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New concept statement

The acoustic wave scattering from a thin layer of metamaterial coated on an object’s surface can 

generate radiation forces with tailored spatial distributions, enabling remote object manipulation. 

While this concept was demonstrated in air, it has not been extended to liquid environments due 

to the lack of underwater metamaterials with high acoustic impedance contrast with water and 

high fabrication resolution at the same time. Our work addresses this challenge by developing a 

new metamaterial fabrication technique using soft lithography of a metal-resin composite. The 

fabricated metamaterial enables the excitation of various actuation forces in water. Novel 

designs of the metamaterials are further developed to enable the simultaneous excitation of 

multiple forces from one single metamaterial layer, offering unprecedented maneuvering 

complexity and flexibility. Different from existing in-water acoustic manipulation systems that 

only works for objects comparable or smaller than the wavelength, our metamaterial-assisted 

system achieves 3D multi-path, multi-object, and non-invasive manipulation of objects larger 

than 20 times the wavelength. Our work will provide a new way to reduce the weight, complexity, 

and operational limitations of underwater robots and vehicles. Additionally, the metamaterial 

fabrication technique will benefit other underwater acoustic applications, such as underwater 

sensing, communication, biomedical diagnostics, therapy, and drug delivery.
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Data availability statement

The data supporting the findings of this study are available within the article and its ESI. †
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Acoustic Metamaterials for Remote Manipulation of Large Objects 
in Water 

Dajun Zhanga and Chu Ma a *

Acoustic metamaterials have recently been applied to assist in the 

remote manipulation of objects in air, showing remarkable 

potential in alleviating the constraints of non-metamaterial-based 

acoustic manipulation methods regarding object size and the 

force’s degree of freedom. To extend this approach to underwater 

manipulation, in this work, we develop a new type of underwater 

acoustic metamaterial based on a metal-resin composite, offering 

submillimeter scale feature resolution and high acoustic impedance 

contrast with water. By designing the surface patterns of the 

metamaterial, we demonstrate the remote acoustic manipulation 

of in-water large objects (>20 wavelengths) with 3D translational 

and rotational degrees of freedom. We then proposed two 

methods, surface pattern superimposition and frequency 

multiplexing, to integrate different manipulation forces within a 

single metamaterial patch. Additionally, we demonstrate more 

examples of complex object manipulation using multiple 

metamaterial patches and transducers, such as multi-object, multi-

path, non-invasive, and 3D underwater manipulation. Our 

metamaterial-assisted remote underwater acoustic manipulation 

will have broad applications in underwater robot actuation, vehicle 

transportation, manufacturing, as well as in drug delivery and 

minimally invasive surgery. 

1. Introduction 

Acoustic metamaterials1–4 are composite structures formed by 

unit cells with subwavelength sizes and exotic properties that do 

not exist in natural forms, e.g., negative mass density5 and/or 

bulk modulus,6–8 negative refractive index9,10 and negative 

Poisson’s ratio.11,12 Acoustic metamaterials provide a variety of 

novel wave manipulation functionalities, e.g., phase/amplitude 

engineering,13–15 super-resolution imaging,9,16,17 impedance 

matching,18,19 invisibility cloaking,20,21 sound absorption,22,23 

unidirectional transparency, and nonreciprocal propagation.24–26 

These functions have offered powerful tools to solve the 

challenges in applications such as noise control, 

communications, medical diagnosis, and non-destructive testing.  

Recently, acoustic metamaterials were applied to assist remote 

manipulation of large objects (i.e., objects greater than at least 

twice the wavelength) using acoustic waves.27 When an acoustic 

wave is reflected by the object’s surface, the exchange of 

momentum between the reflected and incident waves results in 

an acoustic radiation force on the object. By coating the object 

with a thin layer of acoustic metamaterial, the radiation force’s 

spatial distribution can be controlled with subwavelength 

precision. Without the assistance of metamaterials, acoustic 

wave can only manipulate objects smaller or comparable to the 

wavelength. For example, particles can be tapped by acoustic 

standing waves at wave nodes and antinodes,28–32 or at the 

potential wells generated by either a transducer array33,34 or a 

hologram.35,36 If the size of the object is large, the acoustic 

radiation force generated by the diffraction of a wave by the 

object has the magnitude and direction dependent on the object’s 

surface shape and material properties, making it difficult to 

levitate and precisely manipulate the object. Only the levitation 

of large objects in particular symmetric shapes, such as spheres 

and flat plates, was previously demonstrated37–41 without 

metamaterials. In contrast, acoustic metamaterials enable the 

manipulation of large objects with arbitrary sizes and shapes, by 

shaping the acoustic radiation force with subwavelength-sized 

surface patterns. 

    While metamaterial-assisted acoustic manipulation provides 

an intriguing prospect for large-object manipulation, it has only 

been demonstrated to manipulate an object in air.27 To expand 

this approach to underwater manipulation, creating underwater 

acoustic metamaterials is a necessary but challenging step, 

mainly because of the small acoustic impedance contrast 

between water and most of the materials used in existing 

metamaterial construction, such as polymer-based resins42 and 

soft materials.43 Such small contrast cannot provide the required 

modulation to the acoustic radiation force for object 

manipulation. Metals or ceramics are viable material choices 

considering their relatively large acoustic impedance compared 

to water,44,45 however, the fabrication capability of these two 

cannot provide sufficient resolution or shape complexity needed 

by metamaterials, not to mention the high cost.46–49 The 
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development of a low-cost, high-resolution solution to create 

underwater metamaterials will not only advance the remote 

acoustic manipulation, but also hold immense potential for 

applications of acoustic metamaterials in underwater sensing, 

communication, biomedical diagnosis, and therapy.50,51 

In this work, we developed a new type of underwater acoustic 

metamaterial by fabricating subwavelength surface patterns 

using a metal-resin composite. Using the fabricated underwater 

metamaterial patches, we demonstrated remote acoustic 

manipulation of large objects in water with 3D translational and 

rotational degrees of freedom. We then developed two methods, 

surface pattern superimposition and frequency multiplexing, to 

achieve different manipulation functions within a single 

metamaterial patch. Additionally, we demonstrated more 

complex examples of multi-object, multi-path, non-invasive, and 

3D underwater manipulation using multiple patches/transducers. 

Our metamaterial-assisted remote underwater acoustic 

manipulation has broad applications in underwater robot control 

and vehicle transportation, underwater assembly, as well as in 

drug delivery and minimally invasive surgery. 

2. Results and discussion 

2.1. Fabrication and characterization of underwater acoustic 

metamaterials 

To achieve the required high acoustic impedance contrast with 

water, acoustic metamaterials are fabricated using a metal-resin 

composite created by mixing iron granules with Epoxy resin (see 

details in the Experimental Section). The iron granules have sizes 

in the range of 5-250 μm, which are smaller than the acoustic 

wavelength we are using (500-1500 μm for 1-3 MHz). 

Microscopic pictures of the metal-resin composite with different 

mass ratios of iron fillings are shown in Fig. 1(a). The measured 

density ρ and acoustic wave speed c of the composite are shown 

in Fig. 1(b). Because of the density difference between iron 

granules (~7800 kg·m‒3) and resin (~1500 kg·m‒3), the 

equivalent density of the composite increases as the mass ratio 

of the iron granules increases. The acoustic speed inside the 

composite remains roughly the same as the iron mass ratio 

increases. As a result, the acoustic impedance (Z=ρc) increases 

from 2.89 MPa·S·m‒3 to 13.8 MPa·S·m‒3 as the iron mass ratio 

increases from 0% to 80%, leading to the increase of the acoustic 

reflection coefficient (|R|=(Zmixture‒Zwater)/(Zmixture+Zwater)) from 

0.3 to 0.8, as depicted in Fig. 1(c). More details regarding the 

acoustic property measurement are presented in Note S1 (ESI†).  

Fig. 1(d) illustrates the steps to fabricate a metamaterial patch. 

Details of the fabrication process can be found in the 

Experimental Section. One fabricated sample with 80% iron 

granule mass ratio is pictured in Fig. 1(e). The 20 mm × 20 mm 

× 2 mm sample works for 1 MHz acoustic wave. It has surface 

patterns with the height ranging from 0 to 0.75 mm. This 

fabrication method can realize ~50 micrometre fabrication 

resolution. Our underwater metamaterials have the advantages of 

high spatial feature resolution, large acoustic impedance contrast 

with water, as well as low fabrication cost, promising for 

underwater and biomedical applications even beyond acoustic 

manipulation. 

2.2. Design and demonstration of acoustic manipulation 

functions: pushing, rotating, following 

As illustrated in Fig. 2(a), a metamaterial patch is attached to the 

bottom surface of the object that is floating on the water. The 

patch has a surface pattern with varying extrusion height. The 

Fig. 1 Underwater acoustic metamaterial fabrication and characterization. (a) Microscopic photos of the metal-resin composite with different mass ratios of iron fillings. (b) The 

measured density and acoustic velocity for 1 MHz and 3 MHz acoustic wave of metal-resin composite samples with different iron filling ratios. (c) The calculated acoustic impedance 

and reflection coefficient of samples with different iron ratios. (d) Metamaterial patch fabrication process. (e) An example of the designed surface pattern, and the side-view, top-

view, and microscopic top-view photos of a fabricated metamaterial patch.
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height gradient corresponds to the phase gradient of the reflected 

wave from the surface. The momentum exchange of the waves 

with the metamaterial surface generates an acoustic radiation 

force Fr on the object, whose direction and magnitude depend on 

the phase gradient. In an underwater environment, the other 

forces on the object are gravity Fg and buoyancy Fb, both in the 

z direction in the coordinate system shown in Fig. 2(a). 

    The incident acoustic beam is perpendicular to the 

metamaterial surface, emitted by an acoustic transducer with a 

center frequency of 1 MHz located 30 mm away from the 

metamaterial surface. We characterized the incident beam profile 

using a needle transducer and plotted the acoustic wave intensity 

along and perpendicular to the beam direction in Fig. 2(c) and 

2(d). More details of acoustic beam characterization are in the 

Experimental Section. Fig. 2(d) shows that the incident acoustic 

beam has a width of around 3 mm at the Z0 = 30 mm position. 

    The metamaterial surface patterns are designed to realize three 

basic manipulation functions: pushing, rotating, and following 

(Movie S1 (ESI†)). Combinations of these basic functions can 

realize more complex 3-D object manipulation. 

2.2.1. Pushing  

An xy-plane pushing force is generated by reflecting the z-

direction incident acoustic beam to a direction that has a 

component in the xy-plane. The surface pattern height 

distribution in the xy-plane is designed as:  

hpushing=mod(tan(α)·x, λ/2)                            (1) 

where α is the angle of the surface pattern with respect to the x- 

direction (and –α is the wave reflection angle), as shown in Fig. 

2(e), and λ is the wavelength. Snapshots of the video showing the 

object moving in the xy-plane are also shown in Fig. 2(e).  

To gain insight into the pushing mechanism, we 

experimentally measure the acoustic radiation force in the z-

direction, Frz, as a function of the reflection angle α. In 

underwater manipulation, the mass and volume of an object 

determine the magnitude of the buoyancy and gravity forces.  At 

force equilibrium, the Frz should equal the difference between the 

buoyancy and gravity. The experimental measurement of Frz is 

performed in the following way: as the object is floated on the 

water surface, the immersion volume change of the object after 

the acoustic beam is turned on is proportional to Frz. By 

constraining the object’s xy-plane movement by a 3D printed 

ring-shape structure (left structure in Fig. S4 (ESI†)) and 

measuring its immersion volume change (ΔV), the Frz can be 

calculated by Frz =ρwater·g·ΔV, where g = 9.8 N·kg‒1 and ρwater = 

103 kg·m‒3 (Fig. S5(a) and Note S2 (ESI†)). In the Frz 

measurements presented in Fig. 3(a), the same transducer input 

power of 3 W is applied and the acoustic wave reflection angle 

α varies from 0° to 60°. At each angle α, the measurement is 

repeated 20 times. The results indicate that the larger the 

reflection angle α, the smaller the Frz. We also calculate the xy-

direction and z-direction acoustic radiation forces, Frx and Frz, 

based on the theory of acoustic radiation force52 and COMSOL 

modelling of the acoustic field distribution after the incident 

beam is reflected by the metamaterial patch (see more details in 

the Experimental Section and Note S3 (ESI†)). The normalized 

forces Frx/max(Frz) and Frz /max(Frz) from calculation are also 

plotted in Fig. 3(a). A similar decreasing trend as in experimental 

measurements is observed in the Frz vs. α plot. At the same time, 

the calculated Frx increases with α. The angle between the 

direction of the acoustic radiation force and the +z direction can 

be calculated by arctan(Frx/Frz), which shows an increasing trend 

as the α become larger (shown in Fig. S7(e) (ESI†)).  In Fig. S5(b) 

Fig. 2 Basic manipulation functions enabled by a metamaterial patch. (a) Illustration of the experimental setup and the forces involved. Fr: acoustic radiation force; Fb: buoyancy 
force; Fg: gravity force. (b) A side-view photo of the experiment setup. (c, d) Measured acoustic intensity of the incident beam along z- direction (c) and x- direction (d). The inset of 
(c) is the measured acoustic wave intensity in the xz-plane. (e-g) Designed surface patterns and snapshots of experimental movies for pushing (e), rotating (f), and following (g) 
functions enabled by metamaterial patches. The orange dash lines in the snapshots indicate the moving trajectories of the objects. 
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(ESI†), we presented the measured Frz as a function of the 

transducer input power, showing that magnitude of Frz increases 

linearly with the transducer input power. We have also plotted 

the required Frz as a function of the total mass and water-

immersed volume of the object in Fig. S6(a) (ESI†). In addition 

to the mass and size of the object, the lateral size of the 

metamaterial patch also impacts the acoustic radiation force in 

both vertical and horizontal directions. On one hand, when using 

a focused ultrasound beam as in our experiments, the acoustic 

radiation force reaches its maximum at a specific transducer 

power as long as the lateral size of the metamaterial patch is 

slightly larger than the focal spot. On the other hand, a larger 

patch enables longer actuation time when the object moves, 

resulting in larger accumulative effect on the object’s motion. A 

larger metamaterial patch is also heavier. In Fig. S6(b) (ESI†), 

we show the additional z-direction radiation forced needed 

because of the metamaterial patch as a function of the patch size.   

2.2.2. Rotating  

To generate a rotational force in the xy-plane by a z-direction 

acoustic beam, the height distribution of the surface pattern is 

designed as: 

 hrotating=mod(RN·φ·λ/4π, λ/2),                        (2) 

where φ is the azimuth angle from 0 to 2π, and RN represents the 

number of periods along the azimuthal direction. In Fig. 2(f) and 

in Movie S1 (ESI†), two situations, RN = 3 and RN = ‒2 are 

shown. The metamaterial surface gives an angular momentum in 

the reflected wave, thus generating a rotational force to the 

object. The rotational motion is clockwise for positive RN and 

counterclockwise for negative RN. The rotating speed of the 

object is measured when metamaterial patches with different RN 

values are attached. During measurement, the object’s 

translational movement is limited by a 3D printed ring-shaped 

structure (Fig. S4 (ESI†)). At each RN value, the measurement is 

repeated 20 times. As shown in Fig. 3(b), a larger RN magnitude 

produces a faster rotating speed (Movie S1 (ESI†)) 

2.2.3. Following 

The “following” function, or object trapping, can be achieved by 

an axially symmetric surface pattern with a height distribution:  

hfollowing=mod(sin(θ)·√𝒙𝟐 + 𝒚𝟐, λ/2)                 (3)          

The acoustic radiation force at any point of the metamaterial 

surface has a z-component, Frz that is perpendicular to the 

surface, and a transverse component, Frxy, that is along the radial 

direction and points to the center of the surface. We name Frxy 

the trapping force as it determines the capability of the 

metamaterial to trap and make the object following the 

transducer. The angle θ determines the ratio between Frxy and Frz. 

When the center of the acoustic beam and the center of the 

surface pattern overlap, the forces on the object are balanced 

because of the axial symmetry. As the acoustic beam center 

begins to move off the surface pattern center, for example to the 

left, the right-pointing force will become larger than the left-

pointing one. The object will be forced to move left, following 

the movement of the acoustic beam center. In Fig. 2(b), we 

demonstrate that the object follows the transducer center and 

moves along an S-shape trajectory (also shown in Movie S1, 

ESI†).  

To illustrate the relationship between the angle θ of the 

metamaterial surface pattern and the strength of the trapping 

force in the “following” function, we measured the largest speed 

change, Δvmax, of the object that the transducer can induce as a 

function of θ. An illustration of the measurement setup is in Fig. 

S5(c) (ESI†). The object is originally static while the transducer 

speed changes from 0 to Δvmax (acceleration). With the fixed 

transducer input power and object total weight, the increased 

angle θ in metamaterial design increases the Δvmax, which is due 

to the larger trapping force generated by the metamaterial (shown 

in Fig. 3(c)). We also show that with a fixed transducer input 

power, the Δvmax decreases with the object total weight (Fig. S5(d) 

(ESI†). This is because the acceleration decreases with the object 

mass. 

2.3. Multifunctional design of a single metamaterial patch 

In the above designs, a single metamaterial patch supports one 

manipulation function. Multifunctional design expands the 

manipulation capability provided by a single patch, thereby 

reducing the overall system complexity and manufacturing cost. 

Here we develop two mechanisms for multifunctional 

manipulation that are complementary to each other: surface 

pattern superimposition and frequency multiplexing. 

2.3.1. Surface pattern superimposition  

By superimposing two surface patterns, the metamaterial patch 

can provide two types of actuation forces to the object at the 

same time. As an example, in Fig. 4(a), the “pushing” and 

Fig. 3 Analysis of pushing, rotating and following functions. (a) In the “pushing” function, experimentally measured z-direction, and simulated x- and z-direction acoustic radiation 

forces as a function of reflection angle α. Error bars in the experimentally measured data represent 95% confidence interval. (b) In the “rotating” function, experimentally measured 

rotation speed as a function of RN, when keep incident beam power a constant (10 W). Box plots show the minimum, first quartile, median, third quartile, and maximum. (c) In the 

“following” function, experimentally measured largest speed change, Δvmax, of the object with “following” metamaterial (total weight 30 g) that the transducer (with 10 W input 

power) can induce as a function of θ. 
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“rotating” patterns are superimposed, giving the pattern 

distribution as: 

hpushing_rotating=mod(tan(α)·x+RN·φ·λ/4π, λ/2)          (4) 

The angle α is set as 45° and RN is set as 0.5. When an acoustic 

beam is incident onto the patch, the acoustic radiation force in 

the xy plane has two components: one along the x-direction and 

another rotating clockwise. Hence, the acoustic wave will push 

the object to move along a curved trajectory (Movie S2 (ESI†)).  

    In another example, we combine the “following” and 

“rotating” patterns (as shown in Fig. 4(b)) as: 

hfollowing_rotating=mod(sin(θ)·√𝑥2 + 𝑦2+RN·φ·λ/4π, λ/2) (5)      

The angle θ is set to 45° and RN is set to 0.3. After turning on the 

acoustic incident beam, the object follows the movement of the 

beam and rotates clockwise at the same time (see Fig. 4(b) and 

Movie S2 (ESI†)).  

2.3.2. Frequency multiplexing  

Multifunctional manipulation can also be realized by frequency 

multiplexing. Acoustic reflection from a metamaterial patch is 

frequency dependent. The surface pattern designed for one 

frequency will generate a different radiation force distribution 

when interacts with acoustic beams in other frequencies. By 

superimposing multiple surface patterns that each only reacts to 

one single frequency among pre-selected frequency values, we 

can switch the acoustic radiation force among pre-designed 

distributions, leading to different object movements.  

Our first example demonstrates the switching between two 

pushing directions using incident acoustic beams at 1 MHz and 

3 MHz. We set the reflection angle as α1= ‒20° for 1 MHz, and 

α3 = 40° for 3 MHz. The combined surface pattern distribution 

(Fig. 3(c)) is:  

hmultiplexing_pushing = mod(x·tan(α1), λ1/2) + mod(x·tan(α3), λ3/2)  (6)          

where λ1 and λ3 are wavelengths at 1 MHz and 3 MHz, 

respectively. The surface pattern hmultiplexing_pushing reflects a 1 -

MHz beam to the +x half plane and a 3 -MHz beam to the ‒x half 

plane, as shown in Fig. S8 (ESI†). Thus the 1 -MHz beam will 

push the object to the ‒x direction with the generated radiation 

force Fr1, and the 3 -MHz beam will push the object to the +x 

direction with Fr3, as shown by Movie S2 (ESI†), as well as the 

snapshots presented in Fig. 4(c). 

    In our second example, we demonstrate the switching between 

clockwise and counterclockwise rotation using 1-MHz and 3-

MHz acoustic beams. The surface pattern is the combination of 

the following two designs: 1) the surface pattern superimposition 

of the “following” and “rotating” functions at 1 MHz, and 2) the 

“rotating” function at 3 MHz: 

hmultiplexing_rotating = mod(sin(θ) √𝒙𝟐 + 𝒚𝟐+RN1·φ·λ1/4π, λ1/2) + 

mod(RN3·φ·λ3/4π,λ3/2)   (7) 

Fig. 4 Multifunctional pattern design and experiment verification. (a) Superimposition of pushing and rotating. (b) Superimposition of following and rotating. (c) Frequency 

multiplexing of right pushing at 1 MHz and left pushing at 3 MHz. (d) Frequency multiplexing of rotating following at 1 MHz and rotating at 3 MHz. 
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where we set θ as 30°, RN1 as 0.4 and RN3 as –3. The 1-MHz and 

3-MHz acoustic beams rotate the object clockwise and 

counterclockwise, respectively (Fig. 4(d) and Movie S2 (ESI†)). 

The surface pattern component sin(θ) √𝑥2 + 𝑦2  provides the 

trapping force to stabilize the object above the transducer. 

2.4. Demonstration of complex underwater object 

manipulation 

Our single- and multi-functional metamaterial patches enable many 

application scenarios for underwater acoustic object manipulation. 

We have already showed examples using a single patch, such as 

pushing, rotating, following, simultaneous following and rotating, 

simultaneous pushing and rotating, and frequency multiplexing of 

different functions. In this section we demonstrate several more 

complex scenarios that require the cooperation of more than one patch 

and transducer pair. The results are presented in Fig. 5 and Movie S3 

(ESI†). 

2.4.1. Multi-object manipulation  

In the first example, we demonstrate multi-object manipulation 

for underwater assembly of parts, as shown in Fig. 5(a). A 

“following_rotating” patch is attached to the left object and a 

“following” patch is attached to the right object (shown in Fig. 

S9(a) (ESI†)). A transducer moves and rotates the left object 

towards the right one, which is trapped to its original location by 

a second transducer. The two objects get assembled as they get 

close (stages I to III in Fig. 5(b)). 

2.4.2. Multi-path manipulation  

In the second example, one metamaterial patch with the 

“pushing_rotating” function and another with 

“multiplexing_pushing” function are attached to an object 

(shown in Fig. S9(b) (ESI†)). Two acoustic transducers 

providing 1 -MHz and 3 -MHz beams are placed at two separate 

locations. At the stage I in Fig. 5(b), the 1-MHz transducer at the 

location of the “multiplexing_pushing” patch is turned on, 

pushing the object to the left along the horizontal channel. At 

stage II, the 3-MHz transducer is turned on, now facing the 

“multiplexing_pushing” patch and providing a right-direction 

force to the object. At stage III, the 1-MHz transducer is moved 

to the position of the “pushing_rotating” patch working at 1 

MHz. When the 1-MHz transducer is turned on at stage IV, the 

object is pushed along a curved trajectory into another channel 

branch. 

2.4.3. Non-invasive manipulation inside a tube 

Acoustic waves can penetrate through walls/obstacles non-

invasively. In the second example, we demonstrate the remote 

manipulation of an object inside a tube merged in water (Fig. 

S9(c) (ESI†)). As shown in Fig 5(c), the object with a 

metamaterial patch that supports the pushing function can be 

moved along a tube by a transducer pointing to the patch (stages 

I to IV in Fig. 5(c)). 

2.4.4. 3D manipulation in water 

In the last example, we show 3D manipulation of an object fully 

submerged in water. Three “following” patches are attached at 

the bottom of the object (Fig. S9(d) (ESI†)), each has a 

transducer facing it (shown in the top row of Fig. 5(d)). The total 

volume of the metamaterial patch and the object is estimated as 

~15cm3, giving the buoyancy of ~150 mN. And the total weight 

is 20.37g, corresponding to the gravity of ~200 mN. In our setup, 

when the input power of the transducers is 3 W, the buoyancy, 

gravity, and the acoustic radiation forces reach a balance state. 

As shown in Movie S3 (ESI†), the object is levitated 30 mm 

away from the transducers and follows the movement of the 

transducers. When the input power is larger than 3 W, the object 

moves towards the positive z direction. When the input power is 

smaller than 3 W, the object moves towards the negative z-

direction. Three patch-transducer pairs are needed to stabilize the 

object at its levitated position and during motion. 

3. Conclusions 

In this study, we developed acoustic metamaterial to tailor the 

acoustic radiation force for multi-degree-of-freedom 

Fig. 5 Demonstration of complex object manipulation functions enabled by more than one metamaterial patches and transducers. (a) Multi-object manipulation. (b) Multi-path 

manipulation. (c) Non-invasive manipulation inside a tube. d) 3D manipulation in water. The experiment videos are shown in Movie S3.  
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manipulation of large objects (>20 wavelengths) in water. The 

metamaterial fabricated through soft lithography of iron-resin 

mixtures have the advantages of large acoustic impedance 

contrast with water, sub-millimeter spatial feature resolution, 

and low fabrication cost, which are highly demanded in 

underwater applications of metamaterials, including sensing, 

communication, and actuation. In our work, we explored its 

application in enabling underwater acoustic remote manipulation 

of large objects. We developed basic manipulation functions 

including pushing, rotating, and following. We also developed 

two methods, surface pattern superimposition and frequency 

multiplexing, to combine different basic manipulation functions 

onto a single metamaterial patch, such as pushing and rotating, 

rotating and following, left and right pushing, and clockwise and 

counterclockwise rotating. Furthermore, we demonstrated 

application-driven examples of complex underwater object 

manipulation by the collaboration of more than one metamaterial 

patches and transducers.  

In our metamaterial-assisted remote acoustic manipulation, 

the size of the object is no longer limited by the acoustic 

wavelength. We can exert controllable forces on underwater 

objects with sizes much larger than the used acoustic 

wavelength, which was difficult in previously established 

acoustic manipulation approaches based on standing wave or 

acoustic pressure gradient. As acoustic wave can penetrate 

through materials non-invasively, our system can also be used to 

manipulate objects inside containers and behind obstacles.  In 

future works, the metamaterial patches can be made soft and 

conformable to different object surface shapes. The metamaterial 

structure can be designed so that the manipulation function is 

switchable with different incident wave angles or wavefront 

shapes. The metamaterial can also be made of reconfigurable 

materials, so that the manipulation function can be changed with 

environmental stimuli. Moreover, we can attach multiple patches 

at different locations of the object, each implementing a different 

movement. Feedback control through imaging of the object 

position and trajectory can be added to the system to generate 

more stable object motion, and also enable real-time motion 

planning. Our work will have broad applications in the control 

of underwater robots and unmanned vehicles, underwater 

assembly, minimally invasive surgery, and drug delivery. 

4. Experimental section 

4.1. Metamaterial fabrication and characterization 

The metamaterial patches were fabricated through a soft lithography 

process. First, a resin base (Formlabs Clear Resin) was fabricated by 

a 3D printer (Form 3, Formlabs Inc.). Then the resin base was 

immersed into PDMS liquid (10:1 volume ratio, Sylgard 186 Silicone 

Elastomer Kit). After heating at 80 degrees for 60 minutes, the PDMS 

mold with inversed patterns was separated from the resin base. The 

metal-resin mixture, prepared by mixing iron granules (Bulk Iron 

Filings, by American Heritage Industries) with resin gel (Epoxy 

crystal clear Resin Kit, PIXISS) at pre-designed weight ratios, was 

then filled into the PDMS mold. After 12 hours of curing in room 

temperature, the ready-to-use metamaterial patch was separated from 

the PDMS mold. The metamaterial patches used in experiments are 

shown in Fig. S1 (ESI†). 

We also fabricated 4 cm × 4 cm × 1 cm samples with different iron 

filling weight ratios to measure the acoustic properties. The density of 

these samples was calculated using the mass and volume, and acoustic 

velocities of the used 1 MHz and 3 MHz acoustic waves were 

measured through the wave transmission experiment (more in the 

Note S1 (ESI†)). 

4.2. Acoustic field simulation and acoustic radiation force 

calculation 

The spatial distribution of acoustic field generated by the 

reflection of an acoustic beam by a metamaterial patch is 

simulated using the Pressure Acoustics module in COMSOL 

Multiphysics 6.0. The acoustic radiation force exerted on the 

object was calculated by the equation52,53 

𝐹𝑟
⃗⃗  ⃗ = −∮ {[

1

2
𝜅0〈𝑝

2〉 −
1

2
𝜌〈𝑢⃗⃗ 2〉] 𝑛⃗⃗ + 𝜌〈(𝑛⃗⃗ ∙ 𝑢⃗⃗ )𝑢⃗⃗ 〉} 𝑑𝑎       (8) 

where κ0 is the compressibility κ0=1/(ρc2), ρ is the density of water 

and c is the acoustic wave speed in water. The p and 𝒖⃗⃗  are the acoustic 

pressure and acoustic velocity of the wave. The integration is 

performed along a boundary enclosing the object. More details of the 

simulation and acoustic radiation force calculation are in Note S3 and 

Fig. S7 (ESI†). 

4.3. Acoustic manipulation experiments 

The materials of the objects used in the experiments include 

wood, wax, 3D-printed resin, plastic foam, and PDMS. The 

metamaterial patch was fixed on an object and was placed at the 

focal spot of a high-intensity focused ultrasound (HIFU) 

transducer (focal length: 30 mm). Two HIFU transducers, TQ20-

1030 and TQ20-3030 from Siansonic Inc., are used to generate 1 

-MHz and 3 -MHz beams, respectively. The HIFU transducers 

are controlled by a function generator (AFG3022C, Tektronix 

Inc.) and a power amplifier (AD1006, T&C Power Conversion) 

to specify the frequency and power of the incident beam. A 

needle hydrophone (Precision Acoustics NH0075) mounted on a 

3D translation stage was used to characterize the field 

distribution of the beam (Fig. S3 (ESI†)). More details of the 

metamaterial patches, objects, and input power of the transducer 

are listed in Table S1 (ESI†). 
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