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Fig. 1 The wireless text-communication using EBCM. a The system architecture of the text-communication system as well as the coding and
decoding process. The encoding process from EEG signals to the transmitted EM signals, where the EEG signals shown in (b) are first detected by BCI and
translated into the digital sequence in (c) for wireless transmission, then radiated by the metasurface with different pattern amplitudes in (d). e–g The
decoding process of wireless communication, where the antenna and FPGA in (e) firstly receive and sample the signals from space and convert them into
the digital signals. The sampled data are discretized into 0/1 codes for decoding, as depicted in (f) and finally translated into the text for display. Reprinted
with permission from Ref. 8, Copyright (2022)
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Directly wireless communication of human minds
via mind-controlled programming metasurface
Xiangang Luo1✉

Abstract
An concept of electromagnetic brain-computer-metasurface (EBCM), and remotely mindcontrolled metasurface
(RMCM) via brainwaves is reported in eLight. Rather than DC voltage from power supply or AC voltages from signal
generators, such metasurfaces are controlled by brainwaves collected in real time and can transmit information
wirelessly between human brains. Such platforms can lead to a promising approach for the service of disabled people.

Reconfigurable metasurfaces are highly desirable for
applications including dynamical camouflaging and
intelligent electromagnetic (EM) skin due to their tunable
EM features or functionalities1–3. Tuning are traditionally
achieved by using electric voltage4, thermal free carriers5,
mechanical stretching6, or optical illumination7.
In recent works published in eLight8,9, Ma et al.8 and

Zhu et al.9 casted a roadmap fusing of the repro-
grammable EM metasurfaces with Brain-computer inter-
face (BCI), which paved the way towards non-contact and
real-time tuning of metasurfaces. With their findings,
metasurfaces can be dynamically tuned by brain messages,
and wirelessly transmit brain messages between operators.
As reported by8 and shown in Fig. 1, the text image in

front of Operator A can generate EEG signals and be
decoded in ASCII coding sequences. When implemented
on FPGA, it can switch time-varying patterns on the
transmitter’s metasurface and be wireless transmitted to the
receiver’s metasurface, and then translated back into text
information in front of Operator B. In the whole process,
neither Operator A nor Operator B needs muscle actions.
The authors named this platform as electromagnetic brain-
computer-metasurface (EBCM). With EBCM, the authors
also demonstrated three typical schemes with distinct
functions, including visual beam scanning, multiple EM
function switching, and metasurface pattern input, which

contains more than 20 coding patterns for different single-
beam scanning, multi-beam forming, OAM-beam genera-
tion, and RCS control.
At the same time, Ref. 9 demonstrated a program-

mable metasurface with coding sequences that are
reprogrammed by the human mind to perform differ-
ent functionalities9.
As shown in Fig. 29, the authors proposed a framework

for realizing remotely mind-controlled metasurface
(RMCM) using a brainwave extraction module. This fra-
mework consists of three parts, i.e., sensor, controller, and
actuator. The sensor refers to the brainwave module that
can record brainwaves and transmit them to the con-
troller via Bluetooth. The controller consists of the
microprogrammed control unit (MCU) and an output
terminal. Arduino is selected as the controller in this
work. The controller receives brainwave signals from the
sensor, converts them into attention signals, and then
feeds the attention signals into the actuator. According to
the level of attention intensity, the attention signals fall
within four separate intervals which are characterized by
four thresholds. The output pins of the controller are
connected to the actuator, and the high/low level of
output voltage corresponds to the coding 1/0 sequence.
Under the switch on/off state of the PIN diodes, a phase
difference of 180° is produced to enable 1-bit coding.
The output voltage level sequences from the controller
denote different coding sequences on the metasurface, to
control the scattering pattern. Both the simulated and test
results show that the EM response of metasurface can be
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Fig. 1 The wireless text-communication using EBCM. a The system architecture of the text-communication system as well as the coding and
decoding process. The encoding process from EEG signals to the transmitted EM signals, where the EEG signals shown in (b) are first detected by BCI and
translated into the digital sequence in (c) for wireless transmission, then radiated by the metasurface with different pattern amplitudes in (d). e–g The
decoding process of wireless communication, where the antenna and FPGA in (e) firstly receive and sample the signals from space and convert them into
the digital signals. The sampled data are discretized into 0/1 codes for decoding, as depicted in (f) and finally translated into the text for display. Reprinted
with permission from Ref. 8, Copyright (2022)
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Directly wireless communication of human minds
via mind-controlled programming metasurface
Xiangang Luo1✉

Abstract
An concept of electromagnetic brain-computer-metasurface (EBCM), and remotely mindcontrolled metasurface
(RMCM) via brainwaves is reported in eLight. Rather than DC voltage from power supply or AC voltages from signal
generators, such metasurfaces are controlled by brainwaves collected in real time and can transmit information
wirelessly between human brains. Such platforms can lead to a promising approach for the service of disabled people.

Reconfigurable metasurfaces are highly desirable for
applications including dynamical camouflaging and
intelligent electromagnetic (EM) skin due to their tunable
EM features or functionalities1–3. Tuning are traditionally
achieved by using electric voltage4, thermal free carriers5,
mechanical stretching6, or optical illumination7.
In recent works published in eLight8,9, Ma et al.8 and

Zhu et al.9 casted a roadmap fusing of the repro-
grammable EM metasurfaces with Brain-computer inter-
face (BCI), which paved the way towards non-contact and
real-time tuning of metasurfaces. With their findings,
metasurfaces can be dynamically tuned by brain messages,
and wirelessly transmit brain messages between operators.
As reported by8 and shown in Fig. 1, the text image in

front of Operator A can generate EEG signals and be
decoded in ASCII coding sequences. When implemented
on FPGA, it can switch time-varying patterns on the
transmitter’s metasurface and be wireless transmitted to the
receiver’s metasurface, and then translated back into text
information in front of Operator B. In the whole process,
neither Operator A nor Operator B needs muscle actions.
The authors named this platform as electromagnetic brain-
computer-metasurface (EBCM). With EBCM, the authors
also demonstrated three typical schemes with distinct
functions, including visual beam scanning, multiple EM
function switching, and metasurface pattern input, which

contains more than 20 coding patterns for different single-
beam scanning, multi-beam forming, OAM-beam genera-
tion, and RCS control.
At the same time, Ref. 9 demonstrated a program-

mable metasurface with coding sequences that are
reprogrammed by the human mind to perform differ-
ent functionalities9.
As shown in Fig. 29, the authors proposed a framework

for realizing remotely mind-controlled metasurface
(RMCM) using a brainwave extraction module. This fra-
mework consists of three parts, i.e., sensor, controller, and
actuator. The sensor refers to the brainwave module that
can record brainwaves and transmit them to the con-
troller via Bluetooth. The controller consists of the
microprogrammed control unit (MCU) and an output
terminal. Arduino is selected as the controller in this
work. The controller receives brainwave signals from the
sensor, converts them into attention signals, and then
feeds the attention signals into the actuator. According to
the level of attention intensity, the attention signals fall
within four separate intervals which are characterized by
four thresholds. The output pins of the controller are
connected to the actuator, and the high/low level of
output voltage corresponds to the coding 1/0 sequence.
Under the switch on/off state of the PIN diodes, a phase
difference of 180° is produced to enable 1-bit coding.
The output voltage level sequences from the controller
denote different coding sequences on the metasurface, to
control the scattering pattern. Both the simulated and test
results show that the EM response of metasurface can be
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Three-dimensional Weyl topology in
one-dimensional photonic structures
Kosmas L. Tsakmakidis 1✉ and Tomasz P. Stefański2

Abstract
Topological features, in particular distinct band intersections known as nodal rings, usually requiring three-dimensional
structures, have now been demonstrated experimentally in an elegantly simple one-dimensional photonic crystal.

One of the most fascinating advances in modern optics
and photonics has been the emergence and development
—during approximately the past decade1—of ‘topological’
structures, where the presence or not of surface waves
depends on the precise energy-momentum structure of
bulk bands, thereby allowing for robust propagation of the
surface states, largely immune to defects, fabrication
imprecisions, disorder and roughness1. Particular atten-
tion has been directed towards, so called, Weyl points2—
single-point band-degeneracies with a linear dispersion in
three-dimensional momentum space—and ‘nodal lines’
formed at the intersections of energy bands3. The reasons
are, first, because of their inherent interest from a
topological-classification point of view, and second
because Weyl points are stable to perturbations when one
of the inversion (P) or time-reversal (T) symmetries is
broken. Nodal lines, on the other hand, feature unique
two-dimensional surface waves, known as drumhead edge
states, and exhibit unusual non-Abelian band topology.
Moreover, being one dimension higher than Weyl points,
these line loops in the momentum space (see Fig. 1a) can
exhibit a variety of shapes, e.g., nodal knots or Hopf links,
as well as nodal chains for multiple nodal lines4.
Despite these ongoing exciting theoretical develop-

ments and understandings, the fabrication of the

underlying photonic structures has typically been chal-
lenging, hindering their large-scale usage and exploitation
for practical devices. For instance, so far, these three-
dimensional (3D) structures involved special double
gyroids constructions or other intricate 3D photonic or
phononic crystals, which, while suitable for fundamental
and proof-of-concept studies, are not fitting for many
real-world applications—particularly at visible wave-
lengths and for integrated nano-photonic functions. Now,
writing on p. 134 of the 11th issue of Light: Science &
Applications, Wei-Min Deng and Jian-Wen Dong along
with colleagues, report5 the conception and experimental
demonstration of ideal (exactly circular) nodal rings in
simple, one-dimensional photonic crystals in the visible
regime, alleviating a significant obstacle in the potential
wider deployment of Weyl topological features in optoe-
lectronic devices.
The starting point in the authors’ analysis is a plain 1D

photonic crystal, with a unit cell made of only two
dielectrics layered in the z direction (with a total height a),
and then being periodically repeated on the xy plane. The
Brillouin zone resulting from such a structure is that of a
slab constrained by two planes at kz=± π/a. Here, the
authors considered the in-plane wavevector-k compo-
nents (usually disregarded in the analyses of 1D struc-
tures), and noticed that with increasing ky the energy
bands of the structure split and start bending upwards
with different slopes—implying that they eventually cross
at some point (ky value). Crucially, since this is only a 1D
photonic crystal, the band diagram is symmetrical along
the kx and ky directions, thereby giving rise to a

© The Author(s) 2022
OpenAccess This article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits 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 Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted 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/.

Correspondence: Kosmas L. Tsakmakidis (ktsakmakidis@phys.uoa.gr)
1Section of Condensed Matter Physics, Department of Physics, National and
Kapodistrian University of Athens, Panepistimioupolis, GR-157 84 Athens,
Greece
2Faculty of Electronics, Telecommunications, and Informatics, Gdansk
University of Technology, 80-233 Gdansk, Poland

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

directly controlled by the user’s brainwaves. Both EBCM
and RMCM show good performances in EM wave mod-
ulation, providing a new route to intelligent metasurfaces.
In comparison with the state-of-the-art tuning methods,

the presented new control manner - mind control with
brainwaves - is more direct and effective, leading to a
promising approach for the service of disabled people.
Customized designs for different users will further
improve the accuracy of equipment in the future. Com-
bined with intelligent algorithms such as machine learn-
ing, the presented two works may further open up a new
direction to advanced bio-intelligent metasurface systems.
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Fig. 2 Schematic diagram of remotely mindcontrolled metasurfaces via brainwaves. To achieve remote control, brainwaves signals are
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