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Active structural acoustic illusions

Daniel Eggler™ & Nicole Kessissoglou

We present active manipulation of the structural vibrations of an elastic body to generate an acoustic
illusion. The resultant illusion misrepresents the nature, size and number of objects in the exterior
acoustic domain. We demonstrate our technique, herein termed active structural acoustic illusion, using
an elastic cylindrical shell. The radial motion of the shell at its cavity resonance frequencies is actively
modified using localised mechanical forces. Acoustic illusions are generated to resemble the scattered
acoustic field by one or more rigid cylinders of different size and location.

Illusions are an alternative to cloaking targets from detection, by generating misrepresenting information about
a target. The first optical illusions were passively achieved utilising metamaterials that altered the wavefield prop-
agation pathways. Metamaterial shells comprising complementary media layers incorporating double effective
negative parameters have been able to modify information about a given target such as size?, shape®>, loca-
tion®, and material properties”®. Electromagnetic illusions have also been implemented using active approaches,
whereby control sources were employed to actively modify the electromagnetic field to the desired optical
illusion®12,

The first acoustic illusion was presented by Kan et al.'>!* using a metamaterial shell comprising positively
indexed anisotropic material. They numerically and experimentally showed that scattered waves from a cylinder
appeared as scattering from a rectangular prism. Similarly, Liu and He'"® exchanged the scattering potential of a
given object with that of a desired illusion by utilising positively indexed isotropic materials. More recently, pas-
sive acoustic illusions have been achieved using a tunable metasurface'®, an enclosed device with subwavelength
thickness'’, and a multi-folded transformation method's.

In contrast to passive approaches for illusions that are restricted to predetermined scenarios, active techniques
allow for parameter adjustments to be made in real-time. Borsing et al.'” employed a distribution of monopole
sources on a rigid surface and mapped the physical boundary conditions of the rigid surface to a virtual envi-
ronment. The incident field was suppressed before interacting with the rigid surface whilst the desired illusion
field from the virtual environment was simultaneously generated. Rajabi and Mojahed?® applied piezoelectric
patches to an elastic spherical body to actively modify the surface shell velocities such that the resultant acoustic
field resembled that of a larger sphere or a sphere of different material composition. Whilst the aforementioned
acoustic illusions employed active methods, the proposed methodologies do not lend themselves to practical
realisation due to the exclusion of an active controller. The current authors recently employed conventional active
noise control techniques to actively modify the acoustic field of a rigid cylinder arising from scattering by an
incident field*'. Acoustic illusions were generated to misrepresent the size and location of the rigid cylinder. The
ability to replace the acoustic field arising from scattering by a rigid body with a different incident field was also
demonstrated.

The field of active noise and vibration control is well established (for example, see*>**) and presents a feasi-
ble approach for practical implementation of acoustic illusions. Active structural acoustic control (ASAC) that
combines active noise control (ANC) and active vibration control (AVC) has been demonstrated to effectively
reduce sound radiation from vibrating structures. Structural actuators are employed to actively manipulate a
vibrating structure, where the optimal control forces are obtained from minimisation of a cost function based on
the sound radiation. Early work using ASAC investigated the use of control forces to attenuate structure-borne
sound from uniform rectangular and circular plates?*-%%, and plates with discontinuities such as a stiffening rib?.
ASAC has also been successfully implemented to minimise the radiating sound from elastic cylindrical shells**-.
Advantages of ASAC compared to ANC include robust performance and reduced control effort?+2830:31,

We herein present acoustic illusions of an elastic structure based on an ASAC approach. To this end, control
inputs are directly applied to actively manipulate the structural vibrations of a cylindrical shell that efficiently
radiated sound. Our technique, herein termed active structural acoustic illusion, minimises a cost function based
on a two-stage process that replaces the sound field associated with the original object (a cylindrical shell) with an
acoustic illusion corresponding to the sound field associated with one or more rigid objects of different size and
location. Our control method forms a platform for practical realisation of acoustic illusions using well-established
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Figure 1. Control arrangement for an elastic cylindrical shell of mean radius a and thickness h. Point forces are
located on the surface of the shell with equispaced error sensors circumferentially distributed around the shell at 3a.
The primary acoustic field is due to an incident plane wave or monopole source located 4a upstream of the shell.

active control techniques. Employing an adaptive controller allows for variation in frequency and physical system
behaviour to be accommodated, thus yielding the ability to misrepresent the nature of an object being perceived
in real time.

Methods

Active control configuration and theory. The active control system comprises a multichannel control
configuration with W control forces and L error sensors. We minimise a quadratic cost function based on a feed-
forward adaptive least-mean-square algorithm?®2. The first stage is the removal of the acoustic field at the error
sensor locations (sound cancellation). The second stage generates the desired acoustic illusional field (sound
reproduction). Our control approach is applied to a two-dimensional elastic cylindrical shell. The physical sys-
tem responses associated with the original and illusional objects must be established prior to implementing the
control process. The mathematical formulation to describe the acoustic fields of an elastic cylindrical shell (orig-
inal object) and illusion object (one or two rigid cylinders) is provided in the Supplementary Material®***. The
quadratic cost function corresponding to the sum of the squared acoustic pressures at each error sensor location
is given by

] = e'e, (1)

where e is a vector denoting the acoustic field at the error sensors and H denotes the Hermitian transpose opera-
tor. The error vector can be expressed as
€= + Zq - pillusion’ (2)

Pstructuml

wherep  denotes the shell’s structure-borne sound pressure arising from excitation due to a plane wave (Eq.
(3) in the Supplementary Material) or a monopole source (Eq. (4) in the Supplementary Material). ZisanL x W
matrix of complex transfer functions representing the radiated field due to W control forces (Eq. (7) in the
Supplementary Material is the sound field for single force excitation of the shell). p,, . isa vector representing
the acoustic pressure of the desired illusion at the L error sensor locations (Eq. (13) in the Supplementary Material
represents the acoustic pressure at a single error sensor). q is the vector of W optimised complex control force
amplitudes. Substituting Eq. (2) into Eq. (1), differentiating the resulting expression with respect to the real and
imaginary components of q and equating to zero, that is, 3]/0q = 0, the optimised control force amplitudes can
be obtained as
q=- [ZHZ] 1ZH(Pstructural - pillusion) : (3)
The inversion of the matrix Z"'Z is carried out using a Moore-Penrose pseudoinverse function. Since Z"'Z is a
Hermitian, positive-definite matrix, the inverse always exists and is unique?. The inversion is well-behaved pro-
vided the number of error sensors is greater than the number of control sources as this ensures the
least-mean-squares problem is overdetermined. The aforementioned active control method utilises a priori
knowledge of the incident field. There are limited strategies to overcome this issue, however the ability to measure
and deduce key information about the incident field can be found in*-%’.
We demonstrate our active structural acoustic illusion technique on a 2D elastic cylindrical shell of thickness
h=4mm and radius a = 0.6 m measured to mid-plane thickness, as shown in Fig. 1. The shell material is polyvi-
nyl chloride with properties corresponding to density 1300 kg/m?, Young’s modulus 2.9 GPa and Poisson’s ratio

SCIENTIFIC REPORTS |

(2020) 10:9772 | https://doi.org/10.1038/s41598-020-66398-8


https://doi.org/10.1038/s41598-020-66398-8

www.nature.com/scientificreports/

10a 0.5 10a g 0.5 10a gy 0.5
| —
—
8 i = 0.4 8a/ 0.4 8a/ 0.4
— -
6a - 03 6a N 03 6a — 0.3
4a — 0.2 4a / - 0.2 4a / -~ 0.2
- 5 - ”

2| 1 . 01 2a Py 01 2a ” 0.1

0 p. : 0 0 o) 0 0 ) 0
-2a \ » . 101 -2 - ’,/ 01 -2a - 01
da| ~ . 02 -da — 02 -da “— / 02
-6a - 03 -6a — 03 -6a — 7/ 0.3
8a ”’ 0.4 8a 0.4 -8 0.4
- 04 -8a -04 -8a -0.
-10a -0.5 -10a -0.5 -10a -0.5

-10a -8a -6a -4a -2a 0 2a 4a 6a 8a 10a -10a -8a -6a -4a -2a 0 2a 4a 6a 8a 10a -10a -8a -6a -4a -2a 0 2a 4a 6a 8a 10a

0.5  10a 0.5 10a 0.5
0.4 8a 0.4 0.4
0.3 6a 0.3 0.3
) 0.2 4a/ 10.2 0.2

0.1 2a 0.1 0.1

0 0 0 0
-0.1  -2a 1-0.1 1-0.1
/ 0.2 -4a 0.2 0.2
0.3 -6a -0.3 -0.3
04  -8a -04 -8a -0.4

-
-10a -0.5 -10a -0.5 -10a -0.5
-10a -8a -6a -4a -2a 0 2a 4a 6a 8a 10a -10a -8a -6a -4a -2a 0 2a 4a 6a 8a 10a -10a -8a -6a -4a -2a 0 2a 4a 6a 8a 10a
(a) (b) (©

Figure 2. Acoustic pressure fields (in Pascal) under monopole source excitation at 283.4 Hz for (a) an elastic
cylindrical shell of radius a, (b) (top) a rigid cylinder of radius 2a centred at a radial distance of a4 and an angle of
120° to the horizontal axis from the centre of the elastic shell, (b) (bottom) a rigid cylinder of radius 0.5a centred
at a radial distance of 2.5a and an angle 0f120° to the horizontal axis from the centre of the elastic shell, (c) an
elastic cylindrical shell of radius a with an actively generated acoustic field to resemble the scattered acoustic
field in (b). The dashed white line represents the error sensor perimeter at 3a.

0.3. The interior and exterior fluid media correspond to air with density and sound speed of 1.225 kg/m® and
343 m/s, respectively. Localised control forces were distributed equally around the shell. Similarly, error sensors
were distributed circumferentially around the shell at a radial distance of 3a from the shell centre.

Results

All results were generated using MATLAB. The number of control forces and error sensors implemented in the
control configuration for each illusion case study were determined using a similar procedure outlined in ref. *
based on a percentage error function given by

A = Hpillusion‘ |pcontrolledH x 100%,
|p111usmn| 4
wherep . isavector of the actively modified acoustic pressure at the error sensors. The number of control

forces and error sensors for each illusion were obtained for the minimum value of A.

Single body illusions.  We first demonstrate results for single body illusions misrepresenting the nature, size
and location of the cylindrical shell. Figure 2(a) presents the acoustic field arising from a monopole source located
at 4a upstream of the cylindrical shell at an excitation frequency of 283.4 Hz. This frequency corresponds to an
internal (0,2)-resonance within the shell cavity as indicated by the two radial nodal lines*. Significant scattering
can be observed downstream of the shell. Figure 2(b) shows the desired acoustic illusional fields associated with
larger and smaller rigid cylinders that are shifted from the centre of the original cylindrical shell. The top panel
corresponds to the scattered acoustic field for a rigid cylinder of radius 2a centred at a radial distance of a and an
angle of 120° to the horizontal axis from the centre of the shell. The bottom panel corresponds to the scattered
acoustic field for a rigid cylinder of radius 0.5a centred at a radial distance of 2.5a4 and an angle of 120° to the
horizontal axis from the centre of the shell. Greater asymmetric acoustic scattering is observed for the larger cyl-
inder. The active structural acoustic illusions are presented in Fig. 2(c), in which the radial motion of the shell in
Fig. 2(a) is actively modified such that the structure-borne pressure yields the acoustic field in Fig. 2(b). Beyond
the radial location of the error sensors (indicated by a white dashed line), the actively generated acoustic field
matches the desired illusional field. The control configuration utilised 19 forces and 35 error sensors for Fig. 2(c)
(top), and 21 forces and 87 error sensors for Fig. 2(c) (bottom).
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Figure 3. Acoustic pressure fields (in Pascal) under plane wave excitation at 387.6 Hz for (a) an elastic
cylindrical shell of radius 4, (b) (top) two rigid cylinders of radius a located directly above and below the centre
of the shell at a radial distance of 2a, (b) (bottom) two rigid cylinders of radius 0.5a and 1.5a located directly
above and below the centre of the shell at a radial distance of 2a and 1.5a respectively, (c) an elastic cylindrical
shell of radius a with an actively generated acoustic field to resemble the scattered acoustic field in (b). The
dashed white line represents the error sensor perimeter at 3a.

Multiple body illusions. We now generate active illusions which are capable of misrepresenting the size,
location and number of objects. Figure 3(a) shows the acoustic field due to an incident plane wave impinging on
the elastic cylindrical shell at an excitation frequency of 387.6 Hz. This frequency corresponds to an internal
(0,3)-resonance within the shell cavity as indicated by the three radial nodal lines*. The desired acoustic field
corresponds to acoustic scattering by two rigid cylinders. The first case comprises two cylinders each of radius a
and located 24 directly above and below the centre of the shell, resulting in symmetric scattering (Fig. 3(b), top).
The second case comprises a rigid cylinder of radius 0.5a located 2a directly above the centre of the shell in con-
junction with a rigid cylinder of radius 1.5a located 1.5a directly below the centre of the shell, resulting in asym-
metric scattering (Fig. 3(b), bottom). Figure 3(c) presents the acoustic illusions whereby the actively modified
shell displacement has effectively reproduced the scattered acoustic field arising from multiple objects. The con-
trol configuration utilised 21 forces and 61 error sensors for Fig. 3(c) (top), and 21 forces and 50 error sensors for
Fig. 3(c) (bottom).

Limitation of active structural acoustic illusions. The performance of the proposed technique to
actively generate an acoustic illusion is examined. Figure 4 presents the deviation (top row) and acoustic directiv-
ity (bottom row) of the actively controlled field with respect to the desired illusional field. The deviation corre-
sponds to the absolute difference between the actively controlled acoustic field (in dB) and the desired acoustic
illusion (in dB). The directivity corresponds to the absolute acoustic pressure (in Pascal) evaluated for all field
points along the circumference at a specific radial distance. The acoustic field of the original system corresponds
to that for a cylindrical shell of radius a under monopole excitation at 283.4 Hz, as shown in Fig. 2(a). For the
deviation in Fig. 4(a), the desired acoustic illusion corresponds to that for a rigid cylinder of radius 0.5a concen-
trically located with the original cylindrical shell. Similarly, for the deviation in Fig. 4(b,c), the desired acoustic
illusion corresponds to that for a rigid cylinder of radius 0.5a at a radial distance of 1.5a and 2.5a in the
forward-scatter region, respectively. It is important to note that the error sensors must always fully enclose the
boundary of the illusion object and are located at a radial distance of 3a. In all cases considered, the deviation
between the actively controlled field and desired illusional field beyond the perimeter of the error sensors is less
than 1 dB. When the illusion cylinder is completely enclosed by the original cylindrical shell (Fig. 4(a)), the illu-
sional field takes effect beyond the surface of the shell. However, as the illusion cylinder is moved away from the
original cylindrical shell (Fig. 4(b,c)), the illusional field takes effect beyond the error sensor perimeter.
Furthermore, as the distance between the original and illusion objects increases, the performance of the acoustic
illusion decreases, with a corresponding increase in control effort. The control configurations to generate the
results in Fig. 4(a—c) utilised 11 forces and 18 error sensors, 18 forces and 33 error sensors, 20 forces and 78 error
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Figure 4. (Top row) Deviation (in dB) of the actively controlled acoustic field with respect to the desired
illusional field. The original acoustic field corresponds to an elastic cylindrical shell (solid white circle) of radius
a under monopole source excitation at 283.4 Hz. The desired illusional fields correspond to the scattered
acoustic field due to a rigid cylinder of radius 0.5a (a) concentrically located with the elastic cylindrical shell, (b)
at a radial distance of1.5a in the forward-scatter region, and (c) at a radial distance of 2.5a in the forward-
scatter region. The illusion cylinder is represented by the solid black circle whilst the error sensor perimeter is
denoted by the dashed white line. (Bottom row) Corresponding acoustic directivity (in Pascal) for the illusion
pressure (solid blue line) and controlled pressure (dashed black line) at a radial distance of 3a.

sensors, respectively. The acoustic directivity for each case shown in the bottom row of Fig. 4 highlights that there
is no noticeable deviation between the actively controlled pressure and desired illusion pressure.

Discussion

In summary, we present a method whereby the radial motion of an elastic cylindrical shell is actively modified to
generate an acoustic illusion. Illusions were generated to resemble the acoustic field due to scattering by a rigid
object of different size and location, as well as an illusion associated with acoustic scattering by multiple bodies. A
correlation in superior performance of the active structural acoustic illusion with greater proximity between the
original and desired objects was observed. Our approach presents a foundation into practical implementation of
acoustic illusions and can be employed in applications where masking of unwanted sound or misrepresentation
of targets during stealth operations is required.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 13 February 2020; Accepted: 15 May 2020;
Published online: 17 June 2020

References
1. Yang, T., Chen, H., Luo, X. & Ma, H. Superscatterer: Enhancement of scattering with complementary media. Opt. Express 16,

18545-18550 (2008).

Jiang, W. X., Cui, T. J., Yang, X. M., Ma, H. E. & Cheng, Q. Shrinking an arbitrary object as one desires using metamaterials. Appl.

Phys. Lett. 98,204101 (2011).

. Lai, Y. et al. Illusion optics: The optical transformation of an object into another object. Phys. Rev. Lett. 102, 253902 (2009).

. Jiang, W. X, Ma, H. F, Cheng, Q. & Cui, T. J. Illusion media: Generating virtual objects using realizable metamaterials. Appl. Phys.
Lett. 96,121910 (2010).

. McManus, T. M., Valiente-Kroon, J. A., Horsley, S. A. R. & Hao, Y. Illusions and cloaks for surface waves. Sci. Rep. 4, 5977 (2014).

. Yang, C., Huang, M., Yang, J., Mao, E & Li, T. Target illusion by shifting a distance. Opt. Express 26, 24280-24293 (2018).

. Jiang, W. X,, Ma, H. E, Cheng, Q. & Cui, T. J. Virtual conversion from metal object to dielectric object using metamaterials. Opt.
Express 18, 11276-11281 (2010).

. Jiang, W. X. & Cui, T. J. Radar illusion via metamaterials. Phys. Rev. E 83, 026601 (2011).

2.

A

SCIENTIFIC REPORTS |

(2020) 10:9772 | https://doi.org/10.1038/s41598-020-66398-8


https://doi.org/10.1038/s41598-020-66398-8

www.nature.com/scientificreports/

9. Zheng, H. H., Xiao, J. ], Lai, Y. & Chan, C. T. Exterior optical cloaking and illusions by using active sources: A boundary element

perspective. Phys. Rev. B 81, 195116 (2010).

10. Cao, B. Z., Sun, L. & Mei, Z. L. Realization of radar illusion using active devices. Adv. Optoelectron 2012, 736876 (2012).

11. Du, ], Liu, S. & Lin, Z. Broadband optical cloak and illusion created by the low order active sources. Opt. Express 20, 8608-8617
(2012).

12. Ma, Q, Mei, Z. L., Zhu, S. K., Jin, T. Y. & Cui, T. . Experiments on active cloaking and illusion for Laplace equation. Phys. Rev. Lett.
111, 173901 (2013).

13. Kan, W. et al. Acoustic illusion near boundaries of arbitrary curved geometry. Sci. Rep. 3, 1427 (2013).

14. Kan, W. et al. Three-dimensional broadband acoustic illusion cloak for sound-hard boundaries of curved geometry. Sci. Rep. 6,
36936 (2016).

15. Liu, Y. & He, S. Acoustic illusion using materials with isotropic and positive parameters. Phys. Rev. Appl. 10, 064036 (2018).

16. Chen, Z., Shao, S., Negahban, M. & Li, Z. Tunable metasurface for acoustic wave redirection, focusing and source illusion. J. Phys. D
Appl. Phys. 52, 395503 (2019).

17. Fan, X.-D,, Liang, B., Yang, J. & Cheng, J.-C. Illusion for airborne sound source by a closed layer with subwavelength thickness. Sci.
Rep. 9,1750 (2019).

18. Yang, C. et al. Design of an acoustic illusion device based on a shifting medium and multi-folded transformation. J. Acoust. Soc. Am.
146, 505-515 (2019).

19. Borsing, N. et al. Cloaking and holography experiments using immersive boundary conditions. Phys. Rev. Appl. 12, 024011 (2019).

20. Rajabi, M. & Mojahed, A. Acoustic illusion and cloaking: Active spherical body. Acta Acust. united Ac. 105, 419-425 (2019).

21. Eggler, D. & Kessissoglou, N. Active acoustic illusions for stealth and subterfuge. Sci. Rep. 9, 13596 (2019).

22. Nelson, P. A. & Elliott, S. J. Active control of sound. (Academic Press, 1991).

23. Fuller, C. C,, Elliott, S. & Nelson, P. A. Active control of vibration. (Academic Press, 1996).

24. Meirovitch, L. & Thangjitham, S. Active control of sound radiation pressure. J. Vib. Acoust. 112, 237-244 (1990).

25. Pan, J., Snyder, S. D., Hansen, C. H. & Fuller, C. R. Active control of far-field sound radiated by a rectangular panel—a general
analysis. J. Acoust. Soc. Am. 91, 2056-2066 (1992).

26. Fuller, C. R. Active control of sound transmission/radiation from elastic plates by vibration inputs: I. Analysis. J. Sound Vib. 136,
1-15 (1990).

27. Kessissoglou, N. J. & Pan, ]. Active structural acoustic control of an infinite ribbed plate under light fluid loading. J. Acoust. Soc. Am.
104, 3398-3407 (1998).

28. Jones, J. & Fuller, C. R. Active control of sound fields in elastic cylinders by multicontrol forces. AIAA J. 27, 845-852 (1989).

29. Lester, H. C. & Lefebvre, S. Piezoelectric actuator models for active sound and vibration control of cylinders. J. Intel. Mat. Syst. Str.
4,295-306 (1993).

30. Clark, R. L. & Fuller, C. R. Active control of structurally radiated sound from an enclosed finite cylinder. J. Intel. Mat. Syst. Str. 5,
379-391 (1994).

31. Clark, R. L. Jr & Fuller, C. R. Active structural acoustic control of cylinder radiation with piezoelectric actuators and PVDF sensors.
J. Acoust. Soc. Am. 92,2411-2411 (1992).

32. Widrow, B. & Stearns, S. Adaptive signal processing. Vol. 1 (Prentice-Hall, 1985).

33. Leissa, A. W. Vibration of shells. (American Institute of Physics, 1993).

34. Martin, P. A. Multiple scattering: Interaction of time-harmonic waves with N obstacles. (Cambridge University Press, 2006).

35. Friot, E. & Bordier, C. Real-time active suppression of scattered acoustic radiation. J. Sound Vib. 278, 563-580 (2004).

36. Friot, E., Guillermin, R. & Winninger, M. Active control of scattered acoustic radiation: A real-time implementation for a three-
dimensional object. Acta Acust. united Ac. 92, 278-288 (2006).

37. Han, N,, Feng, S. & Qiu, X. Active control of one-dimension impulsive reflection based on a prediction method. J. Acoust. Soc. Am.
127, 1193-1196 (2010).

38. Eggler, D., Chung, H., Montiel, E, Pan, J. & Kessissoglou, N. Active noise cloaking of 2D cylindrical shells. Wave Motion 87, 106-122
(2019).

39. Morse, P. M. Vibration and sound. Vol. 2 (McGraw-Hill, New York, 1948).

Author contributions

D.E. conceived the idea, derived the mathematical framework and performed the analytical simulations. N.K.
contributed throughout the analysis of the simulations. All authors contributed to the writing of the manuscript
and discussion.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66398-8.

Correspondence and requests for materials should be addressed to D.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9772 | https://doi.org/10.1038/s41598-020-66398-8


https://doi.org/10.1038/s41598-020-66398-8
https://doi.org/10.1038/s41598-020-66398-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Active structural acoustic illusions

	Methods

	Active control configuration and theory. 

	Results

	Single body illusions. 
	Multiple body illusions. 
	Limitation of active structural acoustic illusions. 

	Discussion

	F﻿igure 1 Control arrangement for an elastic cylindrical shell of mean radius a and thickness h.
	Figure 2 Acoustic pressure fields (in Pascal) under monopole source excitation at 283.
	Figure 3 Acoustic pressure fields (in Pascal) under plane wave excitation at 387.
	Figure 4 (Top row) Deviation (in dB) of the actively controlled acoustic field with respect to the desired illusional field.




