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Abstract 

Surface acoustic wave (SAW) technology has been widely used to manipulate 

microparticles and biological species, based on acoustic radiation force (ARF) and drag 

force induced by acoustic streaming, either by standing SAWs (SSAWs) or travelling 

SAWs (TSAWs). These acoustofluidic patterning functions can be achieved within a 

polymer chamber or a glass capillary with various cross-sections positioned along the 

wave propagating paths. In this paper, we demonstrated that microparticles can be 

aligned, patterned, and concentrated within both circular and rectangular glass 

capillaries using TSAWs based on a piezoelectric thin film acoustic wave platform. The 

glass capillary was placed at different angles along with the interdigital transducer 

directions. We systematically investigated effects of tilting angles and wave 
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characteristics using numerical simulations in both circular and square shaped 

capillaries, and the patterning mechanisms were discussed and compared with those 

agitated under the SSAWs. We then experimentally verified the particle patterns within 

different glass capillaries using thin film ZnO SAW devices on aluminum (Al) sheets. 

Results show that the propagating SAWs can generate acoustic pressures and patterns 

in the fluid due to the diffractive effects, drag forces and ARF, as functions of the SAW 

device’s resonant frequency and tilting angle. We demonstrated potential applications 

using this multiplexing, integrated, and flexible thin film-based platform, including 

patterning particles (1) inside multiple and successively positioned circular tubes; (2) 

inside a solidified hydrogel in the glass capillary; and (3) by wrapping a flexible ZnO/Al 

SAW device around the glass capillary.   

  

Keywords: Surface acoustic wave, acoustofluidics, glass capillary, patterning 

 

1. Introduction 

Acoustofluidic devices have been widely used for biosensing and manipulation of 

particles and biological species in lab-on-chip and point-of-care applications [1, 2]. 

Acoustofluidic manipulation is generally achieved using transducers that convert 

electrical energy into mechanical vibrations and generate sound waves in the fluid 

channels or directly in liquid droplets. For example, piezoelectric transducers plates can 

be used to generate bulk acoustic waves (BAWs) inside a channel for manipulations, or 

interdigital transducers (IDTs) can be used to generate surface acoustic waves (SAWs) 

along the surface of the material for patterning. Compared with the BAW devices, SAW 

technology offers remote and precise control, biocompatibility, low energy 

requirements, multiple modes, miniature size and simple designs [3]. SAW devices are 

versatile and flexible, and can generate different patterns for different purposes whilst 

being non-invasive, label-free, low power consumption and high biocompatibility [4-

7].  

Manipulation using SAWs can be realized by either using two opposing SAWs that 

interfere with each other to generate standing SAWs (SSAWs) [3, 5, 8-12], by using a 
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traveling SAWs (TSAWs) propagating in one direction [4], or by using a combination 

of both of these waves such as in multi-stage devices [13, 14]. SSAW-based 

manipulation typically relies on the generation of acoustic radiation forces (ARFs) to 

actuate objects toward the generated nodes and anti-nodes [15-18], for separating blood 

components and isolation of circulating tumor cells [19] and cancer cells [20], bacteria 

[21] and other biological cells [22-25]. However, the patterns generated by SSAWs are 

often restricted to half-wavelength periodic distances between nodes or anti-nodes. 

SSAWs are often used to manipulate micro-sized particles because the acoustic 

radiation force is decreased with particle sizes [26, 27].  

On the other hand, TSAWs can also achieve particle manipulation functions based 

on two effects, i.e., (1) drifting caused by acoustic streaming and the induced drag force; 

and (2) the particles’ movements caused by the ARFs [28]. The TSAWs have the 

advantages of high spatial resolution and precise alignment, less restriction on the 

alignment and channel resonance [26], and no inherent displacement limit of the half 

wavelength compared with methods based on standing acoustic field [29]. Therefore, 

they permit manipulation of both microscale objects and sub-micrometer objects. This 

allows multiple biological applications such as nanoscale manipulation [30], and 

separation [31] or exosome enrichment [32]. 

Most SSAW or TSAW microfluidic devices use PDMS microchannels with 

rectangular cross-sections [30-32], due to their ease of fabrication and integration. 

However, PDMS does not have good acoustic transmission and reflection performance 

[4], and they also have issues with complicated fabrication, alignment, bonding, and 

difficulties in the adjustment of the bonded microchannels [26]. Alternatively, glass 

capillaries offer effective acoustic transmission, low acoustic attenuation and large 

differences in acoustic impedance compared with the fluid [33], thus allowing for 

effective propagation of acoustic waves and strong lateral acoustic resonances [33]. 

Additionally, glass capillaries allow flexibility in their channel designs (e.g., mass 

manufactured circular, square, and rectangular ones [34]), excellent optical 

transparency, no additional bonding of various acoustofluidic components, and good 

re-adjustment and disposability [33, 34], making them ideal materials for acoustofluidic 
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channels. Glass capillary tubes have already been incorporated with acoustic devices to 

manipulate microparticles and biological cells [33, 34]. 

Several studies of acoustofluidic manipulations have been published using the BAW 

and glass capillaries [33]. Nevertheless, only a few studies have been performed using 

SAWs for particle manipulation in glass capillaries [34, 35]. For example, Lata et al. 

[35] used SSAWs and a coupling layer technique to pattern cells inside a square-shaped 

glass capillary tube along with a polyethylene tubing. When the tube was positioned 

perpendicular or parallel to the IDTs, the particles will be patterned perpendicular or 

parallel to the incident waves, respectively. Their results showed that perpendicular 

alignment created repeating clusters of micro-objects with a distance of ½ SAW 

wavelength, while parallel alignment created straight lines of micro-objects with a 

distance of 1 cm. They were able to mimic physiological cell patterning in tissues in a 

3D manner whilst maintaining a high spatial resolution. Maramizonouz et al. [34] 

investigated microparticle patterning inside both rectangular and circular glass 

capillaries using the SSAWs and studied the influences of tube configuration and tilting 

angle, which have been illustrated in Fig. 1 (a) and (b). Results demonstrated that there 

are two types of generated patterns, in which the patterning at the bottom of the tube is 

parallel to the tube direction with different angles in relation to the IDTs, but the 

patterning in the middle of the tube is perpendicular to the tube direction [24]. 

Additionally, they demonstrated the use of glass capillary tubes with flexible thin film 

SAW devices. Flexible thin film SAW devices [36] are beneficial due to their easy 

integration with other microelectronic technologies [37, 38], and easy applications in 

flexible microfluidic platform, body conforming wearable devices, and soft robotics 

[34, 38].  

Well-patterned acoustic fields have been shown to generate in the glass capillaries 

using the SSAW devices, and their distances between the nodes are restricted to half-

wavelength [26, 39]. In contrast, TSAW has advantages such as high spatial resolution 

and less restriction on the alignment patterns. Compared with SSAWs, TSAWs 

produced by IDTs from one side of the microchannel will push the particles along the 

acoustic propagation direction by the radiation forces, as shown in Figs. 1 (c) and (d) 
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[40, 41]. Studies about the applications of fluid flow and particle migration using the 

TSAW have been reported over the past decades [42-44]. For example, Mao et al. [45] 

used a chirped SAW device to generate a single vortex acoustic streaming in a square 

glass capillary to enrich sub-micrometer and nanometer-sized particles (80 to 500 nm). 

Destgeer et al. [46] reported to use high frequency (133 MHz) TSAWs and separate 

both the 3 μm and 10 μm particles in the PDMS channels with a high separation 

efficiency of nearly 100%. Collins et al. [40] investigated effects of particle focusing 

in the PDMS channels using the TSAWs with a frequency of 633 MHz. Ma et al. [47] 

separated 15.2 μm particles from 10.2 and 8 μm particles using TSAW devices with a 

frequency of 45.52 MHz, and achieved a high efficiency of ~92%.  

Recently there are some papers about particle patterning using the TSAWs within 

rectangular glass capillaries [34, 48], but few studies have been done using TSAWs 

within circular glass capillaries. In this paper, we systematically studied the generation 

of microparticle patterns inside circular glass capillaries actuated using the TSAWs and 

compared with those using the SSAWs, both of which are illustrated in Fig. 1. Acoustic 

waves and pressure patterns generated inside both the circular and rectangular 

capillaries were investigated as results of agitation due to the propagating acoustic 

waves into the glass tubes through both simulations and experimental studies. 

Microparticle patterns generated inside glass capillaries have been systematically 

studied at different SAW frequencies, cross-sections (both rectangular and circular) and 

diameters of glass capillaries, as well as different tilting angles of capillaries relate to 

the IDTs direction. Finally, their potential applications in different scenarios were 

explored. This work is focused on particle manipulation in glass capillaries using 

travelling acoustomechanical waves, and circular capillaries are especially important as 

they are abundant in biological systems including blood vessels. The 

acoustomechanical transducers in this work are flexible and can be wrapped around 

circular capillaries for additional capabilities.  

 

2 Capillary acoustofluidics: design methodologies and simulations  

2.1. Design methodologies 
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In this study, both the circular glass capillary (with two outer diameter or OD sizes 

OD= 1.0 mm and OD=550 μm, and length of ~20 mm) and the rectangular glass 

capillary (width 2.3 mm and height 0.5 mm, and length of 20 mm) were used. The 

mixture suspension of polystyrene (PS) microparticles (Sigma-Aldrich, 79166, with 3 

μm diameter and a density of 1900 kg/m3) and deionized (DI) water was used. The 

mixtures were then injected using a syringe into the capillary. The glass capillary was 

placed on the surface of the SAW device. To improve the efficiency of acoustic coupling, 

a droplet of DI water (about 1.0 μL) was placed between the circular glass capillary 

tube and SAW device, and the DI water filled up the gap between the circular glass 

capillary and the SAW device according to the capillarity phenomenon. In this design, 

the wave energy can be effectively transferred from the substrate into the glass capillary. 

SAW devices based on piezoelectric thin film materials such as ZnO could be 

seamlessly integrated into a single lab-on-chip (LOC) device at a low cost [1]. SAW 

device made on the aluminum (Al) thin sheet or foil substrates has the potential to be 

used as wearable devices for point-of-care, clinical and biomedical applications for 

collecting, manipulating, and investigating bodily fluids [1,38]. In this paper, the SAW 

devices were fabricated on the aluminum (Al) substrate (including Al plate with a 

thickness of 200 μm or Al foil with a thickness of 50 μm). ZnO thin film (with a 

thickness of ~5 μm) was deposited onto Al substrates using a magnetron sputter 

(Nordiko NS3750) [1]. The IDTs (made from 20/100 nm thick of Cr/Au) were 

fabricated on the film coated Al plates using a standard photolithography and lift-off 

process [1]. Firstly, the reflection spectra (S11 scattering parameters) and the acoustic 

resonant frequency of the IDTs were measured using a network analyzer (Keysight, 

FieldFox N9913A). The resonant frequencies of the SAW devices used in our 

experiments were around 6.05, 13.15, and 27.37 MHz (with the SAW IDTs wavelengths 

about 300, 160 and 80 μm).  

The experimental setup as illustrated in the supporting information Fig. S1, was 

composed of an RF signal generator, a power amplifier, a SAW device, an 

acoustofluidic system and a microscope. For the experimental work, a sinusoidal signal 

was generated from a radio frequency (RF) signal generator (AIM-TTI Instruments 
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TG5011A) and amplified using an RF amplifier (Amplifier Research 75A) before being 

applied to the IDTs of the SAW device. A video camera (IDS, UI-3880CP-C-HQ-R2, 

Photron UX50) was used to observe and record the motion of microparticles during the 

experiments. The detailed set-up and patterns generated in a glass capillary using the 

SSAWs are shown in Figs. 1 (a-1), and (b-1), which have been reported in a previous 

paper [34]. When two SAWs (SAW1 and SAW2) with the same frequencies and 

amplitudes are propagating in opposite directions, they interfere to form standing SAWs. 

Then the standing SAWs will be transformed into BAW and radiated into the capillary 

through the water layer at the SAW device/glass tube interfaces, and the acoustic field 

is generated inside the capillary, as shown in Figs. 1 (a-2) and (b-2) [34]. The 

microparticles suspended in the liquid were activated to move to the acoustic pressure 

nodes due to the ARF generated [49, 50]. Cross-section illustrations of the capillary 

structure are shown in Figs. 1 (a-2) and (b-2), respectively. The details can be found in 

Ref. [34].   

The schematic illustration of a TSAWs system with a capillary is shown in Figs. 1 

(c-1) and (d-1). The cross-section illustrations of the capillary structure are shown in 

Figs. 1 (c-2) and (d-2), respectively. For the circular patterns (shown in Fig. 1 (c-1)), 

the TSAWs are propagated along the substrate and radiated into the DI water to form a 

leaky SAW. The Huygens–Fresnel principle [7] can be used to explain the patterning 

effect in the capillary with the TSAWs. The acoustic field magnitude in the capillary is 

the sum of the contributions from the wave sources. The SAWs propagated in the 

substrate and DI water have different path lengths, sound speed and phases. The 

capillary wall will generate the diffractive effect, and the interaction between substrate 

wavefronts and the fluid wavefront will produce a periodic acoustic field within the 

circular glass capillary [26]. The microparticles inside the circular glass capillary will 

be pushed by ARF and streaming-induced drag forces, which form interference patterns 

on the microparticles, as shown in Fig. 1 (c-2).  
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Fig. 1. Schematic of the acoustofluidic system composed of a SSAW device with (a-1) circular 

glass capillary and (b-1) rectangular glass capillary, the principle of SSAW acoustophoresis in (a-

2) circular cross-section and (b-2) rectangular cross-section. Schematic of the acoustofluidic system 

composed of a TSAWS device with (c-1) circular glass capillary and (d-1) rectangular glass capillary, 

the principle of TSAWS acoustophoresis in (c-2) circular cross-section and (d-2) rectangular cross-

section. 

Whereas for the rectangular glass capillary case (as shown in Fig. 1 (d-1)), when the 

TSAWs are generated and propagated along the substrate surface, the waves are 

radiated from the substrate surface into the rectangular glass capillary through the water 

layer. Then the TSAWs will be gradually attenuated along the interface between the 

rectangular glass capillary and the substrate due to the acoustic damping effect. The 

TSAWs will be also reflected at the other interface between the capillary and air. The 
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interference between the radiated TSAWs and reflected TSAWs and the generated 

acoustic field will be produced in the cross-section as shown in Fig. 1 (d-2). The SAWs 

will be radiated into the rectangular capillary through both sides of the solid-liquid 

interface and propagated with an angle 𝜃𝑅 relative to the wall in the rectangular glass 

capillary, as shown in Fig. 1 (d-2). The acoustic field within the capillary will be created 

by the radiated TSAWs and reflected TSAWs that propagated in opposite directions. 

The ARF will push the microparticles in the circular glass capillary, and then the 

microparticles patterning will be produced. The mechanisms are similar to those of 

SSAWs in the rectangular capillary [34]. 

2.2. Modeling of wave propagation inside glass capillary  

For the TSAWs, the patterns generated in both the circular and rectangular glass 

capillaries are caused by the acoustic streaming and the ARF as explained in the 

Introduction [51]. In this study, pressures fields and patterns generated inside both 

circular and rectangular glass capillaries were investigated using a physical model, and 

the results were then compared to rectangular tubes and the SSAWs cases. 

2.2.1 Wave Propagation inside the capillary tubes 

The limiting velocity has been widely used to simplify the process of modeling and 

simulation in a rectangular glass capillary. When the radius of the circular capillary is 

larger than the acoustic viscous boundary layer, the limiting velocity method [52] can 

be used to simplify the acoustic field in the circular capillary. The limiting velocity 

equations on a planar surface that is normal to z, are given by [53]. 

𝑢𝐿 = −
1

4𝜔
𝑅𝑒 {𝑢1

𝑑𝑢1
∗

𝑑𝑥
+ 𝑣1

𝑑𝑢1
∗

𝑑𝑦
+ 𝑢1

∗ [(2 + 𝑖)(
𝑑𝑢1

𝑑𝑥
+

𝑑𝑣1

𝑑𝑦
+

𝑑𝑤1

𝑑𝑧
) − (2 + 3𝑖)

𝑑𝑤1

𝑑𝑧
]} (1) 

𝑣𝐿 = −
1

4𝜔
𝑅𝑒 {𝑢1

𝑑𝑣1
∗

𝑑𝑥
+ 𝑣1

𝑑𝑣1
∗

𝑑𝑦
+ 𝑣1

∗ [(2 + 𝑖)(
𝑑𝑢1

𝑑𝑥
+

𝑑𝑣1

𝑑𝑦
+

𝑑𝑤1

𝑑𝑧
) − (2 + 3𝑖)

𝑑𝑤1

𝑑𝑧
]}   (2) 

where ω is the angular frequency, and 𝑅𝑒 represents the real part of the internal quantity. 

u1, υ1 and w1 are components of first-order complex acoustic velocity vectors in the x, 

y and z directions. The superscript * is the complex conjugate. We then used the 

coordinate transformation to transform the rectangular coordinate system (x, y, z) into 

a cylindrical coordinate system (r, θ, x). Then the first order velocities of sound in the 

tangent and normal directions at any point are obtained as u1τ and w1n. 
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𝑢1𝜏 = −𝑢1 𝑠𝑖𝑛 𝜃 + 𝑤1 𝑐𝑜𝑠 𝜃                     (3) 

𝑤1𝑛 = −𝑢1 𝑐𝑜𝑠 𝜃 − 𝑤1 𝑠𝑖𝑛 𝜃                     (4) 

The equation of limiting velocity on the boundary of the circular capillary can be 

expressed as [33]: 

𝑢𝐿
𝜏 = −

1

4𝜔
𝑅𝑒 {𝑢1𝜏

𝑑𝑢1𝜏
∗

𝑑𝜏
+ 𝑢1𝜏

∗ [(2 + 𝑖) (
𝑑𝑢1𝜏

𝑑𝜏
+

𝑑𝑤1𝑛

𝑑𝑛
) − (2 + 3 𝑖)

𝑑𝑤1𝑛

𝑑𝑛
]}   (5) 

where τ and n are the tangent vector and normal vector, respectively.  

The distribution of limiting velocity on the circular glass capillary boundary can be 

obtained from Equation (5). In the numerical simulation, the limiting velocity will be 

used as the slip edge boundary conditions and replace the sticky boundary layer. This 

method can reduce the requirement of mesh accuracy and simplify the numerical 

simulation process. The numerical simulation of circular 2D cross-sections of capillary 

can be obtained from formula (5).  

The sound field mechanics model uses the basic equation to analyze the acoustic and 

streaming fields. According to the perturbation theory, the first-order acoustic response 

equation can be obtained as follows [54, 55]:  

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒖1) = 0                        (6) 

𝜌(
𝜕𝒖𝟏

𝜕𝑡
+ 𝒖1 ⋅ 𝛻𝒖1) = −𝛻𝑝 + 𝜇𝛻2 ⋅ 𝒖1 + (𝜇𝑏 +

1

3
𝜇)𝛻𝛻 ⋅ 𝒖1              (7) 

where ρ, u1, p, μ and μb represent fluid density, fluid velocity, pressure, fluid shear 

viscosity, and fluid bulk viscosity, respectively. ρ0 is constant density before the 

presence of any acoustic wave, ρ1 and p1 are the first order perturbations in density ρ 

and pressure p, respectively. 

To simplify the model, the fluid was assumed to be homogeneous and isotropic, and 

thus the viscous dissipation between the fluid and the substrate was ignored. According 

to the Navier-Stokes equation [50] and Newton’s Second Law [56], the spherical 

microparticles motions in the static fluid are subjected to ARF and hydrodynamic 

viscous force. According to the perturbation theory, the radiation force can be expressed 

as [51, 55]: 

𝑭𝑟𝑎𝑑 = 𝜋𝑎3𝑓2
𝑖(𝜌̃, 𝛿)𝐸𝑎𝑐𝒌                       (8) 

where a is the radius of the sphere microparticles, 𝑓2
𝑖(𝜌̃, 𝛿) is the imaginary part of the 
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corrected dipole scattering coefficient, 𝛿 =
𝛿

𝑎
 , 𝛿  is the thickness of the acoustic 

boundary layer, 𝜌̃ =
𝜌𝑝

𝜌0
, ρp is the density of microparticles, ρ0 is the density of the fluid. 

𝐸𝑎𝑐 =
1

2
𝜅0𝑝𝑎

2  is the acoustic energy density, 𝑓2
𝑖(𝜌̃, 𝛿)  is the imaginary part of the 

viscosity-dependent dipole scattering coefficient, k is the traveling wave vector. In this 

paper, the SAW was propagated on the device’s surface along one direction, 

microparticles were manipulated in the x-y plane and x-z plane, as shown in Figs. 1 (c-

1) and (d-1). The gravity effect on the spherical microparticles was ignored due to their 

small sizes. 

According to concepts of the Huygens-Fresnel principle and the linear superposition 

of traveling waves [57], the magnitude of the acoustic field at any point inside the 

capillary is the sum of the spherical wave contributions (including phase information) 

from the area of a vibrating surface, thus generating the patterns. Due to the periodicity 

of the TSAWs, the periodic pressure nodes and anti-nodes will be generated in the 

capillary by the TSAWs. For the circular capillary, the relationship between the adjacent 

lines distances and the tilting angle can be given by [57], 

𝑑𝜃 =
𝜐1

𝜐𝑠
𝜆𝑆𝐴𝑊(1 −

𝜐1

𝜐𝑠
𝑐𝑜𝑠𝜃)−1

                 (9) 

For the rectangular capillary, the relationship between the adjacent lines distances 

and the tilting angle can be given by [39, 57], 

𝑑𝜃 =
𝜐1

𝜐𝑠
𝜆𝑆𝐴𝑊 𝑠𝑖𝑛( 𝜃) 𝑐𝑠𝑐( 𝜃 − 𝑠𝑖𝑛−1(

𝜐1

𝜐𝑠
𝑠𝑖𝑛𝜃))            (10) 

where υ1 and υs are the sound velocity in the fluid and the substrate of the SAW device, 

λSAW is the wavelength of the SAW device, θ is the angle between the circular glass 

capillary walls and the SAW propagation direction (θ is no more than 90o), csc is the 

cosecant csc(θ)=1/sin (θ). From Equation (9) we know that the distances between the 

adjacent lines will be changed periodically. When the tilting angle is smaller than 75o, 

the distances will increase with the increasing tilting angle.  

2.2.2 Simulation results of acoustic pressure distribution in capillary  

Simulation results of the microparticles pattern agitated using SSAWs within both 

the circular and rectangular glass capillaries have been presented in our previous paper 
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[34]. The theory of finite element method (FEM) was used to discrete the governing 

equations, which were solved by Newton’s iterative method. The acoustic wave travels 

on the surface of the SAW device substrate, transfers energy to the rectangular glass 

capillary, and is reflected by the capillary walls forming the acoustic field inside the 

liquid. 

The governing equations of the acoustic wave propagation in liquids are derived 

using the perturbation method with the assumptions of one-dimensional attenuating 

acoustic waves, spherical particles. The effects of fluid’s viscosity and microparticles’ 

compressibility are negligible which leads to the Helmholtz equation [34]: 

𝛁2𝜑(𝒓) = −
𝜔2

𝑐𝑓
2 𝜑(𝒓)                        (11) 

where 𝛁𝜑 = 𝑼𝑓, 𝑼𝑓 is the fluid velocity, 𝜔 is the wave angular frequency and 𝑐𝑓 

is the isentropic derivative of pressure equal to wave speed in the fluid,  

The acoustic effects are then coupled into the liquid filled capillaries using the 

acoustic radiation force, 𝐹𝐴𝑅𝑥 generated from a one-dimensional TSAW propagating 

in the x-direction defined as follows: 

𝐹𝐴𝑅𝑥
= (

2𝜋3𝑃𝑎𝑐
2𝑉𝑝

2𝛽𝑓

𝜆4 )(
9+2(1−

𝜌𝑓
𝜌𝑝

⁄ )
2  

(2+
𝜌𝑓

𝜌𝑝
⁄ )

2 )                        (12) 

where 𝑃𝑎𝑐  is the acoustic pressure amplitude, 𝑉𝑝  is the particle volume, 𝛽𝑓  is the 

fluid compressibility, 𝜆  is the wavelength, 𝜌𝑓  is the fluid density, and 𝜌𝑝   is the 

particle density. 

The boundary condition to represent the propagation of the TSAWs are modelled 

using the oscillating wall boundary conditions by defining the velocity of the TSAW 

propagating on the surface of the SAW device as follows [58]: 

𝑢𝑥−𝑤𝑎𝑙𝑙 = 𝐴𝑦𝜁𝜔𝑒−𝛼(0.5𝑤−𝑥)𝑒𝑖[−𝑘(0.5𝑤−𝑥)]               (13) 

𝑢𝑦−𝑤𝑎𝑙𝑙 = 𝐴𝑦𝜔𝑒−𝛼(0.5𝑤−𝑥)𝑒𝑖[−𝑘(0.5𝑤−𝑥)−𝜋
2⁄ ]             (14) 

where 𝑢𝑥−𝑤𝑎𝑙𝑙  and 𝑢𝑦−𝑤𝑎𝑙𝑙  are the SAW velocities in x- and y-directions, 

respectively, 𝐴𝑦 is the wave’s displacement amplitude in y-direction, w is the channel 

width, α is the wave attenuation coefficient, x is the longitudinal direction and ζ is the 



13 
 

ratio of the displacement amplitudes in x- and y-directions. 

The boundary conditions on all the other surfaces are defined as impedance boundary 

conditions as follows: 𝑍𝑤𝑎𝑙𝑙 = 𝜌𝑤𝑎𝑙𝑙𝑐𝑤𝑎𝑙𝑙 , where 𝑍𝑤𝑎𝑙𝑙  is the wall’s impedance, 

𝜌𝑤𝑎𝑙𝑙  is the wall density and 𝑐𝑤𝑎𝑙𝑙  is the wave’s propagation velocity in the wall. 

Mesh dependency analysis was performed to obtain the optimum number of mesh 

elements for high accuracy, and reasonable computational time and the computational 

mesh was generated with ~250,000 and ~150,000 unstructured tetrahedral elements for 

the rectangular and circular tubes, respectively. 

This paper mainly focused on analyzing the acoustic wave distribution in the glass 

capillary using the TSAWs. The simulation results are shown in Fig. 2 and Fig. 3. Two 

types of capillaries were simulated. The first one is the circular capillary. The outer 

diameter and the inner diameter of the circular glass capillary tube used in experiments 

are 550 μm and 400 μm, respectively. The length of the circular glass capillary is about 

15 mm. The second one is a rectangular capillary, with an outer dimension 2.3 mm × 

0.5 mm (inner dimension is 2.0mm × 0.2 mm). The working frequency of the IDTs is 

7.19 MHz.  

The simulation results of the acoustic pressure field inside circular glass capillary are 

shown in Figs. 2 (a) to (e). They show that a complicated acoustic field is formed when 

the SAW is transferred from the surface of the substrates to the circular glass capillary 

and propagates through the cross-section of the circular capillary. When the circular 

capillary tube is placed parallel to the IDTs (Fig. 2 (a-1)), the pressure node lines are 

formed parallel to the IDTs fingers and capillary tube wall. This will result in the 

particles accumulated on these pressure node lines, thus forming linear patterns parallel 

to the IDTs and capillary tube wall. Placing the circular capillary tube with a 15o tilting 

angle with respect to the IDTs (Fig. 2 (b-1)), results in the formation of the checker-

board acoustic pressure field with pressure node lines both parallel and perpendicular 

to the IDT fingers and capillary tube walls. This causes the particles to form linear 

patterns parallel to the IDT, but the lines become slightly jagged. When the tilting angle 

is increased to 30o (Fig. 2 (c-1)), the acoustic pressure field in the circular glass tube 

becomes somewhat distorted, which results in the distortion of the particle patterns and 
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no linearity can be observed, which is similar to the patterns generated using the SSAWs 

[34]. Further increasing the tilting angle to 45ο (Fig. 2 (d-1)) and 60o (Fig. 2 (e-1)) 

causes the acoustic pressure field to become distorted, and the microparticles do not 

form any clear line patterns in the capillary tube. 

 

Fig. 2. Acoustic pressure field in the circular glass capillary with different tilting angle (a) parallel, (b) 

15ο, (c) 30ο, (d) 45ο, (e) 60ο. (1) is the top view and (2) is the cross-sectional view. 

 

Figs. 3 (a) to (e) present the simulation results of the acoustic pressure field inside 

the rectangular glass capillary using the COMSOL Multiphysics (5.6) [34]. When the 

rectangular glass capillary is placed parallel to the IDT (Fig. 3 (a)), the acoustic pressure 

field forms clear linear pressure node patterns parallel to the capillary walls as well as 

the IDTs. The particles will be accumulated on these pressure node lines and patterned 

into lines parallel to the IDTs. Increasing the angle between the rectangular capillary 

tube to 15° (Fig. 3 (b)) results in a slight distortion in the acoustic pressure and the 

pressure node lines. This causes the particle pattern lines to become slightly distorted 

as well. Further increase in the tilting angle to 30° (Fig. 3 (c)), 45° (Fig. 3 (d)), and 60° 

(Fig. 3 (e)) causes the acoustic pressure field to form checker-board patterns, and thus 

the particle patterns will become more and more distorted without formation of any 

clear linear patterns. The simulation results show good agreements with the 

experimental data (see in Figs. 4 and 5). 
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Fig. 3. Acoustic pressure field in rectangular glass capillary with different tilting angle (a) parallel, (b) 

15ο, (c) 30ο, (d) 45ο, (e) 60ο. (1) is the top view and (2) is the cross-sectional view. 

 

3. Results and discussion  

3.1 Microparticle patterning in glass capillary: tilting angle effects  

To verify the effects of the tilting angle, the SAW device with a frequency of 6.05 

MHz was used to produce the patterns generated in the circular glass capillary with 

550 μm outer diameter and 400 μm inner diameter. The comparison between the SSAW 

and the TSAW is illustrated in the supporting information Fig. S2. Fig. 4 shows the 

captured images of patterns at different tilting angles in the middle of the circular glass 

capillary. The light green lines in Fig. 4 are the positions of boundaries inside the glass 

capillary. Results clearly show that when the tilting angle is 0ο, the patterning is clear 

and the straight lines in the patterns are parallel to the wall of the circular glass capillary. 

With the increasing tilting angle, the quality of straight lines becomes worse. When the 

tilting angle reaches 45ο, the lines perpendicular to the capillary walls appear, but the 

lines parallel to the capillary walls become unclear. When the tilting angle is larger than 

45ο, the patterned lines are disappeared, and the patterns are irregular. We can observe 

the patterning of microparticles along the wall of the circular glass capillary.  
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Fig. 4. The patterning in the circular glass capillary with different tilting angles. (a) θ=0ο, (b) 

θ=15ο, (c) θ=30ο, (d) θ=45ο. The resonance frequency of IDTs is 6.05 MHz, and the outer diameter 

of the circular glass capillary is 550 μm. The green line is inner boundary position of the glass 

capillary. 

 

Fig. 5. The patterns in the rectangular glass capillary (width 2.3 mm and height 0.5 mm) with 

different tilting angles. (a) the schematic top view of a rectangular glass capillary located at a 

tilting angle, (b) θ=0ο, (c) θ=15ο, (d) θ=30ο, (e) θ=45ο. The frequency is 6.05 MHz. The green line 

is inner boundary position of the glass capillary. 

Fig. 5 (a) shows a schematic top view of a rectangular glass capillary located at a 

tilting angle in the middle of the circular glass capillary, θ, on the thin film-based SAW 

device. In these experiments, the resonant frequency applied to the IDTs was 6.05 MHz, 

and the outer dimension of the rectangular capillary is 2.3 mm × 0.5 mm (inner 

dimension is 2.0mm × 0.2 mm). When the tilting angle was θ=0ο, the rectangular glass 

capillary was positioned parallel to IDTs. Fig. 5 (b) shows patterns generated in the 

rectangular glass capillary, in which the lines are parallel to the capillary wall. When 

the tilting angle is changed to θ=15ο, the pattern lines are similar to those at θ=0ο (Fig. 

5 (c)). When the tilting angle is about θ=30ο, the pattern lines are not straight, and the 

regularly distributed waves patterns (which have been commonly believed due to Lamb 
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waves [1]) appear as shown in Fig. 5 (d). When the tilting angle is further increased 

above θ=45ο, no clear patterned lines are observed as shown in Fig. 5 (e). These 

observations are consistent with SSAW generated alignment patterns reported in our 

previous paper [34].  

The adjacent line distances were estimated based on the geometry of the tubes and 

the open-source imagine processing software “ImageJ”. With the tilting angle increased 

from θ=0ο to θ=45ο, adjacent lines distance in the circular glass capillary (with 550 µm 

outer diameter in Fig. 4) becomes increased from 88 μm to 113 μm. When the tilting 

angle is increased from θ=0ο to θ=30ο, the distance of the adjacent line in the rectangular 

glass capillary (width 2.3 mm and height 0.5 mm in Fig. 5) is increased from 113 μm 

to 167 μm. The estimated adjacent distances of lines as a function of the tilting angle 

are shown in Fig. 6. According to the Equations (9) and (10), there is a linear 

relationship between the adjacent lines distance and the tilting angle when the tilting 

angle is smaller than 45ο. The estimated distance between the adjacent lines is increased 

with the tilting angle. The experimental results can be verified using the predictive 

Equation (9), as shown in Fig. 6. There is a deviation between the experimental results 

and the simulation results, which is induced by the wavelength deviation and the tilting 

angle deviation used in simulation and experiment. 

 

Fig. 6. The relationship between the adjacent lines distance and tilting angle.  

3.2 Frequency effects 

Fig. 7 shows the influences of the resonance frequency of SAW devices on the 
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patterns generated inside the circular capillary, in which three different resonance 

frequencies were applied, i.e., 6.05, 13.15, and 27.37 MHz, respectively. The outer 

diameter of the circular glass tube was 550 μm, and the inside diameter was 400 μm. 

The light green lines in Fig. 7 are the positions of boundaries inside the glass capillary. 

Results clearly show that with the increase of the frequency, the number of the pattern 

lines is increased, and the distance between the adjacent lines is decreased, as shown in 

Fig. 7 (d). When the diameter of the circular glass capillary is increased to 1 mm, the 

number of the pattern lines in the capillary from top-view is increased from 3 to 6, as 

shown in Fig. 7 (a) and Fig. 10 (b). With increasing frequency, the particle patterning 

becomes less clear, and lines are changed from continuously straight to intermittent. 

This may be caused by the complicated acoustic wave field generated inside the circular 

glass capillary. The distance of the adjacent particle lines is decreased with the increase 

of the SAW device’s frequency. Fig. 7 (d) shows the obtained average distances 

between adjacent lines at different frequencies, and they are about half of the 

wavelengths, indicating that they are caused by the SAWs, not due to the resonance of 

liquid within the glass capillaries. Results also show that the generated acoustic wave 

and microparticle distribution patterns are related to the frequency of the IDTs, but not 

related to the radius of the capillary and acoustic wave powers. The red area is the 

standard deviation area. The maximum error occurs at 13.15 MHz, and the minimum 

error occurs at 27.37 MHz. This is because that the patterns formed at 13.15 MHz is 

not uniformly distributed. The distance between the adjacent lines at 27.37 MHz is 

much narrower than those at other frequencies The patterning in the circular glass 

capillary with different tilting angle under 27.37 MHz is illustrated in the supporting 

information Fig. S3. 
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Fig. 7. The patterning in the circular glass capillary with different frequencies: (a) 6.05 MHz, (b) 13.15 

MHz, and (c) 27.37 MHz, respectively. The outer diameter of the circular glass tube was 550 μm, and 

the inside diameter was 400 μm. (d) the distances between the adjacent lines at different frequencies. 

The green line is inner boundary position of the glass capillary and the red area represents the standard 

deviation. 

 

4. Demonstration of acoustofluidics manipulation applications 

4.1. Capillary patterning with multiplexing Technique 

Fig. 8 (a) shows the schematic of the experimental setup. Two-capillary and three-

capillary multiplexing (Figs. 8 (d) and (e)) have been performed. In our experiments, 

the resonance frequency of IDTs was 6.05 MHz. The inside and outside diameters of 

the circular glass capillary were 400 μm and 550 μm, respectively. To prevent 

interference from the adjacent capillary, the circular capillary tubes were separated by 

a rectangular glass capillary with 100 μm width without any water inside. Figs. 8 (b) 

and (c) show the steady state distribution of the PS microparticles in the two- and three- 

circular glass capillaries multiplexing without applying any SAWs, and the 
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microparticles are randomly distributed. Figs. 8 (d) and (e) show the patterns generated 

in the circular glass capillary after the SAWs were switched on for 20 milliseconds 

when the output power (i.e., forward power) of amplifier is 200 mW, which was 

measured by an RF power meter (Racal Instruments 9104). The results show regular 

and stable patterns in the circular glass capillaries for both cases with two or three 

capillaries. This indicates that along the wave propagating paths, multiple glass 

capillaries can be placed in batch patterning work. These results are caused by the 

interference between the SAW wavefront and the capillary walls. Part of TSAWs will 

be coupled into an overlaying fluid at all points along the channel height, and the other 

part will propagate along the substrate. The interference between the fluid wavefronts 

and the SAW wavefronts occurs, and the generated patterns will be produced in the 

capillary along the path of TSAWs.  

With a wide range of acoustic frequencies, this array of two or three capillaries can 

selectively manipulate different size particles or generate higher throughput of several 

analytes. It is also a potential technology that can be used as a high-throughput 

microfluidics flow cytometry. The mechanical properties of tens to hundreds of 

individual cells can be measured through the network of circular glass capillaries. This 

technology has a remarkable potential for implementation in both biological 

laboratories and clinical settings [59]. 
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Fig. 8. The schematic of the experimental setup with multiplexing technique. The patterning in the 

circular glass capillary when (b) and (c) SAW is off, (d) SAW is on with two capillaries, (e) SAW is on 

with three capillaries (the resonance frequency of IDTs is 6.05 MHz). The green line is inner boundary 

position of the glass capillary. 

 

4.2. Formation of solidified particle-hydrogel patterns in glass capillaries 

To form a solid gel pattern of the microparticle patterns in the circular glass capillary, 

the PS/DI water/agarose (fisher bioreagents BP1356-500) mixture was used to 

immobilize the PS particles. In this experiment, the resonant frequency of the SAW 

device was 6.04 MHz. Fig. 9 shows the distributions of the microparticles before and 

after agitation using the SAWs. The light is illuminated from different directions in our 

experiments. In Figs. 9 (a) and (b), the light is illuminated from the above-left and 

above-right of capillary, and the particle patterns are appeared bright. In Figs. 9 (c) and 

(d), the light is illuminated from under the capillary, so the particles appear dark. When 

the SAW is activated, the microparticles (randomly distributed in Fig. 9 (a)) are 

observed to move quickly to nodes positions forming line particle patterns along the 

length direction. The top view of the patterning in the circular glass capillary is shown 

in Fig. 9 (b). It shows that the microparticles are concentrated and patterned into lines 

along the capillary under the agitation of TSAWs. After about 10 min, the particle 

patterns were fixed in the capillary. The microparticles inside the capillary were 

observed using an optical microscope (Nikon ECLIPSE LV100). After a few hours, the 

enlarged images of well-formed aligned microparticle patterns inside the capillary tube 

are shown in Figs. 9 (c) and (d). The PS microparticles were observed to be aligned 

rapidly as soon as the signal was applied. With the SAWs power increase, the alignment 
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patterns do not change significantly, but the time to form the patterning in the circular 

glass capillary is shortened. This study demonstrated that this method could restrict the 

cells or proteins to a fixed location and realize the bio-patterning. It is possible to 

individually examine the changes in cells or proteins during their growth process. [60]. 

 

Fig. 9. The patterns in circular glass capillary (OD=1.0mm, ID=800 μm) with a single IDT. (a) the 

microparticles suspended in PS/DI water/agarose mixture with SAW off (the light is illuminated from 

the above-left and the above-right). (b) the pattern of the microparticles in PS/DI water/agarose mixture 

with SAW on (the resonance frequency of IDT is 6.04 MHz, and the light is illuminated from the 

above-left and the above-right). (c) the micrograph of microparticles pattern in PS/DI water/agarose 

mixture under microscope with 20 times magnification (the light is irradiated from below the 

capillary). (d) the micrograph of microparticles pattern in PS/DI water/agarose mixture under 

microscope with 50 times magnification (the light is irradiated from below the capillary). The green 

line is inner boundary position of the glass capillary. 

 

4.3. Flexible bending demonstration  

ZnO/Al foil-based flexible SAW device (The thicknesses of ZnO and Al foil are 5 

μm and 50 μm, respectively) was applied to wrap around circular glass capillary. Fig. 

10 (a) shows that the flexible SAW device was bent and wrapped around the circular 

glass tubes to manipulate the particles or cells inside the tubes. The circular glass 

capillary (outer diameter is 550 μm and inner diameter was 400 μm) was put onto the 

wrapped SAW device, and a droplet of DI water was dropped onto the surface between 

the circular glass capillary and the SAW device to increase the wave transfer from the 

substrate into the glass tube. The bending angle of the SAW devices was changed from 

0ο
 to 45ο, and the obtained particle patterns in capillary are shown in Figs. 10 (b)-(d). 
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These results show that the microparticles are patterned into regularly distributed lines 

and the lines are parallel to the wall of the circular glass capillary, although the distances 

between the adjacent patterned lines are a bit varied. These results show that the TSAWs 

technology has potential applications in flexible and wearable applications including 

surface conforming devices, soft robotics, flexible sensors, and electronics [61]. 

 

Fig. 10. (a) The schematic of the experimental setup used for thin film SAW device experiments. The 

outer diameter of the capillary is 550 μm and inner diameter is 400 μm, and the resonance frequency of 

IDTs is 13.15 MHz. The patterning in the circular glass capillary when the bending angle is (b) β=0ο, 

(c) β=30ο and (d) β=45ο. The green line is inner boundary position of the glass capillary. 

 

5 Conclusions 

In this paper, propagating SAWs were applied to generate microparticle patterning 

in both circular and rectangular glass capillaries. Numerical analysis revealed the 

acoustic pressure field distribution inside the circular and rectangular glass capillaries. 

The relationships among the pattern generation and the SAWs frequency, the circular 

glass capillary diameter, and the tilting angles were investigated. The experimental 

results showed that the travelling waves patterned the microparticles along lines parallel 

to the wall of the circular glass capillary, and a clear pattern was observed when the 
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tilting angle was below 45ο. Results also showed that the distance between two adjacent 

linear patterns is dependent only on the frequency of the SAWs wavelength and is not 

related to the diameter of the capillary. Compared to the SSAWs, the TSAWs device 

can generate the acoustic field using one IDT. We explored their potential applications 

in different scenarios, including multiple capillary patterning, solidified particle-

hydrogel patterns, and flexible bending demonstration, which can still pattern, 

concentrate, and focus the microparticles or biological cells, even under a large bending 

state. The experimental results demonstrated the possibility of manipulating the 

particles in the glass capillary using the travelling SAWs. 
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