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Abstract 

Acoustofluidics has shown great potential in enabling on-chip technologies for driving liquid 

flows and manipulating particles and cells for engineering, chemical, and biomedical 

applications. To introduce on-demand liquid sample processing and micro/nano-object 

manipulation functions to wearable and embeddable electronics, wireless acoustofluidic chips 

are highly desired. This paper presents wireless acoustofluidic chips to generate acoustic waves 

carrying sufficient energy and achieve key acoustofluidic functions, including arranging 

particles and cells, generating fluid streaming, and enriching in-droplet particles. To enable 

these functions, our wireless acoustofluidic chips leverage mechanisms, including inductive 

coupling-based wireless power transfer (WPT), frequency multiplexing-based control of 

multiple acoustic waves, and the resultant acoustic radiation and drag forces. For validation, 

the wirelessly generated acoustic waves are measured using laser vibrometry when different 

materials (e.g., bone, tissue, and hand) are inserted between the WPT transmitter and receiver. 

Moreover, our wireless acoustofluidic chips successfully arrange nanoparticles into different 

patterns, align cells into parallel pearl chains, generate streaming, and enrich in-droplet 

microparticles. We anticipate this research to facilitate the development of embeddable wireless 

on-chip flow generators, wearable sensors with liquid sample processing functions, and 

implantable devices with flow generation and acoustic stimulation abilities for engineering, 

veterinary, and biomedical applications. 
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1. Introduction 

Acoustofluidics, which fuses acoustics and fluid mechanics, use acoustic waves to generate 

fluid flow, as well as apply forces on small objects in fluids for contactless multifunctional 

object manipulation.[1–5] In recent year, acoustofluidics has been attracting increasing interest 

in the fields of engineering, biology, medicine, and chemistry,[6–11] as it enables various on-chip 

technologies, which can drive and control fluid flows for pumping,[12–14] mixing,[15,16] vortex 

generation,[17–19] etc., as well as achieve contactless, precise manipulation of nano-to-millimeter 

scale objects (e.g., plasmids,[20,21] exosomes,[22] cells,[23–27] worms,[28] zebrafish,[29] and 

micro/nanoparticles[30–32]) in multiple modes such as arranging particle/cell distributions,[6,33] 

transporting cells,[34] separating cells,[35,36] controlling cell-cell distances,[37,38] isolating 

exosomes,[39,40] as well as rotating cells,[41] worms,[42,43] and zebrafish larvae.[44–46] For example, 

Yang et al. developed an acoustic device with harmonic interdigital transducers (IDTs) to 

generate Rayleigh surface acoustic waves (SAWs) to enable the control of cell-cell distance 

and the manufacture of colloidal clusters with different configurations.[38] Collins et al. 

developed a SAW device to generate high-frequency two-dimensional (2D) standing SAWs to 

achieve single-cell patterning with one cell per acoustic potential well.[25] Huang et al. 

developed a SAW device that can be integrated with lithium-ion batteries to overcome the 

intrinsic limitations of fast charging by taking advantage of the SAW generated streaming. 

Riaud et al. developed swirling SAW devices to generate an acoustic vortex for selectively 

trapping of single micro-objects and translating the trapped objects along complex paths.[17] 

 Given the success of previous acoustofluidic devices, extensive studies are still needed to 

address their limitations and develop next-generation techniques with more functions. For 

example, in previous acoustofluidic devices, to independently generate and control acoustic 

waves from multiple transducers, they needed to use multiple function generator channels 

physically wired to the transducers.[25,47] Existing acoustofluidic devices cannot wirelessly 
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generate and control acoustic waves at different frequencies or propagating directions. On the 

other hand, in order to introduce on-demand liquid sample processing and micro/nano-object 

manipulation functions to wearable[48–50] and embeddable electronics[51–53] and sensing 

technologies,[54,55] wireless acoustofluidic chips are highly desired. However, few studies 

achieved wirelessly powered and controlled acoustofluidic chips, which can wirelessly activate 

key acoustofluidic functions such as generating acoustic streaming, concentrating particles, and 

arranging cells. These desired wireless acoustofluidic chips have great potential to facilitate the 

development of future wearable sensors with both wireless sensing and active liquid sample 

processing functions, future embedded electronics that can embedded in biomaterials to provide 

flow generation and acoustic stimulation functions, as well as future lab-on-a-chip technologies 

with wireless on-chip flow generation, fluid mixing, bioparticle separation, and bioparticle 

concentration functions. The wireless acoustofluidic chips also have great potential to be 

integrated with existing biomedical equipment to introduce new functions, for example, 

integrating them with cell culture chambers for cell arrangement, acoustic streaming-based flow 

control, and cell simulation in cell culture environments.  

 This study presents wireless frequency-multiplexed acoustofluidic devices, which can 

wirelessly generate megahertz traveling and standing acoustic waves and control the wave 

energy patterns for enabling multiple wirelessly activated and controlled acoustofluidic 

functions, such as arranging particles into different patterns, aligning cells, generating acoustic 

streaming, and concentrating in-droplet microparticles. To achieve these functions, particularly, 

our wireless acoustofluidic chips fuse mechanisms, including inductive coupling that has been 

used for WPT and near-field communication[56], frequency-multiplexing-based control of an 

array of IDTs with different resonance frequencies for generating and controlling multiple 

acoustic waves at different frequencies and propagating directions, as well as the resultant fluid 

streaming and applied forces on in-fluid micro/nano-objects. To develop wireless 
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acoustofluidic devices, we performed numerical and analytical simulations, as well as laser 

Doppler vibrometry-based characterization of the displacement fields of wirelessly generated 

acoustic waves, at multiple testing conditions with different distances between the WPT 

transmitter and receiver and different materials (e.g., bone, tissue, and hand) inserted between 

them. Through a series of experiments, we demonstrated multiple critical functions of our 

wireless acoustofluidic devices, including (i) wirelessly sending power through different 

barriers (e.g., bone, tissue, and hand) to multiple acoustic transducers to generate traveling and 

standing acoustic waves with different energy field distributions; (ii) wirelessly and 

independently controlling multiple IDTs and acoustic waves propagating in different directions 

based on the wireless frequency multiplexing mechanism; (iii) aligning nanoparticles and 

constructing lattice-like-patterns of nanoparticle clusters; (iv) arranging randomly distributed 

cells into multiple single-cell pearl chains in parallel; (v) generating streaming with a vortex-

like flow field; and (vi) enriching in-droplet microparticles by gradually transporting 

microparticles to the droplet center and accumulating them. It is also worth noting that our 

demonstrations cover devices based on both low-frequency Lamb waves guided by the two 

parallel surfaces of a piezoelectric wafer, as well as high-frequency Rayleigh SAWs guided by 

one surface. This study contributes to acoustofluidic techniques by opening a paradigm of 

developing wireless Lamb wave and SAW-based acoustofluidic devices that can achieve key 

acoustofluidic functions such as arranging cells and micro/nanoparticles, generating acoustic 

streaming, and enriching in-droplet particles. Moreover, our approach can wirelessly transfer 

sufficient energy through interceding media (e.g., bone, tissue, and hand) to piezoelectric chips 

to generate Lamb waves and SAWs and further enable various acoustofluidic functions. Our 

wireless approach breaks the limitations of previous wired devices and holds great potential for 

extending the functions and applications of acoustofluidic techniques. With the aforementioned 
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features, in the long run, we expect wireless acoustofluidics to lead to useful wearable and 

embeddable devices for engineering, veterinary, and biomedical applications.  

2. Results and Discussion 

2.1. Design and mechanism of a wireless acoustofluidic device 

The wireless acoustofluidic device (see Figure 1a for a schematic) has three key modules, 

including (i) an acoustic chip with IDTs deposited on a LiNbO3 piezoelectric wafer to generate 

acoustic waves for arranging micro/nano-objects and generating fluid streaming, (ii) a 

removable microfluidic chamber for loading liquids and micro/nano-objects to the acoustic 

wave generation region, as well as (iii) a customized WPT module, which can wirelessly send 

power and information from the WPT transmitter to the WPT receiver and then to the IDTs for 

generating and controlling acoustic waves. The wireless acoustofluidic device’s working 

mechanism is illustrated in Figure 1b. The WPT transmitter is applied with an input voltage 

signal VT(t)=ATei(ωt+φ), where AT, ω, and φ are the signal amplitude, angular frequency, and 

phase, respectively. Through inductive coupling,[57,58] both power and information of the input 

signal are wirelessly transmitted to the WPT receiver with the received voltage signal expressed 

as VR(t)=ARei(ωt+φ+Δφ), where AR and Δφ are the received signal’s amplitude and phase shift. The 

voltage signal VR(t) is then applied to the IDTs on a piezoelectric wafer to generate acoustic 

waves propagating in counter directions. The interference of these acoustic waves further 

generates a standing acoustic wave field with nodes and anti-nodes. Thus, small objects (such 

as micro/nanoparticles and cells with positive acoustic contrast factors) preloaded in the 

microfluidic chamber are subjected to acoustic radiation forces and can be trapped in acoustic 

potential wells located at acoustic nodes. 

 To enhance the wireless acoustofluidic device’s performance, such as the output/input 

voltage ratio AR/AT and acoustic wave displacements, we have optimized the WPT module so 
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that its electrical resonance frequency matches the IDT’s resonance frequency fIDT. Figure 2a 

shows an equivalent circuit diagram of a WPT module with a series-series compensation 

topology. The power emission side (Figure 2a left), connected to an alternating current power 

source (e.g., a function generator), has a coil-based WPT transmitter with an inductance LT1 and 

a matching circuit with a capacitance CT1. The power receiving side (Figure 2a right), 

connected to the IDTs, has a coil-based WPT receiver with an inductance LR1 and a matching 

circuit with a capacitance CR1. To maximize the acoustic wave generation efficiency, we 

engineer the inductances and capacitances to satisfy the resonant condition 2𝜋𝑓ୈ୘ =

1 ඥ𝐿்ଵ𝐶்ଵ⁄ = 1 ඥ𝐿ோଵ𝐶ோଵ⁄  for matching the WPT module’s peak frequency with the IDT’s 

resonance frequency. Three-dimensional (3D) finite element simulations were performed to 

optimize the WPT module’ design parameters such as the transmitter and receiver coils’ 

diameters and numbers of turns. Figure S1 shows our 3D simulation model considering a WPT 

transmitter coil with its matching circuit, a WPT receiver coil with its matching circuit, a 

domain with air surrounding the circuits, and an outer layer for minimizing boundary reflection. 

Our simulation result in the x-z plane (see Figure 2b) shows that a strong electric field can be 

wirelessly induced in the receiver coil with optimized parameters. More details of the WPT 

module’s design with its optimized parameters can be found in the Experimental Section. 

 Based on the mechanism illustrated in Figure 1b, the wireless acoustofluidic device can 

be wirelessly powered and controlled to achieve different acoustofluidic functions such as 

micro/nanoparticle patterning, cell arrangement, acoustic streaming generation, as well as small 

object concentration, as illustrated in Figure 1c-1f. Moreover, with different materials (e.g., 

bone and tissue) inserted between the WPT transmitter and receiver, as shown in Figure 1a, 

the wireless power transfer based on inductive coupling can still be achieved to enable those 

acoustofluidic functions. We have used a laser vibrometry-based sensing system to characterize 

the wireless acoustic wave generation performance by measuring the generated acoustic waves 
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at different wireless power transfer conditions. In addition, a series of acoustofluidic 

experiments were performed to demonstrate our wireless acoustofluidic devices. The results of 

these experiments and their related data analysis are given below. 

2.2. Over-barrier wireless generation of acoustic waves 

Following the design and fabrication of a wireless acoustofluidic device, we characterized the 

device’s ability to wirelessly generate acoustic waves. We measured the WPT voltage ratio 

AR/AT and the nanoscale displacements of generated acoustic waves at different conditions, 

including different distances between the parallelly arranged transmitter and receiver coils, as 

well as different materials (e.g., carapace, skull, swine tissue, and human hand) inserted 

between the transmitter and receiver coils (see Figure 2c). The experimental result (Figure 2d) 

shows that the ratio between receiver and transmitter voltages (i.e., output/input voltage ratio 

AR/AT) gradually changes from 5 to 20 MHz. When the transmitter and receiver are close to 

each other (i.e., 8 mm), the voltage ratio peaks near ~0.95 at 10.83 MHz. With the increase of 

the transmitter-receiver distance from 8 to 48 mm, the results show that the peak ratio gradually 

decreases to ~0.3 with a negligible frequency shift. Moreover, when different materials (e.g., 

carapace, skull, swine tissue, and human hand) are inserted between the transmitter and 

receiver, our approach can maintain efficient power transfer to the acoustic device at its 

resonance frequency of 10.83 MHz, as shown in Figure 2e. Our measurements show that the 

voltage ratio negatively correlates to the transmitter-receiver distance due to reduced inductive 

coupling efficiency, and the insertion materials lead to slight offsets compared to the results 

measured in air. In addition, we also evaluated the power transfer efficiency by measuring S11 

and S12 with a vector network analyzer (E5061B, Keysight, USA) and then calculating the 

efficiency with the relation η=S12/(1-S11)[59]. The measured power transfer efficiencies were 

91%, 57%, and 15% for transfer distances of 8 mm, 18 mm, and 28 mm, respectively. 
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 Next, we used a customized scanning laser Doppler vibrometry setup to characterize the 

wirelessly generated acoustic waves, as illustrated in Figure 3a (see a photograph in 

Figure S2). In this setup, a function generator provides a voltage signal at the acoustic device’s 

resonance frequency, and the excitation signal is sent to an IDT through the WPT module to 

generate traveling acoustic waves. On the other hand, a laser Doppler vibrometer, whose laser 

beam is perpendicular to the piezoelectric wafer and focused on the wafer’s top surface, is 

adopted to measure the generated acoustic wave’s out-of-plane displacement at the laser spot 

based on the Doppler effect.[60] By gradually changing the laser spot position along a serpentine 

path using a linear motion stage, the laser vibrometer can perform point-by-point acquisition of 

acoustic wave displacements at different locations. The combination of displacement 

waveforms acquired at all the scanning points provides the traveling acoustic wave’s time-space 

wavefield u(t, x) as a function versus time t and position x. More details of the laser vibrometry 

approach can be found in the Experimental Section.  

 The acquired time-space wavefield in Figure 3b (also see Movie S1) clearly shows the 

propagation of a straight-wavefront acoustic wave with a wavelength of ~370 μm wirelessly 

generated by our device when the excitation frequency is 10.83 MHz, and the coil-to-coil 

distance is 1 mm. For further characterization, acoustic wave displacements are measured (see 

Figure 3c) at different voltages. It can be seen that the acoustic wave displacements gradually 

increase from 0 to ~1 nm, when the voltages measured at the IDT increase from 0 to 8 V. Figure 

3d shows that the generated acoustic wave displacements gradually decrease with the increase 

of the coil-to-coil distance. In addition, for cases with different materials (such as carapace, 

skull, swine tissue, and human hand) inserted between the transmitter and receiver coils, the 

laser vibrometry results confirm the successful wireless generation of acoustic waves. This 

feature is critical to developing acoustofluidic chips that can be embedded in different materials 

and wirelessly activated for manipulating fluids and small objects. 
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2.3. Wireless frequency-multiplexed acoustic array 

Various acoustofluidic devices leverage an array of acoustic transducers for generating acoustic 

waves propagating in different directions for transporting objects in different directions, as well 

as generating various acoustic energy patterns for constructing different cell/particle patterns. 

To wirelessly power and control an array of acoustic transducers, one approach is using multiple 

independent WPT modules and multiple waveform generation channels. This strategy 

significantly increases the system complexity and cost with the increase of the transducer 

number. Therefore, we have developed a wireless frequency-multiplexed acoustic array, which 

is less complex and more cost-effective. 

 As illustrated by the equivalent circuit diagram in Figure 4a, three IDTs (denoted as IDT1 

to IDT3) with different pitches working at different resonance frequencies are interconnected to 

form a frequency-multiplexed acoustic array. When a signal carrying multiple frequency 

components, expressed as s(t) = ∑ 𝐴௡𝑒
௜(ఠ೙௧ାఝ೙)ଷ

௡ୀଵ , is sent to the frequency-multiplexed array, 

individual IDTs respond to different frequency components due to the IDTs’ different 

resonance frequencies. Based on this mechanism, acoustic waves with different frequency-

wavenumber components {(𝜔௡ , 𝑘௡)}ேୀଷ  can be generated. Moreover, by changing the 

amplitude 𝐴௡ and phase 𝜑௡ at an angular frequency 𝜔௡, the acoustic wave generated at this 

frequency can be tuned. Furthermore, if the array has IDTs oriented in different directions, our 

approach can generate and control acoustic waves propagating in different directions by only 

using one AC input source. However, traditional approaches for generating and controlling 

acoustic waves propagating in N directions require the use of a total of N AC sources, with each 

source assigned to a specific direction[61–64]. 

 For the success of the wireless frequency-multiplexed acoustic device, a WPT module 

working at multiple resonance frequencies matching the IDT frequencies is also critical. As 



  

11 

illustrated by the equivalent circuit diagram in Figure 4a, the multi-frequency WPT module 

has three sets of circuits, each using the series-series compensation topology similar to the 

design of the single-frequency WPT module illustrated in Figure 2a. These three circuits are 

optimized to work at different desired resonant frequencies, using the same approach for 

optimizing the single-frequency WPT module. To minimize the interference among the three 

sets of circuits, we used customized transformers with the same impedance ratio of 50 Ω/50 Ω 

for effective electromagnetic isolation. More details of the multi-frequency WPT module are 

given in the Experimental Section, and the electronics parameters for this module are in Table 

S1. We measured the output/input voltage ratios at different frequencies to characterize the 

multi-frequency WPT module. As shown in Figure 4b, the measured voltage ratio curve has 

three peaks at frequencies near the three IDTs’ resonance frequencies f1 = 10.8 MHz, 

f2 = 13.4 MHz, and f3 = 16.1 MHz, respectively, for exciting an array of three interconnected 

IDTs with different resonance frequencies. Then, the wireless frequency multiplexing-based 

generation of acoustic waves propagating in different directions was validated by measuring 

acoustic fields generated at different frequencies using a laser Doppler vibrometer, as well as 

constructing particle patterns with different orientations. The results of these experimental 

studies are given in the following subsection. 

2.4. Multi-configuration patterning of nanoparticles 

To demonstrate the wireless frequency-multiplexed acoustofluidic device, we measured the 

generated acoustic fields at different excitation frequencies and arranged 800 nm SiO2 

nanoparticles into different patterns. As illustrated in Figure S3b and Figure 5a, the acoustic 

array has four (M=4) IDT groups, and each group has three (N=3) frequency-multiplexed, 

interconnected IDTs working at different frequencies. Figure S3d shows a photo of the acoustic 

array. More details of the array design are given in the Experimental Section. When using the 

WPT module for wireless operation of the IDT groups 1 and 3, the acoustic fields (in Figure 
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5i to 5k) measured by a laser Doppler vibrometer show standing acoustic waves with tilted 

node lines along 15, 45, and 75 deg directions at excitation frequencies of f1 = 10.8 MHz, 

f2 = 13.4 MHz, and f3 = 16.1 MHz, respectively. The spacings between node lines are different 

due to the different wavelengths at the three frequencies. In addition, we tested a case with all 

four groups of IDTs connected to the WPT module. Two orthogonal pairs of IDTs can be 

activated by a signal with dual frequencies of f1 = 10.80 and f1 +Δf= 10.83 MHz, as illustrated 

in Figure 5d. The slight frequency difference is related to the resonance frequency difference 

between IDTs with the same pitch but in different orientations, as the wave speed in an 

anisotropic piezoelectric wafer is direction-dependent. The acoustic intensity field (Figure 5l) 

measured by a laser Doppler vibrometer confirms the generation of a lattice-like standing 

acoustic field, having an array of potential valleys distributed on a 2D grid. Moreover, the 

acoustic fields (Figure 5e-5h) predicted by our analytical model (Section S1) agree with the 

experimental acoustic fields in Figure 5i-5l. 

 As our wireless frequency-multiplexed acoustic device can generate different standing 

acoustic wave patterns, it can apply acoustic radiation forces on small objects in the acoustic 

field to arrange their distributions. For demonstration, we used our device to pattern 800 nm-

diameter SiO2 nanoparticles. As shown in the captured brightfield microscopic images (Figure 

5m-o), at different wireless excitation frequencies, SiO2 nanoparticles can be arranged in 

parallel-line-like patterns with different line-to-line spacings and alignment orientations. When 

generating acoustic waves with a lattice-like intensity distribution using two orthogonal pairs 

of IDTs, nanoparticles are arranged in a 2D lattice-like pattern with an array of nanoparticle 

clusters shown in Figure 5p. The experiments above successfully demonstrate the ability of 

our wireless frequency-multiplexed acoustic array to generate acoustic waves propagating in 

different directions, and they also validate the ability to arrange small particles into different 

patterns. 
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2.5. Generating streaming, concentrating particles, and aligning cells 

In addition to patterning particles using acoustic radiation force, we demonstrated other 

functions of our wireless acoustic device, such as wirelessly generating acoustic vortex 

streaming in a droplet, concentrating in-droplet microparticles, and aligning cells. First, an 

experiment was performed by adding a ~5 μL droplet to the traveling acoustic wave propagation 

region, as illustrated in Figure 6a. More details of the test procedure are in the Experimental 

Section. When the droplet is placed off the acoustic energy beam’s center[65,66] (e.g., close to 

the IDT side shown in Figure 6a), the traveling acoustic wave impinging on the droplet’s side 

introduces angular momentum to the liquid, thus generating streaming with a vortex-like flow 

field. As confirmed by the recorded Movie S2 and captured fluorescent images in Figure 6b, 

5 μm green-fluorescent, tracing microparticles reveal a vortex-like streaming pattern after 

turning on the acoustic device. For this experiment, the peak power applied to the acoustic chip 

was 180 mW, and the acoustic chip’s average temperature slightly increased by 0.2 ℉ with a 

local maximum increment of 0.6 ℉ (see Figure S4). If the acoustic chip is operated in a pulsed 

mode, such as being on for 6 sec and then off for 54 sec in every minute, the acoustic chip’s 

average power can be reduced to 18 mW. Second, our experiment demonstrated the ability to 

concentrate in-droplet microparticles using the vortex streaming-induced drag force. As shown 

in the recorded Movie S3 and captured fluorescent images in Figure 6d, 10 μm green-

fluorescent polystyrene particles in a droplet are transported to the droplet center for 

accumulation after turning on acoustic waves. In these tests, 10 μm particles can be enriched, 

while 5 μm particles cannot, showing a size-dependent, in-droplet particle enrichment effect in 

agreement with previous studies on enriching in-droplet particles.[15,67,68] Multiple theoretical 

and experimental studies have found that the size threshold highly depends on frequency when 

using acoustic waves to separate and concentrate particles.[15, 65-70] Unlike previous studies 

using wired acoustic devices, this work demonstrates the ability to achieve in-droplet particle 
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enrichment using a wireless acoustic device, which is desirable for many wearable and 

implantable applications.[71,72] In addition to manipulating particles, we showed that our 

wireless acoustic device can manipulate bioparticles such as cells. The acquired microscopic 

image in Figure 6f shows that HepG2 cells can be arranged into multiple pearl chains parallel 

to each other after wirelessly generating standing acoustic waves using a device with a pair of 

IDTs. In the experiments above, acoustic waves generated by IDTs at 10.83 MHz actually are 

Lamb waves, as the LiNbO3 substrate’s thickness (500 μm) is not sufficiently larger than the 

wavelength (~370 μm).[2,3,73] To demonstrate wireless SAW acoustofluidics, we fabricated a 

device working at 40.0 MHz ensuring the generation of SAWs (wavelength ~100 μm) in a 500 

μm-thick LiNbO3 substrate. The result in Figure 6h shows that 800 nm-diameter SiO2 

nanoparticles are aligned by the wirelessly generated SAWs.  

3. Discussion 

This paper presents wireless acoustofluidic devices that can wirelessly generate acoustic waves 

carrying sufficient energy to enable multiple acoustofluidic functions such as arranging 

micro/nanoparticles in liquids, aligning cells, generating streaming to transporting particles and 

concentrating particles in a droplet. To enable these functions, notably, our device leverages an 

acoustic chip with multiple IDTs for acoustic wave generation, a removable microfluidic 

chamber for loading liquids and small objects, as well as an inductive coupling-based WPT 

module with rationally engineered electronics in a series-series compensation topology for 

wirelessly sending power and control signals to the acoustic chip. Moreover, by using a wireless 

frequency multiplexing mechanism, our approach can power and control an array of IDTs, thus 

generating various acoustic energy patterns such as parallel-line-like patterns in different 

orientations and lattice-like patterns of high-intensity spots to further arrange 

micro/nanoparticles into different distributions with acoustic radiation forces. On the one hand, 

this wireless frequency multiplexing mechanism takes advantage of a unique IDT rosette array 
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composed of interconnected IDTs with different resonance frequencies (i.e., operation 

frequencies) and arranged in different orientations, for enabling the abilities to generate and 

control acoustic waves propagating in various directions using only one AC source. On the 

other hand, it adopts an extendable WPT module with multiple efficient power transfer 

frequencies that match the IDT resonance frequencies. 

 To characterize and demonstrate our wireless acoustofluidic device, we have measured the 

wirelessly generated acoustic wave displacement fields at different operation conditions and 

performed a series of acoustofluidic experiments to manipulate micro/nanoparticles and cells. 

The characterization results show that our device can wirelessly generate traveling acoustic 

waves with displacements (on the orders of 10-10 to 10-9 m) at conditions with different materials 

(e.g., carapace, skull, swine tissue, and human hand) inserted between the WPT transmitter and 

receiver. The measured acoustic fields also confirm the ability to generate acoustic waves 

propagating in different directions and acoustic waves with a lattice-like energy pattern when 

using a wireless frequency-multiplexed acoustic device with interconnected IDTs working at 

different frequencies. The acoustofluidic experiments validate multiple device functions such 

as constructing cell pearl chains that are parallel to each other, arranging nanoparticles into 

different patterns (e.g., parallel-line-like and lattice-like patterns), generating acoustic 

streaming with a vortex-like flow field, as well as concentrating microparticles in a droplet by 

transporting in-droplet particles to the droplet center and gradually accumulating them. Note 

that our devices with Y128-cut LiNbO3 wafers have low efficiencies in generating waves not 

propagating along the X-direction; and we expect that using other cuts (e.g., 152° Y-rotated 

LiNbO3), which preserve high piezoelectric coupling efficiencies in multiple directions,[66,74] 

will improve the performance of the IDT rosette array.  

 In future research, we will replace the copper wire coils, which are used for inductive 

coupling in this study, with electrodes directly patterned on the acoustic substrate, as this change 
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can benefit the device miniaturization. We will also replace the LiNbO3 piezoelectric plates in 

our current wireless acoustic devices with flexible piezoelectric materials such as films coated 

with piezoelectric materials (e.g., aluminum nitride). We expect this change to push wireless 

acoustofluidics toward achieving wearable or embeddable acoustofluidic devices. The 

integration of acoustofluidic devices with wearable sensors may lead to devices with both liquid 

sample processing and sensing functions. In addition, we plan to enable other wireless 

acoustofluidic functions such as fluid mixing, bioparticle separation, cell lysis, changing 

particle alignment orientations and spacings, as well as translating a particle along designed 

complex paths. We expect the paradigm in this research to inspire researchers working on 

acoustofluidics, lab-on-a-chip devices, as well as wearable and embeddable electronics, for 

advancing the development of future wearable sensors with active liquid sample processing 

functions, lab-on-a-chip devices with embeddable wireless on-chip flow generators, as well as 

implantable chips with both biofluid flow generation and acoustic stimulation abilities. 

4. Experimental Section 

Design and fabrication of acoustofluidic chips 

Schematics and photos of our acoustofluidic chips are given in Figure S3. The frequency-

multiplexed acoustofluidic device consists of four (M=4) groups of IDTs, and each group has 

three (N=3) frequency-multiplexed IDTs that are designed with different pitches for different 

operation frequencies (f1 = 10.8 MHz, f2 = 13.4 MHz, and f3 = 16.1 MHz). The nth IDT in the 

mth group is denoted as IDTm,n. The workflow for fabricating IDTs on a LiNbO3 wafer is 

illustrated in Figure S5. First, a photoresist layer is coated on a 500 μm-thick, Y128-cut LiNbO3 

wafer (double-side polished). Second, using photolithography and chemical development, the 

designed IDT patterns on a photomask can be transferred to the wafer. Third, e-beam 

evaporation is used to deposit a 10 nm-thick Chromium (Cr) layer and then a 90 nm-thick gold 

(Au) layer, followed by a lift-off process to obtain the desired IDTs. These steps allow a 
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frequency-multiplexed array of IDTs working at different frequencies to be fabricated on a 

LiNbO3 chip. To perform acoustofluidic experiments, we attached a disposable microfluidic 

chamber on top of the acoustic substrate. This chamber is composed of a bottom layer (~100 μm 

thick) manufactured by a stereolithography 3D printer (Form3, Formlabs) and a glass coverslip 

(~100 μm thick) as the ceiling. 

Design of a single-frequency WPT module 

The WPT module with a single operation frequency of 10.83 MHz was designed and 

manufactured for the acoustic device with a pair of IDTs having a resonance frequency fIDT of 

10.83 MHz. Figure 2a shows an equivalent circuit diagram of the single-frequency WPT 

module. The power emission side has a coil inductor (inner diameter 33 mm, 5 turns) made of 

a 16-gauge silicone tinned copper wire, and the coil’s inductance 𝐿்ଵ is 2.73 μH, measured by 

a vector network analyzer (E5061B, Keysight). The power receiving side has a coil inductor 

(inner diameter 13 mm, 11 turns), which is made of a 0.3 mm-diameter copper wire and has an 

inductance 𝐿ோଵ of 8.16 μH. The WPT transmitter and receiver should have the same resonance 

frequency to match the IDT’s resonance frequency for maximized wireless power transfer 

efficiency through inductive coupling. For a series-series compensation topology, matching 

circuits for the WPT transmitter and receiver should have capacitances 𝐶்ଵ = 79.1 pF and 𝐶ோଵ 

= 26.5 pF, respectively, to satisfy the relation 2𝜋𝑓ୈ୘ = 1 ඥ𝐿்ଵ𝐶்ଵ⁄ = 1 ඥ𝐿ோଵ𝐶ோଵ⁄ . In 

addition, we fabricated WPT circuits working at 40.0 MHz for the wireless SAW acoustofluidic 

device. The WPT transmitter’s coil inductor has an inner diameter of 35 mm and 4 turns of 16-

gauge silicone tinned copper wire. This coil’s inductance is 5.3 μH, and its matching 

capacitance is 3.0 pF. The WPT receiver’s coil, with an inner diameter of 23 mm and 12 turns, 

is made of a 0.3 mm-diameter copper wire. As this coil’s inductance is 4.8 μH, its matching 

capacitance is 3.3 pF to achieve optimal wireless energy transfer at 40.0 MHz.  
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Design of a multi-frequency WPT module 

To power and control a frequency-multiplexed array of IDTs with different resonance 

frequencies, we designed a WPT module having three peak frequencies near the IDT array’s 

resonance frequencies f1 =10.8 MHz, f2 = 13.4 MHz, and f3 = 16.1 MHz. As illustrated in 

Figure 4a, the WPT module comprises three sets of circuits optimized to efficiently transmit 

power at resonant frequencies f1, f2, and f3, respectively. Each set of circuits uses the series-

series compensation topology and is optimized using the same approach for optimizing the 

single-frequency WPT module. Table S1 gives the determined electric parameters for the three 

sets of circuits. In addition, to minimize the interaction among the three sets of circuits, 

customized transformers with the same impedance ratio of 50 Ω/50 Ω are used to isolate them, 

as illustrated by the equivalent circuit diagram in Figure 4a. This isolation approach also allows 

for parallelly extending the circuit for transferring more than three frequency components. 

When extending the circuit, the operation frequencies should be carefully selected to avoid 

harmonic frequency matching, for minimizing electromagnetic interference among different 

operation frequencies. 

Finite element simulation 

To optimize the WPT module’ design parameters, finite element simulations were performed 

in COMSOL Multiphysics. Figure S1 shows a 3D schematic of the simulation model, 

containing a WPT transmitter with a matching circuit, a WPT receiver with a matching circuit, 

a domain Ω1 with air, and a thin layer Ω2 that is set to the “perfect electric conductor” condition 

for minimizing the boundary reflection. To simulate both the electric field and magnetic flux, 

the physics module, “electromagnetic waves” of COMSOL Multiphysics, is used to establish 

the finite element model. After simulation at a frequency of 10.83 MHz, matching the 

experimental frequency, we extracted the simulated electric field and magnetic flux in plane ∑1 

illustrated in Figure S1, and plotted the results in Figure 2b. 
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Laser vibrometry-based acoustic wave characterization 

To characterize the performance of our wireless acoustic device, the laser vibrometry-based 

acoustic field measurement was performed. As illustrated by the experimental setup in Figure 

S2, a function generator (DG1022, Rigol) was employed to send an excitation signal to the 

WPT transmitter. A laser Doppler vibrometer (VFX-1-130, Polytec Inc.) was used to acquire 

the generated acoustic wave displacement. Particularly, the laser beam was perpendicular to the 

LiNbO3 substrate, and the laser spot was focused on the substrate’s top surface, in order to 

measure the out-of-plane displacement component based on the Doppler effect. The output 

voltage signals from the vibrometer’s decoder were recorded by an oscilloscope (TDS 2014C, 

Tektronix), and the measured voltage signals were further converted to displacement 

waveforms by using the vibrometer’s displacement decoder information (10 nm/V). In order to 

acquire a time-space wavefield of acoustic waves, the laser head is installed on a 3-DoF linear 

motion stage to move the laser position with a step size of 0.05 mm for point-by-point 

measurements. By combining the waveforms acquired at all scanning points on a 2D grid within 

the desired acoustic wave measurement region (5 × 5 mm), a time-space wavefield u(t, x) 

containing the information of the generated acoustic waves can be obtained. To increase the 

signal-to-noise ratio, we acquired signals eight times at each measurement point and then 

averaged them. The collected raw data were post-processed using the Fourier transform to 

evaluate the acoustic wave signal’s frequency component and visualize the acoustic field at the 

desired frequency. 

Preparation of cell and particle solutions 

Human hepatocellular carcinoma (HepG2) cells were used for the cell patterning experiment. 

They were maintained in DMEM medium (Gibco, Life Technologies) supplemented with 10% 

fetal bovine serum (Gibco, Life Technologies), penicillin (50 units·mL-1; Sigma-Aldrich), and 

streptomycin (50 μg·mL-1; Sigma-Aldrich) in an incubator (CCL-B, ESCO Technologies Pty 
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Ltd.) at 37 ℃ with a carbon dioxide (CO2) level of 5%. Before each experiment, HepG2 cells 

were harvested and resuspended in fresh DMEM medium to an approximate concentration of 

1.0×106 mL-1. For patterning nanoparticles, 800 nm-diameter SiO2 nanoparticles were 

suspended in deionized water to a concentration of ~1.5×106 mL-1. For visualizing acoustic 

streaming, 5 μm-diameter green-fluorescent polystyrene beads (Cospheric LLC) suspended in 

deionized water were used. For demonstrating acoustofluidic particle concentration, 10 μm-

diameter green-fluorescent polystyrene particles (Cospheric LLC) in deionized water were 

used.  

Acoustofluidic experiments 

We performed a series of acoustofluidic experiments including nanoparticle patterning, cell 

arrangement, acoustic streaming generation, and particle concentration. Input signals for the 

WPT transmitter were generated by a function generator (AFG3052C, Tektronix Inc.). The 

signal obtained by the WPT receiver was monitored by an oscilloscope (2190E, B&K Precision 

Corporation). The wirelessly transmitted voltage signal is used to excite the IDTs on the 

LiNbO3 substrate to generate acoustic waves, which can further arrange nanoparticles and cells, 

generate an acoustic streaming vortex, and concentrate small objects. For nanoparticle 

patterning, a solution with 800 nm-diameter SiO2 nanoparticles was loaded into a microfluidic 

chamber attached to the piezoelectric substrate. For cell arrangement, a solution with HepG2 

cells was loaded into the microfluidic chamber. To demonstrate acoustic streaming, a 5 μL 

droplet containing 5 μm polystyrene particles was added to the piezoelectric substrate. To 

demonstrate in-droplet particle concentration, a 5 μL droplet containing 10 μm polystyrene 

particles was added to the acoustic wave propagation region. The fabricated wireless 

acoustofluidic device was placed on the stage of an inverted optical microscope (TE2000-U, 

Nikon) for monitoring the cell/particle manipulation process. 
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Figures 

 

 

Figure 1. Mechanism and applications of the wireless acoustofluidic device. (a) Schematic 

of the wireless acoustofluidic device. Key components include an acoustic chip with a pair of 

IDTs, a microfluidic chamber for cell/particle manipulation, a WPT transmitter, and a WPT 

receiver. (b) Operation mechanism, starting from the excitation signal VT(t) (with amplitude 𝐴்  

and angular frequency ω) applied to the WPT transmitter, induced voltage signal VR(t) = 

ARe(iωt+∆φ) (with amplitude AR and phase shift ∆φ) in the WPT receiver via inductive coupling 

and subsequent generation of on-chip standing acoustic waves for arranging small particles in 

a microfluidic chamber. (c-f) Acoustofluidic multifunctionalities. Wireless acoustofluidic 

devices can realize (c) particle arrangement, (d) cell arrangement, (e) acoustic vortex streaming 

generation, and (f) concentration of small objects. 
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Figure 2. Wireless single-frequency acoustofluidic device: mechanism, simulation, and 

characterizations.  (a) Equivalent circuit diagram, modeling the electrical behavior of the 

system for optimization and analysis. The power emission side of the WPT module has a power 

source (e.g., a function generator), a matching circuit, and a WPT transmitter based on a coil 

inductor. The power receiving side has a WPT receiver based on a coil inductor, a matching 

circuit, and an acoustofluidic device with multiple IDTs. The matching circuits can adjust the 

impedance parameters to enhance the power transfer efficiency. (b) The finite element 

modeling (details in Figure S1) simulates the electric field (color) and magnetic flux (arrow) in 

the x-z plane, illustrating the electromagnetic interactions within the system. (c) Schematic of 

different materials, including carapace, skull, swine tissue, and hand, inserted between the WPT 

transmitter and receiver with different distances of 6.54, 10.50, 21.00, and 29.15 mm, 

respectively. (d) Measured WPT voltage ratios (AR/AT) with different transmitter-receiver 

distances. The graph shows a sharp peak at 10.83 MHz to match the IDT’s resonant frequency. 

(e) Comparison of measured voltage ratios (AR/AT) at the resonant frequency of 10.83 MHz for 

different insertion materials and transmitter-receiver distances.   
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Figure 3. Laser vibrometry characterization of a wireless acoustofluidic device. (a) Laser 

vibrometry setup. Schematic illustrates how the laser vibrometry system acquires a time-space 

wavefield u(t, x) of the wirelessly generated on-chip acoustic waves. The wireless device 

generates traveling acoustic waves, and a laser vibrometer installed on a linear motion stage 

acquires acoustic wave signals at different locations point-by-point. Combining the waveforms 

from all the sensing positions yields a time-space wave field u(t, x). (A photo of this system can 

be found in Figure S2.)  (b) Measured time-resolved wavefield distributions of traveling 

acoustic waves generated by our wireless acoustofluidic chip at a frequency of 10.83 MHz. (c) 

Measured acoustic wave displacements at different voltages applied to the WPT receiver. The 

distance between the WPT transmitter and receiver is set to 10 mm without an insertion material. 

(d) Comparison of measured acoustic wave displacements at the resonance frequency of 

10.83 MHz for cases with different insertion materials and transmitter-receiver distances. 
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Figure 4. Frequency-multiplexed wireless acoustofluidic device. (a) Equivalent circuit 

diagram for frequency multiplexing.  This design incorporates a WPT transmitter and a WPT 

receiver, each comprising three LC resonant circuits and matching with frequency-multiplexed 

IDTs working at different resonant frequencies (f1, f2, and f3). The WPT module uses small 

transformers to minimize the coupling between different LC resonant circuits. With this design, 

the WPT module can have three resonance peaks. Moreover, an input signal with three 

frequency components f1, f2, and f3 generated by the source (e.g., a functional generator) can be 

wirelessly transmitted to a group of three IDTs, which can further generate acoustic waves with 

wavenumbers k1, k2, and k3 and phases φ1, φ2, and φ3, respectively. (b) Measured voltage ratio 

(AR/AT) spectra with three transmission peaks at frequencies close to the resonance frequencies 

of the three IDTs. The curve’s shadow reveals the measurement error. 
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Figure 5. Frequency-multiplexed wireless acoustofluidic nanoparticle patterning. (a-d) 

Schematics for illustrating the activated pairs of IDTs in the frequency-multiplexed 

acoustofluidic device. (e-h) Simulated wave intensity field distributions using an analytical 

model in Supplementary Section S1. (i-l) Measured wave intensity field distributions using a 

laser vibrometry system. (m-p) Brightfield microscopy images showing different patterns of 

800 nm-diameter SiO2 nanoparticles constructed by the generated standing acoustic waves 

(scale bar: 100 μm). The first, second, and third rows are for cases when the device is excited 

at f1 =10.8 MHz, f2 = 13.4 MHz, and f3 = 16.1 MHz, receptively. The fourth row is for the case 

when two orthogonally arranged pairs of IDTs are excited at frequencies of 10.80 MHz and 

10.83 MHz, respectively.  
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Figure 6. Experimental results showing the key functions of wireless acoustofluidic 

devices including acoustic streaming, microparticle concentration, cell alignment, and 

particle alignment. (a, b) A schematic of the test setup and acquired fluorescence microscopic 

images for demonstrating acoustic streaming. The images show 10.83 MHz traveling acoustic 

wave-induced vortex-like streaming in a droplet with 5 μm polystyrene particles on the 

piezoelectric substrate. (c, d) A schematic of the test setup and acquired fluorescence 

microscopic images for demonstrating microparticle concentration. The images show 10.83 

MHz traveling acoustic wave-induced concentration of 10 μm polystyrene particles in a droplet 

on the piezoelectric substrate. (e, f) A schematic of the test setup and acquired brightfield 

microscopic images for demonstrating cell alignment. The images show HepG2 cells aligned 

by 10.83 MHz standing acoustic waves. (g, h) A schematic of the test setup and acquired 

brightfield microscopic images for particle alignment. The images show 800 nm SiO2 

nanoparticles aligned by standing SAWs at 40.0 MHz. In Figures b, d, f, and h, the left and 

right columns give images obtained at conditions without and with acoustic waves. 


