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Multiwalled carbon nanotubes (MWCNT) are exposed to a transient and strong liquid jet flow created

by a pair of differently sized laser-induced cavitation bubbles. The position and size of the bubbles are

controlled with a spatial light modulator within a 15 �m thick liquid gap. Depending on the tube’s

position with respect to this jet flow, rotation, translation, and a bending deformation is observed with a

high-speed camera recording at up to 300 000 frames per second. By measuring the decay time of the

respective bending modes we determine the flexural rigidity of MWCNTs to be on the range of

0:45–4:06� 10�19 Nm2. The average diameter of the MWCNTs is 117:8� 6:7 nm with a thickness

of 4:6� 0:75 nm, yielding a Young’s modulus between 0.033–0.292 TPa.
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Introduction.—Since the discovery of carbon nanotubes
[1], the curiosity of the science of nanoscale entities as well
as their potential applications in nanoelectromechanical
devices [2] have stimulated several studies geared towards
manipulation [3–6] and measuring their mechanical prop-
erties (rheology) [7–14]. However, due to the size of the
nanotubes and nanorods, controlling and measuring their
properties is a challenge. The manipulation of nanostruc-
tures is typically done in a liquid environment in order to
avoid the attractive van der Waals interaction with sur-
faces. Because of the smallness of the devices the fluid
regime is dominated by surface forces; i.e., manipulation
of these structures occurs in a viscosity dominated and
reversible Stokes’ flow regime [3]. Several clever solutions
for manipulating nanoscale objects have been shown, yet
most are tailored to specific properties of the objects and
involve the use of electric and or magnetic fields.

In this study we describe a new method to manipulate
(translation and/or rotation) and to probe (deflection) nano-
tubes immersed in liquid. It involves a pair of laser-induced
cavitation bubbles to actuate a liquid flow on very short
spatial (�m) and temporal scales (�s), yet creating very
high velocities. In this way, the nanotubes are displaced on
a time scale shorter than 10 �s, at the same time the
nanotubes are bent due to the differences in flow speeds
across their length. By measuring the time it takes for the
individual bending modes of the nanotube to recover its
original shape we can estimate the flexural rigidity of the
object � ¼ EI where E is the bending modulus and I is the
cross-sectional moment of inertia. This cavitation based
technique has the advantage that it is independent of the
material properties of the nanotubes and does not require
microfabrication, only optical access.

Experimental setup.—An Nd:YAG laser generates a
single pulse at a wavelength of 532 nm with a duration
of 6 ns [Fig. 1(a)]. The beam propagates through a half
wave plate to rotate the polarization and then through a
telescope formed by lenses L1 and L2 to cover the display

of the spatial light modulator (SLM). A digital hologram is
projected on the SLM to create two foci [15,16]. The
hologram on the SLM imparts the phases needed to obtain
the desired pattern at the focal plane of the microscope
objective, i.e., at its Fourier plane. This foci pattern is
created within a thin liquid gap filled with ink. In this
way at both laser foci a cavitation bubble is generated
through linear absorption [15]. The nanotubes are imaged
with a 60� water immersion microscope objective using
an inverted microscope. The manipulation and the subse-
quent shape recovery of the nanotubes is recorded with a
high-speed camera (Photron SA-1) at framing rates of up to
300 000 frames per second.
Liquid gap and geometry.—The sample is prepared us-

ing an essentially two-dimensional liquid gap filled with
refill ink for inkjet printers (yellow, Maxtec). Its den-
sity and viscosity are similar to water (density � ¼ 1046�
1 kg=m3 and dynamic viscosity of approximately 2 cP).
The nanotube solution is previously mixed with the ink in a
proportion of 1 to 3. The gap is created by sandwiching
spacers with a height of 15 �m (in z) between two #1
microscope slides [Fig. 1(b)].
MWCNT preparation.—Anodic alumina membranes

(AAM) were prepared by a two-step anodization process
similar to the one reported in Ref. [17] and the MWCNT
were synthesized within the AAM through chemical vapor
deposition. The morphology of the array was characterized
with a field emission scanning electron microscope (JEOL
JSM-6700 F). The nanotubes have an average length of
16:3� 2:6 �m and outer diameters dext of 117:8� 6:7 nm
with a wall thickness of 4:6� 0:75 nm, see Fig. 1(c).
Bubble dynamics.—The frames (a)–(c) of Fig. 2 depict

the bubble pair recorded at 100 000 fps with a shutter time
of 5:4 �s. The first frame, Fig. 2(a), is recorded 5 �s
before the laser pulse arrives at the sample. The second
frame, Fig. 2(b), is taken when the left bubble has reached
about its maximum size, i.e., 5 �s after the arrival of the
laser pulse. The bubble on the left is smaller and collapses
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first creating a strong jet towards the larger one along the
line joining their centers, this jet flow can reach speeds of
several tens of meters per second [18] and it is used to
displace the nanotubes and to cause bending. Finally,
frame (c) of Fig. 2 taken 10 �s after frame (b) is showing
that both bubbles have collapsed within 15 �s after the
arrival of the laser pulse. The maximum radius for the
smaller and larger bubble is around 10 and 20 �m,
respectively.

By measuring the displacement of 2 �m diameter tracer
particles the general features of the flow a few micrometers
from the glass coverslip are revealed as shown on Fig. 2(d).
The basic flow is a high-speed jet pointing from the posi-
tion of the smaller bubble to the larger bubble, here from
left to right with a width of approximately 13 �m.
Additionally, a stagnation point on the connecting line
between the centers of the two bubbles exists which also
forms a separatrix for the lower and upper recirculating
flows. The flow is rather localized, and spans approxi-
mately a region within a radius of �30 �m around the
stagnation point. The flow depicted on Fig. 2(d) is not the
flow experienced by the nanotubes, it represents an aver-
aged outer flow driving the boundary layer where the
nanotubes are located [Fig. 1(b)]; i.e., we overestimate
the velocities.

Next, we explain why a flow of this kind is generated.
Upon collapse, bubbles can jet towards other bubbles or
rigid boundaries [19–21]. In the case of differently sized
bubbles the smaller bubble collapses first and because it is
accelerated towards the larger bubble it develops a jet flow
in the direction of the larger bubble. When the larger
bubble collapses, the smaller bubble has already disinte-
grated and therefore the larger one does not anymore
develop a jet flow. No further reexpansion of the first

bubble is observed, likely due to the quasi-two-
dimensional geometry which results in a milder collapse
and therefore weaker acoustic emissions from the larger
bubble.
Nanotube manipulation and interaction with the induced

flow.—The directed flow field created by the bubble pair
[Fig. 2(d)] is used for the manipulation of nanotubes.
Because of viscosity, lateral momentum of the flow as
depicted in Fig. 2(d) is transported downwards to the
location of the nanotube. We observe that only during the
lifetime of the smaller bubble the nanotubes are displaced
(translated, rotated, or both). When the smaller bubble has
collapsed the motion of the nanotube stops abruptly.
Because of a strongly orientation dependent drag force
typical for objects with a high aspect ratio [22–25] the
fluid-structure interaction occurs preferably in the direc-
tion normal to the nanotube’s contour. Thus, by changing
the position and orientation of the jetting flow with respect
to the nanotube, specific translation and/or rotation can be
achieved. Figures 2(e) and 2(f) show the rotation of a
nanotube imaged before and after cavitation. Before the
creation of the bubbles, Fig. 2(e), the initial position of the
nanotube is almost perpendicular to the line joining the
centers of the bubbles but off center, so that the jet interacts
more strongly with the lower portion of the nanotube and
rotating it. In contrast in Fig. 2(g) the initial position of the
nanotube is perpendicular to the line joining the centers of

FIG. 2. Left column: Bubble dynamics for an uneven sized
pair of bubbles, recorded at 100 000 frames per second, with an
exposure time of 5:38 �s. The top three frames (a)–(c) show the
interaction of the flow with a nanotube leading to its rotation.
(d) Averaged flow field obtained with particle image velocimetry
using two frame correlation: the first frame just after the larger
bubble has collapsed and the second frame 10 �s later. The right
column demonstrating nanotube manipulation: (e),(f) Sequence
of pictures before and after cavitation resulting into a clockwise
rotation of the nanotube. (g),(h) Sequence of nanotubes trans-
lating towards the right. Note that neighboring nanotubes are
very little affected by the main flow.
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FIG. 1 (color online). Experimental setup and geometry:
(a) optical path and equipment used. (b) Geometry of the liquid
gap with the bubbles and the nanotube (not to scale). Upper
inset: xy projection as imaged with the microscope objective.
Middle inset: side view or xz projection. Lower inset: magnified
view showing the relevant parameters for the nanotube, dext is
the external diameter of the tube, dint the internal diameter and h
is the distance of the axis from the lower glass cover slip.
(c) Multiwalled carbon nanotubes. Upper-left inset: scanning
electron micrograph, showing the morphology of the MWCNTs.
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the bubbles and nearly centered around the jet; that is
why the object performs a translation towards the right,
Fig. 2(h).

Nanotube bending.—While the nanotube interacts with
the jet created by the cavitation bubbles it bends due to the
difference in flow velocity across its length. Then, the
nanotube starts to recover its original shape under the
elastic restoring forces acting against the transverse hydro-
dynamic drag in a time scale of tens of microseconds. In all
our experiments we have only observed planar bending.
Estimates of the focal depth and measurements of the
constancy of nanotube’s contour length suggest a perfectly
planar motion with less than 0:9 �m out of plane motion
(xy) over the whole length. This allows us to model the
shape recovery with the hydrodynamic beam equation
[14,24–27]:

�
@4y

@s4
¼ ��

@y

@t
: (1)

The ‘‘deflection’’ of the nanotube is described by yðsÞ,
where s is the contour length of the tube, � is the drag
coefficient, and � ¼ EI is the flexural rigidity. The drag
coefficient for motion perpendicular to the axis of the
nanotube and parallel to the cover slip is � ¼
4��=cosh�1ðh=rÞ [23,24,28–30], where h is the distance
of the axis from the surface and r ¼ dext=2 is the outer
radius of the nanotube [Fig. 1(c)]. The distance h is esti-
mated as the electrical double layer thickness between the
substrate and the nanotube surface. The Debye length ��1

D

is 0:304=½1:1 electrolyte�1=2, 0:176=½1:2 electrolyte�1=2,
and 0:152=½2:2 electrolyte�1=2 nm, where notation [elec-
trolyte] stands for the molar concentration for the respec-
tive type of electrolyte [31]. The Debye length is maximum
for 1:1 electrolytes for a given concentration. Also, as the
concentration increases the Debye length decreases. We
estimate the maximum distance of the nanotube to the
substrate by using the 1:1 electrolyte and an equilib-
rium Hþ ion concentration for carbon dioxide dissolved
in pure water of 2:5� 10�6 M [4] (as minimum concen-
tration), then ��1

D � 192 nm. Assuming that the ink
is a 2:2 electrolyte and the concentration the same, ��1

D ¼
96 nm. These assumptions are in agreement with a
pH-level measurement of 5.7. Adding the outer radius of
the nanotube, we estimate the upper bound for h (Fig. 1) to
be in the range of 200� 50 nm. The solution for the

hydrodynamic elastic Eq. (1) is given by ynðs; tÞ ¼
ane

�t=�nWnðs; LÞ, where the spatial part Wnðs; LÞ satisfies
the boundary conditions (BCs) for free ends [25,32] and
has the form Wnðs; LÞ ¼ A cosðqns=LÞ þ B sinðqns=LÞ þ
C coshðqns=LÞ þD sinhðqns=LÞ [32]. The BC yields the
coefficients for Wnðs; LÞ [25] and the equation for solv-
ability cosðqnÞ coshðqnÞ ¼ 1 that define the characteristic
frequencies qn. The first five values of qn are 4.7301,
7.8533, 10.9957, 14.1372 and 17.2788. The shape

yðs; tÞ can be expressed as yðs; tÞ ¼ P
nynðs; tÞ ¼P

nane
�t=�nWnðs; LÞ, where an ¼ 1

G

R
s¼L
s¼0 yðsÞWnðL; sÞds

and G2 ¼ R
s¼L
s¼0 jWnðL; sÞj2ds. Substituting the expression

for ynðs; tÞ into Eq. (1) and solving for the flexural rigidity
� we obtain

� ¼ �
ðL=qnÞ4

�n
: (2)

The drag coefficient � increases with decreasing h so that
the upper bound that we estimated for h will yield a lower
bound on the values for the flexural rigidity.
Measurement of elastic properties.—Figure 3 presents

an example of the experiment to estimate the flexural
rigidity of the nanotubes. Selected frames of a high-speed
recording (250 000 fps) are shown on Fig. 3(a); the third
frame displays the bent nanotube just after the collapse of
the bubbles. Figure 3(b) shows the extracted shape from
the high-speed recordings starting with the shape of the
tube just after the bubbles collapsed (green, on top) till the
final shape in red color (bottom). The amplitudes an of
the first three modes are plotted as a function of time in
Fig. 3(c) and are fitted to decaying exponentials. The
flexural rigidity � is extracted with Eq. (2) using the decay
time of the first mode (�1), with the exception of the first
run of nanotube 4, since modes higher than 2 have a
negligible amplitude. Table I summarizes the results. For
nanotubes numbered 1–4 the experiment is repeated sev-
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FIG. 3 (color online). Dynamics of the nanotube bending:
(a) image sequence from top to bottom recorded at a rate of
250 000 frames per second (4 �s interframe time, movie avail-
able in Ref. [35]). (b) Shape of the nanotube as a function of time
from the high-speed recording, starting from the deformed shape
(green, on top) shown on the third frame of (a) just after the
collapse of the bubbles and ending with the shape shown in red
(bottom). (c) The amplitude of the first three modes an as a
function of time, only the first mode is significant in describing
the shape recovery. The solid line shows the fit to a decaying
exponential with �1 ¼ 27:06 �s.
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eral times. In all cases the extracted values for � and E are
repeatable. The values for the flexural rigidity have a range
between 0.45 and 4:06� 10�19 Nm2, while the Young’s
modulus ranges from 0.033 to 0.292 TPa. We explain the
wide spread of moduli with the nonuniformity of the nano-
tubes, in particular with the variations in thickness and the
presence of defects along their contour. The values for the
Young’s modulus that we obtain are similar to the values
reported in literature [7,9,11,12,33] and in theoretical [34]
studies of multiwalled carbon nanotubes. These studies
report values between 0.1 and 0.6 TPa. Our method would
be more accurate once we know the distance h of the
nanotube from the surface to a higher precision. This might
be achieved using confocal microscopy and fluorescent
tagged nanotubes.

Summary.—Using the flow created by two unequally
sized cavitation bubbles we can manipulate and probe
individual nanotubes. This novel technique shares some
of the advantages from optical tweezers, as it needs only
optical access. Also, it is independent of the material
properties of the nanotubes and generates forces that can
bend individual nanotubes.
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TABLE I. Values for � and E calculated using Eq. (2) and a
value for h ¼ 200� 50 nm. The errors correspond to the upper
and lower values that arise from h.

nanotube Lð�mÞ �1ð�sÞ �2ð�sÞ �ð�10�19 Nm2Þ E (TPa)

1 15.8 10.85 � � � 1:52�0:29
0:16 0:109�0:021

0:011

1 15.8 9.74 � � � 1:68�0:33
0:18 0:121�0:023

0:013

1 15.8 10.56 � � � 1:56�0:30
0:17 0:112�0:022

0:012

2 19 17.43 � � � 1:97�0:38
0:21 0:141�0:027

0:015

2 19 18.31 3.68 1:88�0:36
0:20 0:135�0:026

0:015

2 19 21.75 � � � 1:58�0:30
0:17 0:113�0:022

0:012

3 14.2 9.32 � � � 1:17�0:23
0:13 0:084�0:016

0:009

3 14.2 9.25 � � � 1:18�0:23
0:13 0:085�0:016

0:009

4 15.8 � � � 3.87 0:57�0:11
0:06 0:041�0:008

0:004

4 15.8 27.06 5.38 0:61�0:12
0:07 0:044�0:008

0:004

5 13.3 15.99 � � � 0:51�0:10
0:06 0:037�0:007

0:004

6 19.7 11.70 � � � 3:41�0:65
0:37 0:245�0:047

0:027
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