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Acoustic tweezing of particles using decaying opposing travelling 
surface acoustic waves (DOTSAW)  

Jia Wei Ng,a Citsabehsan  Devendrana and Adrian Neilda 

Surface acoustic waves offer a versatile and biocompatible method of manipulating the location of suspended particles or 

cells within microfluidic systems. The most common approach uses the interference of identical frequency, counter 

propagating travelling waves to generate a standing surface acoustic wave, in which particles migrate a distance less than 

half the acoustic wavelength to their nearest pressure node. The result is the formation of a periodic pattern of particles. 

Subsequent displacement of this pattern, the prerequisite for tweezing, can be achieved by translation of the standing wave, 

and with it the pressure nodes; this requires changing either the frequency of the pair of waves, or their relative phase. 

Here, in contrast, we examine the use of  two counterpropagating traveling waves of different frequency. The non-linearity 

of the acoustic forces used to manipulate particles, means that a small frequency difference between the two waves creates 

a substantially different force field, which offers significant advantages. Firstly, this approach creates a much longer range 

force field, in which migration takes place across multiple wavelengths, and causes particles to be gathered together in a 

single trapping site. Secondly, the location of this single trapping site can be controlled by the relative amplitude of the two 

waves, requiring simply an attenuation of one of the electrical drive signals. Using this approach, we show that by controlling 

the powers of the opposing incoherent waves, 5 µm particles can be migrated laterally across a fluid flow to defined  

locations with an accuracy of ±10 µm.

Introduction 

Suspended matter in a microfluidic systems can be manipulated 

through a range of mechanisms including using optical1-3, 

magnetic4, 5, dielectrophoretic6, 7 or acoustic forces8-11. Among 

these, acoustic forces offer the benefits of easy integration into 

a miniaturised system and excellent biocompatibility with 

minimal effect on the viability and function of biological cells10, 

12-15, in addition no tagging or labelling of the particles is 

required. Particle manipulation allows trapping of particles in 

defined positions enabling tasks such as concentration16, 17, 

sorting18, 19  and imaging4, 20, however it is also possible to define 

particle trajectory rather than position. Whilst, recently, 

predefined trajectory control has been shown by use of phase 

gradients established through acoustic holography21, the term 

acoustic tweezing is usually reserved for systems in which there 

is the freedom to actively move trapped particles, offering user-

defined trajectory control22, 23. 

 

Acoustic particle manipulation is often achieved through the 

excitation of a resonant standing wave in a fluid body using a 

single excitation source24. In this configuration, bulk acoustic 

waves are used to excite the pressure field, and suspended 

particles will migrate to the pressure nodes or antinodes 

depending on their physical properties25-28. As the fields which 

are excited are resonant modes, and there are a limited number 

of modes available, it is very challenging to subsequently 

displace the field and as such the trapped particles, to enable 

tweezing. To gain the control over the pressure field which is 

required for tweezing, it is preferable to excite a standing wave 

field using multiple wave sources. This has been demonstrated 

using bulk acoustic wave transducers which excite counter 

propagating waves. By suppressing undesired reflections and 

altering the relative phase of excitation, a standing wave field 

can be displaced to move trapped particles over desired 

trajectories29-31.  

 

Surface acoustic waves offer an alternative excitation method, 

here a periodic pattern of electrodes, an interdigitated 

transducer (IDT), is used to excite a wave which propagates 

across the surface of a piezoelectric wafer, from where it can 

couple into an adjacent fluid body32, 33. When the fluid body is 

contained within a PDMS channel, the absorption of acoustic 

waves in the PDMS ensures that reflections of the waves are 

substantially reduced, allowing greater freedom in the design of 

the sound field34. As such a single set of electrodes can create a 

travelling wave, capable of near-field particle patterning35, 

pushing suspended particles36-38, droplets39 or fluid interfaces40, 

41. Whilst, multiple sets of electrodes can create standing waves 

for particle sorting42-45 and patterning46-49. With wave reflection 

suppressed, changes in the relative phase of wave excitation 
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allows tweezing via movement of the sound field50, 51. The use 

of more complex electrode designs offers additional 

approaches, for example, chirped IDTs allow a range of 

frequencies to be excited, so that the nodes of the sound wave 

can be displaced by change of excitation frequency52, 53.                 

 

The overriding similarity in the systems described is that a single 

frequency is used for all the waves which are excited. Even 

when tweezing is achieved by shifting the frequency of 

excitation at any given moment of operation a single frequency 

is being excited. Indeed, this condition is required to establish 

the standing waves used to trap the particles.  

 
Here we propose a new technique for acoustic tweezing by 
employing two opposing travelling surface acoustic waves with 
distinct frequencies. We show that the difference in frequency, 
a form of incoherence, means that a standing wave isn’t 
established, the interference of the two waves doesn’t cause 
nodes and antinodes to form. However, trapping can be 
achieved as, effectively, the waves act as a pair of independent 
travelling waves, with each wave exerting a pushing force on 
the particles in opposing directions. The strength of the force 
generated by each wave is spatially varying due to attenuation, 
as such a single stable force potential minimum is achieved. This 
enables stable particle trapping, at the location at which each 
opposing force has the same magnitude.  We term this new 
form of acoustic trap DOTSAW, as it arises from decaying 
opposing travelling surface acoustic waves.  As well as creating 
a single trapping location in which all particles are gathered 
(rather than the multiple periodic trapping of a standing wave), 
this approach also offers the advantage of simple displacement 
of the particles once trapped, the prerequisite for tweezing, by 
adjustment of the relative amplitudes of the waves.  Finally, the 
difference in frequency required between the waves is so small 
that it falls within the bandwidth of a linear IDT set, so there is 
no need for chirped IDTs which are non-optimal in terms of 
energy transduction efficiency. To demonstrate this, we show 
that 5 µm radius particles can be manipulated to any desired 
position across the width of a channel (so transverse to the 
flow) by modulating the amplitude ratio between the opposing 
identical transducers, and we characterise the relationship 
between location and relative power. Experimentally, the 
system provides large spatial range (>400 µm) along with 
excellent accuracy (±10 µm). 

 

Fig. 1 Sketch of the DOTSAW device operating principle: Accurate positioning of 

particles can be achieved through an acoustic field created by two opposing sets of 

interdigitated transducers (IDTs) on a piezoelectric lithium niobate (LN) substrate. 

The different coloured particles represent the trajectories the particle take under 

different operating conditions.  

System principle 

A surface acoustic wave (SAW) is generated when an alternating 

current (AC) electrical signal is applied to the IDTs patterned on 

a piezoelectric substrate. When driven at the frequency given 

by 𝑓 = 𝑐𝑠/𝜆𝑆𝐴𝑊 , where 𝑐𝑠 is the sound speed of the surface 

wave on the substrate and 𝜆𝑆𝐴𝑊  is the distance between 

periodic features in the IDTs, the mechanical displacements 

emanating from one set of finger pairs constructively interfere 

with those emerging neighbouring ones, resulting in a high-

displacement SAW.  

 

The resulting surface wave will efficiently travel along the 

surface of the substrate with minimal loses.54 If however a fluid 

is located on the substrate, energy will “leak” from the surface 

wave into that fluid. This coupling of energy into the fluid, 

resulting in a wave emerging from the substrate at the Rayleigh 

angle,55 in turn causes an exponential decay in the amplitude of 

the surface acoustic wave. The attenuation coefficient of this 

decay, 𝐶𝑑 , is given by:14, 56  

 

 𝑪𝒅 =
𝝆𝟎𝒄𝟎

𝝆𝑳𝑵𝒄𝑳𝑵𝝀𝑺𝑨𝑾
      (1) 

 
where 𝜌0 and 𝜌𝐿𝑁  are the density of water and lithium niobate 
substrate respectively, 𝑐0 and 𝑐𝐿𝑁  are their respective sound 
speed, and 𝜆𝑆𝐴𝑊  is the SAW wavelength. 

 

The coupling of energy into the fluid is essential for 

acoustofluidic applications; as it is the waves passing through 

the fluid which affect suspended particle and fluid behaviour. In 

the case of particle manipulation the force field arises from the 

time average of the pressure squared and fluid particle velocity 

squared terms at any given location, with the acoustic radiation 

force, 𝑭𝑟𝑎𝑑 , being given by:57 
 

 𝑭𝑟𝑎𝑑 = −𝛁𝑈𝑟𝑎𝑑  (2a) 

 𝑈𝑟𝑎𝑑 =
4𝜋

3
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𝜅0〈𝑝𝑖𝑛
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 𝑓1(�̃�) = 1 − �̃�, 𝑤𝑖𝑡ℎ �̃� =
𝜅𝑝

𝜅0
 (2c) 

 𝑓2(�̃�) =
2(�̃� − 1)

2�̃� + 1
, 𝑤𝑖𝑡ℎ �̃� =

𝜌𝑝

𝜌0
 (2d) 

 

where 𝑈𝑟𝑎𝑑  is the acoustic potential, 〈𝑝𝑖𝑛
2 〉 and 〈𝑣𝑖𝑛

2 〉 are the 

temporal average second ordered fluid pressure and velocity at 

the particle’s location, and 𝜅 and 𝜌  are the compressibility and 

density, respectively, of the particle or the fluid with the 

subscript p or 0 accordingly. This equation assumes that the 

particles are below the Rayleigh limit, meaning that they are 

considerably smaller than the wavelength. There are however 

some issues around the application of it certain sound fields, 

firstly Settnes and Bruus54 who derived the equation for viscous 

fluids noted that it is only the imaginary parts of factors f1 and 

f2 (arising from viscous effects) which contribute to the force in 

a travelling wave, whilst Gor’kov, who, like us, assumes the fluid 

is inviscid noted directly an issue with application to plane 

travelling waves58. As a result we apply the formula with care, 
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in this section we examine the way that terms from each of the 

two waves are connected in the force expression after time 

averaging. When the solution relates to plane travelling waves, 

as Settnes and Bruus predict, in the absence of viscosity we 

calculate a zero force, however the key here is understanding 

how the time averaging is affected by a frequency shift to one 

of the waves at a conceptual level, rather than the actual force 

calculated. We do, however, calculate the force in the Results 

and Discussion section, but in that case we do not have pure 

plane travelling waves as there is an attenuation term included, 

so a non-zero value is obtained for the travelling wave case, 

further validation is offered by comparison with the 

experimental data.   

 

There have been two main approaches to using surface acoustic 

waves to manipulate particles the first uses a single IDT source 

and the emerging travelling surface acoustic wave (TSAW) to 

couple into the fluid, the result is the migration of particles away 

from the source59. The second approach uses two IDT sources 

which produce counter propagating waves at the same 

frequency, the interference of which yields a standing surface 

acoustic wave (SSAW), it too couples into the fluid, where the 

result is a form of standing acoustic field. In this case particles 

are held in periodic locations due to the periodicity of the 

standing wave32 . Hence, the addition of the second surface 

acoustic wave makes a large difference to the nature of the 

force field, going from mono-directional to periodic. The reason 

lies in the relationship of the acoustic radiation force with the 

pressure and particle velocity squared, this non-linearity means 

that whilst the pressure field from the two waves can be linearly 

superposed, the resultant forces from the two waves cannot. 

 

Two counter propagating waves (for this discussion we ignore 

the decay in amplitude) can be expressed mathematically in 

terms of the velocity potential, 𝚽, as: 

 
 𝚽a = 𝜙𝐴ei(𝜔𝑎𝑡−𝑘𝑎𝑥) (3a) 

  𝚽𝑏 = 𝜙𝐵𝑒𝑖(𝜔𝑏𝑡+𝑘𝑏𝑥) (3b) 

 

Where 𝜙𝐴and 𝜙𝐵  are the peak amplitudes, 𝑘𝑎  and 𝑘𝑏  the 

wavenumbers and 𝜔𝑎  and 𝜔𝑏  the angular frequencies. The 

pressure can then be calculated using 𝑝 = 𝜕𝚽/𝜕𝑡   and 

summed to give:  

 
 𝑝 = 𝜌𝜙𝐴𝑖𝜔𝑎𝑒𝑖(𝜔𝑎𝑡−𝑘𝑎𝑥) + 𝜌𝜙𝐵𝑖𝜔𝑏𝑒𝑖(𝜔𝑏𝑡+𝑘𝑏𝑥) (4) 

 

what is important for this discussion is that in summing the 

pressures, a linear process, the subscript a terms are clustered 

together, as are the subscript b terms. The next stage in 

calculating the component of the force potential related to 

〈𝑝2〉 , is to square the real component of the pressure, here the 

terms have been expanded out so the time components are 

clearly stated which gives rise to the rather unwieldly:  

 

 

 

[ℜ(𝑝)]2

= 𝜌2𝜙𝐴
2𝜔𝑎

2[sin2 𝜔𝑎𝑡 cos2 𝑘𝑎𝑥

+ cos2 𝜔𝑎𝑡 sin2 𝑘𝑎𝑥

− 2 sin 𝜔𝑎𝑡 cos 𝑘𝑎𝑥 cos 𝜔𝑎𝑡 sin 𝑘𝑎𝑥] 

+𝜌2𝜙𝐵
2 𝜔𝑏

2[sin2 𝜔𝑏𝑡 cos2 𝑘𝑏𝑥

+ cos2 𝜔𝑏𝑡 sin2 𝑘𝑏𝑥

− 2 sin 𝜔𝑏𝑡 cos 𝑘𝑏𝑥 cos 𝜔𝑏𝑡 sin 𝑘𝑏𝑥] 

+2𝜌2𝜙𝐴𝜙𝐵𝜔𝑎𝜔𝑏[sin 𝜔𝑎𝑡 cos 𝑘𝑎𝑥 sin 𝜔𝑏𝑡 cos 𝑘𝑏𝑥

+ sin 𝜔𝑎𝑡 cos 𝑘𝑎𝑥 cos 𝜔𝑏𝑡 sin 𝑘𝑏𝑥

− cos 𝜔𝑎𝑡 sin 𝑘𝑎𝑥 sin 𝜔𝑏𝑡 cos 𝑘𝑏𝑥

− cos 𝜔𝑎𝑡 sin 𝑘𝑎𝑥 cos 𝜔𝑏𝑡 sin 𝑘𝑏𝑥] 

(5) 

 

Here the key feature is that in the third square bracket there are 

terms with both a and b subscripts, so in contrast to the linear 

pressure, the effect of wave a and b can’t simply be added.  

 

In performing the time average, cos2 𝜔𝑡 will become 1/2 (as 

cos2 𝐴 =
1

2
+

1

2
cos 2𝐴), whilst cos 𝜔𝑡 sin 𝜔𝑡 is equated to zero 

(cos 𝐴 sin 𝐴 =
1

2
sin 2𝐴). Hence, when 𝜔𝑎  is set to be equal to 

𝜔𝑏, then the time average of the pressure squared is given by: 

 
 〈𝑝2〉 = 2𝜌2𝜙2𝜔2 cos2 𝑘𝑥 (6) 

 

which shows the spatial periodicity related to the standing wave 

produced by two counter propagating waves of equal 

frequency. For a discussion of the role of decay in this case see 

a previous studies.42 

 
If the frequencies of the two waves differ, then 
the cos 𝜔𝑎𝑡 cos 𝜔𝑏𝑡 and the sin 𝜔𝑎𝑡 sin 𝜔𝑏𝑡 expressions will 
become zero upon time averaging. So all the terms within the 
third square bracket will time average to zero. Hence, there is a 
separation of the subscript a and b terms. In fact, the force 
potential related to 〈𝑝2〉 is that due to the sum of terms related 
to the two individual waves, the same is true for 〈𝑣2〉, so we can 
sum the forces from each individual wave, provided they are of 
different frequency.   

 

In this case, in which no decay is considered, the simplification 

of the expression yields to a trivial result, in that there is no 

spatial variation in the force potential, and hence no force. This 

again fits with the addition of the forces from independent 

travelling waves, in the absence of decay this force would be 

spatially uniform, hence two counter propagating waves will 

yield equal and opposite forces, thus, no net force. Here, under 

dual frequency operation, the decay of the travelling waves is 

required to impose a net force, as it introduces a spatial 

distribution in the time-averaged pressure field. Whilst the 

underlying principle of the DOTSAW system has been discussed, 

it is in the results section that a full characterisation, including 

the effect of SAW decay, is given. 

 

Methodology 
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To investigate the use of the DOTSAW system experimentally, 

suitable devices have been fabricated. Initially, a double layer of 

Chrome and Aluminium (Cr/Al, 5 nm/200 nm) were deposited 

on a photoresist patterned piezoelectric 128° Y-cut X-

propagating lithium niobate (LN) substrate. Due to its 

favourable electro-mechanical coupling efficiency, large 

substrate displacements can be generated resulting in surface 

velocities of the order of ~1 m/s, as such LN is often used in SAW 

microfluidic applications. This is followed by a lift-off process, 

resulting in two sets of opposing identical interdigitated 

transducers (IDTs). Each set of IDTs has 12 finger pairs with a 

wavelength of 50 μm and aperture of 1600 μm. A 250 nm layer 

of SiO2 was coated on the substrate (with the exception of 

electrode pads where the AC signal is applied) to promote ease 

of bonding and inhibit electrode corrosion. Note that the two 

IDT sets are identical, having the same nominal operational 

frequency, however there is enough bandwidth in the response 

to allow them to be excited at frequencies sufficiently separated 

to observe the DOTSAW effect. 

 

The microfluidic channel is composed of polydimethylsiloxane 

(PDMS) (SYLGARD® 184, Dow Corning, 1:10 ratio of curing 

agent/ polymer), fabricated using the soft lithography replica 

moulding method. The depth and the width of the 

microchannel used in this system is designed to be 25 μm and 

400 μm respectively. The fluid channel is moulded on a silicon 

template etched using conventional Bosch process deep 

reactive ion etching (Oxford Instruments PLASMALAB100 

ICP380). A hydrophobic surface layer is produced by finishing 

the etching process with a passivation step (C4F8) to ease the 

removal from the mould.  

 

The PDMS microchannel is then aligned and bonded on the LN 

substrate in between the IDTs pair after exposure to an air 

plasma (Harrick Plasma PDC- 32G, Ithaca, NY, 1000 mTorr, 18 

W). The joined surfaces were heated (70°, 10 min) immediately 

after coupling to enhance the bonding of the activated surface. 

 

To demonstrate DOTSAW performance, the SAW devices were 

used for a series of experiments conducted under a 

fluorescence microscope (Olympus BX43, Tokyo, Japan). In 

which, fluorescent polystyrene particles (Magsphere, Pasadena, 

CA, USA) of 10 μm diameter were diluted using deionised water 

(Milli-Q 18.2 MΩ cm, Millipore, Billerica, MA) with 2 % w/w 

polyethylene glycol (PEG) to prevent particle adhesion, before 

being injected into the microfluidic channel using a syringe 

pump (KD Scientific Legato 210, Holliston, MA, USA). For system 

actuation, two incoherent signals were produced by a two-

channel power signal generator (BelektroniG F20 Power Saw, 

Freital, Germany) and were applied to the two sets of IDTs to 

generate opposing SAWs at two different frequencies. A 5-

MPixel C-mount camera (PixeLink PL-B872CU, Ottawa, Canada) 

was connected to the microscope to monitor particle 

behaviour. The videos were post-processed and analysed using 

a custom MATLAB (MathWorks) program, in which the 

fluorescence intensity of the particles was profiled at the end of 

the channel to yield quantitative data about the particle 

manipulation distance for each video frame (this was conducted 

over a time frame of approximately 1 min). 

 

This experimental data is compared against numerical 

predictions. MATLAB is used to generate this numerical data, by 

evaluation of expressions describing the pressure field including 

energy decay due to coupling into the fluid, and the subsequent 

calculation of the acoustic radiation forces. The parameters 

used for this numerical study are given in the supplementary 

information.  

 

Results and discussion 

The system concept description demonstrated the difference of 

having counter propagating coherent (SSAW) and incoherent 

waves (DOTSAW). Namely, that in the latter the forces 

generated arise from a straightforward summation of terms 

arising from each individual wave. However, for the purpose of 

demonstrating this principle without additional complexity, the 

spatial decay of the waves was ignored. The result was that the 

two frequency system resulted in no net forces. Here, we use a 

numerical approach to examine the effect of this decay in both 

the equal and differing frequency scenarios. This allows the 

DOTSAW concept to be more comprehensively demonstrated.  

 

In a system with two opposing exponentially decaying traveling 

waves with the same frequency, coherent interference will 

occur and result in a standing wave. The shape of the time-

averaged pressure squared is that of a sinusoid, so displaying 

multiple troughs (Fig. 2a), the amplitude of which increases at 

each side of the field due to the proximity to the nearest IDT set. 

 

Fig. 2 Comparison of standing wave field and opposing travelling wave field. (a, b) 
show the time averaged pressure squared field for SSAW and DOTSAW respectively.  
(c, d) show the spatial variation of forces exerted on suspended particles. A zero net 
force and a negative slope in the force indicates the locations where the particles are 
collected. 
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Fig. 3  Schematic diagram showing working mechanism of particle manipulation 
using amplitude modulation of DOTSAW: (a) Equal power, (b) Lower power from the 
left, (c) Higher power from the left. 

 

Figure 2c shows the resulting force field, on a 5 µm radius 

particle, which, as with the pressure squared plot, has a strong 

periodicity. In this force field the particles can be expected to 

collect at locations corresponding to zero force and a negative 

gradient in the force profile (such that the locations are stable 

force potential minima).  

 

In contrast, the time-averaged pressure squared field which 

results from DOTSAW has a single minimum at the centre of the 

field, as shown in Fig. 2b. This results in a force field which has 

a single zero force location, Fig. 2d, meaning that all particles 

are collected in that one location. Due to the larger spatial scale 

of the time averaged pressure field, the resulting force is lower 

than that of the SSAW system, however, despite this, powers 

well below the maximum available can achieve particle 

collection.  

  

There are two key features of the DOTSAW system, firstly the 

single collection location, and secondly the ease with which this 

minimum can be translated. Fig. 3 demonstrates that by 

application of different excitation amplitudes to each of the 

IDTs, the minimum can be displaced. Whilst such displacement 

is also possible for SSAW, this requires an electrically more 

complex shift in phase or frequency.  

    

The adjustment of the relative amplitudes can cause the force 

minimum to move over a large spatial range, as shown in Fig. 4.  

 

Fig. 4 Theoretical relationship for power ratio between the opposing IDTs pair and 
particle collection locations. The relationship is linearised by applying logarithm to 
the power ratio, denoted by the green line. Data are excluded from the curve fitting 
due to the limit of the size of the channel, which is shown by the red triangles. Inset 
shows the effect of different combination of power from both IDTs pair to the 
second-order pressure squared field. The red asterisk indicates the lowest point of 
the pressure field of each power combination, which represents the locations where 
particles are collected. 

 

Here, the particle collection locations are plotted against the 

logarithmic power ratio, Γ, which is given as: 

 

 𝚪 = 𝒍𝒐𝒈𝒆 (
𝑷𝒂

𝑷𝒃
)

𝟐

 (8) 

 

where the power input is equivalent to the square of pressure 

amplitude ratio. As shown in the plot, after the exclusion of the 

data which is out of bounds, which occurs when the trapping 

location is outside the channel dimensions (red triangles), a 

linear relationship exists between 𝑥, the distance from the 

midpoint between the two IDTs to the trap, and the power ratio. 

This is shown to be related directly to the decay term, such that, 

for frequencies which differ only slightly: 

 

 𝑥 = −
Γ

4𝐶𝑑
, (9) 

 

Using this relationship, we can accurately control the particles 

position by changing the power ratio between the two opposing 

IDTs. The inset in Fig. 4 shows the source of the data in the main 

graph, of the time-averaged pressure is shown for each 

amplitude combination, with the minimum denoted by a red 

asterisk, the actual powers used (for each power ratio) have 

been chosen such that each line can be clearly seen. The effect 

of coherence of the pressure sources on the particle trajectories 

is examined experimentally and illustrated in Fig. 5.  
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Fig. 5 Stacked images of particle trajectories from experiments. (a) SSAW field, with 
f1=f2=76 MHz; where multiple equidistant particle trapping location can be seen. (b) 
DOTSAW field, with f1=75.8 MHz and f2=76.2 MHz; where particles are focused to the 
channel centre. 

 

For coherent sources, where the SAW generated has constant 

phase difference and identical frequency, fluorescent particles 

exit the channel in an ordered manner along multiple routes 

separated by the same distance (Fig. 5a) as predicted in Fig 2c. 

 

In contrast, for the scenario of incoherent sources, particles are 

seen to be displaced towards a single location (the channel 

centre) from each side, that is by both incident travelling waves 

(Fig. 5b). The frequencies applied to each of the IDT sets is 76.2 

MHz and 75.8 MHz respectively, while the input power is equal 

for both at 508 mW. In this case the behaviour matches that 

predicted in Fig. 2d. 

 

To show that the particle position can be manipulated, different 

power ratios were applied to the opposing IDTs pair. This was 

achieved by fixing the power input of the top IDTs set, while 

manipulating the bottom IDTs set’s power input and the same 

procedure is repeated but with the connections to the IDTs 

reversed. One input power is fixed at 508 mW, whilst the other 

has a range from 508 mW to 1640 mW, with the interval of 

~100mW are investigated in the experiments.  A rainbow 

stacked image (Fig. 6) shows a series of particle trajectories 

affected by the power ratio. Each colour represents particle 

motions with different power ratios, with red, orange, yellow, 

green, blue, indigo and violet showing logarithmic power ratio 

of 2.22, 1.80, 0.36, 0, -0.67, -1.39 and -2.34 respectively. Note 

separate images were acquired for the trajectories arising from 

each power ratio, the colour of each image was then adjusted 

so that when stacked the difference in trajectory is clearly seen. 

This superimposed image successfully shows that the particles 

affected by the DOTSAW field can be focused and be 

manipulated to any location by using amplitude modulation. As 

such, tweezing, of all particles in the fluid, at controlled 

locations is achieved. Once displaced the signals can be altered 

to the standard scenario of identical frequency, to tighten the 

lines formed, by utilising the higher forces predicted in Fig 2. In 

this scenario DOTSAW provides a collection mechanism and an 

easy translation capability, whilst SSAW would hold the 

particles in their final or intermediate location.  

 

Video analysis is performed to quantify the particle collection 

data. Fig. 7 shows the relationship between the experimental 

logarithmic power ratio with the exit location of the particles as 

well as the theoretical variation of the particle position 

calculated. One can observe from the experiments that the 

particle exit location changes almost linearly as a function of 

logarithmic power ratio, and experimental data has good 

agreement with the theoretical prediction of the particle 

position. The small discrepancies between the experimental 

and the theoretical data may be due to the inaccurate pressure 

amplitude when associated with the particle exit location in the 

experiments. One of the factors that can cause this is that the 

power input by the signal generator may not be the same as the 

power utilised by the IDTs, hence affecting the actual pressure 

field that determines the particle trapping location. Another 

reason for the disparities is due to the position of the fluid 

channel. If the microchannel is slightly off-centred and become 

asymmetrical, there will be a difference in how much the wave 

amplitude attenuated in the PDMS layer before reaching the 

fluid channel, thus causing error in comparing the particle 

collection location from the same power input. This inaccuracy 

can be diminished by minimising the amplitude attenuation due 

to the lossy SAW transmission at LN-PDMS interface using an 

air-filled chamber to completely enclose the IDTs prior to the 

liquid channel60.  

 

Fig. 6 Rainbow figure from superimposed images of particles motions. The trajectories correspond to different power ratios (Red: 2.22, Orange: 1.80, Yellow: 0.36, Green: 0, 
Blue: -0.67, Indigo: -1.39, Violet: -2.34) 
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Fig. 7 Experimental particle collection location data as a function of logarithmic 
power ratio applied and the theoretical location calculated in Fig. 4.  

 

Nonetheless, the linear relationship offers accurate prediction 

of the final position of the particle subjected to amplitude 

modulation. As a result, the particles can be transported and 

positioned precisely at the locations required for analytical 

processes in lab-on-a chip systems.  

 

It is important to note that the range of the lateral displacement 

of particles affected by DOTSAW field is limited by the size of 

the channel or the space in between the IDTs pair, and the 

sensitivity of the system depends on the average power input 

to the IDTs.  

Conclusions 

Particle manipulation using amplitude modulation has been 

successfully demonstrated via the use of a novel pressure field 

that combines two opposing travelling waves without the 

formation of a standing wave component. This phenomenon 

exploits the nature of superposition of incoherent decaying 

waves with different frequencies. Such pressure field utilised 

the tractability of the force potential well to allow dynamic 

control of particle position. The suspended particles are 

deflected from both sides of the channel that is affected 

opposing travelling wave and are trapped at the stable pressure 

well location which is determined by the point where the 

energy from both waves are balanced. We demonstrate this 

principle with the simultaneous position control of 5-µm-radius 

particles using different power ratio. With the ability to 

manoeuvre particles with high sensitivity and range, we 

anticipate that this system can be implemented in a broad range 

of applications, such as cytometry, isolation of rare cells, cell 

focusing and patterning. In addition, it can be easily integrated 

into a miniature fluorescence-activated cell sorting (µFACS) 

system by incorporating fluorescent detection and high speed 

electrical feedback modules. 
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