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Abstract 
Acoustofluidic platform has great potentials to integrate capillary tubes for controlling and 
manipulating microparticles and biological cells in both non-flowing and continuous-flow 
settings. In order to effectively manipulate microparticles/cells inside capillary tubes, it is 
essential to fully understand and control the patterns generated inside the capillary tubes with 
different cross-sections, and to investigate the influences of configuration and position 
arrangement of electrodes along with the capillary tubes. This paper aims to systematically 
investigate the patterning and alignment of microparticles inside glass capillary tubes using 
thin film surface acoustic wave (SAW) devices. Through both experimental studies and 
numerical modelling, effects of various cross-section geometries of the capillary tubes and their 
positioning with respect to the direction of interdigital transducers (IDTs) of the SAW device 
in both a stationary fluid and a continuous flow fluid were studied. Results showed that for the 
rectangular glass capillary tubes, the patterned lines of particles are parallel to the tube’s side 
walls, irrelevant to the tube positions along with the IDTs, which is mainly caused by the 
standing wave field generated inside the rectangular glass tube. Whereas for the circular glass 
capillary tubes, alignment patterns of particles are quite different along the tube’s height. At 
the bottom of the circular tube, particles are patterned into lines parallel to the tube direction, 
because the acoustic waves propagate into the water and form a standing wave along the 
direction of the circular tube. Whereas at the middle height of the tube, the particles are 
patterned into lines perpendicular to the tube direction, because the formed standing waves also 
propagate around the circular cross-section of the tube and are perpendicular to the tube 
direction. For the cases with a continuous liquid flow, under the agitation of acoustic waves, 
particles are patterned in lines parallel to the flow directions for both the rectangular and 
circular glass tubes, and the fluid flow enhances and smoothens the patterned lines of the 
particles. 

Keywords: Acoustic Manipulation; Capillary Tubes; Particle Patterning; Acoustofluidics; 
Numerical Simulation; Thin Film SAW Devices. 
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Nomenclature 

Latin Symbols Units (SI) Names 
𝐴! m wave’s displacement amplitude in the 𝑥 direction 
𝐴" m wave’s displacement amplitude in the 𝑦 direction 
𝐶𝑑 - wave attenuation coefficient 
𝑐# m/s wave speed in the fluid 
𝑫 N viscous drag force 
𝑑 m particle diameter 
𝐸 N/m2 Young’s modulus 
𝑭$% N acoustic radiation force 
𝐹𝐴𝑅𝑥 N acoustic radiation force in the 𝑥 direction 
𝑭) N/m3 load per unit volume 
𝑘 - wavenumber 
𝑃*+ Pa acoustic pressure amplitude 
𝑃,- Pa acoustic pressure field of the incoming wave 
𝑹 m position vector 
𝑟 m particle radius 
𝑼# m/s fluid velocity vector 
𝑼. m/s particle velocity vector 
𝑼) m solid displacement vector 
𝑢!/0*11 m/s SAW velocity in the 𝑥 direction 
𝑢"/0*11 m/s SAW velocity in the 𝑦 direction 
𝑽,- m/s velocity field of the incoming wave 
𝑊 m width of the fluid channel 
𝑥 m particle distance from the nearest pressure node 
   
Greek Symbols Units (SI) Names 
β rad angle between the capillary tubes and the IDTs 
𝛽# m2/N fluid compressibility 
𝛽. m2/N particle compressibility 
𝛿 m thickness of the viscous, acoustic boundary layer 
𝜺 - strain tensor 
𝜁 - ratio of the displacement amplitudes 
𝜆 m wavelength 
𝜇# Pa.s fluid viscosity 
𝜌# kg/m3 fluid density 
𝜌. kg/m3 particle density 
𝝈 Pa stress tensor 
𝜏. s particle characteristic time 
∅) - acoustic contrast factor 
𝜔 Hz wave’s angular frequency 
   
Other Symbols Units (SI) Names 
∀. m3 particle volume 
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Abbreviations Names 
ARF acoustic radiation force 
DC direct current 
DI deionised 
FEM finite element method 
IDT interdigital transducer 
LiNbO3 lithium niobate 
PDMS polydimethylsiloxane 
PMMA polymethyl methacrylate 
RF radio frequency 
SAW surface acoustic wave  
SSAW standing surface acoustic wave 
ZnO zinc oxide 

   

1 Introduction 

Conventional acoustofluidic platforms are usually comprised of microfluidic elements (such as 
microchannel) and acoustic elements (such as ultrasonic or acoustic wave devices) [1, 2]. These 
platforms have been utilized for contact-free manipulation, patterning, sorting [3-5] and 
separation [6-9] of microparticles and biological cells, in various chemical and biomedical 
applications including cell studies [10], cancer diagnosis and tissue engineering [1, 11-14]. 
Microfluidic elements, i.e., microchambers and microchannels, are usually fabricated in a 
clean-room environment using materials such as polydimethylsiloxane (PDMS) [3-5, 8, 9], 
silicone elastomer [15], polymethyl methacrylate (PMMA) [16, 17], or glass [7, 18, 19]. 
Alternatively, capillary tubes have also been integrated with acoustic devices and used to trap 
[20-28], focus [29-35], align and pattern [36-40], separate [41, 42], deform [43], enrich [44, 
45], arrange [46], and manipulate [47] microparticles and biological cells [48].  For example, 
Lata et al. [36] and Lisa et al. [46] used capillary tubes to immobilise biological cells in a cured 
gel to form a fibre with fixed positions of the cells. Mishra et al. [43] performed deformation 
of red blood cells using acoustic radiation forces inside a capillary tube.  

For continuous-flow applications, Raiton et al. [20], Gralinski et al. [21], O’Mahoney et al. 
[22], and Hammarström et al. [23-25] used capillary tubes with circular [20, 21], square [22], 
and rectangular [23-25] cross-sections to trap microparticles within a flowing liquid, with the 
direction of the acoustic radiation force opposite to the liquid flow direction. Glynne-Jones et 
al. [26] utilised a one-dimensional piezoelectric array to trap microparticles at the centreline of 
a capillary tube with a rectangular cross-section and then transported them along the length of 
the tube. Fornell et al. [27] successfully trapped hydrogel droplets inside a rectangular capillary 
tube using acoustic forces. Fornell et al. [28] demonstrated “binary trapping” of microparticles 
based on their densities in a high-density fluid inside a capillary tube with a rectangular cross-
section. Early studies of acoustic focusing of microparticles inside capillary tubes with circular 
and square cross-sections have been done by Goddard et al. [29] and Perfetti et al. [30], 
respectively. Li et al. [32], and Lei et al. [34, 35] used two piezoelectric transducers to perform 
two-dimensional microparticle focusing inside square and circular capillary tubes. For 
biological applications, Galanzha et al. [31] and Gonzalez et al. [33] used acoustic waves to 
focus and enrich blood cells inside capillary tubes with circular and square cross-sections. 
Additionally, Piyasena et al. [40] developed an acoustofluidic device for patterning and 



4 
 
 

 

alignment of microparticles using rectangular capillary tubes. They were successful in aligning 
microparticles with different sizes into parallel lines inside the capillary tube.  

The capillary tubes, are generally disposable, low-cost, optically transparent, and easy to use 
within the acoustofluidic setups. They also offer high acoustic quality and do not require 
additional bonding of various acoustofluidic components [48]. They are normally made of glass 
[21-36, 38-41, 43-47], but sometimes polyimide [37] and cellulose [20]. Capillary tubes have 
various cross-section shapes, such as circular [20, 21, 29, 31, 34-36, 41, 46, 47], square [22, 
30, 32, 33, 37, 39, 41, 43] and rectangular [23-28, 38, 40], which makes them good candidates 
for various acoustofluidic applications [48]. 

To understand the mechanisms and principles of particle manipulation inside capillary tubes, 
there have been a few studies on modelling of the acoustofluidics platforms integrated with 
capillary tubes [22, 23, 38, 43, 44, 47]. For example, Gralinski et al. simulated effects of 
different configurations of piezoelectric transducers connected to a circular glass capillary for 
particle trapping [21, 49]. Ley and Bruss performed three dimensional numerical modelling of 
particles trapped inside a glass capillary tube with a rectangular cross-section [50]. Bach and 
Bruus further proposed a theory for particle trapping inside glass capillary tubes with arbitrary 
cross-sections [51]. Additionally, the convective flow and heat transfer [52], natural [53] and 
mixed [54] convections, and hydrodynamic stability of heat transfer [55] inside vertically 
positioned circular capillaries induced by various heat sources have been theoretically analysed 
and numerically modelled. 

Capillary tubes are the potential substitutes for the conventional microchannels and can be 
easily integrated with surface acoustic wave (SAW) devices either without a liquid flow (for 
example, in a closed chamber) or in a continuous-flow condition for manipulating 
microparticles and cells. They can also be used to produce particles or cell fibres embedded 
inside a cured gel. However, various patterns generated using different cross-sections of 
capillary tubes, or positioning the capillary tubes along different directions compared with the 
SAW electrodes, have not been systematically studied. Moreover, previous studies have been 
focused on rigid SAW devices based on the brittle lithium niobate (LiNbO3) for enriching [44], 
aligning [36], and patterning [37] microparticles and cells. Whereas so far there are no any 
reports using flexible thin film SAW devices, which have advantages such as easy integration 
with microelectronics and other technologies, high power and high speed capabilities [56], and 
potential applications in flexible microfluidic platforms, body conforming wearable devices, 
and  soft robotics [57-60].  

In this paper, we systematically studied the patterning and alignment of microparticles inside 
glass capillary tubes using a zinc oxide (ZnO) thin-film-based flexible SAW device and 
capillary tubes with circular or rectangular cross-sections and at different tube positioning 
angles relative to the direction of the IDTs, as illustrated in Figure 1. We performed 
experiments to study the particle patterning inside capillary tubes with different cross-sections 
using three different sizes of rectangular (Figure 1(a-1)) and circular (Figure 1(b-1)) capillary 
tubes. We also investigated the effects of positioning the tubes on the SAW device at different 
angles in relation to the IDT directions (β). Additionally, we used both the rectangular and 
circular capillary tubes in a continuous-flow setup (Figures 1(a-2) and (b-2)) and studied the 
effects of flow rates on the particle patterning and alignment inside the tube. We also developed 
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computational models of the acoustofluidic platform and capillary tubes to explain the 
observed particle patterns. 

(a-1)  (b-1)  

(a-2)  (b-2)  

Figure 1 Schematic illustrations of particle patterning inside glass capillary tube with (a) rectangular and (b) circular cross-
section with an incline angle regarding the direction of IDTs; (1) without flow and (2) with continuous flow in the capillary 
tubes. To transfer the wave energy from the SAW device into the glass tube, a water droplet of ~1.0 µL was added under 
the tube. 

2 Experimental Details 

To visualise particle patterning under the effect of SAWs, glass capillary tubes with a length 
of ~2 cm and various cross-sections of rectangular (with three sizes of 4.5 mm × 1.0 mm, 
3.5 mm × 0.8 mm, and 2.3 mm × 0.5 mm which was mainly used for continuous-flow 
experiments) and circular (with diameter of 1.0 mm) were placed on the SAW device’s surface. 
Deionised (DI) water droplet of ~1.0 µL was added under the glass tube to effectively transfer 
the wave energy from the SAW device into the glass tube. The glass capillary tube was then 
filled with a suspension of DI water with silica microparticles (with a diameter of 5 µm and a 
density of 1900 kg/m3). To further study the formed patterns in a continuous flow of DI water 
in the tube, the fluid/particle mixture was pumped into the glass capillary tubes using a syringe 
pump (ExiGo pump) at the inlet and the mixtures was collected into a vial at the outlet. A 
continuous flow rate of 0.2 µL/s was applied. 

The SAW devices were fabricated by depositing ZnO film (with a thickness of ~5 µm) onto an 
aluminium foil substrate (thickness of 50 µm) using a direct current (DC) magnetron sputter 
(NS3750, Nordiko) [12, 61]. The interdigital transducers (IDTs, made from 20/100 nm thick 
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of Cr/Au) of the SAW devices were fabricated using a standard photolithography and lift-off 
process. The designed IDTs had a wavelength of 160 µm and a frequency of 13.12 MHz. A 
radio frequency (RF) function generator (AIM-TTI Instruments TG5011A) was connected to 
an amplifier (Amplifier Research 75A) to generate the RF signals to drive the IDTs of the SAW 
device at its resonant frequency. A video camera (iDS, UI-3880CP-C-HQ-R2) was used to 
capture the motions of the fluid and the microparticles. The open-source image processing 
software “ImageJ” was used to post-process the recorded images and to measure the line 
distances. 

3 Theoretical Analysis and Simulation Details  

3.1 Theoretical Analysis 

When two SAWs with the same frequency and amplitude travelling in the opposite directions 
meet each other, their constructive or destructive interferences superpose, thus generating 
standing SAWs (SSAWs). As the SAWs come into contact with the fluid, the acoustic energy 
is dissipated into the fluid and an acoustic field is generated inside the liquid. The particles 
suspended in the fluid are then subjected to acoustic radiation forces [62]. The acoustic 
radiation force (ARF) was first calculated analytically by King [63]. He presented the ARF on 
rigid spheres suspended in an ideal liquid (no viscosity) using perturbation methods. The 
calculations were broadened to include the spheres’ compressibility by Yosioka and Kawasima 
[64]. Gorkov [65] summarised and generalised the analytical investigations of the ARFs and 
Doinikov extended the ARF calculations to account for the effects of fluids viscosity for rigid 
[66] and compressible [67] spheres. 

For a spherical particle dispersed in a fluid in a standing acoustic wave field, the acoustic 
radiation force, 𝑭$%, is described as follows [63-68]: 

𝑭$% =
−4𝜋
3 𝑟2 D𝑓3F𝛽GH𝛽#〈𝑃,-𝛁𝑃,-〉 − 𝑓4(𝜌M)𝜌#

3
2
〈(𝑽,- ∙ 𝛁)𝑽,-〉Q 

( 1) 

𝑓3F𝛽GH = 1 − 𝛽G										𝑤𝑖𝑡ℎ										𝛽G =
𝛽.
𝛽#

 ( 2) 

𝑓45(𝜌M) = 𝑅𝑒 Z
2[1 − 𝛾(𝜌M)](𝜌M − 1)
2𝜌M + 1 − 3𝛾(𝜌M) _ 										𝑤𝑖𝑡ℎ										𝜌M =

𝜌.
𝜌#

 ( 3) 

𝛾(𝜌M) = −
3
2𝑅𝑒`1 + 𝑖F1 + 𝛿

aHb𝛿a										𝑤𝑖𝑡ℎ										𝛿a =
𝛿
𝑟 

( 4) 

where 𝑟 is the particle radius, 𝛽# is the fluid compressibility, 𝑃,- is the acoustic pressure field, 
𝜌#  is the fluid density, 𝑽,-  is velocity field of the incoming wave, 𝛽.  is the particle 
compressibility, 𝜌. is the particle density, 𝛿 = c2(𝜇#/𝜌#)/𝜔 is the thickness of the viscous 
acoustic boundary layer, and 𝜔 is the angular frequency of the acoustic wave [63-68].  

In this study, silica microparticles with a compressibility of 𝛽. ≈ 3 × 10/33 m2/N inside water 
with a compressibility of 𝛽# ≈ 5 × 10/36 m2/N were used. Comparing the values for 𝛽. and 
𝛽#, it can be seen that the particle’s compressibility is one order of magnitude smaller than that 
of the fluid, and thus the effects of particle’s compressibility can be neglected. In addition, in 
this study, water (at room temperature) was used as the working fluid and the 𝛿  value was 
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estimated to be 0.15 μm for the SAW frequency of 13.12 MHz. Therefore, for the silica 
particles used in this study (with a radius of 2.5 μm), the effects of viscosity was neglected 
[68]. 

Because the SSAW propagates in a plane perpendicular to the IDTs, it can be assumed as one-
dimensional, and the effects of particle’s compressibility and fluid viscosity on the acoustic 
field can be negligible. Therefore, the ARF can be calculated using the following equations 
[18, 63-70]: 

𝐹$%! = (
𝜋𝑃*+4∀.𝛽#

2𝜆 )∅) sin(2𝑘𝑥) ( 5) 

∅) =
5𝜌. − 2𝜌#
2𝜌. + 𝜌#

 ( 6) 

where 𝑃*+ is the amplitude of acoustic pressure, ∀. is the particle volume, 𝜆 is the wavelength, 
𝑘 = 2𝜋

𝜆l  is the wavenumber, and 𝑥 is the particle distance from the nearest pressure node (or 
anti-node) along the wave propagation direction [18, 63-70]. 

The acoustic radiation force resulted from the SSAW directs each particle towards either the 
pressure node (e.g., the minimum pressure amplitude) or the pressure antinode (e.g., the 
maximum pressure amplitude), depending on the mechanical and physical properties of the 
fluid and the particles suspended in it [7]. The symbol of ∅) is called the acoustic contrast 
factor and its sign defines whether each particle moves towards the pressure node (∅) > 0) or 
the pressure antinode (∅) < 0) under the effect of acoustic radiation force [18, 63-70]. Silica 
microparticles suspended in water (∅) > 0) were used in this study, which were driven to the 
pressure nodes. 

Equation (5) shows that the radiation force due to the SSAWs has a sinusoidal distribution and 
its period is half of the SAW’s wavelength. This results in the defined distance between two 
adjacent pressure nodes (or anti-nodes) where the particles pattern distance is theoretically 
equal to half of the wavelength [69]. 

Particles moving in the fluid medium also experience a viscous drag force, 𝑫 = 𝜌.
𝑼!/𝑼"
8"

, 

which depends on the properties of the fluid and the particles as well as the relative velocity. 
𝑼#  is the fluid velocity vector, 𝑼.  is the particle velocity vector, 𝜏. = 𝜌.𝑑4/18𝜇#  is the 
particle’s characteristic time (the time for the particle to respond to a velocity change), 𝑑 is the 
particle’s diameter, and 𝜇# is the fluid viscosity [71, 72].    

3.2 Simulation Details 

Acoustofluidic systems are multi-physics and complicated with different time and length 
scales. These systems operate in a wide range of length and time scales from the extra small-
scale and fluctuating pressure and velocity fields of the SAWs to the large-scale pressure and 
velocity fields of the bulk fluid. Numerical simulation requires an accurate model of the 
acoustofluidic platform which can effectively represent the largely different time and length 
scales of the acoustic and fluid-particle fields in order to provide reliable results. 
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The first step for numerical modelling of our acoustofluidic setup is to define the geometry of 
the system and generate the computational meshes. For this purpose, three-dimensional models 
of the glass capillary tubes filled with water and placed on the SAW device were applied. The 
discretization of the computational domain was done using ~250,000 and ~150,000 
unstructured tetrahedral elements for the rectangular and circular tubes, respectively. The 
modelled geometries and meshes are shown in Figure 2. 

(a)  (b)  

Figure 2 Geometry and computational mesh for (a) rectangular, and (b) circular microtubes.  

In order to optimise the computational grids, which could present a suitable accuracy for the 
computational solution while also offer a reasonable computational time, mesh dependency 
analysis was performed for both the capillary tube geometries. Figures 3(a) and 3(b) present 
the results of the mesh dependency analysis for the rectangular and circular tubes, respectively. 
It can be seen that increasing the size of the computational grid increases the accuracy of the 
computational solution whereas the computational time is exponentially increased. 

(a)  (b) 

Figure 3 Mesh dependency analysis for the (a) rectangular, and (b) circular geometry of the capillary tube. 

In order to study the acoustic fields inside the capillary tubes with circular or rectangular cross-
sections placed with different directions between the capillary tube and IDTs of the ZnO SAW 
device, the acoustofluidics platforms were modelled. The generation and propagation of the 
SSAWs on the surface of the SAW device were modelled using the velocity components of the 
SSAWs with the oscillating wall boundary conditions. The wave velocity components are 
defined as follows [51]: 
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𝑢!"#$%% = 𝐴&𝜁𝜔&𝑒"'((*.,-"!)𝑒/["1(*.,-"!)] + 𝑒"'((*.,-3!)𝑒/[1(*.,-"!)]) ( 7) 

𝑢&"#$%% = 𝐴&𝜔 *𝑒"'((*.,-"!)𝑒/4"1(*.,-"!)"5 67 8 − 𝑒"'((*.,-3!)𝑒/41(*.,-"!)"5 67 8, ( 8) 

where 𝑢!/0*11  and 𝑢"/0*11  are the SAW velocity components in the 𝑥  and 𝑦  directions, 
respectively, 𝐴" is the wave’s displacement amplitude, 𝐶𝑑 is the wave attenuation coefficient, 

𝑊 is the width of the fluid channel, 𝑥 is the longitudinal direction, and 𝜁 = 𝐴!
𝐴"p  is the ratio 

of the displacement amplitudes in 𝑥 and 𝑦 directions [73]. 

The acoustic fields which were generated inside the fluid for both the ~1.0 µL droplet added 
under the glass tube (to transfer the wave energy) and the water filled inside the capillary tubes 
were modelled using the Helmholtz equations given below [74]: 

𝛁6𝑃𝑖𝑛(𝑹) +
𝜔6

𝑐96
𝑃𝑖𝑛(𝑹) = 0 ( 9) 

where 𝑹 is position vector, and 𝑐# is the wave speed in the fluid [74].  

The behaviour and structural dynamics of both the circular and rectangular capillary tubes 
under the effects of the SSAWs were modelled using the Hooke’s Law given below [74]: 

𝝈 = 𝐸𝜺 ( 10) 

𝛁. 𝝈 + 𝑭) = 0 ( 11) 

𝜺 =
1
2
[𝜵𝑼) + (𝜵𝑼));] 

( 12) 

where 𝝈 is the stress tensor, 𝐸 is called Young’s modulus, 𝜺 is the strain tensor, 𝑭) is the load 
per unit volume which in this system is caused by wave propagation in the fluid, and 𝑼) is the 
solid displacement vector [74]. Free surface boundary conditions were applied to all surfaces 
and interfaces. 

To accurately predict the behaviours of the whole three-dimensional system, it is important to 
correctly model what happens at the fluid-solid interfaces, where the acoustic field inside the 
water causes a large pressure on the glass capillary tubes and the vibration of the capillary tubes 
affects the water and the pressure field inside. In these acoustofluidic systems, the acoustic 
waves propagate from the SAW device to the ~1.0 µL droplet under the glass tube. Then the 
acoustic energy is transferred from the droplet to the capillary tube and causes vibrations of the 
solid surfaces, which in turn causes the propagation of sound waves into the water inside the 
capillary tubes. Thus, to simulate the fluid-solid interfaces, two-way couplings were employed 
between the water droplet and the capillary tube, and between the capillary tube and the water 
inside. This method correctly models how the acoustic field inside the fluid exerts a pressure 
on the capillary tube and how the vibration of the capillary tube (i.e. the structural acceleration) 
influences the fluid [74]. 
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Simulation was performed using the commercial software package COMSOL 
Multiphysics (5.6) which is a finite element method (FEM)-based software package. 
Discretisation of the governing equations was performed using the FEM, and Newton’s 
iterative method was used to solve the system of equations resulted form the discretisation. 
Initial values of the unknown variables were chosen to update the coefficients matrix of the 
governing equation system and then solve the system of equations for the next step values of 
the unknown variables. This procedure was repeated until the difference between two 
consecutive values (i.e. the residual) was small enough depending on the simulation type. Here, 
all the solutions were converged with 10-6 criteria for the residual [74]. 

In order to validate the numerical model, the simulation results of the distances between the 
pressure node lines inside a rectangular glass capillary tube placed with 0° and 45° angles 
relative to the direction of the IDTs were compared with the data gathered from the experiments 
with the same conditions. Figure 4 compares the distances between the pressure node lines 
obtained from both experimental and numerical studies for a rectangular glass capillary tube 
placed with 0° and 45° angles relative to the direction of the IDTs. The error bars were 
calculated based on the standard deviation of the line distance data measured for five different 
line patterns. In can be observed from Figure 4 that the numerical model overestimates the line 
distance values by ~2% compared to the experimental data. Thus we can conclude that the 
simulations results have good agreements with the experimental ones. This numerical 
modelling method was previously shown to be capable of presenting the acoustic pressure field 
with a reasonable accuracy [49, 50, 60, 75]. 

   

  

Figure 4 Validation of the numerical model by comparing the distances between the pressure node lines inside 
a rectangular glass capillary tube placed with 0° and 45° angles relative to the direction of the IDTs.  

4 Results and Discussions 

4.1 Particle Patterning inside Rectangular Glass Capillary Tube 

The experimental results of particle patterns inside a rectangular glass capillary tube 
(dimensions: 3.5 mm × 0.8 mm) placed at different angles with respect to the alignment of the 
IDTs are presented in Figure 5. In these cases, there is no flow of liquid. When the rectangular 

1.65 µm 

1.23 µm 
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100 µm 100 µm 100 µm 

100 µm 100 µm 100 µm 100 µm 

glass tube is parallel to the IDTs (Figure 5(a)), the particle pattern lines are parallel to the IDTs. 
When the rectangular glass tube is at an angle of β (shown in Figure 5(b) 15°, 4(c) 30°, 4(d) 
45°, 4(e) 60°, 4(f) 75° and 4(g) 90°) with respect to the alignment of the IDTs, the patterned 
lines of particles are also at an angle which is nearly the same as β to the IDTs (i.e., parallel to 
the tube walls). 

The particles show the similar patterning behaviours in experiments using another type of 
rectangular glass capillary tube with a dimension of 4.5 mm × 1.0 mm, and the results are 
shown in Figure S-1 in the supplementary information. We also observed accumulation of 
particles into a checker-board pattern, which are normally formed at the bottom of the tubes 
(see Figures S-1 and S-2 in supplementary information).  

(a) (b)  (c)  (d)  

       

                (e) (f) (g) 

                    

Figure 5 Particle patterning inside the rectangular glass capillary tube (3.5 mm × 0.8 mm) placed (a) parallel, with (b) 15°, 
(c) 30°, (d) 45°, (e) 60°, (f) 75° and (g) 90° incline angle relative to the IDTs, experimental data from top view shows 
particles patterning parallel to the tube walls with 13.12 MHz frequency.  

The above experimental results shown in Figure 5, Figures S-1, and S-2 clearly show that there 
are two types of particle patterning phenomena. Figures 6(a) shows the schematic mechanisms 
of wave and pattern formations. The first type of particle patterning is the line patterns parallel 
to the rectangular shape glass tube walls which is caused by the standing wave field inside the 
rectangular glass tube (see Figure 6(a)). This is formed due to propagation of the acoustic 
waves into the glass tube and their reflection from the tube walls. Particles were also observed 
to form checker-board patterns similar to those caused by the Lamb waves [76, 77] (see 
Figures S-1 and S-2 in supplementary information). These patterns are normally formed at the 
bottom of the rectangular glass tube, because the SAWs from the substrate are transferred into 
the glass tube, forming Lamb waves at the bottom wall of the tube due to the superstrate effect 
[78]. 

Figures 6(b) to 6(d) show the simulation results of the acoustic pressure fields inside the liquid 
when the angle β is equal to (a) 0°, (b) 45°, and (c) 90° and from (1) cross-sectional and (2) top 
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views. From Figures 6(b-1), (c-1) and (d-1), the pressure node lines are either vertical or 
parallel to the side walls of the rectangular capillary tubes for 0°, 45°, and 90°, respectively 
(see Figures 6(b-1), (c-1) and (d-1)). For β = 0°, by comparing Figures 5(a) and 6(b-2), the 
pattern lines are parallel to the side walls of the rectangular capillary tube from both the 
experimental and simulation results (see Figure 6(b-2)). Comparing Figure 5(d) with 
Figure 6(c-2) for β = 45° and Figure 5(g) with Figure 6(d-2) for β = 90°, we can observe that 
as the angle between the directions of glass tube and the IDTs increases, the pattern lines remain 
perpendicular to the side walls of the tube from both the simulation and experimental results 
(see Figures 6(c-2) and (d-2)). The simulations results show good agreements with those from 
the experiments. 

(a)  

(b-1)  (c-1)   (d-1)   

(b-2)  (c-2)  (d-2)  

Figure 6 (a) Schematic of the particle patterning inside rectangular glass capillary tube resulted from different wave 
formations inside the glass. The simulation results of the acoustic pressure field (Pa) inside the water for a capillary tube 
placed (b) parallel, with (c) 45°, and (d) 90° incline angle relative to the IDTs, (1) cross-sectional and (2) top view. 

4.2 Particle Patterning inside Circular Glass Capillary Tube 

Figure 7 shows the images of particle patterns that are generated inside the circular glass 
capillary tubes placed at different angles compared to the direction of the IDTs. When the 
circular glass tube is at an angle β equal to (a) 0°, (b) 30° and (c) 45° compared to the direction 
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of the IDTs, the pattern lines of particles are also at an angle β to the IDTs (parallel to the tube 
walls) near the bottom of the tube (see Figures 7(a-1), (b-1) and (c-1)). However, at the middle 
of the tubes with the above different angles (see Figures 7(a-2), (b-2) and (c-2)), the pattern 
lines of particles are perpendicular to the tube walls (i.e., at an angle which is equal to 90°-β to 
that of the IDTs). For a circular glass tube which is placed with an angle β equal to 60° 
compared to the IDTs, the pattern lines are also perpendicular to the tube walls (see in Figure 
7(d)). When the circular glass tube is placed perpendicular to the IDTs, the pattern lines are 
parallel to the IDTs and perpendicular to the tube walls (Figure 7(e)). 

It can be seen from Figure 7 that the pattern lines which are parallel to the tube walls are 
relatively shorter and have a relatively larger distance between them (e.g., Figure 7(b-1)), 
whereas the particle pattern lines which are perpendicular to the tube walls are relatively longer 
with smaller distances between them (e.g., Figure 7(b-2)). 

(a-1)  (a-2)  

(b-1)  (b-2)  

(c-1)  (c-2)  
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(d)  (e)  

Figure 7 Particle patterning inside the circular glass capillary tube (1 mm diameter) placed (a) parallel, with (b) 30°, (c) 45°, 
(d) 60° and (e) 90° incline angle relative to the IDTs, experimental data from top view shows particle patterning (1) parallel 
and (2) perpendicular to the tube walls, with 13.12 MHz frequency. 

The above experimental results of particle patterns inside the circular glass tubes (Figure 7) 
clearly show that there are two different phenomena of particle patterning. The first one is that 
the pattern lines are parallel to the glass tube direction, and the second one is that the pattern 
lines are perpendicular to the tube direction. Both of these patterns are formed because the 
SAW energy from the substrate is transferred into the circular glass tube from each side which 
results in the generation of a complicated acoustic wave field inside the circular glass tube.  

Figure 8(a) presents a schematic illustration of the acoustic wave formation inside the circular 
glass tube. Figures 8(b) to (d) show simulation results of the acoustic pressure fields inside the 
water for a circular capillary tube which is placed at (a) 0°, (b) 45°, and (c) 90° and from (1) 
cross-sectional view, and top view (2) near the bottom, and (3) at the middle of the glass tube, 
respectively. The simulations results show good agreements with experimental ones. When the 
waves propagate from the SAW device into the glass tube, a standing acoustic wave forms in 
the glass tube. This acoustic wave then transfers its energy into the water which will cause the 
patterning of the particles (see Figure 8(a)). 

For β = 0°, by comparing Figures 8(b-2) and 7(a-1), both the experimental and simulation 
results show that there are patterned lines at the bottom of the tube, which are parallel to the 
direction of the capillary tube. Whereas at the middle of the tube (see Figures 8(b-3) and (c-
3)), the standing waves, which propagate around the circular cross-section of the glass tube but 
perpendicular to the direction of the tube, cause that the pressure node lines are formed 
perpendicular to the tube walls. Both Figures 8(b-3) and 7(a-2), which are the simulation and 
experimental results, show that the patterned lines are perpendicular to the direction of the tube 
occurring at the middle height of the tube. 

For β ≤ 45°, near the bottom of the tube (see Figures 8(b-2) and (c-2)), the waves that propagate 
into the water generate a standing wave along the direction of the tube. This results in the 
pressure nodes to be parallel to the tube direction, thus causing the particles parallel to the glass 
tube direction. 

Whereas for β > 45°, a standing wave is generated perpendicular to the direction of the tube 
along the whole depth of tubes and the particles are patterned vertically to the tube walls. 
Comparing Figures 8(d-2) and (d-3) with Figure 7(g-2), it can be observed that pattern lines 
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obtained from both simulation and experimental results are perpendicular to the direction of 
tube walls for the whole depth of the tube. 
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Figure 8 (a) Schematic of the particle patterning inside circular glass capillary tube resulted from different wave formations 
inside the glass. The simulation results of the acoustic pressure field (Pa) inside the water for a capillary tube placed 
(b) parallel, with (c) 45°, and (d) 90° incline angle relative to the IDTs, (1) the cross-sectional view, (2) top view at the 
bottom of the tube and (3) top view at the middle of the tube. 

Figure 9 compares the estimated average values of (a) the distances between the particle line 
patterns inside (1) rectangular; and (2) circular tubes from both experiments and simulations; 
and (b) line pattern angles regarding the direction of the IDTs. It can be seen from Figures 9(a-
1) and (a-2) that for the circular tube, the particle pattern lines which are parallel to the tube 
walls have a relatively larger distance between them, compared to the particle pattern lines 
which are perpendicular to the tube walls. In addition, the distances between the particle pattern 
lines inside the rectangular tubes is closer to the distances between particle pattern lines that 
are perpendicular to the circular tube walls (see Figures 9(a-1) and (a-2)). These can be verified 
from the simulation results as well (see Figures 9(a-1) and (a-2)). One reason for this difference 
is attributed to the radial formation of the pressure nodes in the cross-section of the circular 
tube. This results in the distance between the pressure node lines to gradually increase towards 
the bottom of the tube compared to the middle height of the capillary tube. The simulations 
results show good agreements with the experimental data. Figure 9(b) shows the estimated 
angles between the particle line patterns inside the glass tubes and the direction of the IDTs. 
The results clearly indicate that, for the rectangular tubes, the particle pattern lines are parallel 
to the tube walls. Whereas for the circular tube, the line patterns of particles are either parallel 
to the glass tube direction or perpendicular to it, depending on the position of the particles along 
the height of the tube.  
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(a-1)  (a-2)  

                               (b) 

Figure 9 Comparison of (a) the distance between two adjacent patterns inside (1) rectangular and (2) circular glass capillary 
tubes and (b) the angle between the lines and the IDTs for circular and rectangular glass tubes with 13.12 MHz frequency. 

4.3 Particle Patterning inside Glass Capillary Tubes with Continuous Fluid Flow 

Particles were further patterned inside rectangular (dimensions: 2.3 mm × 0.5 mm) and circular 
glass capillary tubes with various fluid flow rates. The obtained experimental results are shown 
in Figures 10 and 11, respectively. Figure 9 shows that the particles are patterned and flow in 
lines parallel to the walls of the rectangular glass tubes, for all the cases with the incline angles 
relative to the IDTs of (a) 0°, (b) 30°, (c) 60°, and (d) 90°, with different flow rates of (1) 0.2 
µL/s, (2) 0.1 µL/s, (3) 0.05 µL/s, and (4) 0.01 µL/s, respectively. When the flow velocity is 
large enough (e.g., Figure 8(a-1)), the pattern lines which are parallel to the tube direction (also 
flow direction) are smoothened and enhanced. Whereas the previously observed checker-
board-type patterns are mostly removed due to the liquid flow effect. Decreasing the flow rate 
gradually from to 0.2 µL/s (e.g., Figure 10(a-1)) to 0.01 µL/s (e.g., Figure 10(a-4)) will cause 
the line patterns of particles  to become distorted, and then finally change into the checker-
board-like patterns. As explained previously, these patterns are caused by the Lamb waves [76, 
77], which are generated and propagated at the bottom wall of the tube due to the superstrate 
effect [78]. 
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Figure 10 Particle patterning in inside the rectangular glass capillary tube (2.3 mm x 0.5 mm) placed (a) parallel, with 
(b) 30°, (c) 60°, and (d) 90° incline angle relative to the IDTs, in continuous flow setup with flow rate of (1) 0.2 µL/s, (2) 
0.1 µL/s, (3) 0.05 µL/s, and (4) 0.01 µL/s; experimental data from top view and with 13.12 MHz frequency. 

Figure 11 shows the experimentally obtained images of particle patterns inside the circular 
glass capillary tube for the different inclined angles relative to the IDTs of (a) 0°, (b) 30°, (c) 
45°, (d) 60°, and (e) 90°, with flow rate of (1) 0.2 µL/s, (2) 0.1 µL/s, (3) 0.05 µL/s, and (4) 0.01 
µL/s, respectively. With an increased flow rate (e.g., Figure 11(a-1)), the pattern lines which 
are perpendicular to the tube direction are removed due to the liquid flow and only the pattern 
lines which are parallel to the tube direction (also flow direction) remain and form smooth 
lines. When the flow rate is decreased (e.g., Figure 11(a-4)), the particle pattern lines gradually 
become curved and distorted. 
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Figure 11 Particle patterning in inside the circular glass capillary tube (1.00 mm diameter) placed (a) parallel, with (b) 30°, 
(c) 45°, (d) 60°, and (e) 90° incline angle relative to the IDTs, in continuous flow setup with flow rate of (1) 0.2 µL/s, (2) 
0.1 µL/s, (3) 0.05 µL/s, and (4) 0.01 µL/s; experimental data from top view and with 13.12 MHz frequency. 

Figure 12 further compares the estimated measured average distances between the particle line 
patterns inside (a) rectangular and (b) circular tubes with various flow rates. Figure 12(a) shows 
that the average distance between the adjacent particle pattern lines in the rectangular glass 
tube is nearly equal to the half of the wavelength in water, which is not changed by changing 
the flow rate. Comparing Figures 12(a) and (b), it can be seen that for the circular glass tube, 
its distance between adjacent particle pattern lines is slightly larger than that in the rectangular 
case. However, this insignificant difference could be caused by the radial formation of the 
pressure nodes in the cross-section of the circular tube as previously discussed.  
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(a)  (b) 

Figure 12 Comparison of the distance between two adjacent patterns inside glass capillary tubes for (a) rectangular and 
(b) circular glass tubes with 13.12 MHz frequency. 

5 Discussions 

In the previous section, it was presented that due to the acoustic radiation forces the 
microparticles form linear patterns inside the capillary tubes. The cross-section of the capillary 
tubes has shown a significant effect on the particle patterning phenomena. Capillary tubes with 
rectangular cross-sections show similar phenomena compared to the traditional rectangular 
microchannels. For these capillary tubes, an acoustic standing wave field is formed inside the 
tube with its pressure node lines parallel to the tube walls, irrelevant to the tube position along 
with the IDTs. This results in the microparticles patterned in lines parallel to the side walls of 
tubes. 

For capillary tubes with circular cross-sections, the acoustic standing wave field generated 
inside the tube is more complicated. The formation of the acoustic pressure node lines inside 
theses capillary tubes is dependent on the position along the height of the cross-section. At the 
bottom of the tube, the pressure node lines are parallel to the tube direction, whereas at the 
middle height of the tube, the pressure node lines are perpendicular to the tube direction as the 
waves propagate around the circular cross-section of the tube. This results in particle alignment 
at the bottom and middle height of the tube to be parallel and perpendicular to the tube walls, 
respectively. 

Choosing a proper combination of SAW device properties (frequency, wavelength, etc.), 
capillary tube geometry (shape, dimensions, thickness, etc.) and flow parameters will result in 
the formation of a desirable number of pressure node lines inside the capillary tube. 
Figures 13(a) and (b) show the simulation results of acoustic pressure fields inside a rectangular 
glass tube with dimensions of 0.2 mm × 0.2 mm and a circular glass tube with a diameter of 
0.15 mm form (1) cross-sectional and (2) top views, respectively. It can be seen that in these 
two cases, there is a single pressure node formed at the centre of the capillary tube where the 
particles/cells will be patterned. A proper combination of the acoustic frequency (or 
wavelength) with capillary tube geometry results in the generation of a desirable number of 
pressure node lines inside the capillary tube. This can be used in the continuous flow systems 
to focus, pattern and separate microparticles/cells. In brief, these glass capillary tubes could 
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show great potentials to be used in acoustofluidics since they are low-cost, disposable, and 
simple to integrate in the setups. 

Using capillary bridge channels integrated with flexible or bendable thin film SAW devices 
offers great advantages for acoustofluidic applications. Our flexible SAW devices can be bent 
into different shapes to be conformal to various types of surfaces. They can wrap  around the 
capillary tubes with various geometries and enhance the concentration effects of the acoustic 
waves. These flexible thin film SAW devices can be easily integrated with other acoustofluidic 
or sensing technologies, as well as the fabrication processes of the microelectronic and lab-on-
chips, with a great potential for applications in flexible microfluidic platforms, body 
conforming wearable devices, flexible sensors and electronics. 

 

(a-1)  (b-1)  

(a-2)  (b-2)  

Figure 13 Simulation results of the acoustic pressure field (Pa) inside the capillary tubes with (a) rectangular and (b) circular 
cross-section from (1) cross-sectional and (2) top views with 13.12 MHz frequency. 

6 Conclusions 

In this paper, we systematically investigated the patterning and alignment of microparticles 
inside glass capillary tubes using a thin film SAW device. We studied the effects of different 
tube cross-sections, and tube’s positioning angles regarding to the directions of the IDTs with 
and without liquid flow. For the rectangular glass capillary tubes, the particle pattern lines are 
parallel to the tube walls for each relative angle, which is due to the generation of the standing 
wave field inside the rectangular tube. For the circular glass capillary tubes, different patterns 
of particles can be observed which depends on their position along the tube’s height. At the 
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bottom of the tube, the particle pattern lines are parallel to the tube direction for all the angles 
in relation to the IDTs, mainly because the acoustic waves propagate into the water and form a 
standing wave along the direction of the circular tube. Whereas, near the middle height of the 
tube, the patterned lines of particle are perpendicular to the tube direction at each angle 
regarding to the IDTs’ directions. This is due to the propagation of the standing wave around 
the circular cross-section of the tube with the pressure node line becoming perpendicular to the 
tube direction at the middle height of the tube. The continuous flow inside all the glass tubes 
causes the particles to form smoothened line patterns which are parallel to the direction of the 
flow for all the angles.   
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