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Abstract
The power of controlling objects with mind has captivated a popular fascination to human beings. One possible path
is to employ brain signal collecting technologies together with emerging programmable metasurfaces (PM), whose
functions or operating modes can be switched or customized via on-site programming or pre-defined software.
Nevertheless, most of existing PMs are wire-connected to users, manually-controlled and not real-time. Here, we
propose the concept of remotely mind-controlled metasurface (RMCM) via brainwaves. Rather than DC voltage from
power supply or AC voltages from signal generators, the metasurface is controlled by brainwaves collected in real
time and transmitted wirelessly from the user. As an example, we demonstrated a RMCM whose scattering pattern
can be altered dynamically according to the user’s brain waves via Bluetooth. The attention intensity information is
extracted as the control signal and a mapping between attention intensity and scattering pattern of the metasurface
is established. With such a framework, we experimentally demonstrated and verified a prototype of such metasurface
system which can be remotely controlled by the user to modify its scattering pattern. This work paves a new way to
intelligent metasurfaces and may find applications in health monitoring, 5G/6G communications, smart sensors, etc.
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1 Introduction
Metamaterials, which are composed of periodic or
quasi-periodic sub-wavelength structures (called as
meta-atoms), have attracted extensive attention from the
fields of optics, electronics, physics, materials and others, due to their extraordinary physical properties [1–3].
The advent of metamaterials provides a new concept of
designing artificial materials, bringing vigor and vitality
to advanced functional materials [4, 5]. Metasurface, as
the two-dimensional counterpart of metamaterial, usually refers to planar arrays of meta-atoms arranged in
*Correspondence: wangjiafu1981@126.com; chengwei.qiu@nus.edu.sg;
qushaobo@126.com
1
Shaanxi Key Laboratory of Artificially‑Structured Functional Materials
and Devices, Air Force Engineering University, Xi’an 710051, Shaanxi,
China
3
Department of Electrical and Computer Engineering, Faculty
of Engineering, National University of Singapore, 4 Engineering Drive 3,
Singapore 117583, Singapore
Full list of author information is available at the end of the article

two dimensional (2D) manners [6, 7]. The meta-atoms
can modulate nearly all the characteristics of electromagnetic (EM) waves, such as amplitude, phase, polarization
and modes, metasurfaces have provided unprecedented
degree of freedom (DOF) in manipulating EM waves. A
large variety of functional metasurfaces have been presented [8, 9]. In particular, metasurface-based multidimensional light manipulation attracts more and more
attention due to the increasing demand for more integrated and compact devices [10–12]. Typically, integration of multiple functions can be realized by aperture
multiplexing in space domain, such as meta-atom combination [13], polarization multiplexing through anisotropic meta-atoms [14] and wavelength multiplexing via
dispersion [15] and others. For these metasurfaces, the
functions are predefined and cannot be altered. Therefore, they can be called static metasurfaces. Due to the
passive nature of static metasurfaces, the integrated multiple functions are limited and are usually contradictory
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to one another. This necessitates the actively-controlled
dynamic metasurfaces, whose functions can be altered
or customized according to specific scenarios. Many
control manners, such as optical switch, electric biasing,
mechanical rotation or displacement, free carrier effect,
microfluidic and temperature-induced phase variation,
have been applied to dynamic metasurfaces [16–27].
With these control manners, time-domain DOF is introduced into metasurfaces, and multifunctional metasurfaces can be greatly enriched via time–space control.
Since the EM responses of meta-atoms can be altered
fast and conveniently using voltage biasing, electric control is the most common manners of achieving dynamic
metasurfaces, i.e. embedding diodes, varactors and the
like within meta-atoms, applying DC voltages to change
the effective electrical parameters and thus adjusting
responses of meta-atoms upon incident EM waves. On
the basis of the electric control manner, the concept of
coding metasurface was proposed, in which the responses
of meta-atoms can be represented by ‘0’ or ‘1’ [28]. Later,
the concept of digital metasurface was further put forward, which bridges the gap between analog responses
and digital characterizations of metasurfaces. PIN diodes
are commonly used to switch among different functions
corresponding to different coding sequences. Moreover, the state of ‘0’ and ‘1’ can also represent high and
low levels in digital circuits, which means that the coding sequences can be controlled by Field-Programmable
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Gate Array (FPGA) [28–32]. Using electronic components and FPGA, programmable metasurfaces (PMs)
with multiple or switchable functions can be realized
through on-site programming. Further integrated with
sensors and driven by pre-defined software, self-adaptive PMs can be realized for a specific scenario [33–35].
The self-adaptability significantly improves the response
rate by removing human involvement. Nevertheless, for
these PMs, switches among different functions generally
rely on manual operation when the application scenarios
are changed, either by on-site reprogramming or by redefining the driven software. The fundamental framework is actually wire-connected, manually-controlled
and non-real-time switched, which levels down their
glamour of intellectualization. Therefore, it is fascinating
to construct a fundamental framework that can realize
remote, wireless, real-time, mind-controlled functional
metasurfaces. Moreover, as the initiator, executor or
user of metasurfaces, the involvement and participation
of human is usually necessary in many scenarios and it
is better for human to directly control the metasurface
with their mind. As is well-known, human’s brain will
generate brainwaves in the process of thinking. If we can
collect brainwaves and use them as the control signals
of metasurfaces, we can not only allow the users to control metasurfaces with their mind, but also can improve
the response rate of metasurfaces. This will make a big
step towards truly intelligent metasurfaces. Figure 1

Fig. 1 Schematic diagram of remotely mind-controlled metasurfaces via brainwaves
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exhibits the schematic diagram of the mind-controlled
metasurfaces, which describes the main flow and design
ideas of this work.
In this paper, we propose a framework of realizing
remotely mind-controlled metasurface (RMCM) using
brainwave extraction module. This framework 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 controller via Bluetooth.
The controller consists of microprogrammed control unit
(MCU) and 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 feed 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. The actuator is a PM with PIN diodes
embedded within its meta-atoms. Under the switch on/
off state of the PIN diodes, a phase difference of 180°
will be produced to enable 1-bit coding. The output voltage level sequences from the controller denote different
coding sequences on the metasurface, so as to control
the scattering pattern. A prototype was fabricated and
tested. The test results verify the mind controllability of such a metasurface. Different from the traditional
dynamic metasurface, this metasurface could manipulate the EM wave through the real-time response of the
human brain, rather than manual operation. Our design
maps the thinking of the human brain into metasurface
EM modulation, which effectively increases the rate of
EM modulation. This work paves a new way to intelligent
metasurfaces and may find applications in health monitoring, 5G/6G communications, smart sensors, etc.

2 Controllable meta‑atom design
The details and EM responses of the controllable metaatom are shown in Fig. 2. The geometrical parameters
and structure pattern are given in Fig. 2a. The doubleC-shape structure, with one PIN diode embedded in
between, is adopted as the unit structure to enable electrical control. The meta-atom comprises three metallic
layers, the top unit structure layer, the middle ground
layer and the bottom biasing layer. The top and bottom layers are connected by metallized vias. Geometrical dimensions of the meta-atom are as follows. The
repeating period u = 9 mm. The width and length of
C-shape structure dx = 1.7 mm, dy = 7 mm. The gap width
g = 0.5 mm. The strip width w = 0.7 mm. The width of
biasing lines on the bottom is also w = 0.7 mm. The distance between the two C-shape patterns is l = 2.1 mm.
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The diameter of metallized vias is r = 0.6 mm. The thickness of all the metallic part is 0.017 mm. Two dielectric
substrate layers separate the three metallic layers and
here we adopt a commercial microwave laminate F4B
substrate with a dielectric constant 2.65(1 + 0.001j). The
thicknesses of the two dielectric substrate layers are
h1 = 3.5 mm and h2 = 1 mm.
The PIN diode is embedded in between the two
C-shape structures. SMP1340-011 PIN diodes are used
and the equivalent circuit is shown in Fig. 2b, [36–38]. As
shown in Fig. 2b, the ON and OFF state of the PIN diode
can be described by RL and RLC circuits, respectively.
The meta-atom under ON and OFF states was simulated
using the field-circuit co-simulation method. The simulations were conducted using the commercial software
CST Microwave Studio. The simulated EM responses
under ON and OFF states are plotted in Fig. 2c and d.
The reflectivity is higher than 80% under the two states
and a phase difference 180° ± 37° is achieved within 7.12–
7.35 GHz. In practice, the SMP1340 PIN diode will have
different sub-models for different package configurations,
which will make the parameters of its equivalent circuits
a bit different. In order to obtain the accurate equivalent circuit model, a metasurface prototype was fabricated and measured. The measured EM responses are
shown in Fig. 2e and f. The measured results show that
the reflectivity is about − 2 dB (64%) under ON and OFF
states and the phase difference is 180° ± 37° is achieved
in 8.17–9.19 GHz. Here, the inconsistencies between the
measured EM responses and simulated EM responses are
existed, which are caused by machining error. And the
equivalent circuit of simulation is not completely equivalent to the working mode of the actual circuit. Therefore, the equivalent circuit of simulation is modified to
further simulate the actual situation. The measurement
setup and the updated equivalent circuits are given in the
Additional file 1: Note S1. In order to better understanding of the phase modulation, we monitor the surface current distribution of the structure between ON and OFF
states in Fig. 2g and h. When the diode state is ‘ON’, surface current flows between the two ‘C’ pattern. On the
contrary, when the diode state is ‘OFF’, surface current
is very weak. The surface current distribution explicitly
illustrates the reason of phase modulation. Therefore,
the meta-atom can be used to enable 0–1 coding within
8.17–9.19 GHz.

3 Signal extraction and wireless transmission
of brainwaves
In the process of thinking, brains will produce brainwaves
in the form of bioelectric signals. Usually, dry or wet electrodes can be used to record the fluctuation of bioelectric currents. Herein, we use ThinkGear AM (TGAM)
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Fig. 2 The controllable meta-atom: a structure and geometrical parameters; b equivalent circuits of the PIN diode (SMP1340) under ON and OFF
states; c simulated reflectivity under ON and OFF states; d simulated phase response under ON and OFF states; e measured reflectivity under ON
and OFF states; f measured phase responses under ON and OFF states; g surface current distribution under ON states; h surface current distribution
under OFF states

module to extract brainwave signals. The TGAM module mainly includes TGAT chip from NeuroSky, a highly
integrated single chip electroencephalo-graph (EEG)

sensor, and it supports dry electrode detection for collecting EEG signals. Moreover, the TGAM module integrates EEG signal extraction and conversion algorithms
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that can extract attention information from brainwaves.
Commonly, attention level is reflected in multiple waves
working together and the relationship between those
waves and attention level is complicated. Fortunately, the
TGAM module integrate built-in algorithms for obtaining the attention level by the multiple waves. The Attention Meter algorithm indicates the intensity of attention
by a value within [0, 100]. The value of attention intensity
is extracted and transmitted via bluetooth. The bluetooth
of TGAM is set to be slave mode and the bluetooth connected to Arduino is set to be master mode. The baud
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rate of signal transmission is 57600 bit/s. Subsequently,
the value of attention intensity can be sent to Arduino.
Arduino, as the controller, receives and processes the
brainwave signals. The wireless transmission process is
illustrated in Fig. 3a. The attention value is reported on
a relative scale from 0 to 100. On this scale, the attention
intensity is divided into four threshold intervals, namely,
0–25, 25–50, 50–75 and 75–100. When the user focuses
on a single idea, the attention level will increase; when
the user is distracted, the attention level will decrease.
Therefore, the four threshold intervals correspond to

Fig. 3 Brainwave signal processing: a the process of signal extraction and transmission; b coding sequences corresponding to the four attention
intervals; c brainwaves for attention interval 0–25; d brainwaves for attention interval 25–50; e brainwaves for attention interval 50–75; f brainwaves
for attention interval 75–100
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distracted, neutral, concentrated and extremely concentrated attention intensity, respectively. Different intervals correspond to different output pin levels and thus
to different coding sequences. Under different coding
sequences, different scattering patterns can be achieved.
The intervals of 0–25, 25–50, 50–75 and 75–100 correspond to the coding unit with 4, 6, 8 and all meta-atoms,
respectively. The corresponding coding sequences are
depicted in Fig. 3b. TGAM can effectively extract brainwave signals and convert them to attention intensity
information through its built-in conversion algorithm.
Delta, theta, alpha, beta, gamma waves which represent the different frequencies of brainwave activity are
extracted and converted to attention intensity. The corresponding frequency of delta, theta, alpha, beta, gamma
is 0–4 Hz, 4–8 Hz, 8–13 Hz, 13–30 Hz, 30–100 Hz,
respectively [39, 40]. The users alter their attention concentration through their thoughts, and keep it within a
interval as much as possible. The switch among different
states are realized through brainwave control and maintain the interval for 10 s with brain power. According to
development document, the feedback time of TGAM
module is about 78 ms, which is almost instantaneous.
Here, sampling time of MCU is set to 1 s. The variations of brainwaves and shifts of attention intensity were
recorded and are plotted in Fig. 3c–f, from which it can
be found that the user can effectively alter the attention
intensity and maintain it within a certain intensity interval, although the signals may be disturbed by minor fluctuations. Moreover, the brainwave module is commercial
and is applicable for most common people. Therefore, the
mind-control method by brainwaves is robust for achieving metasurface control.

4 Scattering pattern control
When plane waves impinge on a reflective coding metasurface, the far-field scattering pattern can be expressed as
[28, 41, 42]:
(1)

F (θ , ϕ) = fm,n (θ, ϕ)Sa (θ, ϕ)

where θ and φ represent the elevation and azimuth
angles, respectively; fm,n(θ,φ) is the scattering pattern
function of the coding unit and can be considered as a
constant due to the sub-wavelength size of meta-atoms.
Sa(θ,φ) is the array factor, which can be expressed as

Sa (θ , ϕ) =

N
M 


where k0 is the wave vector of EM waves in free space,
M and N the number of units in x and y directions, φm,n
the phase response of coding elements at position (m,n).
Dx and Dy are the sizes of elements in x and y directions.
θi represents the incident angle and here we consider the
scattering pattern under normal incidence, that is, θi = 0°.
Then, the far-field scattering pattern can be simplified as
F (θ , φ) = C

M 
N


+k0 Dy (n − 1/2)(sin θ sin ϕ)

+k0 Dy (n − 1/2)(sin θ sin ϕ − sin θi sin ϕi )





(3)
According to Eq. (3), when the coding sequence is
changed, the length of Dx will be changed, and correspondingly the far-field scattering pattern will also be
changed. The scattered beam will be split for non-uniform coding sequences and the split angle is depedent
on the length of coding element Dx. The longer the coding element, the smaller the split angle. Considering the
mapping between the scattering patterns and the four
attention intensity intervals, it can be concluded that the
intenser the attention, the more concentrated the metasurface’s scattering pattern.
Using brainwave signals sent to MCU as the control
signal, the coding sequences on the metasurface can be
altered according to the user’s attention intensity, as schematically illustrated in Fig. 4a. In this way, the scattering
pattern of the metasurface can be controlled remotely
via the user’s mind. Furthermore, according to different
coding sequences in Fig. 4b, full-wave simulations were
carried out to verify the metasurface. The phase profiles
corresponding to these coding sequences are shown in
Fig. 4c, from which variation of coding length can be
seen directly. The simulation setups are as follows. The
metasurface is placed on XOY plane and x-polarized
plane waves are normally incident upon the metasurface
from + Z direction. The boundaries along x, y and z directions are set as open add space. Far-field monitor is set at
8.7 GHz to get the far-field scattering pattern. The simulated far-field results are shown in Fig. 3d, in which different coding sequences correspond to different far-field
scattering patterns. As predicted, the higher the attention
value, the more concertrated the scattering patterns and
the smaller the split angle.


exp j[ϕm,n + k0 Dx (m − 1/2)(sin θ cos ϕ − sin θi cos ϕi )

m=1 n=1

exp{j[ϕm,n + k0 Dx (m − 1/2)(sin θ cos ϕ)

m=1 n=1

(2)

Zhu et al. eLight

(2022) 2:10

Page 7 of 11

Fig. 4 Simulation results: a simulation setup; b phase profiles for different coding sequences; c Far-field scattering patterns for different coding
sequences at 8.7 GHz

5 Experimental test
In order to further verify the design framework, a RMCM
prototype was fabricated and tested. The metasurface
was fabricated using conventional Printed Circuit Board
(PCB) techniques. PIN diodes with SOD-323 packaging were soldered on the metasurface, as shown by the
inset in Fig. 5a. Photograph of the bottom biasing lines
is given in Fig. 5b and the arrangement of biasing lines
is supplemented in the Additional file 1: Note S2. Fig. 5d
shows the components of the RMCM, including the
metasurface-control module, brainwave extraction module, Bluetooth wireless transmission module, DC power
supply module, single chip microcomputer module and
other auxiliary wirings. The brainwave signal acquisition
module is a commercial brainwave sensor module, with
dry electrodes as the signal acquisition equipment, which
facilitates practical applications. The wearing mode of

brainwave signal acquisition equipment is supplemented
in Additional file 1: Note S3. The user wears the dry electrodes, which collect and then send brainwaves wirelessly
towards the RMCM. Upon the incoming brainwaves, the
RMCM will respond by changing its scattering pattern.
In this way, the metasurface can be remotely controlled
by the user’s mind.
The prototype was measured in an anechoic chamber, as is shown in Fig. 5c. The metasurface, together
with the controller, is placed on the turntable mount.
The controller we adopted here is Arduino UNO R3,
through which the user can freely control the current state through TGAM module. The output pins
of Arduino are connected to the biasing lines of the
metasurface, so as to control each meta-atom at their
respective designated positions on the metasurface.
The transmitting antenna is placed along the normal of
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Fig. 5 Prototype fabrication and experimental test: a top view of fabricated prototype; b photograph of bottom biasing lines; c measurement
setup in a microwave anechoic chamber; d components of the prototype; e measured results of the mind-controlled scattering patterns under
different coding sequences

the metasurface while the receiving antenna can rotate
around the metasurface, so as to measure the scattering
patterns under normal incidence. Far-field scattering
patterns are measured for different coding sequences.
In order to directly observe the mind-controllability
of coding sequence, an LED array is used to visually

display the coding state. The circuit component is supplemented in Additional file 1: Note S4.
The measured scattering patterns of the RMCM prototype are plotted in Fig. 5e, in which the simulated results
are also plotted for the sake of comparison. The pattern in
Fig. 5e is the normalized RCS which is normalized by an
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equal size metal plate. And there are still little differences
between them, which are caused by simulation error and
machine error. The diode is simulated by the equivalent
circuit model, which only approximate the actual situation and cannot completely simulate the actual situation.
Meanwhile, the diode welding also has certain deviation
and the size effect of the diode is not considered in the
simulation. Nevertheless, it still can be found that the
measured far-field scattering patterns are well consistent with simulated ones. This verifies that the user can
control the scattering pattern of the RMCM prototype
remotely with the his/her mind. It should be noted that
with the increase of coding unit length, the split angle of
the scattering pattern decreases gradually. This means a
correspondence mapping can be established between the
split angle and the user’s attention intensity. Therefore,
the RMCM also can be applied in attention monitoring,
which is supplemented in the Additional file 1: Note S5.
In addition, this mind-control framework can readily be
applied to other scenarios such as mind-controlled fast
switching among multiple functions. As a supplement,
we also discuss the 2-bit coding case and present the scenario of mind-controlled fast switching among some typical functions of metasurfaces, which are supplemented
in the Additional file 1: Note S6.

6 Conclusions
In this work, we propose a framework of achieving mindcontrolled metasurfaces via brainwaves. The basic idea is
to utilize the user’s brainwaves to control the EM response
of PMs. To achieve remote control, brainwaves signals are
transmitted wirelessly from the user to the controller via
Bluetooth. In this way, the EM response of metasurface
can be mind-controlled remotely by a distant user. As an
example, we demonstrated a RMCM which allows the user
to control the scattering pattern under normal incidence.
A brainwave extraction module is employed to extract the
user’s attention intensity signal, which is then used as the
control signal of PMs. Both the simulated and test results
show that the EM response of metasurface can be directly
controlled by the user’s brainwaves, with significantly
improved control rate and switch rate. The RMCM shows
good performances in EM wave modulation, providing a
new route to intelligent metasurfaces. Our design provides
users with a universal way to manipulate electromagnetic
waves using brainwaves. Customized design for different
users will further improve the accuracy of equipment in
the future. Combined with intelligent algorithms such as
machine learning, the intelligent process of the system will
be further improved. This work can be readily extended
to other mind-controlled functional or multi-functional
metasurfaces and may find applications in health monitoring, 5G/6G communications, smart sensors, etc.
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7 Methods
7.1 Numerical methods

The full-wave simulations of the metasurface are carried out using the time-domain solver in CST Microwave
Studio 2019. The x-polarized plane waves are normally
incident upon the metasurface from + Z direction. The
boundaries along x, y and z directions are set as open add
space. Far-field monitor is set at 8.7 GHz to get the farfield scattering pattern. The development environment of
Arduino is Arduino IDE version 1.8.8. The baud rate of
signal transmission is set to 57,600 bit/s to ensure data
transmission.
7.2 Samples fabrication

The metasurface is fabricated using conventional Printed
Circuit Board (PCB) techniques. The PIN diodes is
SMP1340-011 with SOD-323 packaging. And PIN diodes
are soldered on the metasurface. A commercial microwave laminate F4B substrate with a dielectric constant
2.65(1 + 0.001j) is selected as the carrier to carry the
structure. The size of meta-atom is 9 × 9 mm and the
metasurface contains 30 × 30 meta-atoms. Considering
the position of the biasing lines, the actual size of fabricated metasurface is 270 × 310 mm.
7.3 Measurement system

The far-field measurement is carried out in an anechoic
chamber. The metasurface, together with the controller, is placed on the turntable mount. The two X-band
antennas are set as transmitting and receiving terminals
respectively. The transmitting antenna is placed along the
normal of the metasurface while the receiving antenna
can rotate around the metasurface, so as to measure the
scattering patterns under normal incidence.
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