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Abstract

Abstract

Micromanipulation technology has shown unique advantages in single-cell analysis,
targeted delivery and other fields with its precise regulation ability. Acoustic manipulation
technology, with its non-invasive and high-positioning accuracy, has become a frontier
direction to break through the problem of cell damage caused by localized energy deposition
of high-intensity laser in traditional optical tweezers and the limitations of magnetron
materials, which usually have ferromagnetic or paramagnetic properties. As the main support
of acoustic tweezers, the dynamic reconstruction ability of the interfering acoustic fields from
different directions directly determines the dimension of the manipulation. In recent years,
particle manipulation based on surface acoustic waves (SAW) has been widely researched and
paid attention to by virtue of its micrometer-level manipulation accuracy and low thermal
damage characteristics. However, the following problems still exist in the current SAW
manipulation technology: there are few studies on the topological reconstruction law and
dynamic regulation theory of the multidirectional coherent SAW field, which constrains the
development of the reconstructible manipulation technology; the SAW particle manipulation
method has insufficient real-time motion regulation ability due to the static arrangement
limitation of the standing wave mode and the acoustic current field instability of the traveling
wave mode; and the existing technology has been limited by the limitation of manipulation
resolution for the application of biocellular manipulation. In addition, the existing techniques
in biological cell manipulation are limited by the limitation of manipulation resolution and
acoustic impedance difference, which results in the limited ability to manipulate biological
cells in complex microenvironments. We have established a theoretical model of
multidirectional coherent surface acoustic wave reconstruction, and investigated the dynamic
reconstruction of standing-wave field potential wells and the characteristics of acoustic vortex
evolution in traveling-wave fields. A multi-parameter dynamic control framework of
“frequency-amplitude-phase” is established to realize the progressive manipulation of the
particle cluster arrangement to the switching of the aggregation trajectory; and based on the
time-multiplexing strategy of travelling wave and standing wave, the capture and dynamic
reconstruction of the cells in the organism are realized. The main research contents include:

(1) A theoretical framework for particle reconfigurable manipulation using
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multidirectional coherent SAW is proposed. The propagation characteristics and spatial
distribution properties of coherent wave excitation are analyzed to predict particle trajectories
and reconfiguration trends. Elliptical polarization displacement and energy localization of
SAW in anisotropic piezoelectric materials are revealed, and the controlled assembly law is
elucidated through the dynamic equilibrium mechanism of particles in standing-wave fields.
Dynamic reconstruction of acoustic potential wells is realized through multidirectional
coherent standing-wave modulation. The spatial-temporal evolution characteristics of acoustic
vortices are analyzed using the Navier-Stokes equation, establishing a quantitative mapping
relationship between vortex topology and particle trajectories by constructing multidirectional
force balance equations and coherent weight models.

(2) Parameter optimization and boundary condition analysis for transducer units are
conducted, and multidirectional coherent SAW device structures are designed, fabricated, and
integrated. Transducer parameters are optimized based on piezoelectric material properties,
and acoustic pressure field distributions are predicted through acoustic impedance and velocity
boundary constraints. Symmetry constraints and anisotropy compensation strategies are
adopted to design multidirectional coherent SAW device, achieving acoustic energy
localization and phase synchronization regulation. A three-way symmetric eccentric
transducer array is constructed to induce dynamic acoustic vortex fields, improving acoustic
energy flow density uniformity and flow field reconstruction capability. Device fabrication is
completed using cross-scale processing systems, and efficient integration is realized through
plasma activation.

(3) A reconfigurable particle arrangement manipulation method based on
multidirectional coherent standing-wave regulation is proposed. A mapping model between
standing-wave parameters and cluster spatial distributions is established, enabling dynamic
reconfiguration of cluster arrays and real-time cluster morphology switching. Particle
arrangement laws in coherent standing-wave fields are revealed, achieving multimodal
arrangements such as hexagonal lattices and diagonal arrays by regulating wave vector
configurations and phase differences. A dynamic acoustic field parameter regulation strategy
(frequency-phase-amplitude) is established, realizing cluster translation, rotation, and array
density reconfiguration. Multi-channel transducer co-driving technology is developed,

achieving synchronous array manipulation (spacing error < 5%). The synergistic mechanism
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of acoustic pressure gradients and secondary radiation forces is elucidated, enabling rapid
switching of cluster configurations and topological reconstructions.

(4) A reconfigurable particle trajectory manipulation method based on multidirectional
coherent traveling-wave superposition is proposed. The regulation of particle trajectories by
acoustic flow field distributions is revealed, achieving progressive motion regulation and
trajectory switching from clusters to single particles. Coherent traveling-wave field regulation
enables rapid enrichment (< 6 s) of monodisperse particles and efficient sorting (> 90% purity)
of polydisperse systems. A dynamic mapping relationship between acoustic field parameters
and particle trajectories is established, realizing precise trajectory control. The coupling
mechanism between acoustic flux transfer and configuration evolution is revealed, achieving
synchronized control of stable spinning (up to 360 rpm) and trajectory reconstruction of
aggregates through real-time acoustic field tuning.

(5) In-vitro acoustic manipulation of cell samples is conducted, and real-time cell
reconstruction and manipulation in zebrafish are achieved through coherent traveling-wave
and standing-wave time-multiplexing strategies. A multidirectional coherent acoustic cell
manipulation platform is established, verifying dynamic cell manipulation by standing and
traveling-wave fields. High-throughput enrichment and sorting of cell populations, dynamic
trajectory switching, and clustered array reconstruction are realized. Dynamic acoustic
potential traps are constructed in zebrafish embryonic blood vessels through the synergistic
“standing-wave/traveling-wave time-multiplexing” mechanism, achieving dual-mode
trapping of blood cells (single/two-node) and hemodynamic regulation (flow rate 0-487+18

um/s) under pulsatile blood flow.
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