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            Abstract
Science-fiction movies portray volumetric systems that provide not only visual but also tactile and audible three-dimensional (3D) content. Displays based on swept-volume surfaces1,2, holography3, optophoretics4, plasmonics5 or lenticular lenslets6 can create 3D visual content without the need for glasses or additional instrumentation. However, they are slow, have limited persistence-of-vision capabilities and, most importantly, rely on operating principles that cannot produce tactile and auditive content as well. Here we present the multimodal acoustic trap display (MATD): a levitating volumetric display that can simultaneously deliver visual, auditory and tactile content, using acoustophoresis as the single operating principle. Our system traps a particle acoustically and illuminates it with red, green and blue light to control its colour as it quickly scans the display volume. Using time multiplexing with a secondary trap, amplitude modulation and phase minimization, the MATD delivers simultaneous auditive and tactile content. The system demonstrates particle speeds of up to 8.75 metres per second and 3.75 metres per second in the vertical and horizontal directions, respectively, offering particle manipulation capabilities superior to those of other optical or acoustic approaches demonstrated until now. In addition, our technique offers opportunities for non-contact, high-speed manipulation of matter, with applications in computational fabrication7 and biomedicine8.
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                    Fig. 1: Main elements of the MATD.


Fig. 2: Colour reproduction of the MATD display.


Fig. 3: Rendering of volumetric contents.
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                Data availability

              
              The data that support the plots within this paper and other findings of this study are available in the main text and the Extended Data Figures. Additional information is available from the corresponding author upon reasonable request.

            

Code availability

              
              Custom C++ code used for controlling our MATD during our tests is available on GitHub for anyone under a Creative Commons Attribution-Noncommercial-ShareAlike license at https://github.com/RyujiHirayama/MATD.
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Extended data figures and tables

Extended Data Fig. 1 Overview of the MATD prototype.
Experiments were performed using two opposed arrays of 16 Ã— 16 transducers,aligned on top of each other and with a separation of 23.4 cm.


Extended Data Fig. 2 Phase and amplitude control of the transducers used.
a, Square-wave input from the FPGA, used to drive the transducer phase and amplitude by controlling their phase delays and duty cycles. b, Nonlinear correlation between transducer pressure and duty cycle; measurements (dots) and analytical approximation (line). c, Measured sinusoidal responses of transducers driven by the square waves shown in a.


Extended Data Fig. 3 Preliminary characterization of particle sizes and update rates.
a, Camera setup used to measure the sphericity and diameter of the particles. b, Maximum linear speeds for different particle sizes. In all graphs the markers correspond to experimental values and the lines represent spline curves fitted to the data. c, POV representation using different particle diameters. d, Particle size distribution and sphericity of the 2-mm-diameter particles used. e, Maximum linear speeds along the vertical (downward) path for different update rates and for each mode (OSTM, PSTM and PDTM).


Extended Data Fig. 4 Speed measurement setup.
a, A camera takes a long-exposure photograph of the moving particle, which is illuminated by the LED at steps of 1Â ms. b, c, Images captured during the horizontal and vertical linear speed tests at three different conditions (OSTM, PSTM and PDTM). d, Approximation of horizontal and vertical radiation forces exerted on a particle located around a levitation trap, as analytically approximated using the Gorâ€™kov potential.


Extended Data Fig. 5 Speed, distance between the acoustic trap and the levitated particle (Î”p) and acceleration.
aâ€“c, Data measured during our speed tests along the horizontal (a), upward (b) and downward (c) directions.


Extended Data Fig. 6 Summary of the particle-control performance tests of the MATD for each of the experimental conditions tested.
aâ€“c, Maximum linear speeds and accelerations for each mode (OSTM, PSTM and PDTM). The paths denote the speed of the levitation trap, not observed particle trajectories. d, Maximum linear speeds achieved by particles following circular paths of increasing radii for each mode.


Extended Data Fig. 7 Spectral analysis of the audio response of the MATD.
a, Signals used for input: chirp (left), 250Â Hz (tactile, centre) and signals combined in the frequency domain (right). b, Output of the system when only sound is created (left) and when multiplexed with tactile content using amplitude multiplexing (centre) and combined signals (right). c, Effects of position multiplexing on an amplitude-multiplexed signal (left) and our combined signal (right) for a 75%â€“25% duty cycle. d, Effects of position multiplexing when applied to 50%â€“50% duty cycle signals.


Extended Data Fig. 8 Audio modes supported by the MATD.
a, b, Illustration of the two different modes (scatter and directional) and the sound tests. c, Audio measurement setup. d, e, Measured SPL distribution of the modes. The SPL distributions were measured under two conditionsâ€”sound only and sound plus tactile feedbackâ€”across the horizontal and vertical planes.


Extended Data Fig. 9 Characterization of tactile feedback.
a, Measurement setup. b, Visual content used, together with the tactile point. c, Measurement setup with a silicone hand (KI-RHAND, from Killer Inc. Tattoo). d, Results of the horizontal and vertical scans of the SPL for each of our conditions while delivering only tactile feedback, tactile and visual content, and all three modalities (tactile, visual and audio). e, Results of vertical and horizontal scans in the presence of a hand for all three conditions.


Extended Data Fig. 10 Other applications of the MATD.
a, Simultaneous levitation of six EPS particles in a diamond pattern (16.7% duty cycle for each particle; maximum number of particles levitated so far). b, c, Frequency modulation at 148Â Hz to produce resonant oscillations (nÂ =Â 2) for a 2-mm-diameter water droplet, captured from the side.





Supplementary information
Video 1:
Overview of the MATD system. In this video we demonstrate the Multimodal Acoustic Trapping Display (MATD) system. The video first demonstrates the volumetric display capabilities, followed by a combined system. This final combined system includes a countdown timer which the user can see and hear. The system also allows the user to start and stop using a finger click gesture. Every time the user starts or stops the countdown, they receive tactile feedback from the MATD system.


Video 2:
Demonstration of volumetric POV contents. Here we show several volumetric POV contents displayed using MATD. The first example shows a 3:2 torus knot, illustrating our ability to provide rich colour volumetric content. The second example shows a butterfly flying around in our system. These videos were taken with 0.1s exposure time and thus are visible to the naked eye.


Video 3:
Speed tests. In this video we show how the speed tests was carried out. The first and the second tests were carried out to determine the horizontal and vertical maximum linear speeds of MATD. The particle started at rest and was constantly accelerated to reach maximum speed at the centre of the array. The third one is for measuring the sharp corner speed. The particle is moved forward at constant speed and is forced to perform a complete change in direction (i.e. 180-degree turn). The last one shows the maximum displacement speed that can be achieved for a particle moving along a circular path of various radius (5 cm in this video). For each type of speed, we tested an increasing range of speeds, identifying the maximum speed at which such a manipulation was feasible.


Video 4:
Visual content with hands. This video is included to demonstrate two things. Firstly, it shows that the levitated object is not disturbed by the presence of a hand near it â€“ allowing for the creation of an interactive display in which we can create tactile sensations close to the levitated object. Secondly, it shows that object is visible in normal indoor lighting conditions.


Video 5:
Visualisation of the tactile sensation with a visual content. This video illustrates the strength of the tactile sensation in the presence of a levitated display. While 75% of the cycles is used for the primary trap to create a visual content (the shape of 8), the secondary lobe (25% duty cycle) is focused on a paper (80gr) with 8 strips cut into it. By moving the location of the secondary lobe, the strips move up-and-down as they experience acoustic radiation pressure that would result in an equivalent tactile sensation if the finger was placed near it.


Video 6:
Other applications of the MATD. This video shows our ability to generate multiple traps for levitation and for liquid mode control. By time-multiplexing the position of the primary trap, six beads can be stably levitated and transferred. The levitated water droplet is oscillating due to amplitude modulation of the trap.
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