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The patterning mechanism of carbon nanotubes
using surface acoustic waves: the acoustic
radiation eﬀect or the dielectrophoretic eﬀect†
Zhichao Ma,a Jinhong Guo,a Yan Jun Liub and Ye Ai*a
In this study, we present a simple technique capable of assembling and patterning suspended CNTs using
a standing surface acoustic wave (SSAW) ﬁeld. Individual CNTs could be assembled into larger CNT
bundles and patterned in periodic positions on a substrate surface. The mechanism of the SSAW-based
patterning technique has been investigated using both numerical simulation and experimental study. It
has been found that the acoustic radiation eﬀect due to the acoustic pressure ﬁeld and the dielectrophoretic (DEP) eﬀect induced by the electric ﬁeld co-existing in the patterning process however play
diﬀerent roles depending on the properties of the suspended particles and the suspension medium. In
the SSAW-based patterning of highly conductive CNTs with high aspect ratio geometry, the positive DEP
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eﬀect dominates over the acoustic radiation eﬀect. In contrast, the acoustic radiation eﬀect dominates
over the DEP eﬀect when manipulating less conductive, spherical or low aspect ratio particles or biologi-
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cal cells. These results provide a meaningful insight into the mechanism of SSAW-based patterning, which
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is of great help to guide the eﬀective use of this patterning technique for various applications.

1.

Introduction

Since the discovery of carbon nanotubes (CNTs),1 their distinctive electrical, thermal and mechanical properties2–5 have led
to various applications in material engineering, microelectronics, energy storage and biotechnology.6 Patterning and
assembling of CNTs has been a vital technique to facilitate
applications of CNTs in chemical sensors,7–9 transistors10,11
and flexible supercapacitors.12,13 There are mainly two types of
techniques to achieve this goal: direct growth of CNTs on
certain substrates with pre-patterned nanostructures14 and
positioning of randomly suspended CNTs onto substrates. The
latter typically benefit from a relatively simple and cost
eﬀective process compared to the direct growth approach. To
date, various strategies for precise positioning of CNTs such as
chemical assembling,15 contact printing,16 spin-coating assistance17 and dielectrophoresis18 have been reported. However,
each of these methods has its own limitations. For example,
chemical and spin-coating assisted assembly of CNTs involves
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a complex chemical treatment process; the contact printing
method does not oﬀer alignment for CNTs; current dielectrophoresis-based patterning is controlled by fixed arrangements
of pre-fabricated microelectrodes and thus lacks flexibility.
In recent years, standing surface acoustic waves (SSAW)
have emerged as a promising non-contact technique for
manipulating synthetic micron-sized particles and biological
cells in suspension.19–24 This technique makes use of the
acoustic radiation eﬀect by the standing field to move suspended particles to specific locations, which is ideal for
precise patterning in the microscale regime. For example, the
SSAW-based manipulation technique has been used to assemble biological cells in tunable 1D patterns25 or 2D patterns26
for cell–cell interaction studies.27,28 Most recently, the SSAWbased technique has also been successfully demonstrated to
pattern rod-shaped nanowires29 and CNTs.30,31 In all the
reported studies related to cell patterning, the acoustic radiation force acting on suspended cells is considered as the
dominant eﬀect. In contrast, the aforementioned studies
related to the patterning of rod-shaped nanoparticles attribute
the dominant eﬀect to the dielectrophoretic (DEP) force generated by the alternating current (AC) electrical field in the suspension. It is worth mentioning that the patterning of cells
and nanoparticles uses a similar configuration to generate the
SSAW field in the suspension. In addition, the acoustic radiation force and DEP force are both linearly proportional to the
particle size, which implies that the size eﬀect is not determin-
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ing the dominance of the two eﬀects. Therefore, the two forces
may co-exist in the SSAW-based patterning process. However,
the contribution of the two forces in diﬀerent patterning
schemes has not been carefully investigated until now.
In this study, we present an SSAW-based CNT patterning
approach, which oﬀers a suspension-based strategy for largescale and aﬀordable patterning of CNTs. Scanning electron
microscopy (SEM) oﬀers details of how CNTs are assembled
and patterned into even larger bundles. Transferring of patterned CNTs from piezoelectric substrates onto polymer
materials has been realized, which ensures this method as a
promising patterning technique to be further exploited for
practical applications. In particular, both experimentation and
simulation have been conducted to investigate the mechanism
of CNT patterning using the SSAW field. The roles of the
acoustic radiation force and the DEP force in the CNT patterning have been clearly explained, which provides a meaningful
insight into this non-contact patterning technique.

2. Methods
2.1

Experimental setup

Fig. 1a shows the schematic illustration of the microfluidic
device for SSAW-based patterning. Two interdigital transducers
(IDTs) for SAW generation were fabricated by depositing microelectrodes onto a 128° rotated Y-cut X-propagating lithium
niobate (LiNbO3) piezoelectric substrate with a lift-oﬀ technique.20 Briefly, double metallic layers (Cr/Au) were deposited
onto a pre-patterned photoresist on the LiNbO3 substrate by
using an electron beam evaporator. The undesired metallic
region was washed away together with the photoresist with
acetone with the assistance of sonication. Each IDT has 20
electrode finger pairs with 75 μm width and 75 μm space.
The aperture of the two IDTs is 12 mm and the distance
between the two IDTs is 10 mm. The resonance frequency was
found around 13.1 MHz. A microchamber was placed in the
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midst of the two IDTs for loading the CNT suspensions. It was
made of polydimethylsiloxane (PDMS) using a widely known
soft lithography technique. The microchamber has a height of
50 μm and an area of 6 × 6 mm2. After the microchamber was
brought into contact with the LiNbO3 substrate to form the
microfluidic device, 0.1 wt% deionized water based metallic
multi-walled carbon nanotube (MWCNT) suspension was
introduced by capillary force into the microchamber, sandwiched between the PDMS layer and the LiNbO3 substrate.
An AC sinusoidal signal at the resonance frequency, generated by a signal generator, was amplified using a power amplifier and then split into two identical signals to drive the two
IDTs. Upon excitation by the AC signal, the IDT converts the
electric field into acoustic waves, which is basically a mechanical vibration on the surface of the LiNbO3 substrate. Two
identical travelling SAWs propagate toward the chamber in
opposite directions, which in turn gives rise to a SSAW field
arising from the constructive interference of the two waves.
The mechanical vibration in the chamber region accordingly
generates an electric field due to the piezoelectric eﬀect, which
is schematically illustrated in Fig. 1b. Therefore, the SSAW
field and the electric field co-exist in the suspension, which
exert the acoustic radiation force and the DEP force on suspended particles, respectively. The patterning process was
monitored under a CCD camera equipped on an inverted
optical microscope. Patterned CNTs were further examined
using SEM.

2.2

Numerical model

A numerical model developed in our previous study32 was
applied to examine the SSAW field and the electric field in the
suspension. Generally, this numerical model solves linear
piezoelectric constitutive equations, consisting of the Maxwell’s equations for electric field and the stress–strain
equations for mechanical motion. Once the acoustic pressure
field in the suspension is determined, the time-averaged
acoustic radiation force acting on suspended particles can be
expressed as33
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Fig. 1 (a) Schematic illustration of the experimental setup for SSAWbased patterning. A PDMS microchamber for suspension loading is
placed in the midst of two pairs of IDTs on the LiNbO3 substrate. (b)
Cross-sectional view of the patterning of two types of suspended particles. SSAW ﬁeld and electric ﬁeld co-exist in the suspension, which
exert the acoustic radiation force and the DEP force on suspended particles, respectively.
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where Vp is the volume of the particle, ρm and cm are the
density and sound speed of the suspension medium, respectively. β and γ is the density ratio and the sound speed ratio of
the particle to the suspension medium, respectively. p is the
acoustic pressure generated by the SSAW field, n = 2π/λ is the
wavenumber with λ being the SAW wavelength.
In most existing studies on the SSAW-based patterning, the
acoustic pressure field is approximated as a one-dimensional
distribution across the microfluidic channel or chamber,
which further simplifies eqn (1), given as34
kFaco l ¼

nVp p0 2
φðβ; γÞ sinð2nxÞ;
4ρm cm 2

ð2Þ
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where x is the distance from the pressure node, and the acoustic contrast factor that can determine the force direction is
given as
φðβ; γÞ ¼

5β  2
1

:
2β þ 1 βγ 2

ð3Þ

A SSAW field provides a series of pressure nodes and antinodes with a space of half the wavelength. Solid particles suspended in aqueous medium generally have a positive acoustic
contrast factor, and are typically pushed towards the pressure
nodes.
When a polarizable particle is suspended in an inhomogeneous electric field, it will be polarized and experience the
DEP force.35,36 In an AC electric field, the time-averaged DEP
force acting on a particle is expressed as37–39
kF dep l ¼ Ga V p εm Ref f cm ðωÞgrjErms j2 ;

ð4Þ

where Ga is the factor dependent on the particle geometry,
εm is the real part of the permittivity of the suspension
medium, and Erms is the root mean square value of the electric
field. The direction of the DEP force is dependent on the real
part of the Clausius–Mossotti factor, Re{ fcm(ω)}. When Re
[ fcm(ω)] > 0, i.e. the particle is more polarizable than the suspension medium, the DEP force pushes the particle toward the
region with a maximum electric field, typically moving toward
the electrodes. This phenomenon is known as positive DEP.
Oppositely, while Re[fcm(ω)] < 0, the DEP force repels the particles toward the region with a minimum electric field, typically moving away from the electrodes, which is known as
negative DEP.

3. Results and discussion
3.1

parallel lines of assembled CNT bundles in the suspension
were observed, as shown in Fig. 2b and c at diﬀerent magnifications (Video 1 in the ESI†). These patterned parallel lines
were perpendicular to the direction of the SAW propagation.
The pitch between each line was around 150 ± 6 μm, which
approaches half the wavelength of the SSAW field. The width
of each assembling line was around 67 ± 3 μm. Individual CNT
bundles in all the assembling lines were however parallel to
the direction of the SAW propagation. As a result of heating
and atomization by SAW, the water in the suspension evaporates in 150–200 s, which was much faster than that in the
absence of the SSAW field. During the aqueous medium evaporation, the CNT patterns were well retained without damage
or disturbance.
After the suspension medium evaporation, the CNT patterns were transferred onto PDMS for SEM observation. Liquid
PDMS was poured on the substrate and then baked at 70 °C
for 20 minutes. Subsequently, the cured PDMS was peeled oﬀ
from the substrate and the CNT patterns were transferred onto
the PDMS layer with high fidelity (Fig. S1 in the ESI†).
Although the pattern transfer in this study is mainly for the
convenience of SEM observation, the high fidelity transferring
of CNT patterns onto other polymer materials demonstrates
that it has great potential in assembling and patterning CNTs
for various sensing applications such as flow sensors,40 body
motion sensors41–43 and flexible supercapacitors.12
Fig. 3 shows the SEM photographs of both unpatterned
(Fig. 3a–c) and patterned (Fig. 3d–f ) CNTs transferred onto the
PDMS. The unpatterned CNTs refer to a random distribution
of CNTs on the substrate, which were obtained by naturally
evaporating the CNT suspension in the chamber without
applying the SSAW field. After actuating the CNT suspension
by a SSAW field, CNTs were assembled into much longer CNT
bundles aligned with the SSAW field (Fig. 3d–f ).

Patterning CNTs in suspension

After introduction into the chamber, the CNT suspension
formed a 50 μm thick static film and CNTs were uniformly dispersed in the suspension without observed aggregation, as
shown in Fig. 2a. Subsequently, a 30 Vpp AC sinusoidal signal
was immediately applied on the two IDTs. Within 5 seconds,

3.2

Patterning mechanism

A few previous studies29–31 attribute the SSAW-based patterning of conductive nanowires and CNTs to the dominant DEP
eﬀect generated by an alternating electric potential distribution along the piezoelectric substrate. However, all the

Fig. 2 Patterning of CNTs using a SSAW ﬁeld. CNTs well dispersed in the suspension medium without aggregation before applying the SSAW ﬁeld
(a). Periodic CNT patterns formed after applying the SSAW ﬁeld (b: 20× and c: 40×). The scale bars are all 50 μm.
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Fig. 3 SEM photographs of unpatterned (a–c) and patterned (d–f ) CNT bundles transferred onto PDMS at diﬀerent magniﬁcations (800×, 1500×,
3000× from left to right). The scale bars are all 10 μm.

studies related to the patterning of biological cells claim that
acoustophoresis arising from the acoustic radiation eﬀect is
responsible for the cell motion subjected to a SSAW field. The
two forces may co-exist in the SSAW-based patterning of suspended particles in the suspension. However, their roles and
contribution have not been well investigated by far. This
section aims to clearly explain the patterning mechanism
under a SSAW field.
Fig. 4a shows the simulated acoustic pressure of a SSAW
field in a 50 μm thick liquid layer, which is generated by the
interference of two identical counter-propagating SAWs. Periodic distribution of pressure nodes along the horizontal direction of the liquid layer is predicted. The acoustic contrast
factor of CNT is 1.426, referring to a positive acoustophoresis
(the properties of patterned particles are listed in Table S1 in
the ESI†). Therefore, the acoustic radiation eﬀect tends to
push suspended particles toward the pressure nodes where the
acoustic pressure magnitude is zero. The propagating mechanical vibration of the piezoelectric substrate accordingly generates a periodic distribution of electric potential along the
substrate surface, acting as virtual electrodes in contact with
the liquid layer (Fig. 4b). The interfaces between opposite
polarities refer to the potential nodes. As a result, a periodic
electric field with the same wavelength and frequency is also
present in the liquid layer and thus give rise to the DEPinduced particle motion. It is found that the pressure nodes
and potential nodes are generated in the same periodic
positions.
Once the acoustic pressure field and electric field are simulated, the acoustic radiation force and DEP force can be determined using eqn (1) and (4), respectively. Here, we consider a
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single CNT with a length of 1 μm and a diameter of 40 nm.
Fig. 4c shows the distribution of the acoustic radiation force
along the horizontal direction, which dominates the acoustophoresis of suspended particles to the pressure nodes. The
maximum magnitude is around 0.4 fN. To determine the DEP
force acting on a single CNT, we approximate the CNT as a
long prolate spheroid. Therefore, the real part of the Clausius–
Mossotti factor is calculated as44
ε*p  ε*m
fcm ðωÞ ¼ 
;
ε*p  ε*m Aα þ ε*m
Aα ¼ 



b2
1þe
;
2e

ln
1e
2a2 e3

ε* ¼ ε  j

e¼

σ
;
ω

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b2
1  2;
a

ð5Þ

ð6Þ

where ε*p and ε*m are the complex permittivities of the particle
and the suspension medium. ε is the permittivity, σ is conductivity, ω = 2πf is the angular frequency of the electric field, and
pﬃﬃﬃﬃﬃﬃﬃ
j ¼ 1 is the imaginary unit. a and b are the equatorial
radius and polar radius of the approximated prolate spheroid,
respectively. Therefore, the CNT length is 2a and the CNT diameter is 2b. In this case, a/b = 25 and thus the calculated real
part of the Clausius–Mossotti factor is 214. Accordingly, CNTs
experience positive DEP and tend to move toward the region
with a higher electric field. Fig. 4d shows the DEP force along
the horizontal direction, which tends to push CNTs towards
the potential nodes. Therefore, the acoustic radiation force
and DEP force concentrate suspended CNTs to the same periodic positions horizontally. The maximum magnitude of the
horizontal DEP force is beyond 2 fN, which is 5 times higher
than the acoustic radiation force. Fig. 4e shows that the verti-
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Fig. 4 Numerical simulation results. Acoustic pressure ﬁeld (a) and electric ﬁeld (b) in a 50 μm thick suspension. Dashed lines in (a) represent the
periodic positions of the pressure nodes. The alternating potential distribution along the piezoelectric substrate is considered as periodic virtual
electrodes in (b). Horizontal acoustic radiation forces acting on CNTs (c) and polystyrene particles (f ) push them towards the pressure nodes. Horizontal DEP forces acting on CNTs (d) and polystyrene particles (g) push the CNTs and the particles towards the pressure nodes and the pressure
anti-nodes, respectively. Vertical DEP force attracts CNTs to the substrate surface (e); while pushes polystyrene particles away from the substrate
surface (h).

cal DEP force tends to attract CNTs onto the substrate surface.
The maximum magnitude of the vertical DEP force is more
than 3 times higher than that of the horizontal DEP force.
When a/b = 50, the real part of the Clausius–Mossotti factor is
693. In such case, the DEP force would be more than 50 times
higher than the acoustic radiation force. Therefore, the positive DEP eﬀect dominates over the acoustic radiation eﬀect in
the patterning of CNTs. In particular, the DEP force is able to
assemble individual CNTs into much larger CNT bundles
oriented parallel with respect to the electric field.45,46 Based
on the simulation result, it is predicted that the assembled

This journal is © The Royal Society of Chemistry 2015

CNT bundles are patterned to the potential nodes (also the
pressure nodes) on the substrate surface due to the dominant
positive DEP eﬀect.
Next, we use the same numerical model to simulate the
acoustic radiation force and DEP force acting on polystyrene
particles with a diameter of 6 μm. Note that polystyrene particles are subjected to the same acoustic pressure field and
electric field as the CNT suspension. The acoustic contrast
factor of polystyrene particles is 0.669, implying that acoustophoresis tends to move these particles toward the pressure
nodes. Fig. 4f shows the distribution of the horizontal acoustic
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Fig. 5 Patterning of a mixture including CNTs and polystyrene particles. Well-dispersed suspension before applying the SSAW ﬁeld (a). Microscopic
photographs on diﬀerent focal planes with clear images of CNT patterns (b) and microsphere patterns (c) after applying the SSAW ﬁeld. The scale
bars are all 50 μm.

radiation force with a maximum magnitude around 20 pN.
The real part of the Clausius–Mossotti factor of a spherical
particle is calculated as44
fcm ðωÞ ¼

ε*p  ε*m
ε*p þ 2ε*m

;

ð7Þ

which is −0.476 for spherical polystyrene particles. Therefore,
polystyrene particles experience negative DEP that moves particles toward the region with a lower electric field. As a result,
the horizontal DEP force is in the opposite direction of the
acoustic radiation force (Fig. 4g). In other words, the acoustic
radiation force pushes particles towards the pressure nodes;
while the negative DEP force pushes particles towards the
pressure anti-nodes. However, the maximum magnitude of the
horizontal DEP force is around 3 pN, which is much smaller
than the acoustic radiation force. Therefore, the acoustic radiation eﬀect dominates over the DEP eﬀect in the patterning of
spherical polystyrene particles. The significant decrease in the
real part of the Clausius–Mossotti factor is mainly responsible
for the minor DEP eﬀect in this case. When the suspended
particles are more conductive than the medium, a rod-shaped
particle typically has a higher real part of the Clausius–
Mossotti factor than a spherical particle, which is also confirmed in a previous study.44 Therefore, a rod-shaped particle
may experience a much stronger DEP force than a spherical
particle with an equivalent volume. The shape-dependent DEP
eﬀect explains why positive DEP force is the dominant eﬀect in
the patterning of highly conductive CNTs with high aspect
ratio geometry and acoustophoresis is the dominant eﬀect in
the patterning of less conductive particles and biological cells
with low aspect ratio geometry. Fig. 4h shows that the vertical
component of the negative DEP force tends to repel CNTs away
from the substrate surface. The magnitude of the vertical DEP
force also decays rapidly from the substrate surface. Based on
this simulation, it is predicted that polystyrene particles are
also patterned on the pressure nodes ( potential nodes) due to
the dominant acoustic radiation eﬀect and they suspend away
from the substrate surface due to the repulsive DEP force in
the vertical direction.

14052 | Nanoscale, 2015, 7, 14047–14054

To validate our hypothesis on the basis of the numerical
simulation, the patterning of a mixed suspension containing
both CNTs and 6 μm polystyrene microspheres (Fig. 5a) was
performed. Once the SSAW field was generated across the
chamber, as shown in Fig. 5b and c, the microspheres and
CNTs were patterned in the same horizontal positions, which
was in good agreement with the numerical simulation. These
patterning positions should be the periodic pressure nodes,
which are the potential nodes of the electric field as well. Note
that Fig. 5b and c show the focal planes with clear images of
CNT pattern and microsphere pattern, respectively. The misfocusing of the two patterns reveals that CNTs and microspheres
were concentrated at diﬀerent heights. In particular, during
the evaporation process, the assembled and patterned CNT
bundles were well retained without damage or disturbance;
however, the patterned microspheres were washed away by the
movement of the evaporating liquid layer (Video 2 in the ESI†).
This experimental observation confirms that the CNTs were
attracted on the substrate surface so their pattern could not be
aﬀected by the liquid evaporation. In contrast, the patterned
microspheres were suspended above the substrate surface and
thus were sensitive to the liquid motion. As explained previously by the numerical simulation, CNTs experienced a positive DEP force and were accordingly attached on the substrate
surface; while the microspheres experienced a negative DEP
force and were thus repelled away from the substrate surface.
These experimental results verify the mechanism analysis of
the SSAW-based patterning technique.

4.

Conclusions

Aqueous suspension-based CNT assembly on the cm2 scale
has been achieved using a SSAW field. Individual CNTs could
be assembled into larger CNT bundles that are oriented parallel with respect to the direction of the SAW propagation. The
space between the adjacent CNT patterns is half the SAW wavelength. The acoustic pressure field and the electric field coexist in the aqueous suspension, which accordingly induce the
acoustic radiation eﬀect and the DEP eﬀect that may both

This journal is © The Royal Society of Chemistry 2015
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aﬀect the patterning process. Numerical simulation and
experimentation have been used to investigate the mechanism
of SSAW-based particle patterning. It has been found that the
positive DEP eﬀect dominates over the acoustic radiation eﬀect
in the patterning of CNTs. This unique phenomenon is attributed to the fact that the highly conductive CNTs with high
aspect ratio geometry have a much higher real part of the
Clausius–Mossotti factor than polymer microspheres or biological cells (typically from a few hundreds to tens of hundreds
higher). Because of the dominant positive DEP eﬀect, CNTs
are patterned in periodic positions ( potential nodes) on the
substrate surface, and can be well retained during the liquid
evaporation process. In contrast, the acoustic radiation eﬀect
dominates over the DEP eﬀect in the patterning of spherical or
low aspect ratio and less conductive particles, which is more
common in the cell manipulation using SSAW fields. The high
fidelity transferring of CNT patterns onto PDMS demonstrates
its potential in assembling and patterning CNTs for developing various sensing and electronic devices.
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