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Abstract

Electronic skins (e-skins) are desired to perceive both the intensity and spatial distribution of applied pressures.
Despite the continuous progress in the design of high-performance individual pressure sensors, the acquisition of
the locational information of pressures still mostly relies on the preparation of high-density sensor matrixes within
e-skins, which dramatically increases device complexity and hinders the straightforward human-machine
interaction. In recent years, the integration of optical pressure visualization units within e-skins has been raised as
an alternative strategy for obtaining pressure distribution. By utilizing pressure-induced light emission and color
change, the applied pressure could be visualized directly through the distinct optical signals, eliminating the
necessity of additional data processing and display modules. In this perspective, the main strategies to achieve
pressure visualization in e-skins are introduced, including their mechanism, device layout, materials, and
applications. The challenges and prospects of this emerging field are also discussed.

Keywords: E-skin, pressure visualization, mechanoluminescence, piezophototronics, electrochromism, structural
color

INTRODUCTION

Human skin can perceive tactile stimuli by both their intensity and spatial position". For electronic skins
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(e-skins) mimicking the structure and functionality of natural skin, the tactile perception function could be
achieved through the design of pressure sensors. Over the years, the pressure sensing performance of e-
skins, including sensitivity, operational range, detection limit, efc., has been dramatically improved through
the innovation of novel materials and structures”*. On the other hand, the spatial distribution of pressures
is usually obtained by constructing a sensor matrix within e-skins"”*. Despite the progress of micro/
nanofabrication technologies and advanced backend data processing modules for device fabrication and
integration, the preparation of a high-density sensor matrix is usually laborious and costly, and the reliance
of data processing and display modules compromises the flexibility and portability of e-skins. The growing
demand for flexible, lightweight, and miniaturized electronics has motivated efforts to pursue alternative
solutions for pressure mapping acquisition. Thereinto, the integration of optical pressure visualization units
within e-skins not only provides intuitive, real-time feedback toward tactile stimuli, but also eliminates the
need for additional data interpretation devices and electronic displays, which opens new avenues for the

9,10]

applications of e-skins in resource-constrained environments'

The concept of pressure visualization stems from a broader need for a straightforward haptic perception
and a user-friendly human-machine interface'. The commercial touch screen can visualize pressures
sensitively, vividly and in high spatial resolution. However, the silicon-based integrated circuit technology is
not compatible with e-skin fabrication. Pressure visualization could be achieved through pressure-induced
light emission and color change [Figure 1]"". Regarding the former, stress-photon transduction could
directly induce mechanoluminescence>"”. Besides, the piezoelectric charges could regulate the structure of
a heterojunction, and thus tailor the electroluminescent intensity and wavelength of optoelectronic
nanodevices"*".. On the other hand, pressure-induced color change could be achieved by combining
electrical pressure sensing and electrochromic units"”, and utilizing the structural color change of certain
materials and structures'”. In this perspective, the principles, representative materials, and applications of
the four pressure visualization strategies will be introduced, respectively.

PRESSURE VISUALIZATION THROUGH MECHANOLUMINESCENCE

Mechanoluminescent materials can convert applied stress into light emission without electrical or optical
input. When charges are generated through pressure-induced local fractures, triboelectric effects, or
deformation-induced release of trapped charges transitioning from the excited state to the ground state,
photons could be emitted by the energy released during these processes. The mechanoluminescent
materials are generally composed of a crystalline framework serving as the host and heavy metal ions as the
doping activators. By selecting different types of hosts and dopants, the luminescent color, duration and
stress threshold could be tailored [Figure 2A and B]". In addition, mechanoluminescent materials could be
endowed with stretchability and processability when incorporated into elastomeric matrices"”.

Optical pressure sensing based on mechanoluminescent systems has been studied for more than 20 years"',
with the sensitivity, linearity, and response time greatly improved with time. Since mechanoluminescence is
a spatially localized process, it could be applied for mapping the spatial distribution of pressures. However,
mechanoluminescence is a transient process (mostly in nanosecond range)”*, which poses a great
challenge for signal collection. In recent years, efforts have been devoted to extending the afterglow time in
mechanoluminescence. For inorganic systems, trap engineering by co-doping hetero-ions has been widely
adopted”?, which slows down the annihilation of generated photons. Besides, various organic systems
with persistent mechanoluminescence have been developed. Representatively, Xie et al. raised an
isostructural doping strategy to suppress non-radiative transitions, and encouraged the spin-orbital
coupling within the system [Figure 2C]. An ultralong mechanoluminescent lifetime (up to 384.1 ms) was
achieved [Figure 2D]"". Except for pressure mapping, the mechanoluminescent system was also applied for
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Figure 1. Four general strategies to achieve pressure visualization in e-skins, including mechanoluminescencem].Reprinted with
permission, Copyright 2022, Elsevier; piezophototronicsm].Reprinted with permission, Copyright 2013, Springer Nature; pressure-
controlled electrochromism™. Reprinted with permission, Copyright 2021, ACS; and structural color.Reprinted with permission,
Copyright 2022, Springer Nature.

collision warning", anti-counterfeiting*” and structural health monitoring®”’. Despite these advancements,
the capture and recording of mechanoluminescence still relies on high-speed camaras, rather than naked
eyes. Besides, mechanoluminescent pressure sensing usually suffers from high detection limit (kPa level)
and low signal-to-noise ratios.

PRESSURE-TAILORED ELECTROLUMINESCENCE IN OPTOELECTRONIC DEVICES

Electroluminescent light emission relies on the recombination of electrons and holes at a heterojunction,
including a Schottky barrier or p-n junction, when an electric field is applied”**. When piezoelectric
materials are introduced to build the optoelectronic system, pressure-induced piezoelectric potential could
be superimposed to the bandgap at the heterojunction, and the light emission property could be tailored"*.
In 2013, Pan et al. raised the concept of piezophototronics by developing a light-emitting diode (LED)
matrix based on the heterojunction between a piezoelectric n-ZnO nanowire array and the p-GaN film. A
compressive strain of 0.15% enhances the light emission intensity by ~400%. Additionally, an ultrahigh
spatial resolution of ~2.7 um (6,350 dpi) and fast response time of 180 ms for pressure mapping were
achieved"?. Since then, a series of piezophototronic LED matrixes were prepared, including InGaN/GaN
quantum wells [Figure 3A and B]®, n-ZnO/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid)
(PEDOT:PSS) hybrids®", n-ZnO/p-Si heterojunctions”, ZnO/3-(4-biphenyl)-4-phenyl-5-tert-butylphenyl-
1,2,4-triazole (TAZ) heterostructures™, etc., with improved spatial resolution, contrast ratio, and device
integration. Despite the progress, the panel size for the piezophototronic LED matrixes is usually small
(several hundreds of um), posing great challenges in large-area pressure mapping.
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Figure 2. Pressure visualization through mechanoluminescence. (A) Mechanolumine- scent spectra of SrZnSO doped with different ions;
(B) Photographs of the handwritten Chinese characters on SrZnSO doped with different ions'®’. Reprinted with permission, Copyright
2020, Elsevier; (C) The design and chemical structures of the mechanoluminescent material with isostructural doping; (D) The
persistent mechanoluminescence performance of the material within 0.4 s”*.Reprinted with permission, Copyright 2024, Springer

Nature.

Piezophototronic pressure sensing could also be achieved by stress-induced modulation of the lasing spectra
of a piezophototronic device. Ma et al. achieved a strain-induced refractive index change utilizing the
piezoelectric polarization of the [001] orientation of the CdS nanobelts [Figure 3C]. A redshift of 2.9 nm in
lasing spectra occurs at a strain of 0.41% [Figure 3D and E]"". Peng et al. tailored the whispering gallery
lasing mode of GaN microwires and achieved a reliable linear relationship between wavelength variation
and applied strain"”. Yin et al. developed a dual-wavelength InGaN/GaN multiple quantum wall. The ratio



Li et al. Soft Sci. 2025, 5, 16 | https://dx.doi.org/10.20517/ss.2024.76 Page 5 of 12

InGaN/GaN MQW

P-AlGaN/P-GaN
N-GaN

Stamp
PMMA
‘ GaN buffer layer
. Bi-polished Sapphire
J Dichroic mirror
\l/ ‘ Optical excitation

B\“ﬁ § CCDcamera

=
2

In H N I —o— Ignoring change of cavity length
; - TE,.} NN £ TEq, 0.41% £ 6.00}—o— Considering change of cavity length
' A e ‘Tg“ R § s99f 0.41%
a v 385 TE,,, 0.36% £ L
i g ‘ .g 5.98
£ TEs || | TEss 0.29% g >
g :—*w_s_\./\.l VU, B 'fé 596}
In H 2 595
' & $ 594
' IS
; w
5 B: pe =SS % - ‘ :
es d +4+ 495 500 505 510 515 501 502 503 504
se BE Wavelength (nm) Wavelength (nm)

Figure 3. Pressure visualization through piezophototronic electroluminescence. (A) Device layout of a piezophototronic pressure
mapping visualization system; (B) Pixelated display of pressure distribution with increased pressure™®.Reprinted with permission,
Copyright 2015, ACS; (C) The mechanism of the refractive index change due to the piezoelectric polarization effect; (D) The laser
emission spectra of the CdS nanobelt upon different strains; (E) The relationship between emission wavelength and the change of
effective reflection index caused by piezoelectric polarization effect™®. Reprinted with permission, Copyright 2019, ACS.

of the two emission peaks could be modulated by a tensile strain, resulting in a color change from light blue
to turquoise®. Despite these advances, the piezophototronic wavelength change is limited, which usually
relies on spectrometers for data acquisition. There are also attempts to regulate the photoluminescent
spectra of quantum dots through pressure-induced dimension change®*, while the ultrahigh activation
stress (in GPa level) and the difficulty in device integration hinder its application in e-skins.

PRESSURE VISUALIZATION THROUGH PRESSURE-CONTROLLED ELECTROCHROMISM

Electrochromism is a phenomenon in which the color or transparency of certain materials could be tailored
by electric field-triggered redox reactions™. By integrating electrochromic units into an electrical pressure
sensing system, the color-shifting behavior of electrochromic materials could be regulated through the
pressure-induced variation of the electrical field“**). Early attempts in this field relied on the series
connection of piezoresistive pressure sensing and electrochromic units. The pressure-derived resistance
variation of the sensor tailors the voltage division within the circuit, and the color of the electrochromic
material is adjusted accordingly. In 2015, Chou et al. raised this pressure visualization strategy and achieved
a continuous color regulation from dark red to pale blue (with a wavelength change of 260 nm) within a
pressure range of 0-200 kPa [Figure 4A-C]"”. Kim et al. integrated a strain sensor and four electrochromic
patches within an Arduino circuit. Upon adherence to human skin, the device could characterize the skin
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Figure 4. Pressure visualization through pressure-controlled electrochromism. (A) The schematic layout, circuit layout and photos of a
pressure sensor integrated electrochromic device; (B) The absorption spectra of the device with increased pressure; (C) The color
variation of the electrochromic device when different handshake forces were applied™“”.Reprinted with permission, Copyright 2015,
Springer Nature; (D) The schematic illustration (left) and working mechanism (right) of iontronic pressure visualization device; (E) The
visualization and erasing process of the trace of dynamic forces™®’. Reprinted with permission, Copyright 2024, ACS.

deformation visually in a stepwise manner'*. Yue et al. integrated the pressure sensing and electrochromic
module within a multi-layer structure, by which the applied pressure could be visualized on the same
patch®. Bi et al. achieved self-powered pressure visualization by integrating a triboelectric nanogenerator
and an electrochromic device™. Despite the distinct optical contrast, pressure visualization through the
above-mentioned circuit design is based on the holistic color shifting of the electrochromic patch, and the
spatial mapping of applied pressure cannot be realized.

Recently, a novel strategy for pressure mapping visualization utilizing pressure-controlled electrochromism
has been raised. By sandwiching the electrochromic film between the electrode layer and the ionic gel of an
iontronic pressure sensor, the electrochromic color shift could be achieved through pressure-controlled
regulation of the interfacial charge transfer at the iontronic interface [Figure 4D]. Since the electrochromic
color shift can be maintained for several hours or even days, the visible pressure mapping information could
be more easily recorded and analyzed"**”. In addition, the pressure-derived coloration could be erased by
inverting the applied voltage, rendering repeatable use of the device [Figure 4E].
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Figure 5. Pressure visualization utilizing structural color. (A) Molecular structures and optical images of the three chiral liquid crystal
phases to construct the photonic crystal; (B) The photographs of the photonic crystal with increased strain™*’.Reprinted with
permission, Copyright 2024, Wiley-VCH; (C) Application of mechanochromic devices. Top: Bandages based on a mechanochromic
device to indicate the pressure distribution on the underlying skin. Bottom: A color-shifting plaster based on a mechanochromic
device!”. Reprinted with permission, Copyright 2022, Springer Nature.

PRESSURE VISUALIZATION UTILIZING STRUCTURAL COLOR CHANGE

Compared with electroluminescence and electrochromism which rely on external power supply, pressure
visualization through deformation-controlled structural color change (mechanochromism) is dramatically
energy-saving without the need of electrical wiring"*. The structural colors of certain materials and
structures stem from their periodic micro/nanostructures, with their size comparable to the wavelength of
visible light***. Upon deformation, the critical size of these micro/nanostructures was changed, rendering
color variation*?. Photonic crystals are a kind of smart material with periodic arrangements of multiple
substances with different refractive indices””. Wang et al. prepared a mechanochromic system based on a
photonic crystal self-assembled by three chiral liquid crystal phases [Figure 5A]. A full-spectra color
regulation was achieved when the strain increased from 0% to 90% [Figure 5B]"". Yao et al. prepared a
cephalopod-inspired mechanochromic system by dispersing liquid metal droplets into the
polydimethylsiloxane (PDMS) matrix. The tensile strain could extend the droplets to a plate structure, by
which the infrared (IR) reflectance changed””. Photonic crystals based on various types of copolymers and
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photo-responsive elastomers could also be applied for mechanochromic pressure visualization***. Besides,
mechanochromic effects based on structural design of conventional materials are also reported. A light
shutter with parallel microcracks was prepared on an Ecoflex elastomer. The size of microcracks could be
tailored by applied longitudinal strain, which controls the transmittance of the underlying fluorescence. By
cross-stacking two parallel crack arrays on the same substrate, the distinguishment of transverse and
longitudinal strain could be achieved"”. The construction of nanosphere or nanopillar arrays on elastomers
also endows the e-skin with mechanochromic properties'®. With a simple structure and distinct readout,
mechanochromic e-skins have been enabled with a wide range of applications, including bio-signals
sensing'”, wound healing monitoring [Figure 5C]"”, structural health monitoring'*” and flexible displays'**..
Despite these advantages, pressure visualization utilizing structural color relies on external lighting for
function, with the color readout greatly affected by the type, intensity and position of the light source.

CHALLENGES AND PROSPECTS

In this perspective, we highlighted the recent developments in visualized pressure sensing on e-skins. Four
general pressure visualization strategies were discussed, including their mechanisms, materials and
structural design, and applications. Each pressure visualization strategy has its unique advantages and
disadvantages in terms of spatial resolution, optical contrast, onset pressure, pressure mapping area,
duration of optical signals, energy consumption, efc. [Table 1]. Through visualized pressure sensing, an
explicit signal output is acquired, and additional data processing and display modules are no longer
necessary. These traits render e-skins with greatly improved portability and interactivity, which intrigues
many researchers to delve into this field in recent years.

Despite these prospects, there are still challenges in the development of e-skins with pressure visualization
functionalities. In terms of pressure sensing performance, the sensitivity, detection limit, and pressure
resolution of optical pressure sensors are generally inferior to electrical ones. At present, data acquisition of
most optical pressure sensors still relies on external optical analyzers, which is disadvantageous to system
integration. The performance of optical pressure sensors should be further improved for pressure
visualization by the naked eye. Besides, the combination of electrical and optical pressure sensing could
potentially provide more information of tactile input, compared to single-modal sensing. However, the
information obtained by optical pressure sensors generally overlaps with electrical pressure sensors in the
current design of bimodal sensors. Efforts are needed to adequately utilize the bimodal pressure sensing
signals for more advanced biomedical sensing and human-machine interaction. Advanced data processing
tools, such as pattern recognition and machine learning, could potentially play an important role in this
respect'’. Besides, the energy consumption of pressure visualization devices could be reduced by
developing novel piezoelectric and triboelectric systems'** .

With continuous advancements, future pressure visualization devices will enable groundbreaking
applications in intelligent robotics, wearable devices, and next-generation flexible displays. By fostering
deeper integration and innovation in electroluminescent and electrochromic systems, these devices are
poised to redefine interaction technologies and play a pivotal role in energy-efficient architectures,
healthcare, and smart interfaces.
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Table 1. The general traits of four types of pressure visualization strategies

Strategy
Mechano- Piezophototronics Pressure-controlled Structural color
luminescence electrochromism
Type of optical Transient Intensity/wavelength change Color change Color/transparency change
signal luminescence
Spatial resolution ~1mm ~3 um Several mm Several mm
Optical contrast  Ultrahigh Several times in intensity, or ~3 nm High (several hundreds of nm in High (several hundreds of nm in
in wavelength wavelength) wavelength)
Onset pressure  Several kPa Several MPa ~1kPa Hundreds of kPa
Pressure Large Small (several hundred um) Large Large
mapping area
Duration Low (several um) Lasting Lasting (several hours) Lasting (several months)
Energy Ultralow (self- High Low (constant bias) Ultralow (self-power)
consumption power)
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