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Acoustic tweezers can trap and manipulate a target along a desired path without physical contact. Potential applications of this technology may require the propagation of acoustic waves through non-homogeneous media. It is typically assumed that the acoustic impedance of media is the same. However, this assumption leads to reduced efficiency in both the trapping accuracy and strength of the acoustic tweezers. In this study, we propose a method to derive phases driving an 8x8 array of ultrasonic transducers using generalized Snell’s law to account for the variation in the speed of sound between media layers of planar or non-planar interfaces. The results indicate that the tweezers formed with our approach maintain their patterns and trapping capability at selected trapping locations. In addition, our method significantly enhances the trapping accuracy and force, achieving up to ten times greater force and more accurate alignment with the selected trapping points compared to the previous method that assumes a uniform speed of sound.
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1 INTRODUCTION
Acoustic tweezers have become increasingly important in medical research due to their ability to use ultrasonic waves to trap and maneuver targets without physical contact. Their applications often involve the propagation of ultrasonic waves through layered media. For example, in cell manipulation experiments, acoustic tweezers are typically used in setups that include multiple layers, such as the transducer interface, host fluid, cell layer, and container wall (Yang et al., 2022). Similarly, in simulations of kidney stone removal in a mouse model, ultrasonic waves must traverse multiple layers of the mouse’s tissue (Ghanem et al., 2020). Achieving effective control of acoustic tweezers in such complex media necessitates a thorough understanding of how the properties of each layer influence wave propagation.
One of the key features of acoustic tweezers is their ability to generate diverse wave patterns by adjusting the phases driving an ultrasonic transducer array. Common patterns include vortex patterns (Hefner and Marston, 1999; Kang and Yeh, 2010), bottle patterns (Zhang et al., 2014), and hollow-focal patterns (Marzo et al., 2015; Baresch et al., 2016; Baudoin et al., 2019). The hollow-focal pattern is particularly notable for its effectiveness in targeted trapping, as it combines a concentrated acoustic energy focus with the spatial distribution of the hollow wave to enhance trapping stability and precision. However, previous implementations of this pattern have been limited to homogeneous media like air or water (Marzo et al., 2015; Baresch et al., 2016; Marzo et al., 2017).
Previous studies into acoustic tweezers through layered media has often assumed homogeneous host media, thereby overlooking the aberration effects caused by variations in the speed of sound across different media layers (Ghanem et al., 2020; Baresch and Garbin, 2020). This oversight can result in acoustic beams deviating from their intended positions, consequently diminishing the trapping force. Addressing these aberration effects is critical for improving the efficacy of acoustic tweezers in layered-media environments. To overcome this oversight, it is essential to incorporate the varying properties of different media layers, which express in refraction phenomenon at the interface, in generating acoustic tweezers through layered media.
The issue of addressing the aberration effect caused by the medium inhomogeneity has been discussed. Fink employed time-reversing focusing technique to focus acoustic waves through an inhomogeneous medium, maximizing the pressure generated at the target point (Fink, 1992). Tanter et al. (2001) and Aubry et al. (2001) used a spatio-temporal inverse filter to achieve optimal focusing in media with heterogeneity, attenuation, or complexity. Clement and Hynynen combined a layered wavevector-frequency domain model and CT images of human head to enhance the signal at the desired focus through the human skull (Clement and Hynynen, 2002). Weston et al. (2012) and Dziewierz and Gachagan (2013) utilized the generalized Snell’s law to correct the propagation pathways through dual-layered media. Although these studies can characterize the focused beams within multi-layered media, they did not specifically investigate the trapping capability of hollow-focal tweezers, which is crucial for confining particles within designated regions and enabling controlled manipulation of their positions.
This study introduces a new methodology to improve the trapping strength and accuracy of trap positioning for hollow-focal acoustic tweezers. The objectives of this paper are twofold: 1) to derive the phases that account for the refraction effects at planar and non-planar interfaces between dual-layered media using the generalized Snell’s law, and 2) to validate the trapping performance of the tweezers generated with the phases through simulations. Our approach specifically addresses the challenges posed by layered media, including aberration effects, low trapping strength, and misalignment of trap positions. A key innovation of our method is incorporating the refraction effects into the phase calculations, improving the design and performance of acoustic tweezers in complex media. Our previous study briefly demonstrated the use of this method in a case study at a lower frequency (Huynh et al., 2020). This paper examines its application at a higher frequency (1 MHz), which is more relevant for applications of acoustic tweezers in biological media.
The paper is structured as follows: Section 2. Theoretical background, which details the formulations to obtain the phase delays driving transducers for dual-layered media separated by planar and non-planar interfaces and the theoretical basis of acoustic radiation force; Section 3. Numerical simulation showing the setup of models for simulating acoustic tweezers in dual-layered media; Section 4. Results showing the performance of the proposed methodology; Section 5. Discussion; and finally, Section 6. Conclusions.
2 THEORETICAL BACKGROUND
To form the trap, two important factors need to be identified, the incident points on the interface and the phase delays driving the transducers. In this section, we introduce the theory of how to obtain the two factors.
We focus our investigation on acoustic tweezers generated by a single-sided phased array. The system consists of an 8×8 array of ultrasonic transducers driven with phase delays, generating an acoustic tweezer through dual-layered media.
The section is structured as: Section 2.1 explains how to determine the incident points at a planar interface in a dual-layered medium, Section 2.2 describes the process for determining the incident points at a non-planar interface. Section 2.3 presents the approach employed to calculate the phase delays based on the incident points. Section 2.4 shows the theoretical basis of acoustic radiation force.
2.1 Formulation of an incident point at a 3D planar interface
The formulation of the incident point at a planar interface in a 3D coordinate system was derived by Dziewierz and Gachagan (2013), which is based on the Snell’s law formula that captures the bending of the waves across the interface as shown in Figure 1A. The Snell’s law is described as:
[image: image]
where [image: image] and [image: image] are speeds of sound in the first and second medium and [image: image] and [image: image] are angles of incident and refraction, respectively.
[image: Figure 1]FIGURE 1 | Refraction occurs at the planar interface between two media, represented in (A) 2D space and (B) 3D space in which the coordinate system is transformed such that the points of transducer center, incident, and focus lie on the same plane.
With the coordinates of the transducer [image: image]) and the focal point [image: image], the incident point [image: image] can be calculated based on the Snell’s law as shown below:
[image: image]
To apply Equation 2 in a 3-D space, a coordinate transformation technique is performed, as shown in Figure 1B. In this transformation, we establish a supporting coordinate system [image: image] by translating it by the vector [image: image] and rotating it by an angle [image: image] so that [image: image], [image: image], and [image: image] lie on the same plane. The transformed coordinates of these points are expressed as follows:
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Here, the coordinate [image: image] is calculated using Equation 2, then converted to its correspondence in the original coordinate system using Equation 6 below: 
[image: image]
2.2 Formulation of an incident point at a 3D non-planar interface
When an ultrasonic wave encounters a non-planar interface, its propagation path changes due to refraction, which is governed by Snell’s law. To accurately model and predict how the wave interacts with the interface, it is essential to understand the local geometry of the surface at the point of incidence. The tangent at the interface provides the necessary orientation to determine the angle of incidence, which is critical for applying Snell’s law and calculating the correct refraction angle (Weston et al., 2012). In the 3D space, a non-planar interface and its tangent can be described in Equation 7 and Equation 8, respectively as:
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are constants, and [image: image].
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The generalized Snell’s law equation can then be expressed in terms of the coordinates of the transducer, the focal point, their projections onto the tangent plane, and the incident point
[image: image]
where the coefficients are defined in Supplementary Section S1.1 of the Supplementary Material. The calculation of the projection points of the focal and transducer’s center points are shown in Supplementary Section S1.2 of the Supplementary Material. Figure 2A demonstrates the elements involved in the calculation of the incident point at a non-planar interface.
[image: Figure 2]FIGURE 2 | (A) An acoustic ray bends at the arbitrary interface [image: image] between two media of different speed of sounds [image: image], [image: image]; the incident angle [image: image] and the refracted angle [image: image] are formed between the normal to the tangent plane and the incident ray vector [image: image] and refracted ray [image: image], respectively. (B) Orthogonal relationship between the incidence plane [image: image] and tangent plane [image: image] to the arbitrary interface [image: image] as well as their corresponding normal vector [image: image] and [image: image], respectively.
Since Equation 9 has two unknown variables (i.e., [image: image] and [image: image]), it requires an additional equation to solve for these two variables. To formulate this equation, the co-planar property of the incident ray and the refracted ray was considered. Specifically, the incidence plane [image: image], formed by the incident ray vector [image: image] and the refracted ray vector [image: image], is perpendicular to the tangent plane [image: image] of the interface at the incident point [image: image], thus their corresponding normal vectors - [image: image] and [image: image] - are also perpendicular to each other (Figure 2B). This relationship can be formulated as:
[image: image]
where [image: image] and [image: image].
The numerical solutions of [image: image] and [image: image] obtained by solving Equation 9 and Equation 10 are plugged into Equation 7 to compute [image: image]. Note that only real solutions are retained since they are physically meaningful. Based on the Fermat’s principle of least time of flight (Weston et al., 2012; Cruza et al., 2013), the solution yielding the shortest traveling time from the ultrasonic transducer to the focal point is chosen.
2.3 Formulation of phase delays driving a 2D phased array
An ultrasonic phased array generates a focused beam by emitting acoustic waves from its transducers at different time instants (i.e., each transducer is driven with a specific phase delay value) such that the waves arrive at the focal point at the same time. For a homogeneous medium, the focusing algorithm used to generate the phase delays employs a constant speed of sound value of the medium to estimate the time of an acoustic wave traveling from a transducer to the focal point. In the presence of a dual-layered medium, the algorithm must account for the change in sound speed, which manifests as a change in wave direction at the interface. This directional change can only be determined when the locations of the incident points are known.
The phase delay value driving the [image: image] transducer is computed as follows:
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where [image: image] is the order of a transducer in the 8×8 array ranging from 1 to 64, the ⌊ ⌋ symbol represents the greatest integer less than or equal to a given number, [image: image] is the distance from the transducer [image: image] to the incident point and [image: image] is the distance from the incident point to the focal point, [image: image] and [image: image] are the wavelengths of sound in the first and second medium, respectively.
It is important to note that the equations presented in Sections 2.1–2.3 (Equations 1–11e) are employed to determine the phases of the focused beam. To formulate phases representative of a trap, the phases of the focused beam are combined with those of the trap signatures (with algorithm illustrated in Supplementary Figure S1 of Supplementary Section S2 of the Supplementary Material). These trap signature phases define specific wavefront patterns. For instance, the twin signature exhibits phase delays with [image: image]-phase difference across the two halves of the array (Marzo et al., 2015), while the vortex signature shows a gradual phase shift from 0 to 2π around a central axis (Kang and Yeh, 2010). The phases corresponding to the twin and vortex signatures (Marzo et al., 2017) are presented in Equations 11f, 11g, respectively, as follows:
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where [image: image] is the modulo operator, [image: image] is the topological charge number indicating the number of phase transition from 0 to 2 [image: image] radians (l = 1 in our study), [image: image] is the angle computed as the four-quadrant inverse tangent of the [image: image] transducer’s y-coordinate and x-coordinate.
2.4 Theoretical basis of acoustic radiation force
The formula of acoustic radiation force was frequently used to quantify the trapping strength of acoustic tweezers on a particle (Kang and Yeh, 2010; Marzo et al., 2015). Based on Gor’kov’s formulation (Gor’kov, 1962), the radiation force [image: image] on a small compressible particle (i.e., [image: image], where [image: image] is the wave number and [image: image] is the particle radius) within the stationary acoustic field can be calculated as follows:
[image: image]
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where [image: image] is the volume of the trapped particle, [image: image] is the acoustic pressure of the incident wave, [image: image] is the particle velocity amplitude, [image: image] and [image: image] are the speeds of sound within the surrounding fluid and the particle, respectively, [image: image] and [image: image] are the densities of the surrounding fluid and the particle, respectively. When acoustic waves encounter the interface between two immiscible media, a portion of the wave is reflected into the first medium, while the remainder is transmitted into the second medium. A particle suspended within the acoustic field of the second medium will still experience an acoustic radiation force, as governed by (Equation 12a–d).
3 NUMERICAL SIMULATION
We aimed to investigate whether the incorporation of the refraction effects in phase calculations would enable the generation of more accurate acoustic tweezers through dual-layered media. Thus, we simulated the acoustic tweezers driven with the phases incorporating the refraction effects. The simulations were performed using the finite element method software COMSOL Multiphysics (v.5.3a, COMSOL AB, Stockholm, Sweden). Adapting the study by Marzo et al. (2015), we used a flat 8×8 phased array model reduced in size to be roughly comparable to that of a diagnostic array. To simplify the discussion, we assumed that the viscosity and energy absorption of the media, and deformation induced by the acoustic waves at the interface were negligible.
Figure 3 shows the model geometries employed to simulate the acoustic traps within dual-layered media divided by a planar or non-planar interface. The models were built in the 3D coordinate system with the origin located at the center of the phased array. Each transducer was represented by a circular boundary and the host media were contained within a hemispherical domain. To introduce the acoustic field into the domain, each transducer was assigned with a vibration velocity amplitude value multiplied by a term [image: image] where [image: image] is the phase delay value. Non-reflecting boundary conditions (NRBCs) were applied to the boundaries of the domain to absorb the incoming acoustic waves. A hard-wall boundary condition was applied to the empty spaces between the transducers. The refraction effects that occur during the transmission of acoustic waves were accounted for in the COMSOL acoustic simulations, which enforced the continuity of the acoustic pressure across the interior boundary (i.e., the media interface). The details of model meshing and computer specification are shown in Supplementary Section S1.3 of the Supplementary Material.
[image: Figure 3]FIGURE 3 | 3D model geometries used to simulate the acoustic traps through dual-layered media separated by (A) a planar interface or (B) a non-planar interface (e.g., downward-facing interface) – domains containing traps not shown.
For dual-layered media separated by a planar interface, the materials were selected based on the experiments that involved acoustic propagation through immiscible fluids (Bertin et al., 2012). The pairs of media under investigation were kerosene-water and chloroform-salted water. The interface was assumed to be planar when the fluids are at rest. For non-planar interfaces, the selected materials were muscle and water, motivated by the experiments of acoustically manipulating particles inside the urinary bladder of a mouse model (Ghanem et al., 2020). The parameters of the models are given in Table 1.
TABLE 1 | Simulation parameters.
[image: Table 1]4 RESULTS
In this study, we evaluated two trap configurations: twin trap and vortex trap. The results for the twin trap are discussed in detail here, while the results for the vortex trap are provided in the Supplementary Figures S2 and S3 of Supplementary Section S2 of Supplementary Material.
4.1 Acoustic tweezers in a dual-layered medium divided by a planar interface
An acoustic tweezer generated through dual layered media, under the assumption of a constant speed of sound, has a misaligned trapping point. Figure 4 demonstrates the generation and validation of an acoustic tweezer (i.e., twin trap) that accounts for the variation in the speed of sound across two media layers separated by a planar interface. In this scenario, the trap was generated through a dual-layered medium consisting of a 6 mm lower kerosene layer and a 9 mm upper water layer with an intended trapping point at 10 mm above the center of the transducer array.
[image: Figure 4]FIGURE 4 | Generation and validation of a twin trap in a kerosene-water medium with a planar interface, accounting for the refraction effects. (A) Calculation of phases for a focused beam incorporating incident points (left), with validation using COMSOL acoustic simulations (right). The horizontal line at z = 6 mm indicates the planar interface. Shown are the pressure amplitude (top and bottom left) and pressure phase (top and bottom right), with views from the front (x-z plane at y = 0 mm, first row) and top (x-y plane at z = 10 mm, second row). (B) Calculation of phases for the twin trap (left), with validation through COMSOL acoustic simulations (right). The horizontal line at z = 6 mm marks the planar interface. Displayed are the pressure amplitude (top and bottom left) and pressure phase (top and bottom right), with front (x-z plane at y = 0 mm, first row) and top (x-y plane at z = 10 mm, second row) views. (C) Computation of acoustic radiation forces for the twin trap, showing force fields (left) and cross-sections (right).
To form the twin trap, it requires the phases of the focused beam and the phases of the twin signature. The phases of the focused beam accounting for the refraction effects at the media interface were obtained using the proposed formulation described in Section 2.1–Section 2.3. Figure 4A (left) illustrates the focal point and the phase delays of the transducers. To test the obtained phases, we simulated a transducer array driven by these phases and examined the resulting pressure fields.
As shown in Figure 4A (right), the focused beam achieves an accurate focal point (i.e., the point with the largest amplitude) located around 10 mm above the middle location of the transducer array (x = y = 0).
Figure 4B (left) presents the transducer-driving phase maps for both the focused beam and the twin signature, which are used to synthesize the overall transducer-driving phase map of the twin trap. As expected, the trapping point of the twin trap is at the same location as the focal point but on the zero-pressure amplitude and indeterminant phase axes, as shown in Figure 4B (right).
Figure 4C shows the distribution and cross-section data of the acoustic radiation forces of the twin trap exerted on a 13 μm teflon particle. The particle is suspended at the middle of the trap (i.e., x = y = 0) due to the inward loading of the horizontal (Fx) and depth (Fy) components of the acoustic radiation force, and at a vertical location of approximately 10.5 mm due to the vertical component of the force (Fz).
4.2 Acoustic tweezers in a dual-layered medium divided by a non-planar interface
In this section, we used the phases incorporating the incident points to generate a twin trap targeting a trapping location at 10 mm above the center of the phased array through dual-layered media comprising muscle and water layers, prevalent in living bodies. Considering the non-planar nature of the interfaces within these media, we defined an ideal case of a downward-facing interface (with the other interfaces illustrated in Supplementary Figure S4 of Supplementary Section S2 of the Supplementary Material).
Figure 5A (left) shows the estimated transducer-driving phases that account for the refraction effects at the muscle-water interface to generate a focused beam with an intended focal point at 10 mm above the center of the phased array. As shown in Figure 5A (right), the simulated focused beam generated with these phases achieves an observed focal point closely matching the intended location. Consequently, the trapping point of the twin trap established with this focused beam also aligns closely with the targeted trapping location at 10 mm.
[image: Figure 5]FIGURE 5 | Generation and validation of a twin trap in a muscle-water medium with a downward-facing interface, accounting for the refraction effects. (A) Calculation of phases for a focused beam incorporating incident points (left), with validation using simulations (right). Shown are the pressure amplitude, with views from the front (x-z plane at y = 0 mm, first row) and top (x-y plane at z = 10 mm, second row). (B) Computation of acoustic radiation forces for the twin trap, showing force fields (left) and cross-sections (right). Arrows indicate the direction of forces, with their lengths representing the force magnitudes.
As can be seen from Figure 5B, the twin trap can effectively trap a 13 μm glass particle. The particle was trapped with horizontal and depth components peaked at 215 piconewtons (pN) and 32.3 piconewtons (pN), respectively. In the vertical direction, the trap suspended the particle at a height of 9.75 mm.
4.3 Comparison between acoustic tweezers generated with and without accounting for refraction phenomenon
In this section, we compare the acoustic traps generated with and without considering the refraction effects. Our primary focus is on the acoustic traps; therefore, we report the impact of considering refraction on the focused beams—one of the two elements required to form the traps—only for the case of dual-layered media divided by a planar interface, using it as an example. For the non-planar interface case, we discuss only the results related to the acoustic traps.
In the dual-layered media divided by a planar interface, the bottom layer was chloroform, while the top layer was 25 wt.% salted water.
Figure 6A (left) shows the acoustic rays propagating from the transducers to the incident points at the media interface, located at 6 mm above the phased array, and then continuing to the intended focal point at 10 mm. Notably, the acoustic rays significantly change their directions at the interface due to the moderate difference between the two media (i.e., [image: image]).
[image: Figure 6]FIGURE 6 | Analysis of acoustic beams generated with and without accounting for refraction effects through a planar interface. (A) Pathways of acoustic rays traveling from transducers to the focal point (left), and comparison of the focused beams generated with and without considering refraction (right). Normalized pressure amplitude of focused beams: with mixed speed (left), assuming homogeneity with a sound speed of 1,000 m/s (middle), and 1,783 m/s (right). (B) Horizontal acoustic radiation force (Fx) of twin traps: force distribution (left) and cross-sections (right). Force distribution is shown for refraction-corrected conditions (left), and under homogeneity assumptions with sound speeds of 1,000 m/s (middle) and 1,783 m/s (right). (C) Depth acoustic radiation force (Fy) of twin traps: force distribution (left) and cross-sections (right), comparing refraction-corrected conditions (left) with homogeneity assumptions at sound speeds of 1,000 m/s (middle) and 1,783 m/s (right). (D) Vertical acoustic radiation force (Fz) of twin traps: force distribution (left) and cross-sections (right), comparing refraction-corrected conditions (left) with homogeneity assumptions at sound speeds of 1,000 m/s (middle) and 1,783 m/s (right).
Figure 6A (right) illustrates the pressure amplitudes of the focused beams, comparing scenarios with and without accounting for the refraction effects. In the former case, the focused beam was generated using the phases that consider the incident points, a method referred to as “mixed speed”. Conversely, in the latter cases, the focused beams were generated using the phases under the assumption that the host fluids are homogeneous, meaning both layers of the media are identical (i.e., chloroform-chloroform or 25 wt.% salted water - 25 wt.% salted water). This approach is labeled as “1,000 m/s” for chloroform, corresponding to its speed of sound, and “1,783 m/s” for 25 wt.% salted water, corresponding to its speed of sound. The focal point of the focused beam generated using the “mixed speed” approach is located at 10.25 mm. In contrast, the focal points for beams with speeds of 1,000 m/s and 1,783 m/s are located at 7.55 mm and 13.2 mm, respectively, which are below and above the desired location. At the intended focal point location (i.e., 10 mm), the sound intensity for the mixed speed case is 7.32 W/cm2, whereas the intensities for the 1,000 m/s and 1,783 m/s cases are significantly lower, at 1.15 W/cm2 and 0.67 W/cm2, respectively, indicating a poor focus at this location. However, at their respective observed focal point (i.e., the point with the highest intensity along the focal line: 10.25 mm for mixed speed, 7.55 mm for 1,000 m/s, and 13.2 mm for 1,783 m/s), the intensities are 7.43 W/cm2 for the mixed speed case, 2.84 W/cm2 for the 1,000 m/s case, and 8.85 W/cm2 for the 1,783 m/s case.
The distribution of the horizontal force component exerted by the twin traps, generated from the focused beams, on a 13 μm teflon particle is shown in Figure 6B (left). The twin trap established with the consideration of the refraction effects has an oval-shaped force field divided into two regions with opposite magnitudes, separated by a central zero-magnitude area. The force vectors from these regions converge towards the center, indicating the trap’s holding capability. Conversely, the traps generated without considering the refraction effects have a rectangular-shaped force field also divided into two regions of opposite magnitudes, with a central zero-magnitude area. However, for these traps, the force vectors diverge from the center, expelling the particle from the trapping point. Figure 6B (right) illustrates the horizontal forces of the traps along y = 0. The maximum trapping force, of the trap established with the consideration of the refraction effects is 9.1 pN. In contrast, the peak expulsive forces for the traps generated with the sound speeds of 1,000 m/s and 1,783 m/s are 3.2 pN and 7.8 pN, respectively. The measurements were taken within ± 0.7 mm of x = 0. The differences in the forces may arise from the contrast in speed of sound between the teflon particle and the surrounding medium, which influences the monopole term [image: image] in Gor’kov’s radiation force formula. The trap associated with the sound speed of 1,000 m/s generates a weaker radiation force due to the low speed of sound contrast factor with [image: image]/[image: image] = 0.7. In contrast, the trap generated with 1,783 m/s, where the speed of sound contrast factor is higher at 1.24, produces a stronger force. The trap created using the mixed-speed approach, which accounts for realistic variations in sound speed and results in a more balanced monopole term, exerts a stronger force than the other two cases. This enhanced force generation may also be attributed to better concentration of acoustic energy at the trapping point, achieved through more accurate alignment of the focal point with the desired location.
The depth force component in all cases drove the particle toward the trapping axis. However, the magnitude of the force exerted by the trap with the refraction effects is significantly larger (i.e., 10 times) than those exerted by the traps without the refraction effects (Figure 6B).
Figure 6D (left) shows the fields of the vertical component of the force. The trap corresponding to the mixed speed approach has a distinct separation between two regions of opposite magnitudes. The force vectors arising from these regions converge at a zero-magnitude region. The trap generated with 1,000 m/s has a much less profound distinction between low and high force values. Nonetheless, there is still a sign of force convergence at 10.4 mm. The force vectors of the trap generated with 1,783 m/s direct upward, indicating its inability to trap the particle. Figure 6D (right) further shows the forces of these cases along the trapping axis. Specifically, both the trap considering the refraction effect and the trap generated with the sound speed of 1,000 m/s can hold the particle near the designated height (y = 10 mm). However, the trapping point for the trap considering the refraction effect is slightly closer to the designated height compared to the trap with 1,000 m/s (10.15 mm vs 10.4 mm). Additionally, the trapping force of the trap considering the refraction effect is significantly stronger, being ten times greater than that of the trap generated with 1,000 m/s, as measured within ± 0.2 mm of the observed trapping points.
For the dual-layered media separated by a non-planar, downward-facing interface, we selected muscle (lower layer) and water (upper layer) as the host media. Figure 7 shows the trapping forces exerted on glass spheres by three twin traps: one generated with the refraction effects considered (i.e., mixed speed method), and two generated without considering the refraction, assuming homogeneity, with sound speed values of 1,585 m/s (for muscle) and 1,490 m/s (for water), respectively.
[image: Figure 7]FIGURE 7 | Analysis of acoustic beams generated with and without accounting for refraction effects through a downward-facing interface. (A) Horizontal acoustic radiation force (Fx) of twin traps: force distribution (left) and cross-sections (right). Force distribution is shown for refraction-corrected conditions (left), and under homogeneity assumptions with sound speeds of 1,490 m/s (middle) and 1,585 m/s (right). (B) Depth acoustic radiation force (Fy) of twin traps: force distribution (left) and cross-sections (right), comparing refraction-corrected conditions (left) with homogeneity assumptions at sound speeds of 1,490 m/s (middle) and 1,585 m/s (right). (C) Vertical acoustic radiation force (Fz) of twin traps: force distribution (left) and cross-sections (right), comparing refraction-corrected conditions (left) with homogeneity assumptions at sound speeds of 1,490 m/s (middle) and 1,585 m/s (right).
While the horizontal trapping forces of all three traps can successfully suspend the particle, the trap that accounts for the refraction effects exhibits a maximum trapping force of 215 pN, which is stronger than or equal to those generated without refraction correction (181 pN for 1,490 m/s and 215 pN for 1,585 m/s) (Figure 7A). Similarly, in the depth direction, the traps successfully capture the particle, with the refraction-corrected trap showing a maximum trapping force of 32.3 pN, outperforming or matching the forces of the uncorrected traps (27.5 pN for 1,490 m/s and 32.3 pN for 1,585 m/s) (Figure 7B).
In the vertical direction, the traps generated considering the refraction effects or the sound speed of 1,585 m/s can trap the particle closer to the designated height (approximately 9.8 mm) compared to the trap with the sound speed of 1,490 m/s (approximately 9.4 mm), as shown in Figure 7C. Additionally, for the former cases, the trapping forces from both sides of the trapping point are balanced, with a maximum value of around 6 pN. In contrast, for the latter case, the trapping force profile is unbalanced across the trapping point, with a maximum upward force of 1 pN and a maximum downward force of 6 pN, indicating inefficient trapping capability. Note that the measurements were taken within ± 0.5 mm of the observed trapping points.
5 DISCUSSION
In this paper, we have proposed an approach to generate more accurate and stable hollow-focal acoustic tweezers through dual-layered media with either planar or non-planar interfaces. This was done by incorporating the incident points at the interface, obtained by applying the generalized Snell’s law of refraction, into the calculation of phase delays used to drive an ultrasonic array.
The proposed method resulted in a substantial improvement in the accuracy of the trapping point locations (coinciding with focal point locations), with trapping points located approximately at the desired position of 10 mm in both planar and downward-facing interfaces, the latter of which is defined by the equation [image: image] where [image: image]. Specifically, the percent deviation between the measured and expected trapping point locations was less than or equal to 5%, indicating a high degree of accuracy. In the planar interface case, the proposed method showed an improvement of approximately 25% compared to the method that did not account for refraction effect, where the trapping point deviations were more pronounced.
When evaluating the force control in the planar interface scenario, we observed a significant difference between traps generated with and without considering the refraction effects. In the horizontal direction, only the trap generated with refraction correction exhibited effective trapping capabilities, with force vectors converging towards the trapping center. In contrast, the traps generated without considering refraction not only failed to trap the particle but actively expelled it from the intended trapping point. This highlights the importance of considering the refraction effects for precise force control and effective particle trapping.
For the non-planar, downward-facing interface, the maximum horizontal trapping force of the trap that accounts for the refraction effects was 215 pN, which either exceeded or matched the performance of traps generated without refraction correction (181 pN for 1,490 m/s and 215 pN for 1,585 m/s), representing up to a 19% improvement. In the depth direction, the refraction-corrected trap outperformed or matched the forces of the uncorrected traps with a maximum force of 32.3 pN compared to 27.5 pN for 1,490 m/s and 32.3 pN for 1,585 m/s, reflecting up to a 17% enhancement in force application. In the vertical direction, the traps with the refraction effects considered or the uniform sound speed of 1,585 m/s can trap the particle closer to the desired height, with an error of only 2% (9.8 mm) compared to a 6% error (9.4 mm) for the trap using 1,490 m/s. Additionally, the trap in the latter case may fail to securely hold the particle due to the imbalanced vertical force profile, which shows a 6-fold difference across the trapping point.
The limitations of the present work include the consideration of only two media layers and the omission of complex properties such as attenuation. In practical in vitro and in vivo conditions, acoustic tweezers are often used in systems with multiple media layers or uneven interfaces, which can lead to multiple scattering as waves travel through the layers. The interaction of acoustic waves at these interfaces, resulting in continuous transformations between refracted and reflected waves, could reduce trapping efficiency. However, as shown in this study, the trapping performance of hollow-focal acoustic tweezers is primarily governed by the accuracy of the focal point, which is significantly improved by the direction of refracted waves rather than by reflected waves and their subsequent interactions. Therefore, the overall performance of the tweezers in multiple media layers or uneven interfaces may still be improved by employing the proposed method. Our method constrained to non-attenuating media. However, biological tissues cause inherent attenuation of acoustic waves, which can influence the efficiency of the acoustic tweezers. Future studies considering the impact of wave attenuation in the models would enhance the relevance of the study for practical in vivo applications. Our study also only considered longitudinal waves, and future research will examine the impact of transverse waves, which occur in solids, on the resolution and accuracy of active phase delays.
Our study highlights the critical role of incorporating refraction effects in phase calculations to create robust acoustic traps. The results indicate that the effective speed of sound is strongly influenced by the characteristics of the host media, and using refraction-corrected phases in dual-layered media offers a rapid and efficient approach for trap generation. Most importantly, our proposed method is adaptable to non-planar interfaces of varying geometries, which are often encountered in biological environments. This adaptability arises from the fact that the formation of robust acoustic traps in layered media depends solely on the trajectories of acoustic waves emitted from the transducers to the trapping point, calculated using the generalized Snell’s law. Although the specific trajectories may vary depending on the geometry of the interface, the underlying approach, which corrects for refraction effects, remains consistent, ensuring robust acoustic trap formation regardless of interface shape. The proposed method uses geometric principles and minimal information about the media involved (e.g., speed of sound, media interface geometries) to enhance the trapping performance of acoustic tweezers. This may reduce the need for extensive sensor deployment and complex post-processing, which are often required in time-reversal methods (Fink, 1992; Tanter et al., 2001). In future work, a comparison with the homogeneous assumption method, utilizing an averaged speed of sound value derived from the layered medium, would be valuable. This approach, which typically estimates tissue variation at around 1,540 m/s, is widely accepted and commonly used in ultrasonic imaging.
6 CONCLUSION
This study presents a new method for enhancing the accuracy and strength of acoustic tweezers in layered media. By incorporating the refraction effects at both planar and non-planar interfaces using generalized Snell’s law, we demonstrated a significant improvement in the precision of the acoustic trapping process. The results from our simulations indicate that the proposed method can maintain consistent trapping patterns and achieve up to ten times greater trapping force compared to the method that assumes a uniform speed of sound. These findings suggest that our approach has the potential to greatly expand the applicability of acoustic tweezers in complex environments, particularly in biomedical applications where multiple media layers are common. Future work will focus on experimental validation and extending the method to more complex, multi-layered media for broader biomedical applications.
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