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Acoustic metamaterial for subwavelength edge
detection
Miguel Molerón1 & Chiara Daraio1,2

Metamaterials have demonstrated the possibility to produce super-resolved images by

restoring propagative and evanescent waves. However, for efficient information transfer,

for example, in compressed sensing, it is often desirable to visualize only the fast spatial

variations of the wave field (carried by evanescent waves), as the one created by edges or

small details. Image processing edge detection algorithms perform such operation, but they

add time and complexity to the imaging process. Here we present an acoustic metamaterial

that transmits only components of the acoustic field that are approximately equal to or

smaller than the operating wavelength. The metamaterial converts evanescent waves into

propagative waves exciting trapped resonances, and it uses periodicity to attenuate the

propagative components. This approach achieves resolutions B5 times smaller than the

operating wavelength and makes it possible to visualize independently edges aligned along

different directions.
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E
dge detection is an essential numerical tool in image
processing that finds application in several areas of science
and technology. In medical imaging1,2, non-destructive

testing3,4 and computer vision5, edge detection plays an
important role, since it enables extracting the meaningful
information from an image, and it reduces the amount of
data to be processed. The basic idea behind this technique is to
high-pass filter the image to remove the low spatial frequencies.
Close to the edges of an object illuminated by a monochromatic
wave, the wave field is dominated by evanescent waves, that is,
waves with spatial oscillations faster than the operating
wavelength. A device capable of generating an image using only
evanescent waves would visualize the edges or small details of an
object, essentially extracting only the key information contained
in the image.

There exist different ways to detect evanescent waves
that overcome the classical diffraction limit of conventional
imaging devices. Approaches based on superlenses6–17 and
hyperlenses18,19 or time reversal techniques20–23 allow restoring
evanescent waves, providing a detailed picture of the imaged
scene. However, since propagative waves that carry low spatial
frequencies are also used to form the image, such techniques
cannot be used to visualize only fast wave field variations.

Here we report a metamaterial design that provides an image
of only spatial variations of the acoustic field that are equal to, or
smaller than, the operating wavelength. This approach provides
sharp images of the edge of an object, with resolution up to l/7.6
(l is the operating wavelength). Moreover, the technique allows
visualizing edges aligned along a given direction independently.

Results
Metamaterial transmission properties. The proposed meta-
material consists of a wave-guiding structure with an array of
coupled symmetric resonators, as shown in Fig. 1a,b. The sample
has two different square cross-sections: a narrow section, s, and a
wide section, S, with dimensions s¼w�w and S¼W�W. The
axial lengths of the narrow and wide segments are denoted,
respectively, by l and L. The symmetric variations of the
cross-section generate trapped resonances (TRs), which appear at
frequencies slightly above the cutoff frequency of the first

antisymmetric mode in the wide section24,25, f¼ c0/2W, where
c0¼ 343 m s� 1 is the sound speed. More details about the origin
of these resonances are given in the Supplementary Note 1 and
Supplementary Fig. 1. These resonances are antisymmetric with
respect to the longitudinal axis (Supplementary Fig. 2), meaning
that they can only be excited by antisymmetric-guided modes
(Fig. 1c shows some of these modes). The excitation of the TRs
induces a strong coupling between high-order antisymmetric
modes, including the evanescent ones, making it possible to
tunnel subwavelength information through the device. On the
other hand, the periodicity induces a bandgap for the plane
mode, which avoids the transmission of components with
small perpendicular wavenumber. By choosing the geometrical
parameters, it is possible to make the plane mode bandgap and
the TRs coincide in frequency, creating a spectral band in which
only waves with large perpendicular wavenumber are transmitted.
The frequency of the TRs and the position and width of the plane
mode bandgap can be adjusted, respectively, by W, the period in
the x-direction, lþ L and the ratio w/W. The coincidence of the
TRs with the plane mode bandgap is achieved for a wide range of
values of w, W, l and L. In the particular case considered in this
work, these parameters are w¼ 7.5 mm, W¼ 22.5 mm, l¼ 3 mm
and L¼ 15 mm.

Figure 1d illustrates the principle of operation of the device:
low spatial frequencies, carried by propagative waves (blue
sinusoidal lines), are converted into evanescent waves (red
decaying lines). High spatial frequencies, carried by evanescent
waves, are converted into propagative waves. As a result, a picture
of only the edges of the imaged object is created. Note that
there is a fundamental difference between this principle of
operation and that of previous subwavelength imaging
approaches7, which also restore propagative components. These
features arise from the fact that the plane mode excitation is not
involved in the restoration of the evanescent waves, unlike
previous approaches using acoustic resonance8–16, 26.

Using the multimodal method (Supplementary Note 2), we
have calculated the transmission matrix T, at¼T ai, where
vectors ai and at contain the incident and transmitted modal
amplitudes. The transverse eigenmodes, f(m,n)(y, z) are denoted
by the couple (m, n), indicating the number of nodal lines parallel
to y (subscript m) and z (subscript n), with m and n as integer
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Figure 1 | Imaging device. (a) Illustration of the metamaterial consisting of a periodic array of five symmetrical resonators. The frontal wall is not

shown in order to expose the internal structure. The holes pointed by green arrows indicate the microphones position in the experimental study.

(b) Experimental realization using 3D printing. (c) Eigenfunctions of modes (0,0), (1,0), (3,0), (5,0) and (7,0), and their position in the frequency axis.

At the TR frequencies (black dot) only modes (0,0) and (1,0) are propagative. (d) Basic illustration of the operating principle of the device.
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numbers. The terms of the transmission matrix are denoted by
T m;nð Þ;ðm0;n0Þ, indicating the coupling of the transmitted mode
(m,n) with the incident mode ðm0; n0Þ.

Figure 2a shows the plane mode transmission coefficient,
T(0,0),(0,0), and the term corresponding to the first antisymmetric
mode, T(1,0)(1,0), in the frequency band (0,12.5) kHz. The curve
corresponding to mode (0,0) shows a wide bandgap between
B3.7 and 11 kHz. This bandgap is created by the strong
scattering of the plane mode in the metamaterial, owing to the
large contrast between w and W. In the absence of TRs, the
transmission coefficients of any higher-order mode should be also
equal to zero in the frequency band studied, as the cutoff
frequency of the first higher-order mode in the narrow section is
f¼ c0/2w¼ 22.8 kHz. However, we see a propagative band in the
transmission term T(1,0),(1,0) appearing at frequencies slightly
above the cutoff frequency of the first antisymmetric mode in
the wide section, f¼ c0/2W¼ 7,622 Hz, generated by the TRs
(Supplementary Note 1). Figure 2b zooms in the frequency band
containing these resonances. We observe five transmission peaks
between 7,700 and 7,800 Hz, corresponding to the transmission of
mode (1,0) with amplitude equal to one. The five peaks are due to
the evanescent coupling between the five identical resonators
forming the metamaterial. In this figure, we also show the terms
T(1,0),(3,0), T(1,0)(5,0) and T(1,0),(7,0). Note that modes (3,0), (5,0) and
(7,0) are all evanescent at these frequencies. However, Fig. 2b puts
in evidence the ability of the device to convert evanescent waves
into propagative ones. Remarkably, we observe conversion of

modes (3,0), (5,0) and (7,0) with amplitudes 41, demonstrating
the possibility to transfer efficiently subwavelength information
through the device. Identical results are obtained for
z-antisymmetric modes (0,1), (0,3), (0,5) and (0,7).

The coupling of the incident field pi(y,z) with the eigenmodes
f(m,n)(y,z) is given by:

ai
ðm;nÞ ¼

Z Z

S

pifðm;nÞdydz: ð1Þ

Equation (1) indicates that slow spatial oscillations couple mainly
with the plane mode, which cannot propagate at the TRs’
frequencies. In contrast, fast spatial asymmetric oscillations
couple with the high-order antisymmetric modes and are
transmitted through the device. However, since for any anti-
symmetric mode, equation (1) vanishes if pi is symmetric,
symmetric excitations cannot be transmitted.

To test these ideas experimentally, we measure the transmitted
amplitudes of the plane mode, a(0,0), and the first two
antisymmetric modes a(0,1) and a(1,0). A loudspeaker was placed
on the longitudinal axis 280 mm away from the metamaterial
input section. The transmitted amplitudes of modes (0,0), blue
solid line, and (1,0), black dashed line, are shown in Fig. 2c. The
plane mode amplitude exhibits a bandgap in the band
(3.7,11) kHz, as predicted in Fig. 2a. Since the acoustic source is
placed symmetrically with respect to the longitudinal axis, none
of the antisymmetric modes are excited, and therefore the
amplitude of mode (1,0) is close to zero in the whole frequency
range. This situation changes when an object is placed close to the
input section. The black solid line in Fig. 2c represents the
amplitude of mode (1,0), measured when the edge of an
aluminium plate was placed at B1 mm distance from the
metamaterial, blocking half of the input aperture. In this
configuration, the rapid variations of the acoustic field around
the edge couple with the antisymmetric modes (equation (1)),
which in turn excite the TRs and transmit signals around the
TRs’ frequencies (see the inset of Fig. 2c). In the experiments,
we distinguish only three transmission peaks (instead of five, as
predicted theoretically in Fig. 2b), and attribute this to inherent
losses, not taken into account in our model.

Using our theoretical model, we found that the amplitude of
the transmission peaks in Fig. 2b is independent of the number of
unit cells in the metamaterial. Thus, since the resolution depends
on the conversion amplitude of evanescent modes into propaga-
tive modes, the performance is in principle independent of the
metamaterial length. However, our model does not take into
account the losses in the metamaterial. When losses are taken
into account, one should expect the amplitude of the transmission
peaks to decrease with the length, degrading the image quality.
From this constraint, it is convenient to build a metamaterial with
a reduced number of unit cells. On the other hand, the larger the
number of unit cells, the strongest the attenuation of the plane
mode, which improves the separation of the evanescent field from
the propagative field. We found that five unit cells provided a
good trade-off between strong plane mode attenuation and high
conversion amplitude of evanescent modes.

Edge visualization. We performed a series of experiments to
image the edges of different objects. Figure 3a shows a one-
dimensional (1D) scan of the edge of an aluminium plate, the
edges of a 32-mm-wide aluminium plate are shown in Fig. 3b,
and the edges of a 10-mm-wide aluminium rod are shown in
Fig. 3c. The frequency chosen is f¼ 7,740 Hz (l¼ 44.3 mm),
corresponding to the maximum of a(1,0) in Fig. 2c. The experi-
mental results were compared with finite elements simulations
performed with Comsol Multiphysics (see more details in the
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Figure 2 | Transmission properties. (a) Modulus of the transmission

coefficients T(0,0),(0,0) (blue line) and T(1,0),(1,0) (black line). The

propagating band B7.75 kHz is due to the excitation of the TRs.

(b) Zoom-in of the band containing the TRs. (c) Measured transmitted
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dashed line represent, respectively, the amplitudes of modes (0,0) and
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Methods section). Solid red lines and dashed black lines repre-
sent, respectively, experimental and numerical results. The single
edge (Fig. 3a) generates a sharp peak in the transmitted intensity
of mode (1,0). The resolution, defined as the full-width at half-
maximum (FWHM) of the peak, is 0.22l. The two edges of the
32-mm plate are seen as two narrow peaks with FWHM¼ 0.19l
(Fig. 3b). A special situation arises when imaging small objects,
whose edges are separated by a distance close to the resolution
obtained for a single edge (0.22lE10 mm). Remarkably, the
device still generates two sharp peaks with FWHM¼ 0.13l
(Fig. 3c). However, the resulting image does not represent the
actual object size, but an object slightly larger. The reason for this
is that when the position of the object is symmetrical with respect
to the longitudinal axis (y¼ 0), the transmitted intensity drops to
zero, which shrinks the peaks generated by the edges.

We have tested experimentally device’s ability to image
two-dimensional (2D) objects. In particular, we have imaged a
10-cm-diameter plexiglas disc and the ETH Zurich logo, made of
a rigid thermoplastic (Fig. 4). Figure 4a shows the total
transmitted intensity I¼ I(0,1)þ I(1,0), when imaging the plexiglas
disc (only the upper half disc is represented). The intensity is
maximum at the edges of the disc (represented by the dotted
line). The image also shows other features with lower amplitude,
that can be generated by unwanted reflections in the experimental
setup. A clearer image is obtained by reducing the dynamic range
to one half of the maximum intensity (Fig. 4b). A semicircle is
clearly observed in the image, with FWHME0.2l. As mentioned
above, an interesting aspect of this technique is the possibility to
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visualize edges aligned along different directions. This is achieved
by visualizing the intensities I(1,0) (for horizontal edges) or I(0,1)

(for vertical edges) separately. Such separation is enabled by the
choice of the microphones’ positions, which makes it possible to
measure independently modes (1,0) and (0,1) (see details in the
Methods section). In Fig. 4c, we visualize only I(1,0) and observe a
maximum in the region where the edge is horizontal, which
vanishes smoothly as the edge becomes vertical. In Fig. 4d, we
visualize only I(1,0) and observe that the intensity is maximum at
both sides and vanishes as the edges become horizontal.

Figure 4e–h shows images of the ETH Zurich logo. The letters
are 15 mm width (l/3), and the separation between letters varies
between 10 mm (l/4.4) and 15 mm. We note that this situation is
considerably more challenging than the previous cases, since the
object contains a much larger amount of subwavelength
information. The full dynamic range image, Fig. 4e, shows
intensity maxima coinciding with the edges of the letters. By
reducing the dynamic range to one half, Fig. 4f, the resulting
image reveals most of the features of the object, except for the
lower stem of letter ‘T’. The edges of letters ‘E’ and ‘H’ appear
clearly in the image, as well as the upper part of letter ‘T’.
Figure 4g,h shows the intensities I(1,0) and I(0,1), which allow
visualizing horizontal and vertical edges, respectively. These
figures demonstrate that directional edge detection is also possible
in this more complicated case.

Discussion
We have designed and tested an acoustic metamaterial capable to
transmit only information on edges and fine details of an object.
These unique transmission properties stem from the combination
of TRs, which enables the propagation of evanescent waves, and
Bragg scattering, which avoid the transmission of propagative
components. We have demonstrated the possibility to visualize
edges of different objects with resolution ranging from l/5 to
l/7.7. We foresee the ability to scale the fabrication of these
devices to sizes of interest for ultrasonic imaging to improve
current visualization technologies in medical and non-destructive
evaluation applications. Moreover, since similar trapped modes
are also found in electromagnetic waveguides (see, for example,
refs 27,28), our results may suggest the design of analogous
optical edge detection devices.

Methods
Experimental setup. The device shown in Fig. 1b was fabricated using 3D
printing. The device was placed vertically inside a box lined with 50-mm-thick
absorbing foam. A 22-mm diameter loudspeaker (Clarion SRE 212H) was placed
on the longitudinal axis 280 mm away from the input section. The transmitted
pressure was measured with four 1/4-inch (6.35 mm) microphones (G.R.A.S.
40BD), placed flush with the inner wall, 20 mm away from the last narrow section,
as indicated in Fig. 1a. The microphones were placed at the midpoint of each wall,
coinciding with the nodal lines of modes (1,0) and (0,1). Hence, the transmitted
amplitudes of modes (0,0), (1,0) and (0, 1) can be independently measured as
a(0,0)¼ (p1þ p3)/2¼ (p2þ p4)/2, a(0,1)¼ (p1� p3)/2 and a(1,0)¼ (p2� p4)/2, where
p1–p4 are the complex pressure measured by microphones 1–4. The pressure was
measured using phase-sensitive detection to minimize noise, using a sinusoidal
wave at f¼ 7,740 Hz as reference signal. The metamaterial output was filled with
absorbing foam to minimize backward reflections.

The visualized objects were moved in front of the waveguide input section, at
1 mm distance, using a stepper motor (Velmex). The scanning step of the 1D
images in Fig. 3 was 0.6 mm (l/74), and that of the 2D images in Fig. 4 was 1.6 mm
(l/28). The 2D images in Fig. 4 were interpolated linearly on a finer grid (0.8-mm
step size) to improve the visualization resolution.

Finite elements simulations. The simulated 1D scans shown in Fig. 3 were
obtained using Comsol Multiphysics. The imaged objects and the wave-guiding
structure were immersed in air and modelled as perfectly rigid. A point source was
placed on the axis of the waveguide at 280 mm distance. The visualized objects were
placed perpendicularly to the longitudinal axis at 1 mm distance from the input
section, accordingly to experimental conditions. The propagation domain was
surrounded with perfectly matched layers to simulate anechoic boundary

conditions. A perfectly matched layer was also inserted in the metamaterial output
to eliminate backward reflections.

References
1. Gudmundsson, M., El-Kwae, E. A. & Kabuka, M. R. Edge detection in medical

images using a genetic algorithm. IEEE Trans. Med. Imaging 17, 469–474 (1998).
2. Guerrero, J., Salcudean, S. E., McEwen, J. A., Masri, B. A. & Nicolaou, S.

Real-time vessel segmentation and tracking for ultrasound imaging
applications. IEEE Trans. Med. Imaging 26, 1079–1090 (2007).

3. Rucka, M. & Wilde, K. Application of continuous wavelet transform in
vibration based damage detection method for beams and plates. J. Sound Vib.
297, 536–550 (2006).

4. Sinha, S. K. & Fieguth, P. W. Automated detection of cracks in buried concrete
pipe images. Automat. Constr. 15, 58–72 (2006).

5. Arbelaez, P., Maire, M., Fowlkes, C. & Malik, J. Contour detection and
hierarchical image segmentation. IEEE Trans. Pattern Anal. 33, 898–916 (2011).

6. Pendry, J. B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 85,
3966–3969 (2000).

7. Zhang, X. & Liu, Z. Superlenses to overcome the diffraction limit. Nat. Mater.
7, 435–441 (2008).

8. Zhang, X. & Liu, Z. Negative refraction of acoustic waves in two-dimensional
phononic crystals. Appl. Phys. Lett. 85, 341 (2004).

9. He, Z., Cai, F., Ding, Y. & Liu, Z. Subwavelength imaging of acoustic waves by a
canalization mechanism in a two-dimensional phononic crystal. Appl. Phys.
Lett. 93, 233503 (2008).

10. Deng, K. et al. Theoretical study of subwavelength imaging by acoustic
metamaterial slabs. J. Appl. Phys. 105, 124909 (2009).

11. Sukhovich, A. et al. Experimental and theoretical evidence for subwavelength
imaging in phononic crystals. Phys. Rev. Lett. 102, 154301 (2009).

12. Jia, H. et al. Subwavelength imaging by a simple planar acoustic superlens. App.
Phys. Lett. 97, 173507 (2010).

13. Zhu, J. et al. A holey-structured metamaterial for acoustic deep-subwavelength
imaging. Nat. Phys. 7, 52–55 (2011).

14. Zhou, X. & Hu, G. Superlensing effect of an anisotropic metamaterial slab with
near-zero dynamic mass. Appl. Phys. Lett. 98, 263510 (2011).

15. Park, C. M. et al. Amplification of acoustic evanescent waves using
metamaterial slabs. Phys. Rev. Lett. 107, 194301 (2011).

16. Cheng, Y., Zhou, C., Wei, Q., Wu, D. & Liu, X. Acoustic subwavelength
imaging of subsurface objects with acoustic resonant metalens. Appl. Phys. Lett.
103, 224104 (2013).

17. Xianyu, A. o. & Chan, C. T. Far-field image magnification for acoustic waves
using anisotropic acoustic metamaterials. Phys. Rev. E. 77, 025601 (2008).

18. Lu, D. & Liu, Z. Hyperlenses and metalenses for far-field super-resolution
imaging. Nat. Commun. 3, 1205 (2012).

19. Li, J., Fok, L., Yin, X., Bartal, G. & Zhang, X. Experimental demonstration of an
acoustic magnifying hyperlens. Nat. Mater. 8, 931–934 (2009).

20. Lerosey, G., de Rosny, J., Tourin, A. & Fink, M. Focusing beyond the diffraction
limit with far-field time reversal. Science 315, 1120–1122 (2007).

21. de Rosny, J. & Fink, M. Overcoming the diffraction limit in wave physics using
a time-reversal mirror and a novel acoustic sink. Phys. Rev. Lett. 89, 124301
(2002).

22. Lemoult, F., Fink, M. & Lerosey, G. Acoustic resonators for far-field control of
sound on a subwavelength scale. Phys. Rev. Lett. 107, 064301 (2011).

23. Lemoult, F., Fink, M. & Lerosey, G. A polychromatic approach to far-field
superlensing at visible wavelengths. Nat. Commun. 3, 889 (2012).

24. Hein, S., Koch, W. & Nannen, L. Trapped modes and fano resonances in
two-dimensional acoustical duct-cavity systems. J. Fluid Mech. 692, 257–287
(2012).

25. Pagneux, V. in Dynamic Localization Phenomena in Elasticity, Acoustics
and Electromagnetism Vol. 547 (eds Craster, R. V., Richard, V. & Kaplunov, J.)
(Springer, 2013).

26. Fang, N. et al. Ultrasonic metamaterials with negative modulus. Nat. Mater. 5,
452–456 (2006).

27. Annino, G., Yashiro, H., Cassettari, M. & Martinelli, M. Properties of trapped
electromagnetic modes in coupled waveguides. Phys. Rev. B 73, 125308 (2006).

28. Bittner, S. et al. Bound states in sharply bent waveguides: Analytical and
experimental approach. Phys. Rev. E 87, 042912 (2013).

Author contributions
M.M. and C.D. conceived the imaging concept. M.M. performed the experimental,
theoretical and numerical studies. C.D. provided guidance and contributed to the
analysis of the results. M.M. and C.D. contributed to the writing of the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9037 ARTICLE

NATURE COMMUNICATIONS | 6:8037 | DOI: 10.1038/ncomms9037 | www.nature.com/naturecommunications 5

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications


Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Molerón, M. & Daraio, C. Acoustic metamaterial for
subwavelength edge detection. Nat. Commun. 6:8037 doi: 10.1038/ncomms9037 (2015).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9037

6 NATURE COMMUNICATIONS | 6:8037 | DOI: 10.1038/ncomms9037 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Metamaterial transmission properties

	Figure™1Imaging device.(a) Illustration of the metamaterial consisting of a periodic array of five symmetrical resonators. The frontal wall is not shown in order to expose the internal structure. The holes pointed by green arrows indicate the microphones 
	Edge visualization

	Figure™2Transmission properties.(a) Modulus of the transmission coefficients T(0,0),(0,0) (blue line) and T(1,0),(1,0) (black line). The propagating band sim7.75thinspkHz is due to the excitation of the TRs. (b) Zoom-in of the band containing the TRs. (c)
	Figure™31D Scans.Images of (a) an edge of an aluminium plate, (b) the two edges of a 32-mm-wide aluminium plate and (c) the two edges of 10-mm-wide aluminium rod. The insets show the imaged objects, in which the dashed red line represents the scanned regi
	Figure™42D Scans.(a-d) Images of a 10-cm-diameter disc. (e-h) Images of the ETH Zurich logo. A picture of these objects is displayed above these figures. (a,e) The normalized total intensity, I=I(1,0)+I(0,1). (b,f) The total intensity but limiting the dyn
	Discussion
	Methods
	Experimental setup
	Finite elements simulations

	GudmundssonM.El-KwaeE. A.KabukaM. R.Edge detection in medical images using a genetic algorithmIEEE Trans. Med. Imaging174694741998GuerreroJ.SalcudeanS. E.McEwenJ. A.MasriB. A.NicolaouS.Real-time vessel segmentation and tracking for ultrasound imaging appl
	Author contributions
	Additional information




