ﬂ sSensors

Review

Metamaterials-Enabled Sensing for Human-Machine

Interfacing

Fei Li! and Run Hu 2*

Citation: Li, F.; Hu, R.
Metamaterials-enabled sensing for
human-machine interfacing. Sensors
2020, 21, 161.
https://doi.org/10.3390/s21010161

Received: 9 December 2020
Accepted: 24 December 2020
Published: 29 December 2020

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2020 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article

distributed under the terms and con-

1 School of Art, Hubei University, Wuhan 430062, China; lifei@hubu.edu.cn

2 School of Energy and Power Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

* Correspondence: hurun@hust.edu.cn

Abstract: Our modern lives have been radically revolutionized by mechanical or electric machines
that redefine and recreate the way we work, communicate, entertain, and travel. Whether being
perceived or not, human-machine interfacing (HMI) technologies have been extensively employed
in our daily lives, and only when the machines can sense the ambient through various signals, they
can respond to human commands for finishing desired tasks. Metamaterials have offered a great
platform to develop the sensing materials and devices from different disciplines with very high
accuracy, thus enabling the great potential for HMI applications. For this regard, significant pro-
gresses have been achieved in the recent decade, but haven’t been reviewed systematically yet. In
the Review, we introduce the working principle, state-of-the-art sensing metamaterials, and the cor-
responding enabled HMI applications. For practical HMI applications, four kinds of signals are usu-
ally used, i.e., light, heat, sound, and force, and therefore the progresses in these four aspects are
discussed in particular. Finally, the future directions for the metamaterials-based HMI applications
are outlined and discussed.
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1. Introduction

Ever since humans invented machines, people have begun to operate them, and in
broad sense, the human-machine interaction, no matter being noticed or not, also began.
The purpose of inventing mechanical machines was originally to assist humans in finish-
ing some repeated, burdensome or dangerous processing task, and later on the concept
of machine became broader to include electronic devices, which have doubtlessly
changed our daily lives revolutionarily [1-3]. Nowadays, no one will deny that electronic
machines and devices have played such an important role that they have changed, rede-
fined, recreated the way we work, sense, communicate, entertain, travel, and interact with
the world. For example, nowadays we work on computers, we sense the temperature and
humidity by sensors, we communicate with each other by cellphones and emails, we en-
tertain on virtual-reality (VR)/augmented-reality (AR)/mixed-reality (MR) devices, we
read the global news on computers/cellphones/radios, we drive vehicles/airplanes/ships,
etc. [4-8]. According to the application and functionality scenarios, electronic machines
can be sorted into, including but not limited to, manufacturing machinery, living appli-
ances, working appliances, medical devices, entertainment equipment, etc. From the in-
teractive approach, the HMI can be sorted into mechanical (touch, press, stretch) [3,9],
acoustic (sound) [10,11], optics (light) [12,13], thermal (infrared or bionic) [14-16], and so
on. Along with the advent of machines, people have began to interact with these ma-
chines, but the human-machine interface (HMI) concept was firstly proposed and system-
atically investigated in the 1980s [2]. Since then, the HMI has been attracting more sus-
tained attention and research interest in more sensitive, flexible, and reliable interactions
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with machines from the perspective of materials, devices, systems, and algorithms [17-24].
For practical and feasible HMI, accurate sensing of the signals from human beings is the
first step. Only when the machines sense the human commands using signals like light,
heat, sound, or force, can they respond to the commands to achieve the desired tasks.
Therefore, accurate and multi-discipline sensing is extremely demanded for HMI research
and application.

Metamaterials, as a kind of artificial materials whose basic structural units are much
smaller than the resonant wavelength, show extraordinary electromagnetic (EM) proper-
ties beyond the conventional nature materials [25-27]. When EM waves are incident onto
metamaterials, the electric and magnetic fields can be coupled to induce the so-called size
effect against viewing the microscopic details of the metamaterial structures by resolving
the electric or magnetic waves. Inhomogeneous microscopic structures can be regarded
as a continuous substance whose effective electric permittivity and magnetic permeability
can be modified to be positive, zero, and negative at certain wavelength to exhibit some
abnormal phenomena, such as negative refraction [28-31], diffraction-limit breaking im-
aging [32], super-resolution focusing/cloaking [33-35], super-lens [36-39], etc. Although
metamaterials were first proposed to manipulate EM waves, the concept of metamaterials
has been extended to cover the full wavelengths of EM and other disciplines, like ther-
motics [34,40-46], acoustics [11,47], magnetics [37], electrics [48,49], matter wave [50], and
mechanics[51].

Since the effective parameters of metamaterials can be tuned by the structures, the
maximum effective parameters correspond to a strong localization and enhancement of
the underlying fields. Such local maxima in the corresponding spectra or signals of met-
amaterials can be used as the eigenvalues or indications to improve the sensing accuracy
and selectivity to enable the super-resolution detection of ambient environment, even
with extremely small amounts of analytes [52,53]. For example, most EM metamaterials
involve metallic nanostructures because metal nanostructures enable the occurrence of
the localized surface plasmon resonance (LSPR) phenomenon, which is the collective but
non-propagating oscillations of surface electrons in the metal nanostructures [54-62].
LSPR can lead to the significant EM enhancement, altering the light-matter interaction
with different absorption, reflection, and transmission properties, resulting in different
characterization techniques like plasmon-enhanced fluorescence, surface-enhanced infra-
red absorption spectroscopy, and surface-enhanced Raman scattering [63]. By detecting
the small shifts in frequency of resonance, we can differentiate the refractive index of the
local environment for sensing applications.

When attaching a metamaterial-based strain sensor onto an object, the corresponding
resonance peak will be shifted upon the external mechanical properties, thus the reso-
nance signal can also be used for mechanical or acoustic sensing. More specific, acoustic
metamaterials can be designed to possess very-high positive or negative mass densities,
bulk moduli, and refractive index, thus offering unprecedented opportunities for acoustic
sensing via the enhanced directivity and sensitivity. Due to this extraordinary sensing ca-
pability, metamaterials have been used for sensing, catalysis, spectroscopy, imaging, etc.
There have existed a lot of sensing metamaterials, such as nanodisks [64,65], nanorods
[12,66-68], nanoshells [69], nanoantennas [70], nanorings [71], etc. The metamaterials are
size scalable, enabling a wide range of sensing applications including optical sensing, in-
frared sensing, microwave sensing, acoustic sensing, and mechanical sensing.

Note that the accurate sensing is extremely demanded for HMI and metamaterials
have exhibited such great potential for sensing applications, it is naturally to combine
these two together and develop the metamaterials-based sensing materials and devices
for HMI applications. It is, of course, unsurprised that a lot of effort has been devoted to
exploring this field and significant progresses have been achieved in the past decades. As
far as we are concerned, these progresses have not been reviewed and introduced system-
atically and comprehensively yet. In this Review, we would like to focus on the introduc-
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tion of the metamaterials-enabled sensing for HMI applications, ranging from the work-
ing principle, the materials synthesis, the device development, to the application scenar-
ios. For practical HMI applications, four kinds of signals are usually used, i.e., light, heat,
sound, and force, as shown in Figure 1, and therefore the progresses in these four aspects
are discussed in particular. Finally, the future research directions and promising applica-
tions are outlined and discussed.
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Figure 1. Metamaterial-enabled sensing for human-machine interfacing, including optical sensing,
thermal sensing, acoustic sensing, and mechanical sensing, respectively. In each quadrant, the
sensing signals and typical HMI applications are illustrated.

2. Metamaterials-Based Sensing Principles

When LSPR happens between the metamaterials and the incident waves happens,
the resonance frequency can be calculated as [63]:

O = e = |1 1)
T le2e,  \mye,(1+2e,)

where «y is called as the plasma frequency, which is the characteristic frequency of the
oscillation electrons in the metal nanostructures and can be calculated as

w, = ,[ndez / m&, . naand e are the density of electrons and charge of an electron. mfis the

effective mass of electrons, and ¢o and &4 are and the permittivity of free space and the
dielectric surrounding medium, respectively. The plasma frequency is such an important
concept that corresponds to how easily the electrons can be stimulated by the incident EM
waves, and how EM waves behaves upon the interface. When an EM wave is incident
onto the metallic metamaterials with a frequency higher than the plasma frequency, the
electrons near the metal surface will not oscillate and the EM wave will be simply trans-
mitted or absorbed by the intraband transition. Otherwise, electron oscillation will occur
and the EM wave will be reflected instead. The environment-dependent resonance fre-
quency in Equation (1) will be shifted and thereby EM field will be enhanced with several
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orders of magnitude stronger than the incident field strength. This enables the accurate
sensing of the changes of the local environment.

Besides plasmonic metamaterials, the Mie-resonance metamaterials also exhibit elec-
tric or magnetic resonance, paving another way for sensing metamaterials. From Mie the-
ory, the electric and magnetic dipoles contribute significantly to the effective permittivity
(&f) and effective permeability (uf) of the particle composite as [72]:
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of the background matrix to the magnetodielectric spheres, and 1 is the volume fraction.
As F(0) is a resonant function, negative permittivity or permeability can be achieved cor-
responding to the large electric or magnetic fields in the so-called Mie metamaterials.
More than spherical particles, the cubic, cylindrical, and ellipsoid particles are also
demonstrated to achieve Mie resonance. By utilizing these Mie resonance spectra, met-
amaterial-enabled sensing can also be achieved.

To denote the sensing capability, the refractive index sensitivity can be denoted by:

where F(0)= , be and bw are the permittivity and permeability ratio

Al
§ =—2= nm/RIU 3)
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with the refractive index unit (RIU) where 4 is the plasma wavelength and  is the refrac-
tive index. Usually, the wavelength and energy sensitivities of the plasmonic metamate-
rials are in the several 100~1000 nm/RIU and several 10~100 meV/RIU, respectively [14,73].
Some researchers prefer to use the figure-of-merit (FOM = S/FWHM) for evaluating the
sensing performance of metamaterials, where FWHM is the full width at half maximum
of the resonance peaks [74-76]. In broad concept, the optical, infrared, microwave met-
amaterials are all EM metamaterials and share the similar working principle of sensing by
detecting the small frequency shift of the resonance spectra.

When converting the acoustic and mechanical signals into resonance spectra, the
metamaterials can also be applied for acoustic and mechanical sensing according to Equa-
tion (1). Moreover, the specific acoustic pressure field, can also be used for acoustic sens-
ing by analyzing the spatial oscillation and spectral response along the propagation direc-
tion through the metamaterials, which can be explicitly described as [11,47]:
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where n.ir is the refractive index of air, f is the frequency of the acoustic wave, z is the
distance, pis the effective mass density. A strong wave compression effect can be observed
in acoustic metamaterials provides a hint for acoustic sensing. For mechanical sensing, the
sensitivity can be defined as the gauge factor by converting the mechanical stimuli into
electrical signals [77]:

AR) 1
R, ¢

where AR(¢)/Ro is the relative resistance change and ¢is the tensile strain. As long as we
can integrate different kinds of electrical resistive sensors or electrical capacitive sensors

GF(¢) = (5)
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onto the machine skin, this is the most practical way for HMI. For this regard, these have
existed various ways like thin films, fibers and textiles, electronic skins, and so on.

3. Metamaterials-Enabled Sensing
3.1. Optical Sensing

As mentioned above, metamaterials stem from the control and amplificariong of the
light-matter interaction effect, based on which the well-designed structured surface can
response to the change of surrounding in terms of optical properties like the refractive
index. Usually, most metamaterials are the two-dimensional array of nanoplasmonic
structures on solid surfaces, based on which many sensing devices are developed. How-
ever, it is perceived that the 3D metamaterials will show more sensitive and accurate sens-
ing properties due to the enhanced stereoscopic detecting areas and spatial detecting pro-
cesses at the nanoscale in 3D. Nugroho et al. fabricated a quasi-random array of truncated
silver/SiO2/silver nanocone-based structures, as shown in Figure 2a, to enable simultane-
ous and independent optical sensing [64]. The material combinations were quantified to
shift the LSPR peaks within the visible and near-infrared (NIR) ranges. The corresponding
optical extinction spectra (red curve) show that one peak was at 860 nm and the other was
at 535 nm. When the top silver disk was moved, the visible sensing LSPR peak disap-
peared, which implies that the 3D metamaterial structure play an important role for sens-
ing application. To further avoid silver oxidation and enhance the temperature stability,
they further coated SisN4 disk on the top the silver disk by plasma-enhanced chemical
vapor deposition technique, but without shifting the LSPR peaks. The bulk refractive in-
dex sensitivity is 133 nm/RIU for the NIR peak, and 180 nm/RIU for the visible peak. In
contrast, the local or thin film sensitivity is denoted by the decay length, which is 49 nm
for the visible peak and 27 nm for the NIR peak. The 3D sensing functionality was finally
characterized by mearing the glass transition temperature as the 3D metamaterials were
embedded in different polymers.

To avoid the high loss at the visible band due to the high imaginary part of the per-
mittivity of some metamaterials, the epsilon-near-zero (ENZ) metamaterials, whose real
part of permittivity may approach zero, show much intrinsic superiority over conven-
tional materials. ENZ metamaterials emerge in recent years with a lot of functionalities
and applications, such as invisible cloaking, nano-optical circuits, nonlinear optics and so
on, but the practical fabrication remains challenging [78-83]. Fusco et al. engineered a kind
of nanostructured sodium tungsten bronze (NaxWOs) ENZ metamaterials for achieving
optical sensing [73]. As shown in Figure 2b, the SEM image of NaWOs shows the for-
mation of cubic nanocrystals after high-temperature reduction. The UV-vis transmittance
curves show that when the Na/W ratio reached 0.6, the transmittance was highest with
largest quality factor, enabling the optical sensing application. Further, by exposing the
ENZ metamaterials at different environment, the transmittance peaks blue shifted by
about 100 nm. The optical sensitivity was 150 nm/RIU, which was competing against other
sensing devices. One drawback of most metamaterials-based optical sensors is that the
optical sensing depends on the characterization of the refractive index through the spec-
trophotometers or refractometers. More ideal way should be through our naked eyes.
Wang et al. fabricated a two-layer structure of an orderly arranged porous silver film and
a silver film on polyvinyl alcohol (PVA) with distinct refractive indexes [84]. The reflected
light in such a two-layer structure interfered with red to green fringes in air. When drop-
ping different liquid droplets onto the metamaterials, the different fringes can be detected
by naked eyes for identifying the different liquids, as shown in Figure 2c. Such direct op-
tical sensing enables a convenient and useful way for HMI applications.
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Figure 2. Optical metamaterial for sensing. (a) Schematic and SEM images of the 3D metasurface
sensor, experimental optical extinction spectra w/o the top disk. Reproduced with permission
from [64]. Copyright 2020, American Chemical Society. (b) SEM image of NaxWQOs-based ENZ
metamaterials UV-vis transmittance and normalized transmittance of Na0.6WO3 metamaterials at
different environments and wavelengths. Reproduced with permission from [73]. Copyright 2018,
American Chemical Society. (c) SEM image of the porous silver film, and the digital photographs
of the sensor, and with water droplet, 15% glucose solution droplet, and 60% sucrose solution
droplet. Reproduced with permission from [84]. Copyright 2013, American Institute of Physics.

3.2. Thermal Sensing

Thermal/infrared sensing is more promising in HMI applications since it can be used
to sense objects and environments through the infrared light as all objects emit infrared
light at anytime and anywhere [14-16,85-90]. Lochbaum et al. combined microelectrome-
chanical system (MEMS) and metamaterial perfect emitter to achieve narrowband on-chip
infrared emitter for infrared sensing [91]. The hierarchical structure of the infrared sensing
device is shown in Figure 3a, which consists of a complementary metal oxide semicon-
ductor (CMOS) substrate, a MEMS hotplate, a metamaterial perfect emitter (MPE) and an
aluminum oxide (ALOs) sealing layer from bottom to top. The MEMS hotplate can be
heated up to 450 °C, and the MPE is used to tune the thermal radiation by the wavelength-
selective emissivity engineering. At the resonance frequency, the metal-insulator-metal (MIM)
structure of the MPE induces a strong but confined magnetic field at the top resonators,
which enables the emissivity engineering for thermal/infrared sensing. The good agree-
ment of the measured absorptivity and the emissivity at different temperatures validates
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the Kirchhoff’s law. The normalized coefficient of the resonance bandwidth of the absorp-
tivity and emissivity are 5.8 x 10%4/°C and 5.4 x 10-4/°C respectively. To demonstrate the
gas sensing application, they fabricated a system where different gases were blown onto
the metamaterial detector. The comparison of the normalized voltage difference
AV/VOppm between the presented MPE and a blackbody (BB) emitter demonstrated that
the relative sensitivity increases from 3.4 x 10-° to 1.7 x 104%/ppm due to the larger fac-
tional absorptivity performance of the MPE. While the cross-sensitivity of the MPE to hu-
midity was also demonstrated to be as minimal as 41.5 ppm/% rH, which is 9-fold smaller
than that of the BB emitter. Two-dimensional materials, such as graphene, are also very
good candidates for optical sensing or photodetector in the infrared range. Zhu et al.
demonstrated a metasurface-based infrared sensing through a monolayer graphene and
a golden nanorod array [92]. As shown in Figure 3b, graphene was suspended on the
golden antenna array with 30 nm gaps. The golden nanorods were fabricated on a Pt mir-
ror with a SiO:2 spacer layer in between, where the latter two layers formed the optical
cavity for plasmonic resonance. Due to such resonance, two resonance dips in the reflec-
tance spectrum were observed at 1000 and 1500 cm~! in the infrared band, where the latter
one was used as the primary plasmonic resonance band for infrared sensing with stronger
absorption. When exposing to different environment including acetonitrile (ACN), ami-
nopyrene (AP) in ACN, and boronic acid-pyrene (BAP) in ACN, the reflectance spectrum
shifted by 23, 27, and 46 cm™, respectively. It is because of the enhancement of graphene
conductivity that the reflectance spectrum blue shifted. Such blue shifts can be used for
high-sensitivity biosensing for small molecules.
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Figure 3. Thermal metamaterials for sensing. (a) Hierarchical structure of the infrared sensing device, experimental ab-
sorptivity and emissivity spectra at different temperatures, sensitivity characterization at various CO2 concentration and
humidity. Reproduced with permission from [91]. Copyright 2017, American Society of Chemistry. (b) SEM image of
graphene-coated nanorod antennas, the reflectance spectrum, and the reflectance spectra before and after chemical func-
tionalization. Reproduced with permission from [92]. Copyright 2017, American Society of Chemistry.
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3.3. Acoustic Sensing

Acoustic metamaterials (AMMs), as a kind of artificial periodic structure to manipulate
sound waves with smaller-than-wavelength unit cells, have been proposed and developed
rapidly with many emerging applications [93-97]. Among them, acoustic sensing is devel-
oped for acoustic imaging, detection, navigation, communication, health monitoring, and
medical therapy [95,98]. For HMI application, it is rather important to enhance the detection,
localization, and communication capabilities with high directivity and high sensitivity.
However, to achieve these is not an easy task especially under the complicated conditions
with noise, multi-speaker, weak-intensity interference. A conventional way is resorting to
phased-array technology with microphone array systems, whose bulky sizes limits the in-
tegration with HMI. As alternatives, piezoresistive, piezoelectric, capacitive, and optical-
based sensors have been reported to achieve acoustic sensing, but usually, their detectable
pressure is rather small [99,100]. Along with way toward high-performance acoustic sens-
ing, AMMs offer unprecedented opportunities to advance acoustic sensing by their extraor-
dinary properties like negative-equivalent or gradient density, bulk modulus, and refractive
index through modulating the dispersion of materials and structures [10]. As typical exam-
ples, various AMMs are reported to enhance sound emission and reception, like phononic
crystals [101], graded refractive index (GRIN) AMMs [102], Mie resonant AMMs [13], ani-
sotropic AMM s [10], near-zero-index (NZI) AMM [11], etc.

Chen et al. developed a GRIN AMM-enhanced acoustic sensing system to allow sound
propagation in high-refractive-index medium with enhanced pressure field [96]. GRIN
AMMs offer possibilities to slow down and even trap acoustic waves, and the phenomenon
has a bright name as rainbow trapping. The key component for the AMM sensing system
was a linearly tapered metadevice with GRIN distribution along the sound propagation di-
rection. Thanks to GRIN metamaterials, the effective refractive index increases, and the
wavelength gradually decreases, results in a spatial compression of the acoustic wave and
a remarkable directional response. With GRIN metamaterials, there is a strong wave com-
pression effect along propagation direction, which enables the advanced acoustic sensing
with enhanced sound intensity sensing and sound source localization. The fabricated AMM
and the experimental setup are shown in Figure 4a. Based on such setup, the time-domain
acoustic pulse signals in the free space and within GRIN metamaterials are measured. It is
seen that the free-space signal is overwhelmed by the noise with signal-to-noise ratio (SNR)
at 0.27 while detected through the present AMM. It is demonstrated that such AMM-based
acoustic sensing system overcome the detection limit of a conventional acoustic sensor (SNR
at1). Ma et al. fabricated an NZI AMM sensing system for combined highly directive-sensi-
tive detection [11]. NZI AMMs offer near-zero relative mass density and refractive index,
which benefits the sound tunneling to overcome the detection limit of current acoustic tech-
nologies. They selected a phononic crystal with a honeycomb lattice of solid cylinders in air.
With special modulation of the lattice constant and periodic pitch, the configuration forms
a special band structure with a double Dirac cone which can be regarded as NZI medium.
To fabricate such sensing system, they manufactured the NZI device with epoxy resin via
3D printing and assembled onto a turntable with precise angle increment of 1°, as shown in
Figure 4b. Very high directivity and weak signal amplification were demonstrated. To de-
tect signals from strong interference noise, the time-domain signals without and with the
NZI AMM are measured. It is seen that the transmitted sinusoidal pulse signal is strongly
disturbed by the noise, while is resolved again by the present AMM sensing system.

Other than pursuing high directivity and high sensitivity for acoustic sensing, AMM
can also be used to solve the multi-speaker listening problem which is more practical in
application scenarios. Xie et al. designed a multi-speaker listening system by modulating
an array of Helmholtz resonators to tune the frequency dispersion[95]. As shown in Figure 4c,
the system is composed by a single sensor surrounded by 36 fan-shape AMM waveguides.
The measurement modes of the single sensor at different frequencies are different, which
can be utilized to solve the multi-speaker listening problem via spatiotemporal encoding
and decoding processing. They further developed an inverse algorithm to segregate the
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mixed sound signal and reconstruct the audio content of each sound source. Such flexible
sensing capability is desired to achieve multisource speech recognition and segregation
for HMI applications. Besides, AMM also can be used to enhance machine vision with
edge detection. Moleron and Daraio proposed an AMM that consists of an array of cou-
pled resonators-based waveguiding structure, as shown in Figure 4d [97]. The dimensions
of the structure were specifically designed to generate the frequency-dependent coinci-
dence of the tapered resonances and the plane mode bandgap, which induce a spectral
band to allow the transmission of waves with large perpendicular wavenumber. To
demonstrate the subwavelength edge detection performance, they imaged a 10 cm-diam-
eter Plexiglass disc and observed clear edges. By visualizing the intensity components,
they also observed the horizontal and vertical edges separately. The unique subwave-
length edge detection stems from the combination of tapered resonance and Bragg scat-
tering that enables and disables the propagation of evanescent waves, respectively.
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Figure 4. Acoustic metamaterials for sensing. (a) Schematic of the AMM hybrid sensing system,
time-domain pulse signal in free space and in the metamaterial. Reproduced with permission from
[96]. Copyright 2014, Nature. (b) Experimental setup for characterizing the NZI-AA sample on a
rotating table, and time-domain pressure with and without the NZI-AA sample. Reproduced with
permission from [11]. Copyright 2019, American Institute of Physics. (c) Fabricated metamaterial
sensor and the schematic for the single-sensor listening device for sound detection from several
sources. Reproduced with permission from [95]. Copyright 2015, PNA. (d) Schematic of the AMM
with five symmetrical resonators, 3D printed prototype, optical image and the detected edge of a
10-cm-diameter disc. Reproduced with permission from [97]. Copyright 2015, Nature.
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3.4. Mechanical Sensing

Compared to previous sensing functionalities, the mechanical sensing is more im-
portant for HMI applications as touching, pressing, stretching, and twisting are our basic
ways to interact with surrounding objects. The reason why we put the mechanical sensing
at last is because metamaterials were born for EM applications initially and gradually ap-
plied to other disciplines including magnetics, thermotics, acoustics, mechanics, and so
on [27]. Mechanical sensing is usually achieved by converting the mechanical stimuli into
readable electrical or optical signals, and is well applied in wearable electronics, electronic
skins, smart textiles, healthcare monitoring, soft robotics, etc. [103,104]. The conventional
materials, when stretching, usually expand in one direction while compress in the orthog-
onal direction due to the conservation of mass and volume. This is our common sense and
easy to understand. But due to such behavior, the stretchable sensitivity is intrinsically
limited as the distance between two materials increases obeying the transverse Poisson
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Auxetic metamaterial
stretchable strain sensor

compression under longitudinal stretching. Good news comes that mechanical metamate-
rials, in contrast to traditional materials, can exhibit extraordinary mechanical behaviors
like negative structured Poisson’s ratio, mechanical instability, compressible tunability,
etc. [51,100,103-105]. Thus, mechanical metamaterials can be used to overcome such lim-
itations for mechanical sensing. Jiang et al. developed an auxetic mechanical metamaterial
sensor, which is in contrast to traditional materials that can expand in both directions un-
der stretching [106]. Thus, the mechanical sensitivity is greatly enhanced. They integrated
the single-wall carbon nanotube (SWCNT) network onto polydimethylsiloxane (PDMS)
thin film with a PDMS auxetic frame, as shown in Figure 5a. Upon stretching, on the one
hand, the frame could tune the Poisson’s ratio to expand in both directions, and on the
other hand, the microcracks propagated in SWCNT network and changed the electrical
resistance. The GF was increased to 835, which is almost 24-fold improvement over tradi-
tional sensors. For HMI applications, they further mounted the metamaterials sensor into
human wrist to monitor the radial pulse wave with high SNR of 104.8 dB. The difference
of pulse peaks of the metamaterials sensor and a traditional sensor was obvious; thus, the
metamaterials sensor could be applied for HMI for continuous daily health monitoring.
Previous example is to convert the mechanical stimuli into electrical signals, and it also
can be converted into optical signals. Chen et al. fabricated golden plasmonic metasurface
on PDMS surface to amplify the mechanical sensitivity [77]. The SEM images of the
metasurface with increasing magnification at zero external strain (eex= 0%) are shown in
Figure 5b. When light is incident onto the metasurfacce, it is polarized along the surface
and its diffractive orders will superposed to generate the Rayleigh anomalies. Under dif-
ferent external strains from 1.6% to 3.5%, the LSPR peaks will shifted linearly, which can
be used as the indicator of the external strain with high mechanical sensitivity at about 48
nm/1% external strain, far beyond the state-of-the-art stretchable plasmonic resonators.
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Figure 5. Mechanical metamaterials for sensing. (a) Photograph of the auxetic metamaterial stretchable mechanical sensor
for radial pulse detection, the detected human pulse profiles by a conventional flat sensor and the metamaterial sensor.
Reproduced with permission from [106]. Copyright 2018, Wiley. (b) SEM images of the mechanical metasurface on a PDMS
substrate without external strain, optical microscope images of the metasurface under 1.6% and 3.5% strain, experimental
reflectance of the metasurface with various strains. Reproduced with permission from [77]. Copyright 2018, American

Chemical Society.

4. Enabled HMI Applications

In a broad concept, metamaterials are a kind of artificial materials and exhibit exotic
properties over conventional naturally-existing materials. Due to the enhanced resonance
performance, metamaterials have shown much potential for accurate sensing, and have
been utilized for HMI applications with some significant progress. Here, we also summarize
these progresses from the aspects of optical, thermal, acoustic, and mechanical sensing.
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4.1. HMI Based on Optical/Microwave Sensing

In our daily life, optical sensing is the most widely used way for us to sense the world
through eyes. As such, most existing HMI applications also employ cameras to sense the
world. Camera have been used to “see” the ambient and machines then do some preset
responses to be “smart”, like the unmanned automobiles and robots. Especially with the
advent of VR/AR/MR technologies, the virtual environment that created by the special
cameras have offered great promise as alternative ways for HMI though the head-
mounted displays, flat projection surfaces, and fully enclosed environment, etc. [20,107].
Conventional cameras are usually composed by assembling discrete bulk lens and filters,
and precise alignment is required to achieve acceptable imaging performance. Such
bulky-size optical systems limit HMI application, partially at least, as these head-mounted
display and glasses require low-weight and accurate sensing devices. In such cases, opti-
cal metasurfaces and metamaterials offer lots of merits to overcome such limitations as
they can be fabricated in planar configuration and aligned lithographically to avoid the
complicated post-fabrication alignment [108]. Such planar optical lens comes from the so-
called perfect lens, which is one of the most ground-breaking applications of optical met-
amaterials with negative refractive index [38,39,109-111]. Some metamaterial lenses have
been applied to focus or collimate light beams from an optical fiber or a semiconductor
laser, but they still suffer from monochromatic aberrations and limited field of view.
Arbabi et al. demonstrated a doublet lens, whose top is the correcting metasurface and
whose bottom is a focusing metasurface, to overcome such sufferings efficiently, as shown
in Figure 6a [108]. Based on the doublet metamaterial lens, they further integrated with a
CMOS image sensor to enable an ultrathin, planar, low f-number metamaterial camera.
The metasurface is made by hexagonal array of amorphous silicon nano-posts with vary-
ing diameters on the top of fused silica, as shown by the SEM image in the middle of
Figure 6a. With the home-made experimental setup, where the pattern was placed 25 cm
away from the camera and illuminated by an LED, they obtained the image with a wide
field of view in Figure 6a. The imaging performance could be further enhanced by using
a monochromatic image sensor with a smaller pixel size. By post evaluation, the met-
amaterial camera is found to process merits like high efficiency and high incident angle
tolerance.

Beyond optical cameras, the microwave cameras are also exhibit the great potential
for HMI applications although microwaves are not visual by our eyes but can be detected
by the microwave sensors, here the metamaterial sensor for instance. Both optical cameras
and microwave cameras share the similar working principle as EM wave, and the only
difference is the working frequency range. Conventional microwave cameras require
rapid data processing and large data storage capability, disabling the real-time and in-situ
reconstruction of desired scenes and images intelligently and efficiently [10,112,113]. As a
result, the imaging speed and quality are usually compromised in most existing micro-
wave cameras. Li et al. tackled this challenge by combining machine learning techniques
with 2-bit metasurfaces, and demonstrated the feasibility to produce high image quality
and high accuracy without heavy image reconstructions [112]. The 2-bit coding metasur-
face is constructed by a 2D array of meta-atoms and subwavelength-scale patches on a
dielectric substrate. A PIN diode was used to connect the patches and denote the “00”,
“017, “10”, and “11” states controlled by the applied bias voltage, corresponding to the
four digitized scattering phase levels at 0, 1/2, 7, 3m/2, respectively. After training, they
applied the metamaterial camera to monitor a moving person. The optical images and the
corresponding reconstructed images in Figure 6b demonstrate that not only the gestures
of the person but also the “see-through-the-wall” ability can be achieved by the machine-
learning metamaterial cameras. The same group, as shown in Figure 6c, further developed
an intelligent metasurface convolutional neural network (IM-CNN) to reconstruct the im-
age of a human body, to monitor the respiration from the region of interest (ROI) of the
whole image, to recognize the hand gesture with additional CNN or the time-frequency
analysis of the microwave data [114]. The metasurface-based CNN not only can exclude
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unwanted disturbances but also can enhance the SNR by a factor of 20 dB. The present
metasurface system not only can “see” what people are doing but also can “hear” what
people are talking even against a wall or complex background noises, offering great po-
tential for intelligent HMI applications.
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Figure 6. Optical metamaterials for human detection. (a) Schematic for the miniature planar
metasurface-based camera, SEM image of the top view of the metasurface, the imaging setup and
the experimental image obtained by the metasurface camera. Reproduced with permission from
[108]. Copyright 2016, Nature. (b) Schematic and photograph of the coding metasurface and the
unit cell, photographs of the human body and the reconstructed images by the metasurface-based
machine-learning imager directly or through a plate. Reproduced with permission from [112].
Copyright 2019, Nature. (¢) Microwave data processing flow by deep learning CNN cluster for
respiration monitoring and sign-language recognition. Reproduced with permission from [114].
Copyright 2019, Nature.

4.2. HMI Based on Thermal Sensing

Compared to optical signals, thermal/infrared signals are emitted and received al-
most wherever and whenever as any objects above 0 K will emit thermal radiation, thus
more and more HMI scenarios refer to thermal sensing. For example, an increasing num-
ber of modern weapons are equipped with thermal signal detectors, like thermal imagers
or infrared cameras, to enhance the target localization capability especially at nighttime.
When equipped with thermal and infrared sensors, machines or robots can also detect the
ambient temperature or heat flux, and then achieve preset or dynamic responses. Erden
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and Cetin reported a multimodal hand gesture recognition system based on infrared sen-
sors [115]. Hand movement was first detected by the sensor array, and then examined by
a video camera. More than gesture recognition, Shang et al. designed a digital thermal
metasurface to generate the infrared thermograms of the human body [116]. They ex-
tracted an infrared image with 31 x 51 = 1581 pixels, which correspond to 1581 different
thermal conductivities. Then they fabricated an acrylic plate with 1581 holes; each hole
stands for a pixel. Such digital discretization will of course generate information entropy
loss compared to the original infrared image. It is perceived that the more pixels the plate
has, the clearer the infrared images will be. After the space discretization step, they used
the thermal conductivity discretization step with only ten kinds of thermal conductivity
units to fill the plate, and the experimental infrared image was shown in Figure 7. Regard-
less of the rough interfaces, we can see the human image as designed. Such thermal
metasurface can be utilized to dynamically generate the thermograms for potential HMI
applications.

=

293K S

Figure 7. Thermal metamaterials for human recognition. (a) infrared image of a human body. (b) Digital discretization of
the original infrared image to 31 x 51 = 1581 pixels. (c) experimental infrared image of the digital metasurface to show the
thermograms of a human body. Reproduced with permission from [116]. Copyright 2018, American Institute of Physics.

4.3. HMI Based on Acoustic Sensing

As smart devices are becoming smaller and smaller in size, the conventional mechan-
ical touching or pressing on the rigid or flexible screen may result in mistouches or errors,
leading to the inconvenience for HMI applications. At such a scenario, wireless gesture
recognition is in high demand. For HMI, the sensitive detecting of the incoming sound is
the first step. Such acoustic sensors can play an important role not only in HMI but also
in some healthcare and medical applications. Hearing impairment has become a global
issue, suffered by nearly 10% of the world population. Cochlear implants can convert
sound signals into electrical stimuli for the auditory nerves, but most of the cochlear im-
plants are rigid, thus sometimes cause wearing discomfort and nerve injury. Gong et al.
designed a suspended local-crack nanowire metamaterial acoustic sensor to detect the
out-of-plane sound signals with rather-good static and dynamic acoustic frequency dis-
crimination capability up to 3000 Hz [117]. The acoustic metamaterial sensor prototype is
shown in Figure 8a, which is soft and durable. They further measure the electrical output
from the acoustic sensor, the resistance changes of the acoustic sensor agreed with the
spectrograms of the music sound from a 150-mm-away loudspeaker. The working fre-
quency ranges from 319 to 1951 Hz with high acoustic sensitivity of 0.48-4.26 Pa™!, within
the human communication frequency range, which enables the HMI applications includ-
ing voice-based control of prosthetics, drones, and robot.

Compared to detecting the sound frequency, it is more important to recognize the
human voice for HMI applications. As such, the human voice can be directly used as com-
mands to control and manipulate the machines or robots. To recognize human voices, one
challenge remains that the voice must be clearly detected against different background
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noises and situations [10,11,47,95-97]. To achieve this, the acoustic sensor is required to
have high sensitivity, low detection limit, fast response behavior, high mechanical flexi-
bility and reliability, and it is more desired to have water repellency to enhance the appli-
cation adaptability against skin moisture and air moisture. Though extensive efforts have
been devoted to developing acoustic sensors with different strategies, materials, and
structures, but the satisfactory performances (sensitivity, SNR, response time, etc.) are still
under exploring [47,100,118]. Le et al. fabricated a graphene-based ultra-sensitive acoustic
sensor for anti-interference voice recognition [119]. The multiscale microcracks in the con-
ductive thin film can respond to the ambient acoustic signals, resulting in the ultrahigh
sensitivity (GF = 8699), ultralow detection limit, ultrafast response time, and excellent du-
rability over 10,000 cycles. Figure 8b shows the flexible acoustic sensor on a speaker’s
neck, and the comparison of the phonation of “NTU” recorded by the acoustic sensor and
a reference microphone at quiet and noisy environments respectively. The comparisons
clearly demonstrate that the fabricated sensor could discriminate the phonation patterns
at both quiet and noisy environments, showing great superiority over the reference mi-
crophone and the ultrasensitive anti-interference voice recognition. They further tested a
sentence voice signal and very good voice recognition was also demonstrated. These
demonstrations clearly exhibit the potential HMI application based on acoustic metamate-
rial sensing.
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Figure 8. Acoustic metamaterials for sound recognition. (a) Photograph of the soft nanowire-based acoustic metamaterial
membrane, schematic of the experimental setup of music detection, and acoustic sensor output (curve) and the STFT anal-
ysis of the background in response to notes with different music scale. Reproduced with permission from [117]. Copyright
2020, Wiley. (b) Schematic and photograph of the flexible anti-interference voice recognition acoustic metamaterial sensor,
performance comparison of the phonation of “NTU” by the fabricated acoustic sensor and a reference microphone at quiet
and noisy environments. Reproduced with permission from [119]. Copyright 2020, American Society of Chemistry.
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4.4. HMI Based on Mechanical Sensing

Compared to other sensing signals, the mechanical signals may be the most widely
used for HMI applications as mechanical sensing is a human-like way to interact with the
ambient. We are used to sense objects by touching and pressing the surface of the objects
to distinguish the materials, structure, and shape, and then to hold, lift, pull, and push
objects for desired purposes. Most of the existing machines or robots aim at taking this
human-like capability as the first step to demonstrate the capability to finish some given
tasks. Therefore, the mechanical sensing is more basic for HMI applications and most re-
search interests for advanced robots or HMI demonstrations are focused on the materials
and devices improvement in terms of the mechanical sensing performance. Previously,
people have used different functional materials to sense or emulate a wide range of me-
chanical stimuli such as pressure and strain, like piezoelectric materials, triboelectric ma-
terials, etc. [2,120-128]. However, the soft stretching capability is one of remaining issues
to be overcome that is rather preferred for practical HMI applications as rigid materials
are incompatible to the skins, uncomfortable to wear, and lacking of adaptability to the
dynamic motion of human body [128,129]. For this regard, the electronic skins and smart
textiles show more superiority for next-generation mechanical sensing for HMI, and have
been extensively explored in terms of the performances, fabrications, and applications
[2,123,130-137].

Previous HMI scenarios are implemented by different kinds of sensors, but integrat-
ing these different sensors into a practical network is still challenging, such as the power
supply problem and the data collection issue [2,114,131,138]. For convenient wearability,
wireless technologies are desired to achieve the body networks, but conventional radio
frequency (RF) signals may be transmitted into the ambient space, leading to the low effi-
ciency and useless power consumption. In contrast, the EM waves can be transmitted
along the metallic surfaces as surface plasmons, whose evanescent characteristics in the
ambient space help to enhance the efficiency of sensing signal transmission. To tune the
radio surface plasmon as sensing signal transmission channel, Tian et al. designed a met-
amaterial textile-based wireless body sensor network for HMI applications, whose trans-
mission efficiency was enhanced by three orders of magnitude compared to the conven-
tional radiative network [138]. The fabricated metamaterial textile is shown in Figure 9a,
and there are three basic building blocks on a conventional shirt, namely power divider,
antenna, and ring resonator. The simulations and measurements of these three blocks in
Figure 9b agree well, demonstrating the different functional roles in the metamaterial tex-
tile such as signal distribution and combination, signal radiation, signal filtering, mechan-
ical strain sensing, HMI, etc. To demonstrate the potential for HMI, they mounted a Blue-
tooth module onto the metamaterial textile to transmit the wireless signals to a
smartphone near the body within 10 cm in Figure 9c. When touching, the temperature and
humidity signals were detected and displayed on the smartphone robustly in Figure 9d. The
metamaterial textile can support robust wireless signal propagation through the met-
amaterial effect and can be used for multiple HMI applications like gesture sensing, prox-
imity detection, and healthcare monitoring.
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Figure 9. Wearable mechanical metamaterial textile for touching sensing. (a) Fabricated metamate-
rial textile with splitter, antennas and a ring resonator. (b) Simulation (top) and experiments (bot-
tom) of the normal component of the electric field. (c) Metamaterial textile-based wireless touching
sensing and (d) detected temperature and humidity signals when touching on shoulder (S1) and
on wrist (S2), respectively. Reproduced with permission from [138]. Copyright 2019, Nature.
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5. Conclusions and Perspectives

In summary, we present an overview of the state-of-the-art research progress in met-
amaterials-enabled sensing for HMI applications. Beginning with the introduction of the
various metamaterials-based sensing principles, we first presented the introduction of the
metamaterial-based devices from four aspects, i.e., optical sensing, thermal sensing,
acoustic sensing, and mechanical sensing. These four aspects are the most common ways
for practical HMI scenarios. Then the typical metamaterials-based HMI applications are
followed, including the optical metamaterials for human detection, thermal metamaterials
for human recognition, acoustic metamaterials for sound recognition, wearable mechani-
cal metamaterials for touching sensing. Overall, all these significant progresses on met-
amaterials-enabled sensing have advanced the concept of HMI significantly. An overview
of such progress in this paper will help us to get the whole picture of the status, to under-
stand the mechanisms, and to stimulate the further exploring. Although metamaterial-
enabled sensing for HMI applications have not been investigated intensively and exten-
sively, it is expected that metamaterials in multiple disciplines will benefit for sensing
devices for HMI with more compact size, higher accuracy, easier assembly and scalable
manufacturing. Here we, as far as we are concerned, discuss and outline several future
directions of metamaterial-based sensing for both fundamental research and potential ap-
plications in the field of HMI and subfield therein:

o Flexible metamaterials for sensing. Most sensing metamaterials or metasurfaces are fab-
ricated on rigid surfaces like the metal/insulator/metal resonator for the easy manip-
ulation of the LSPR effect. However, rigid surfaces are usually not welcome for wear-
able HMI applications [1,2]. Developing the metamaterial and metasurfaces on flexi-
ble and soft substrates are significantly demanded but far from well-developed yet
[119,130]. More effort is needed for exploring proper flexible materials and structures
for future applications.

o Integration of detecting and sensing systems. Most metamaterials can sense the ambient
by the modulated light-matter interactions on the surfaces, but these interactions are
detected by external complicated systems [63,66,68,139]. Although the sensitivity is
improved by the metamaterials, the complicated detecting systems may disable the
wearable HMI applications. Further exploring the integration of the detecting and
sensing systems is thus important for promoting the metamaterials-based sensing for
HMI applications.

e Metamaterials-enabled multimodal HMI. For HMI applications, many new technologies
emerge in recent decades like VR, AR, MR, IoT, and so on [140,141]. In these technol-
ogies, more accurate sensors are significantly needed, but metamaterials-based sen-
sors have not been involved in these HMI scenarios. Combining these new types of
HMI with metamaterials is quite interesting and worth of exploring in the future.
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