where the bundles would be ejected from the sur-
face during the vibration (see Figure  4 c). To determine whether 
mechanical vibration is alone suffi cient to break large bundles 
(≈100 µm), the energy density of mechanical impact forces 
during SAW irradiation, acting to break the bundles is com-
pared with the cohesive van der Waals forces acting to retain the 
bundle size and CNTs within. For the impact forces, it is rea-
sonable to assume the bundles possess spherical morphologies: 
while commercial CNT bundles are rarely spherical, possessing 
a rough surface morphology and being typically fl attened into 
an oblong shape, a calculation of forces based on such irregular 
shaped particles is relatively complex and of questionable ben-
efi t given the statistical variation of size and characteristics from 
bundle to bundle. Presuming therefore that the large spherical 
CNT bundles are composed of CNTs of 20 nm mean diameter 
for simplicity, it is then possible to defi ne and determine the 
impact energy density as the impact energy per unit volume of 
the bundle,  E  I  =  F  I  d / V  =  ρa  s  d  ∼ 10 2  − 10 3  Pa, where  V  is the 
bundle volume, ρ is the density of the CNTs, and  d  ≈ 10 nm 
is an estimate of the displacement amplitude of the LN surface, 
based upon measurements from a Laser Doppler Vibrometer 
(LDV; MSA–400, Polytec, Waldbrunn, Germany). For van der 
Waals-mediated cohesion, we note that MWNTs usually form 
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 Figure 4.    Histogram of the bundle size a) before and b) after 2 min exposure to SAW at 7 W power due to mechanical action alone. The electric fi eld 
interaction was prevented using a grounded 100 nm thick Au layer atop the LN substrate. c) The impact and van der Waals forces [ 54 ]  between the bundle 
and the surface of the LN substrate are similar when the radius of the bundle reaches ≈2 µm.

  Table 1.    Forces acting on the bundles for four bundle sizes/diameters: 
100 µm, 10 µm, 4 µm, and 1 µm.  F  I ,  F  v dW  ,  F  R ,  F  D , and  F  E  are the mechan-
ical impact, van der Waals-mediated cohesive, acoustic radiation, 
acoustic streaming drag, and electric fi eld forces acting on a bundle.  

Bundle size (≈ diameter)  F  I  F   v  dW   F  R  F  D  F  E 

100 µm 10 −2 10 −5 10 −16 10 −8 10 −8 

10 µm  10 −5  10 −6 10 −19 10 −9 10 −10 

4 µm  10 −6   10 −6  10 −20 10 −10 10 −11 

1 µm 10 −8  10 −7  10 −22 10 −10 10 −12 
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crossed mesh networks [ 53 ]  with cohesive forces between them 
defi ned by the van der Waals binding energy at each contact 
junction between two CNTs of diameter  D  separated by a gap 
 H  ≈ 0.34 nm that can be estimated as  E  v dW   ∼ − A   H   D /12 H  for 
 H  <  D , [ 53 ]  where  A  H  ≈ 3.5 eV is the Hamaker constant. [ 54 ]  The 
cohesive energy density for the entire CNT network is then 
 E  C  ∼  c  t | E   vdW  |, where  c  t  ∼ 1/ ξ  3  is the number density of CNT 
contacts in the network with ξ being the spacing between the 
direct crossing junctions of the neighboring CNTs. Using SEM 
imagery, for example in Figure  1 c, we estimate  ξ  ∼ 100 nm, [ 53 ]  
thus giving  E  C  ∼ 10 3  Pa, roughly the same order of magnitude 
as  E  I , therefore suggesting that the impact alone is suffi cient to 
deagglomerate the >10 µm large bundles into smaller 1–10 µm 
ones. The associated force values are provided in Table  1 .  

 Nevertheless, without the Au layer, as in the case of all of the 
experiments reported with the sole exception described above 
to demonstrate the role of the mechanical force in breaking up 
the large 100 µm CNT bundles into smaller 1–10 µm bundles, 
a quasistatic [ 55 ]  sinusoidal electric charge distribution is present 
on and evanescently above the bare LN substrate along which 
the SAW propagates, as illustrated in  Figure    5  . If the charging 
time is less than the time period associated with the SAW, 1/ f , 
local charge may then be injected into the conductive CNTs in 
contact with the substrate. Since a consequence of this qua-
sistatic electric fi eld means that the polarity of the induced 
charges on the CNTs depends on that of the substrate in direct 
contact with the CNTs in addition to the charging time, and 
since the latter at any given location along the SAW’s propa-
gation path reverses at a rate equivalent to the excitation fre-
quency  f , [ 56 ]  electrostatic repulsion then arises due to matching 
charge polarity between the CNTs in a bundle. Here, we note 
that the time required to charge a single conductive CNT can 
be estimated as  τ  c  ∼  ε  0  ε  r / σ  ∼ 10 −16  s, in which ε  r   and σ are the 
relative permittivity and electrical conductivity of the CNT, 
respectively, and  ε  0  is the permittivity of free space. Rather 
than attempt to guess the interconnectivity of the CNTs in the 
bundle, we take the worst-case scenario of a suffi cient number 
of CNTs to form a bundle, but instead lined up end-to-end as 
one long line of CNTs, and examine the total time required to 
charge the CNT farthest from the charging source in the chain 
of CNTs: This amounts to approximately 10 −12  s, fi ve orders of 

magnitude smaller than the time period of the SAW, ∼10 −7  s, 
indicating that the charging is nearly instantaneous in com-
parison to the speed at which the charge reverses due to the 
SAW in the LN substrate, and thus suggesting that small CNT 
bundles <5 µm are completely charged in every half time period 
of the SAW, only to have that charge completely reversed in the 
next half time period.  

 In contrast to the large 100 µm bundles they originate from, 
the small 1–10 µm bundles that are broken from these large 
bundles due to the action of the mechanical impact arising 
from the SAW as described possess dimensions that are much 
smaller than the SAW wavelength, λ/2 = 100 µm, and therefore 
reside entirely in regions charged with the same polarity in every 
half time period of the SAW as it propagates along the piezoelec-
tric substrate. The repulsive Coulombic force between the sub-
strate and a CNT bundle of radius  a   o   is then  F  E  ∼  qE  ∼ 10 −10  N, 
in which  q  ≈ 4π a o  2 ε 0 E  is the charge accumulated on the sur-
face of the bundle and  E  is the electric fi eld which can be esti-
mated as the ratio of the voltage (≈20 V) applied to the IDTs to 
the fi nger width (50 µm) (Figure  2 ). We note that this repulsive 
electrostatic force, in contrast to the mechanical impact force, 
is insignifi cant compared to the cohesive van der Waals force [ 54 ]  
for the CNT network calculated above (Figure  4 c) and there-
fore insuffi cient alone to break up large 100 µm bundles into 
smaller 1–10 µm bundles. 

 However, the internal electrostatic repulsion present between 
individual CNTs within the bundle due to their similar charges 
can nevertheless result in Coulombic fi ssion of the smaller 
bundles, resulting in mass expulsion of CNTs from it, as shown 
in Figure  1 d: a small 1–10 µm dimension CNT bundle in the 
center of the image appears to have lost large numbers of CNTs 
to the surrounding region with a characteristic gap between 
them, typical of bundles this size. Coulomb fi ssion does not 
appear from large CNT bundles. Considering the Rayleigh 
instability limit at which the repulsive Coulomb energy is twice 
the cohesive binding energy, the potential required for Cou-
lombic fi ssion of two 3 µm long CNT strands with only one 
contact point is estimated to be ≈1 V. [ 57 ]  The actual potential 
required for Coulombic fi ssion in our experiments was how-
ever one magnitude greater, that is, ≈10 V, likely because the 
individual CNTs were entangled in a bundle with far more than 

one contact point. The rate of ejection of 
the CNTs via Coulombic fi ssion is neverthe-
less directly dependent on the surface area 
to volume ratio, increasing linearly as the 
bundle size decreases. Fifty SEM images were 
analyzed to determine the typical size of bun-
dles exhibiting Coulombic fi ssion similar to 
that shown in Figure  1 d; the majority of such 
bundles were between 1 and 4 µm in dimen-
sion suggesting therefore that Coulombic fi s-
sion may be an effective means of completing 
the bundle breakup to form individual CNTs, 
because of both the continuous transmis-
sion of charge from the substrate into the 
bundle due to van der Waals-mediated 
adhesion (see Figure  4 c), despite the pres-
ence and acceleration of the SAW, and the 
strength of the Coulombic fi ssion at this 
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 Figure 5.    a) Side and b) top view illustrations of the instantaneous non-uniform charge dis-
tribution together with the mechanical displacement and electric fi eld at a given time due to a 
standing wave SAW on the LN substrate.
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length scale. In fact,  Figure    6   illustrates how CNT bundles of 
size greater than 4.5 µm do not exhibit Coulombic fi ssion.  

 The reason this occurs is subtle: the charging of the bundles 
while in contact with the substrate. Regardless of bundle size, 
the mechanical impact force and the van der Waals-mediated 
cohesive force dominate all forces present on the bundle, as 
summarized in Table  1 . As shown in Figure  4 ,  6 , above the 
critical bundle size ≈4.5 µm the instantaneous impact force 
is dominant, ejecting the bundles from the substrate over 
each cycle of the SAW, permitting exceedingly brief electrical 
charging of the bundle per cycle. When the bundle is below this 
critical size the van der Waals force dominates, acting to keep 
these bundles onto the LN surface despite the extremely large 
surface acceleration. This allows the bundle to be continuously 
charged, driving Coulombic fi ssion of CNTs from within the 
bundle and causing its eventual disintegration.  

 We also note from  Figure    7   that the standing wave nature of 
the SAW suggested in Figure  5  in this system is clearly evident 

through the periodicity of the CNTs after their expulsion. Indi-
vidual CNTs are present in narrow regions separated by  a  =  λ /2 
along the propagation direction of the SAW and therefore due 
to the periodic electric fi eld from the SAW, as determined by 
direct measurement and fast Fourier transform (FFT) of the 
image to expose the underlying order.  

 In summary, the SAW deagglomeration technique drives the 
formation of individual CNTs via impact breakup of the large 
100 µm CNT bundles into smaller 1–10 µm bundles that sub-
sequently eject individual CNTs as a consequence of Coulombic 
fi ssion. 

 The effi ciency of the process may be estimated by noting 
the density of free CNTs on the surface for a typical experi-
ment, 1 CNT per 10 µm 2  (see Figure  1 e for example), and the 
approximately 10 µm long CNTs remaining with a separa-
tion of  ξ  ≈ 100 nm between them in the small, 10 µm sized 
bundles that we assume are nearly spherical (with therefore a 
volume of 10 −18  m 3 ) and remain behind after SAW irradiation 
in some of our experiments. The CNTs within the bundle each 
occupy a volume of (10 µm)  ξ  2  ∼ 10 −20  m 3 , and so each bundle 
has approximately 100 CNTs; given that each bundle occupies 
an area of (10~µm) 2 , the areal density of CNTs in a bundle is 
1 CNT/µm 2 . 

  By determining the projected area of CNTs free on the sur-
face versus those remaining in the CNT bundles, as provided in 
Figure  3 e—an average of 64% over 45 SEM images across our 
experiments—roughly 10% of the CNTs are extracted from the 
bundles and left upon the surface. However, examining only 
our best fi ve results from Figure  1 e, where the conditions were 
especially favorable to freeing the individual CNTs from the 
bundles, fully 40% of the CNTs were freed from the bundles 
as indicated from 93% of the total CNT area on the substrate 
being occupied by individual CNTs. We have not attempted to 
separate the bundles from the individual CNTs, though this 
would be a feasible means to improve the fi nal effi ciency.  

  3.2.     CNT Alignment 

 After the CNTs have been isolated on the substrate, an exter-
nally introduced shear force (Figure  2 d) may be used to align 
them. While the alignment of nanowires has recently been 
studied [ 56 ]  with alignment in a liquid medium along the SAW 
propagation direction, the CNTs in the present work can be 
aligned along any arbitrary direction while still in their dry state 
using only one pair of IDTs. After about 30 s of deagglomera-
tion, the cover slip was brought down in contact with the sub-
strate and clamped against the CNTs with an external pressure 
of approximately 10 kPa. Sliding the cover slip at an angle with 
respect to the SAW propagation over a distance of approxi-
mately 10 mm (see Figure  2 ) then produces a shear on the 
CNTs in the same direction. 

 To confi rm the role of the shear in aligning the CNTs, we 
slid the cover slip at a specifi c angle  θ  with respect to the SAW 
propagation direction (Figure  2 d) and examined the alignment 
of the CNTs from a series of SEM images collected during the 
process (see, for example,  Figure    8  ), which were subsequently 
processed in a fashion similar to the method used to deter-
mine the deagglomeration mechanisms. Specifi cally, the white 
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 Figure 6.    Size distribution of 50 different bundles that exhibited breakup 
to individual CNTs via Coulombic fi ssion. Such events were narrowly lim-
ited to small bundles with dimensions of approximately 2 µm; no such 
events were seen for bundles larger than 4.5 µm.

 Figure 7.    Individual CNTs are observed to form an uneven concentration 
pattern across the LN substrate after their expulsion due to Coulombic 
fi ssion on a 20 MHz SAW device. The spacing between gaps in the CNT-
rich regions  a  =  λ /2—which appear lighter in grey in this image—was 
determined using direct measurement and fast Fourier transform (FFT; 
inset) of the SEM image.
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traces that consequently represent the CNTs were converted 
into single-pixel wide lines in Figure  8 c; this thinning provides 
a linear structure that indicates the direction along which the 

CNTs are oriented with the use of MATLAB 
and the  regionprops  function. [ 51 ]  Figure  8 d 
indicates the quality of the alignment: red 
ellipses defi ne CNTs aligned, ±5°, along the 
shearing direction, corresponding to approx-
imately 60% of the CNTs. The remaining 
40% are not aligned and appear as green 
ellipses in the image.  

 Moreover, we also confi rm from a prob-
ability density function of the angular devia-
tion of the CNT orientation from the sliding 
direction in  Figure    9  , determined using a 
nonparametric kernel estimation function in 
MATLAB, detailed elsewhere, [ 58 ]  that the CNT 
alignment is solely due to the sliding direc-
tion of the cover slip and hence the shear 
and not the SAW propagation: the angular 
deviation distribution is essentially identical 
regardless of the direction the shear is intro-
duced—with respect to the SAW propagation 
direction—to align the CNTs. The correlation 
between the data can be quantifi ed using 
Spearman’s rank correlation coeffi cient [ 59 ] 

  R  = 0.963, very nearly one, therefore indicating 
that the sliding direction strongly defi nes the 
CNT alignment direction. This is further 
confi rmed by the result shown in  Figure    10   
in which the cover slip was held stationary: 
the unsheared CNTs exhibit a nearly uniform 
orientation—with perhaps a very weak align-
ment along the SAW wave propagation axis 
( θ  = 0°)—in comparison to the strong align-
ment exhibited by the CNTs under shear 
when the cover slip was moved.   

 Figure 8.    a) SEM image of the CNTs aligned under shear by sliding the 
cover slip atop the substrate and the CNTs along a direction at an angle ( θ  = 
30°) to the SAW propagation direction. b) Corresponding binary image and 
c) subsequent morphological thinning of the CNTs. d) SEM image of mainly 
randomly distributed CNTs: the red ellipses correspond to CNTs aligned 
along the shear direction whereas those in green correspond to unaligned 
CNTs.

 Figure 9.    SEM images showing CNT alignment as a function of the shear axis with respect to 
the SAW propagation direction: a)  θ  = 0°, b)  θ  = 30°, and c)  θ  = 90°. d) The probability density 
of a given CNT’s angle with respect to the sliding direction is essentially invariant: the sole 
determinant of CNT alignment is the shear direction.

 Figure 10.    Probability density distribution of the angular deviation of the 
CNT orientation from the sliding direction. The grey distribution is due to 
deagglomeration and pressure without shear, while the black distribution 
represents cover-slip-driven shear at  θ  = 40°.
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  3.3.     Raman Spectra 

 The Raman spectra measured for as-provided CNTs and 
SAW-treated CNTs are presented in  Figure    11  . No increase 
in the intensity of the D band was observed, verifying that 
the deagglomeration of the CNT bundles produced by SAW 
has no infl uence on the chemical structure and does not 
damage the CNTs. On the other hand, the G band inten-
sity increased by about 30 percent after SAW exposure, 
mainly because the bundled CNTs were deagglomerated and 
hence more individual CNTs contribute to the total G band 
intensity.     

  4.     Conclusions 

 We demonstrate a method for rapid deagglomeration and 
alignment of aggregated MWNTs using surface vibrations on 
a piezoelectric substrate. Individual CNTs can be obtained 
through progressive bundle break-up of large 100 µm bun-
dles into smaller 1–10 µm bundles from mechanical action 
via substrate ejection and impact due to the large surface 
accelerations associated with the SAW, and subsequently the 
ejection of individual CNTs from the smaller ≈1 µm-sized 
bundles due to Coulombic fi ssion produced by the induced 
charging of the CNTs by the SAW-driven evanescent electric 
fi eld of the substrate. Simultaneous alignment of the CNTs 
can be achieved through shear by sliding the cover slip atop 
the substrate, otherwise used to minimize loss of the CNTs to 
air, along a direction of the desired alignment. A convenient 
and useful forcing mechanism for rapid deagglomeration and 
alignment of CNTs, the whole process requires tens of seconds 
to complete, and the rate of production of the individual CNTs 
and small bundles for a single SAW device is ≈10 µg/min, 
which can be simply scaled up for high throughput processing 
by increasing the size of individual SAW devices and their 
number, the latter an elementary step as they are fabricated 
through standard mass microfabrication techniques. Cur-
rently 10% by number of CNTs are produced from the bundles 
across all our experiments, and our best results produce about 
40% by number of CNTs free of the bundles. Regardless, the 

method breaks up all bundles to less than 
10 µm in size. Scanning electron microscopy 
with associated image processing was used 
to characterize the SAW-assisted deagglom-
eration and alignment of the CNTs whereas 
Raman scattering spectroscopy indicated 
that the process did not damage the CNTs. 
The proposed SAW-assisted approach thus 
enables a broad swath of applications for 
deagglomeration of CNTs while avoiding 
drawbacks of other techniques. The sim-
plicity of the technique further suggests that 
it may be scaled up to industrially relevant 
scales and likewise will be useful in the 
deagglomeration of other near-one-dimen-
sional nanomaterials.  
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