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Abstract: An emerging demand for the precise manipulation of cells and particles for 
applications in cell biology and analytical chemistry has driven rapid development of 
ultrasonic manipulation technology. Compared to the other manipulation technologies, 
such as magnetic tweezing, dielectrophoresis and optical tweezing, ultrasonic manipulation 
has shown potential in a variety of applications, with its advantages of versatile, 
inexpensive and easy integration into microfluidic systems, maintenance of cell viability, 
and generation of sufficient forces to handle particles, cells and their agglomerates. This 
article briefly reviews current practice and reports our development of various ultrasonic 
standing wave manipulation devices, including simple devices integrated with high 
frequency (>20 MHz) ultrasonic transducers for the investigation of biological cells and 
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complex ultrasonic transducer array systems to explore the feasibility of electronically 
controlled 2-D and 3-D manipulation. Piezoelectric and passive materials, fabrication 
techniques, characterization methods and possible applications are discussed. The behavior 
and performance of the devices have been investigated and predicted with computer 
simulations, and verified experimentally. Issues met during development are highlighted 
and discussed. To assist long term practical adoption, approaches to low-cost, wafer level 
batch-production and commercialization potential are also addressed.  

Keywords: ultrasonic manipulation; high frequency; array; piezocrystals; screen-printing  
 

1. Introduction 

In recent decades, precise control of bioparticles, biomolecules and biological cells has become 
increasingly important in life sciences and medicine, with applications emerging in fields such as 
biochemical analysis, cell separation and sorting, study of cell mechanisms, and tissue engineering. 
Following this demand, particle manipulation technologies have been developing actively.  

One existing approach is to utilize contact-mediated forces applied to targets directly by mechanical 
tools, e.g., micropipettes [1], atomic force microscopes [2] and micro-grippers [3]. However, direct 
mechanical intervention can cause problems with mechanical damage to the fragile structure of cells or 
tissues, and difficulty in handling large numbers of targets. Contactless micromanipulation techniques, 
such as magnetic tweezing (MT) [4], dielectrophoresis (DEP) [5], optical tweezing (OT) [6], and 
ultrasonic manipulation (USM) [7] therefore have significant advantages, creating moderate forces to 
drive particles towards equilibrium states at local potential energy minima without any direct, physical 
contact. Besides individual manipulation techniques, attention has also been given to combining 
multiple contactless techniques in single systems, taking advantage of the particular properties of  
each technique, e.g., integrating USM and DEP [8], and USM and OT [9,10] to achieve precise 
manipulation of individual cells whilst simultaneously maintaining high throughput. 

Generally, all the contactless micromanipulation techniques provide relatively high ability to select 
specific types of particles as the forces they generate depend strongly on the mechanical properties of 
the particles and surrounding media, i.e., magnetic susceptibilities in MT, dielectric constants in DEP, 
refractive indices in OT, and densities and compressibilities in USM. Table 1 outlines qualitatively the 
capabilities of the contactless micromanipulation techniques, in terms of particle sizes and numbers 
that can be handled, the typical range of forces that can be produced or measured, preparation of 
particles such as labelling or seeding required before operation, particle contrast, range of acceptable 
media, spatial precision, range of the operation field, biocompatibility and system integration. 

One critical requirement of MT is that the particle should have either an induced or permanent 
magnetization. Only two types of cells are naturally magnetic, i.e., red blood cells and magnetotactic 
bacteria [11]. Therefore, other cells have to be labelled or seeded externally or internally with 
paramagnetic [12] or magnetic particles [13]. Hence, magnetic tweezers are usually used for 
manipulation of non-biological objects.  
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Table 1. Outline capabilities of important contactless micromanipulation techniques. 

 MT  
[4,11,14–17] 

DEP  
[16,18–22] 

OT 
[16,23–28] 

USM 
[7,16,29–41] 

Particle sizes 

<1 µm Yes Poor Yes Poor 
1–10 µm Yes Yes Yes Yes 
10–50 µm Yes Yes Poor Yes 
>50 µm Yes No No Yes 

Typical force scale pN–nN  pN fN–pN pN–nN 
Particle preparation Yes No No No 

Handling large numbers of particles Yes Yes Poor Yes 
Handling individual particles Yes Yes Yes Poor 

Basis of particle contrast Magnetic 
susceptibility 

Dielectric 
constant 

Refractive 
index 

Density and 
compressibility 

Range of acceptable media Wide Poor Wide Wide 
Spatial precision Medium Medium High Low 

Range of operating field Long Short Short Long 
Biocompatibility Poor Fair Fair Good 

Challenge of system integration Low Low High Low 

The advantages of using DEP compared with USM for micromanipulation are its reasonable 
precision and the relative ease of individual particle manipulation. However, to achieve these 
capabilities, a very small distance between the electrodes is required to provide the necessary gradients 
in the electric field, which reduces the dimensions of the field of operation, increases the risk of 
clogging, and brings more difficulties in fabrication. Moreover, conventional cell culture media show 
good electric contrast and hence their high conductivities may cause significant Joule heating [22], 
raising difficulties in long-term handling of cells. Researchers have also suggested that electric fields 
may potentially directly interact with cells via voltage-gated ion channels [42], and both high strength 
electric fields and low DEP-relevant frequencies affect cell physiology [43].  

The main advantages of OT over USM are its high spatial precision and the ability to manipulate 
nanometre-sized particles and measure forces in the pN range [23,25]. However, in biological 
applications, the high energy of focused lasers has often induced local heating of the media and 
photodamage of cells, hence reducing measurement sensitivity and cell viability [17]. Furthermore, the 
complicated instrumentation brings difficulty in miniaturization and integration with other systems, 
especially for more complex manipulation applications.  

Of the contactless techniques, USM offers several potential advantages. These include ease of 
integration into microfluidic systems at low cost, maintenance of cell viability, and generation of 
forces of the amplitudes necessary to handle particles and cells with dimensions up to a few tens of 
microns and agglomerates of hundreds or thousands of particles. With these advantages, several 
biological and medical applications employing ultrasonic standing waves have been demonstrated, 
including cell filtration, washing and sorting [44–49], cell patterning and immobilization [35,39,50], 
culturing and proliferation of cells in suspension [51,52], capture and accumulation of microbubbles at 
a target site [53], sensitivity improvement of biosensors and bioassays [54–57], and efficiency 
enhancement of in vitro sonoporation [58,59]. Existing USM devices have valuable capabilities but are 
limited in terms of forces that can be produced and measured, have constrained trapping sites due to 
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enclosure resonances and device geometries, and involve fabrication complexity which negatively 
affects progress towards mass production and commercialization.  

The limitations that have been outlined have motived the research reported here. Firstly, two 
approaches to increase the force amplitude have been investigated with the aim of exploring the 
feasibility of cell biology applications studies of cell motility, by: (1) increasing the operating 
frequencies of the devices and (2) increasing the acoustic pressure gradients. Secondly, the integration 
of ultrasonic transducer arrays in USM devices has been investigated with the aim of overcoming the 
reliance on device resonance limitations imposed by geometry and to open avenues to extend precise 
manipulation to multiple dimensions. Finally, several well established fabrication techniques from 
other domains of technology have been explored with the aim to reduce the manufacturing 
complexities of ultrasonic manipulation devices to move towards mass production. In this paper, all 
reported USM devices and the related discussion are those in which the nodal planes are parallel to the 
piezoelectric transducer [60,61], rather than surface acoustic wave (SAW) based devices and other 
configurations which can excite other resonances.  

2. Theory 

Small particles suspended in standing acoustic wave fields experience non-zero time averaged 
forces produced by gradients in the energy densities in the field and scattering of the field from the 
particles [16]. In the acoustics literature, the phenomenon has been referred to as acoustic “radiation 
pressure” [62,63] or “radiation force” [64], although it is closely analogous to the “gradient force” 
discussed in the OT community [6]. In this paper, in line with acoustics usage, we refer to these forces 
as radiation forces. Figure 1 shows two main kinds of acoustic radiation forces set up in an ultrasound 
(US) standing wave (USW) field in a multilayer planar resonator [60,61]: primary radiation force 
(FPRF) and secondary radiation force (FSRF).  

Figure 1. Schematic diagrams of FPRF (red arrows) and FSRF (brown dotted arrows) on 
three stiff and heavy spheres in a fluid subject to an ideal 1-D US field, (a) particles moved 
towards pressure nodal plane by large FPRF; (b) FPRF decreases and FSRF increases during 
the movement; and (c) an agglomerate is formed and trapped in a pressure nodal plane. The 
lengths of the arrows are adjusted for clarity and omitted in the agglomerate. 

 

FPRF is caused by the primary US field that is introduced into the medium and drives the particles 
towards the pressure nodes or antinodes of the USW field. FSRF is produced by mutual interactions 
between particles if they are close to each other in an US field. This means that the values of FSRF are 
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