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ABSTRACT: Extended reality (XR) is an emerging field that connects the physical and
digital worlds, enabling communication that transcends time and space. Commercial XR
devices have been developed to support such experiences, but they are limited to specific
sensations, mainly vibrational cues. Furthermore, these devices are realized mainly in rigid
form factors, requiring external controllers or equipment, which hinders intuitive interaction
and causes a mismatch with natural body movements. In this regard, skin-integrated
human−machine interfaces with wearable electronics have played an important role in
intuitive and immersive interaction in the XR environment, facilitating highly authentic sensory reconstruction and perception.
Novel innovations in materials and structural design have enabled a wider range of sensory modalities and miniaturization,
overcoming the limitations of conventional rigid XR systems. In this article, we thoroughly review human perception mechanisms to
replicate hyper-realistic sensations. Then, we deal with the design and functionality for sensory feedback and input, specifically
tailored for XR applications. In addition, we discuss precise system-level integration for untethered XR devices, alongside the role of
artificial intelligence in real-time processing and rapid sensation conversion through predictive algorithms. Finally, we introduce
promising XR applications and conclude with the challenges and prospects of future XR technologies.
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1. INTRODUCTION
Extended reality (XR) represents a collective term for
technologies aimed at augmenting or replacing the human
experience of reality, either by merging the virtual and the
physical or by constructing entirely immersive spaces.1 The
rapid progress of XR is significantly revolutionizing human
interaction with the world, introducing unprecedented changes
to daily life.2 Moreover, XR serves as a key enabler for
emerging innovations such as the Metaverse, which necessitate
novel and evolved communicative modalities.3

Central to the XR experience is the concept of immersion,
which blurs the distinction between the virtual and physical
worlds.4 This immersion relies on the ability of technologies to
replicate and perceive sensory information such as vision,
audition, tactility, gustation, and olfaction, which are pathways
for humans to interact with the surrounding environment.5

Furthermore, a fully interactive and immersive experience
within the XR environment requires a bidirectional exchange
of sensory information through interfaces that deliver virtual
stimuli to the user and capture user responses.6

The bidirectional attributes of XR highlight the importance
of the human−machine interface (HMI), which functions as a
direct conduit between humans and machines.7 XR interfaces

facilitated by soft wearable HMIs bridge the gap between the
real world and the virtual world (Figure 1). The HMI in XR
technologies is bifurcated into sensory feedback systems and
input systems. Sensory feedback systems generate artificial
sensations that transition experience from the real world to the
virtual world. The feedback systems utilize mechanical,
thermal, electrical, or chemical mechanisms to create various
artificial sensations.8−10 On the other hand, sensory input
systems recognize human actions and environmental cues to
reflect these interactions within the virtual world. These input
systems employ sensors equipped with diverse mechanisms to
capture extensive and responsive interactions.

Recent developments in soft wearable electronics, which
include actuators and sensors, offer substantial potential for XR
technologies to exchange sensory information with users.11−14

Being conformally attached to the human body, soft wearable
electronics can emulate and recognize the stimuli of the real
world. Their high mechanical compliance ensures comfortable
use and enhances wearability, while their conformity to the
skin increases the authenticity of artificial sensations and
improves the accuracy of sensing human interaction. Thereby,
soft wearable electronics have evolved into qualified form
factors for intuitive HMI, enabling the exchange of sensations
that closely mimic real-world interactions, and thus facilitating
natural communication through the XR interface. Further-
more, the seamless integration of user responses with the
immersive XR experience can enhance both realism and the
interactivity of the virtual world.

In the realm of XR devices, the challenge lies not simply in
generating sensations, but in meticulously considering human
perception to enhance the authenticity of these experiences.15

Unlike other wearable applications, XR technologies must
engage deeply with the nuances of human sensory feedback
systems. The human sensory system is intricate, featuring a
multimodal array of receptors that perceive and interpret
various stimuli. For XR devices to deliver truly immersive and
convincing sensations, they must closely align with the
biological mechanisms of human perception. This requires a
precise simulation of sensory data, such as signal frequency and
stimulation strength, and feedback mechanism, tailored to
resonate with the natural processing of the human body. In this
regard, wearable XR devices, particularly in the domains of
vision and audition, have advanced significantly, reaching
stages of commercialization. However, the development of XR
technologies for tactile, motion, olfactory, and gustatory senses

Figure 1. Conceptual illustration of a skin-interfaced soft wearable XR interface bridging the real and virtual worlds. Sensory information is
delivered through the sensory feedback and input system, crossing the boundaries between the real (left) and virtual (right) worlds.
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remains in the early stages. Therefore, this report focuses on
the cutting-edge developments in soft wearable XR tech-
nologies equipped with feedback systems and sensors,
specifically targeting tactility, motion, olfaction, and gustation.

First, we will elucidate the sophisticated human sensory
system, as well as feedback and sensing mechanisms, and
associated materials and devices that are essential for achieving
realistic sensory feedback simulations in immersive XR
applications. Furthermore, this review will delve into the
essential components of system-level integration for unteth-
ered wearable XR systems. This includes an exploration of
power sources, electrical circuit systems, and wireless
communication technologies, all of which are crucial for the
seamless functionality of these devices.

In addition, this paper will address the recent advancements
in artificial intelligence (AI), particularly focusing on machine
learning (ML) techniques, that have been instrumental in
overcoming challenges such as user calibration, hysteresis,
control issues, and nonlinearities arising from the inherent
nature of the soft materials used in wearable electronics.16 ML
techniques have also enabled real-time signal processing and
feature extraction from large volumes of random data, which
are indispensable for the practical deployment of XR
applications. Lastly, we will discuss XR technology-based
wearable applications, the remaining challenges, and the
outlook for a new class of soft wearable XR technologies,
aiming to provide a comprehensive perspective on the evolving
scope of this field.

2. OVERVIEW OF XR
The term ‘Reality’ has been modified with various prefixes to
define new forms of reality that either merge with or diverge
from our everyday reality.17 XR represents all real and virtual
combined environments with HMIs created through com-
puter-based technology, which encompasses the entire
spectrum of Augmented Reality (AR), Virtual Reality (VR),
and Mixed Reality (MR).1 This section will explore the
commonly encountered Reality-related terms and define each
reality to distinguish between them.

AR, VR, and MR are fundamentally all grounded in graphic
and display technology, sharing a similar hardware and
software infrastructure that includes feedback systems, sensors,
cameras, processors, imaging technologies, and advanced
algorithms for image processing, object recognition, and spatial
mapping.18 Each of these realities aims to immerse the user in

an experience that enhances or alters their perception of
reality. XR and its components possess transformative
potential across numerous sectors, enhancing how users
interact with and perceive surrounding environments, thereby
blending the boundaries between physical and digital realities.
AR augments the real world with digital overlays, VR creates a
completely virtual environment, and MR seamlessly blends real
and virtual elements to provide an immersive experience
(Figure 2).

AR integrates virtual objects or information with the
surrounding environment of users in real-time by overlaying
computer graphics onto existing images of the world, thereby
making digital objects or information appear as if they are part
of the original environment (Figure 2a).19 Basically, AR
enhances the natural world with sounds, videos, and graphics
as perceived through a camera or transparent lenses. Using
smartphones or tablets, users can view and interact with AR
content on their screen, which overlays virtual objects onto the
live camera feed of the real environment.20 Furthermore,
glasses allow for a hands-free experience, where virtual objects
are projected into the view of the user. Interaction with AR
content is typically achieved through touch gestures, such as
tapping, swiping, or pinching on the screen.

VR, in contrast, creates a completely virtual environment,
isolating the user from the real world and immersing them in a
fully digital experience (Figure 2b).21 VR completely replaces
the surroundings of the user with a digitally constructed
environment. This immersive experience is achieved primarily
through the use of VR headsets, which cover both the eyes and
ears to deliver visual and auditory stimuli that simulate the real
world. Users wear VR headsets or goggles that completely
cover their vision, providing a 360° view of the virtual world.
The visual experience is coupled with auditory input through
headphones or integrated speakers. VR commonly uses hand-
held controllers, which allow users to grab or manipulate
virtual objects, perform gestures, and interact with the virtual
environment in a tactile way. The controllers often have
buttons, triggers, and haptic feedback to enhance the user
interaction.

MR represents a fusion of both real and virtual worlds,
creating environments where physical and digital objects
coexist and interact in real-time (Figure 2c).22 This technology
not only overlays but also anchors virtual objects to the real
world, enabling them to interact with the physical environment
and the user through advanced sensors and cameras.

Figure 2. Overview of XR technologies. Illustrations that highlight the differences between (a) AR, (b) VR, and (c) MR. AR overlays virtual
content onto the real world, while VR immerses the user in a fully digital environment. MR allows real-time interaction between physical and virtual
elements. XR is a collective concept that encompasses AR, VR, and MR.
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Furthermore, users can interact with virtual objects through
natural hand gestures, and in some cases, directly touch or
manipulate them as if they were real. This is possible due to
the precise tracking and spatial mapping capabilities of MR
technology. Interaction with these objects can be managed via
voice commands, eye tracking, or external controllers that
recognize hand gestures and movements.

Over the past few decades, the conceptual foundations of
AR, VR, and MR have evolved into practical technologies
through progressive developments in both commercial
products and academic research (Figure 3). Interaction with
virtual objects in AR, VR, and MR relies primarily on a
combination of visual display technologies, sensory inputs, and
input methods, including touchscreen interactions, human
gestures, and voice commands.23 Although these elements
have collectively enhanced the immersion and realism of XR
experiences, achieving a higher level of interaction requires
more intuitive HMIs. For example, the commonly used rigid
external controllers are inadequate for intuitive HMIs due to

their limited functionality and programmed responses, which
fail to align naturally with human gestures, such as requiring a
button press instead of recognizing a natural grabbing motion.
Thus, for XR devices, accurately identifying human behaviors
as they occur is important for developing natural and intuitive
HMIs. Moreover, the bulkiness and weight of current rigid
wearable XR devices can impede human natural movement,
thereby diminishing the immersive interaction. Therefore, soft
wearable XR devices will play a crucial role in enhancing
intuitive interaction and achieving high levels of immersion in
XR applications.

In addition, simultaneous stimulation of the human five
senses is important for wearable XR devices to implement a
high-level immersion. In this respect, the development of
comprehensive sensory stimulation, including touch, taste, and
smell, is essential for the multistimulation of human senses.
Incorporating advanced feedback systems and sensing
technologies, soft wearable XR devices are expected to
facilitate more natural and intuitive user interactions. There-

Figure 3. Timeline of key developments in the evolution of XR technologies. The advancement of XR technologies has been shaped by
foundational concepts, academic research, and commercial deployment. Conceptual developments (green dots) introduced terms such as VR, AR,
and MR. Commercial releases (blue dots) brought XR into practical use, ranging from headsets to wearable XR devices. Academic progress (dark
blue dots) enabled immersive interaction through advances in display, haptic feedback, and input devices.24−34 This timeline outlines the transition
of XR concepts and technologies from early ideas to widely adopted technologies.
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fore, soft wearable XR devices can integrate seamlessly with
existing XR technologies, enabling users to interact with and
manipulate both digital and physical elements within XR
environments by closely mirroring natural human behavior and
their surroundings.

3. BIOLOGICAL MECHANISMS OF HUMAN SENSORY
SYSTEM

In the field of XR technology, the creation of artificial
sensations by wearable sensory feedback systems is pivotal for
achieving a high level of immersion.35 The degree immersion is
essentially determined by human perception, and thus it is
difficult to technically quantify or objectify human feelings.36

Given that the subject of sensory feedback in XR environments
is the human being, a profound understanding of human
sensory perception mechanisms is crucial for reproducing
realistic sensations.37 To achieve truly immersive and
convincing artificial experiences, the XR feedback system
must be designed with a deep understanding of how humans
perceive and process sensory information. This knowledge is
essential not only for enhancing realism but also for ensuring
that the artificial sensations resonate authentically with users,
thereby maximizing engagement and immersion.

Sensory perception refers to the process by which various
stimuli such as touch, pain, temperature, light, taste, smell, and
sound are transmitted through nerves to the central nervous
system and then perceived by the brain.38 Thus, the sensory
nervous system can be understood as the biological
information transmission pathway that detects changes in the
external environment. All sensory stimuli must be converted
into a form that can be transmitted through sensory nerves,

which is a process known as transduction. This transduction
begins at specialized sensory receptors located on specific parts
of the body such as skin, eyes, tongue, nose, and ears (Figure
4a). To perceive a particular type of sensation, there must be a
specific stimulus capable of triggering that sensation, and
simultaneously, a specific receptor that can respond to that
stimulus.

Basic sensory receptors can be categorized into several types
based on the nature of the stimuli they detect. The first type is
mechanoreceptors that respond to mechanical pressure or
stretch.39 The second type is thermoreceptors that respond to
temperature changes.40 The third type is chemoreceptors
which detect chemical stimuli such as taste, smell, and blood
oxygen levels.41 The fourth type is nociceptors which react to
physical or chemical damage to tissues.42 The fifth type is
electromagnetic receptors that respond to light and other
electromagnetic waves.43 The sixth type is auditory receptors,
or hair cells in the inner ear, which specifically respond to
sound waves.44 Additionally, proprioceptors are often consid-
ered a specialized type of internal mechanoreceptor that
monitors changes in the internal body environment, such as
balance, position of the body, and muscle tension.45

In this chapter, we will concentrate on the mechanor-
eceptors and thermoreceptors situated in the skin (Figure 4b),
alongside the chemoreceptors including the olfactory receptors
in the nose (Figure 4c) and the gustatory receptors on the
tongue (Figure 4d). These receptors are particularly pertinent
to the primary focus of our paper on soft wearable XR devices.
Therefore, we will examine their characteristics and explore the
associated sensory perception processes.

Figure 4. Human sensory organs and receptors in the human body. (a) Graphical illustration of sensory organs in humans connected to the brain.
Magnified illustration of the organs with receptors in the (b) skin, (c) nose, and (d) tongue. Created with BioRender.com.
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3.1. Mechanical and Thermal Receptors in Human Skin

Human skin is a complex organ composed of multiple layers,
each fulfilling essential protective, sensory, and regulatory
functions.46 The skin is composed of the epidermis, dermis,
and hypodermis, each of which serves distinct roles in
protection and sensory perception (Figure 5a).47 The
epidermis, the outermost layer, functions as a protective
barrier against environmental threats such as pathogens,
ultraviolet (UV) radiation, and water loss. It is primarily
composed of keratinocytes, which contribute to maintaining
the integrity and resilience of the skin. Beneath the epidermis,
the dermis provides structural support and contains essential
components, including blood vessels, hair follicles, and sweat
glands. This layer is rich in collagen and elastin, which are
critical for maintaining the flexibility and tensile strength of the
skin. The hypodermis, or subcutaneous layer, consists
primarily of adipose tissue and connective tissue, offering
insulation, cushioning, and energy storage for the body.

In terms of sensory perception, the skin contains numerous
sensory receptors, particularly within the dermis.48 These
receptors detect various stimuli, including pressure, pain,
touch, and temperature. For example, specialized nerve
endings, such as Meissner corpuscles, which detect soft
touch, and Pacinian corpuscles, which respond to intense
pressure, relay sensory information to the central nervous

system, enabling the body to react to external stimuli. These
layers and the sensory receptors function collaboratively to
allow the skin to detect a diverse range of stimuli, enhancing
our interaction with the environment and contributing to our
overall sensory experience.

Mechanoreceptors in human skin can be mainly classified
into high-threshold mechanoreceptors (HTMRs) and low-
threshold mechanoreceptors (LTMRs) based on their
activation thresholds.49−51 HTMRs have a high activation
threshold, responding only to intense mechanical or noxious
stimuli.52 These receptors are activated by strong forces such
as pinching or piercing, which have the potential to cause
tissue damage. As a result, HTMRs play a critical role in
triggering protective responses by functioning as nociceptors,
detecting painful stimuli, and signaling the possibility of injury.
HTMRs are predominantly found as free nerve endings.

In contrast, LTMRs possess a low activation threshold,
responding readily to non-noxious mechanical stimuli such as
light touch, mild pressure, or fine vibrations.53 These receptors
are responsible for detecting everyday tactile sensations,
vibrations, and subtle changes on the surface of the skin.
Merkel cells, Meissner corpuscles, Pacinian corpuscles, and
Ruffini endings are common examples of LTMRs. Given that
immersive user experiences in XR devices primarily aim to

Figure 5. Mechanical receptors in human skin and their mechanisms. (a) Anatomy of human skin and its layers. (b) Anatomy of sensory fibers,
categorized by conduction speed. The nodes of Ranvier are small gaps found between the myelin sheath that surrounds the axon of nerve cells. The
myelin sheath, a fatty layer, accelerates the conduction of nerve signals (action potential). (c) Afferent responses of SA and RA receptors. (d)
Various mechanoreceptors and thermoreceptors in human skin. (e) Mechanisms and processes involved in sensing external stimuli. Created with
BioRender.com.
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replicate non-harmful tactile sensations, the focus of this
discussion will be on LTMRs.
3.1.1. Sensory Fibers. For the sensing mechanism,

physical deformation of the skin results in structural
perturbation of LTMRs. When a stimulus is applied to an
LTMR and sustained, the sensory afferent initiates a series of
action potentials at the first node of Ranvier, which are then
propagated along nerve fibers to the central nervous system
(Figure 5b).54 Upon stimulation, sensory receptors generate
electrical signals through membrane depolarization, leading to
the production of action potentials in the corresponding
sensory fibers. These signals are subsequently transmitted to
the central nervous system, where they are processed and
integrated to produce appropriate responses.

Sensory fibers are vital components of the nervous system
that facilitate sensory perception by detecting both external
and internal stimuli, subsequently conveying this information
to the brain and spinal cord for interpretation and
response.55−57 These fibers are typically categorized into A,
B, and C fibers based on their degree of myelination and
diameter, with each type specialized for transmitting distinct
types of sensory information.48 A fibers are characterized by
rapid conduction velocities, with Aα fibers transmitting signals
related to muscle function and proprioception, Aβ fibers
conveying sensations of touch, pressure, and vibration, and Aδ
fibers transmitting sharp pain and temperature changes. B
fibers, which are myelinated but thinner than A fibers, are
primarily responsible for transmitting autonomic functions and
signals related to visceral sensations. In contrast, C fibers,
which are unmyelinated, are associated with the transmission
of slow, diffuse pain and chronic temperature sensations. These
sensory fibers are intricately linked with various sensory
receptors that transduce stimuli into electrical signals, which
are then relayed along neural pathways to the central nervous
system for processing and response. Notably, most tactile
sensations are transmitted by Aβ fibers, which are large
myelinated nerve fibers.58 Conversely, nociceptive and
thermosensory information are primarily conveyed by Aδ
and C fibers, respectively.59,60 LTMRs are classified into Aβ-
LTMRs, Aδ-LTMRs, and C-LTMRs, depending on the type of
sensory fibers they are associated with. Each LTMR subtype
exhibits differences in the specific stimuli they detect and their
conduction velocities. Heavily myelinated Aβ-LTMRs prop-
agate action potentials at high velocities (15−100 m s−1), while
lightly myelinated Aδ-LTMRs and unmyelinated C-LTMRs
conduct signals at intermediate (5−30 m s−1) and slow (0.2−2
m s−1) velocities, respectively.48

If the stimulus persists, the receptor potential diminishes,
leading to a decrease in receptor firing, a phenomenon known
as adaptation (Figure 5c).61 Skin receptors demonstrate
varying degrees of adaptation, which are influenced by their
response to sustained mechanical stimuli. Slowly adapting
(SA) Aβ-LTMRs (Aβ SA-LTMRs) continue to spike during
sustained indentation, while rapidly adapting (RA) Aβ-LTMRs
(Aβ RA-LTMRs) fire action potentials only at the onset and
offset of indentation.62,63 SA LTMRs such as Merkel disks and
Ruffini endings maintain their response as long as the stimulus
is present, detecting sustained pressure and touch.64 On the
other hand, RA LTMRs such as Pacinian corpuscles generate
receptor potentials only when the stimulus begins or ends.64

The viscous fluid between the concentric layers allows the
energy from the mechanical stimulus to dissipate, facilitating
rapid adaptation.65 Receptive field properties further distin-

guish LTMRs. Both cutaneous Aβ SA-LTMRs and Aβ RA-
LTMRs typically have small receptive fields, but the receptive
fields of RA-LTMRs increase with force. Glabrous skin
Meissner-associated RA-LTMRs have well-defined, restricted
receptive fields (10−15 mm2), unlike the extensive fields of
Pacinian corpuscle RA-LTMRs (50−100 mm2). Mechanor-
eceptors in human skin, such as Merkel disks, Meissner
corpuscles, Pacinian corpuscles, Ruffini endings, free nerve
endings, and hair follicles, which contain the aforementioned
LTMR terminals, are responsible for their respective
specialized sensations.66 Specifically, Merkel disks, Ruffini
endings, Meissner corpuscles, and Pacinian corpuscles are
associated with the end of Aβ SA type I (Aβ SAI), Aβ SA type
II (Aβ SAII), Aβ RA type I (Aβ RAI), and Aβ RA type II (Aβ
RAII) LTMRs, respectively.51

3.1.2. Receptors in Skin. Various sensory receptors
located within the human skin possess the ability to distinctly
detect mechanical sensations and temperature (Figure 5d).53,67

Merkel disks are flat, disk-shaped structures that form the
Merkel cell-neurite complex, which consists of clusters of 50−
70 Merkel cells interconnected by terminals from Aβ SAI-
LTMR. Merkel disks, located in the epidermis aligned with
papillae beneath dermal ridges, account for about 25% of
mechanoreceptors in the hand and are particularly dense in the
fingertips. Meissner corpuscles respond to light touch,
vibration, and skin indentation depth with the highest spatial
resolution, enabling the skin to distinguish fine textures and
subtle contact changes.68,69 Ruffini endings consist of
elongated, spindle-shaped capsules with Aβ SAII-LTMRs
situated within.70,71 They are primarily located deep in the
skin, ligaments, and tendons, and oriented parallel to skin
stretch lines. These receptors exhibit relatively low density and
are predominantly located in areas such as skin folds. They
signal skin stretch more effectively than indentation, and
through their stretch pattern perceive the direction of object
motion. Meissner corpuscles are oval-shaped structures
encapsulated by layers of Schwann cells, located in the dermal
papillae near the surfaces of the hands and feet.71,72 As Aβ
RAI-LTMRs, these receptors have a high density, especially in
the fingertips and soles of the feet, allowing them to effectively
detect low-frequency vibrations (30−50 Hz) and the move-
ment of textured objects. Pacinian corpuscles are large oval-
shaped encapsulated endings located in the subcutaneous
tissues and deeper layers of the skin.65,73 Classified as Aβ RAII-
LTMRs, these receptors have a low density, comprising
approximately 10−15% of the mechanoreceptors in skin. They
play a crucial role in sensing deep pressure, high-frequency
vibrations (250−350 Hz), and transient pressure changes with
high sensitivity, discerning fine surface textures, and dynamic
tactile perception.

Unlike other LTMRs, free nerve endings are unencapsulated
nerve fibers and represent one of the most prevalent types of
sensory receptors in the skin. They lack specialized
encapsulated structures and extend through both the epidermis
and dermis. These receptors are responsible for detecting a
wide range of sensory stimuli, including pain, touch, and
pressure. Free nerve endings contribute to the protective
mechanisms of the human body by responding to noxious
stimuli and signaling potential harm or tissue damage. They are
distributed throughout the skin, particularly in the epidermis,
and are involved in mediating reflexive withdrawal responses to
harmful stimuli. Their presence is essential for the perception
of pain, positioning them as key contributors to both
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protective sensory functions and the broader mechanisms of
tactile perception. Furthermore, in hairy skin, the connection
of various LTMRs with hair follicles to form specialized
terminals extends the sense of touch beyond the surface of the
skin.68,70 Hairy skin is particularly adapted for detecting subtle
mechanical changes, such as the movement of individual hair
shafts.74−76 The hair shaft serves as a lever, magnifying the
mechanical force applied to the follicle and its associated
receptors. The diversity of LTMR subtypes with specific
sensitivities and adaptation properties provides varied sensory
input to the central nervous system.48 For instance, Aβ RA-
LTMRs create longitudinal lanceolate endings around hair
follicles and respond to dynamic mechanical changes such as
hair movement, allowing the detection of slight air currents
and the presence of nearby objects. On the other hand, Aβ
SAI-LTMRs form complexes with Merkel cells to make touch
domes found at the base of hair follicles. These complexes are
sensitive to skin indentation and provide detailed information
about texture and shape, contributing to fine tactile
discrimination. Unmyelinated C-LTMRs have free nerve
endings that penetrate the epidermis and the neck of hair
follicles and are implicated in the sensation of pleasant touch.74

On the other hand, the sensation of temperature in human
skin is mediated through a complex network of thermor-
eceptors and nociceptors, which are primarily free nerve
endings lacking terminal sensory end organs.60,77 Four types of
thermal sensations, cold, cool, warm, and hot, are perceived by
various types of afferent fibers, which include low-threshold
and high-threshold cold receptors, warm receptors, and heat
nociceptors. Cold temperatures can cause pain at different
thresholds, with glabrous skin experiencing pain between 10
and 15 °C and hairy skin around 18 °C.78 Noxious cold stimuli
can evoke various sensations such as pricking, burning, aching,
and even a paradoxical feeling of heat, indicating that different
nerve fibers are activated.79 Mechanosensitive Aδ fibers, which
respond to heat stimuli, can also be triggered by noxious cold.
These Aδ fibers are likely responsible for the pricking sensation
associated with cold, as blocking them significantly reduces this
sensation. Besides Aδ fibers, certain C fiber nociceptors are
also activated by noxious cold, contributing to the sensation of
cold pain.79 Like Aδ fibers, many cold-sensitive C fibers are
polymodal, responding to mechanical and heat stimuli with
varying threshold temperatures.80 When Aδ fibers are blocked,

leaving C fibers active, the perception of noxious cold is
experienced as burning or heat. This suggests that Aδ fibers
modulate or block C fiber input to the central nervous system,
influencing the overall sensory experience of cold pain. Cool
receptors, primarily found in free nerve endings, are activated
by slightly lower temperatures around 25−30 °C. These
receptors, often associated with Aδ fibers and some C fibers,
respond to moderate drops in temperature without causing
pain. This allows for the perception of gentle cooling
sensations, which are critical for temperature regulation and
environmental awareness. Warm receptors, on the other hand,
are sensitive to mild increases in temperature, typically in the
range of 30−40 °C. These receptors, which are mainly
unmyelinated C fibers, detect gradual warmth without
triggering discomfort. They play a key role in helping the
body sense and adapt to warmer environmental conditions. At
higher temperatures, hot sensations are mediated through heat
nociceptors, which are activated when temperatures exceed 45
°C. These nociceptors, involving both Aδ and C fibers,
respond to noxious heat, signaling burning pain to prevent
tissue damage. Unlike the gentle warmth sensed by warm
receptors, these heat nociceptors are designed to protect the
body from dangerously high temperatures by triggering pain
responses that encourage withdrawal from the heat source.

In addition to free nerve endings, Krause end bulbs also play
a significant role in temperature sensation, particularly in
detecting cold.81 Krause end bulbs are encapsulated receptors
found typically in the deeper layers of skin or mucous
membranes, especially in cold-sensitive zones such as the
fingertips and other peripheral regions of the body. These
specialized thermoreceptors are thought to respond to cold
temperatures and are associated with Aδ fibers, which mediate
fast, sharp sensations like those felt during rapid cooling.
Krause end bulbs are believed to contribute to the perception
of cold sensations by detecting temperature drops in their
localized areas and transmitting this information to the central
nervous system via afferent pathways. Their encapsulated
structure differentiates them from the more common free
nerve endings and provides them with specialized sensitivity to
cold stimuli, complementing the broader role of free nerve
endings and polymodal C fibers in overall thermal perception.
By integrating inputs from both free nerve endings and Krause

Table 1. Summary of Mechanical and Thermal Receptors in Human Skin

sensation receptors location detecting sensation sensitivity RA/SA
associated sensory

fiber

mechanical
sensation

Merkel disk epidermis (basal
layer)

xeep pressure, high-resolution tactile
perception

very high sensitivity, precise
tactile and shape detection

RA Aβ SAI- LTMR

Ruffini
endings

dermis (reticular
layer), hypodermis

skin stretch, detection of the direction
of object movement

high sensitivity to skin stretch RA Aβ SAII-LTMR

Meissner
corpuscle

demis (papillary layer) light touch, low-frequency vibration
(30−50 Hz)

high sensitivity, detection of rapid
movements

SA Aβ RAI- LTMR

Pacinian
corpuscle

hypodermis, deep
dermis

high-frequency vibration (250−350
Hz), rapid pressure changes

very high sensitivity, detection of
fine vibrations

SA Aβ RAII- LTMR

free nerve
ending

epidermis, dermis touch, pain low sensitivity to various
mechanical stimuli

varied Aδ-LTMR,
C-LTMR

thermal
sensation

Krause end
bulb

xermis (mucous
membranes)

cold temperature moderate sensitivity to cold
temperature

SA Aβ

cree nerve
ending

epidermis, xermis cold temperature (below 17 °C) varied Aδ, C

warm temperature (30−40 °C) varied Aδ, C
heat sensation (above 45 °C) varied Aδ, C
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end bulbs, the body can detect a wide range of cold stimuli and
respond accordingly.

In short, mechanoreceptors and thermoreceptors are
responsible for detecting physical and temperature changes
in the external environment (Figure 5e). These receptors
respond to specific stimuli, including pressure, vibration, and
temperature fluctuations, by generating electrical signals. Upon
the application of physical stimuli or temperature changes, the
receptors become activated, leading to deformation of the cell
membrane and subsequent opening of ion channels. The
opening of these ion channels facilitates the movement of ions
across the membrane. When ions flow into the channel, the
membrane potential experiences depolarization, leading to the
generation of graded potentials, the amplitude of which is
proportional to the intensity of the stimulus. When the graded
potential at the receptor surpasses a defined threshold, it is
transformed into an action potential. This action potential,
characterized by a fixed magnitude, propagates uniformly along
A, B, and C fibers, regardless of the distance and direction of
the stimulus. The generated action potential travels along the
nerve fibers to the central nervous system, where it is
continuously maintained as an electrical signal throughout
the transmission process. In summary, Table 1 provides an
overview of the various receptors involved in detecting
mechanical and thermal sensations. It details the location of
each receptor, the specific sensations they detect, their

sensitivity, the RA/SA classification, and associated sensory
fibers.
3.1.3. Ion Channels in Skin. To explore in greater depth,

mechano-transduction and thermo-transduction heavily rely on
the function of specialized ion channels within sensory
neurons.82 The Piezo family of cation channels, including
Piezo1 and Piezo2, is essential for detecting mechanical
changes, particularly in conditions associated with mechanical
hypersensitivity. Specifically, Piezo2 is predominantly located
in the skin and RA LTMRs of the nervous system.83 It has
been identified as a vital component in light touch sensation,
significantly contributing to tactile sensitivity, texture discrim-
ination, and vibration detection. Activation of Piezo2 by
mechanical forces leads to the depolarization of sensory
neurons, facilitating subsequent signal transmission. Further-
more, transient receptor potential (TRP) family channels have
been extensively studied for their roles in detecting mechanical
changes, especially under pathological conditions related to
mechanical hypersensitivity.84,85 These channels regulate ion
flow across the cell membrane in response to various stimuli,
facilitating the generation of sensory neural signals. Canonical
TRP (TRPC) channels are primarily implicated in sensing
mechanical stimuli, with TRPC1 and TRPC4 expressed in
mechanosensory neurons and activated by mechanical forces.
These channels open in response to the deformation of the cell
membrane, causing depolarization through ion influx. The

Figure 6. Chemical receptors in human nose and mouth, and their mechanisms. (a) Anatomy of the human nose and magnified view with various
olfactory receptors. (b) Anatomy of the human mouth, featuring a magnified view of papillae with various gustatory receptors. Created with
BioRender.com.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11575

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig6&ref=pdf
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig6&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mechanoreceptors of mechanosensory neurons collaborate
with TRP channels to enhance their sensitivity to mechanical
stimuli.

Furthermore, thermal or chemical stimuli activate specific
TRP channels that are sensitive to different temperature ranges
and chemical molecules.77 Ankyrin TRP (TRPA) is primarily
responsive to cold stimuli and certain chemical compounds.
Specifically, TRPA1 is activated by cold temperatures around
17 °C or lower and reacts to substances such as icilin. It is
predominantly expressed in sensory neurons that coexpress
nociceptive markers like calcitonin gene-related peptide
(CGRP) and substance P.86 Melastatin TRP (TRPM)
channels, particularly TRPM8, are activated by cooling
temperatures and compounds like menthol, serving as key
sensors for cool sensations. In contrast, Vanilloid TRP (TRPV)
channels, particularly TRPV1 and TRPV2, are activated by
heat. TRPV1, which responds to elevated temperatures, plays a
critical role in nociception by signaling harmful thermal
stimuli, such as those triggered by capsaicin in hot chili
peppers. TRPV2 is activated at even higher temperature
thresholds, contributing to the detection of noxious heat.
3.2. Chemical Receptors in Human Body

Chemical receptors in the human body are essential for
recognizing and differentiating chemical signals, allowing us to
experience and interpret sensory stimuli. Both olfaction and
gustation rely on specialized receptors to detect chemical
compounds in the environment, which then produce neural
signals through G-protein-coupled receptor (GPCR) path-
ways.87 These chemical-based olfactory and gustatory
receptors are integral to identifying volatile compounds in
the air and chemical substances in the mouth, enabling the
detection of a wide range of odors and tastes, respectively.

Olfaction and gustation both engage distinct sets of
receptors that bind with molecules to create sensory
experiences, but their receptor distributions differ. These
distinct distributions allow each system to detect and
differentiate specific odors and tastes, resulting in subtle
variations in how they process sensory information. For
example, olfactory receptors are spread across the olfactory
epithelium in the nasal passage, while taste receptors are
mainly located on the tongue, roof of the mouth, and throat.
This spatial arrangement plays a key role in how each system
perceives and processes distinct chemical signals.
3.2.1. Olfactory Receptors. Olfaction is an external

chemoreceptive sense that shares the characteristic of detecting
chemicals dissolved in fluids.88 Olfaction involves detecting
highly volatile chemicals transmitted through the air. Inhaled
odorant molecules must dissolve in the mucus lining the
olfactory epithelium to stimulate the olfactory receptor cells
(Figure 6a).89

Olfactory receptor cells in humans are primary sensory
neurons with a width of 5−7 μm, primarily located in the lower
two-thirds of the olfactory epithelium at a density of about 1−
10 million cm−2.90,91 Each olfactory receptor cell extends a
single dendrite, which branches out intricately and inter-
mingles with other dendrites and supporting cells, gradually
progressing toward the surface. The axons pass through the
lamina propria and cribriform plate at the top of the nasal
cavity and connect to the olfactory bulb below the frontal
lobes, forming the first cranial nerve. Basal cells in the olfactory
epithelium function as stem cells, capable of dividing and
differentiating into other cell types, allowing the replacement

of epithelial cells every 2−4 weeks. While supporting cells
provide nourishment and structural support to olfactory cells,
Bowman’s glands produce mucus that lines the nasal cavity,
protecting epithelial cells and trapping and dissolving odorants,
which are then transmitted to the olfactory cilia.92,93

Odors are detected by olfactory receptor cells, where odor
molecules bind to particular receptors located on the cell
membrane.94 This binding activates ion channels, allowing ions
to move into or out of the cell, which in turn generates an
electrical signal transmitted to the brain, resulting in the
perception of smell. The structure and properties of odor
molecules determine which olfactory receptors are activated,
leading to the corresponding opening or closing of ion
channels.95 This interaction between olfactory receptors and
ion channels is essential for distinguishing a wide range of
odors.

For a substance to be smelled, it must be in a gaseous form
and small enough to bind to odorant binding proteins (OBPs)
in the mucus.96 Therefore, only small molecules can produce a
smell, with the upper limit being around 300 Da. The
transduction of smell begins with the binding of odorant
molecules to receptors located on the cilia of olfactory receptor
cells. Olfactory receptors are among the largest gene families
and can detect a wide variety of odors. The receptors are
primarily composed of GPCRs, with more than 400 distinct
types, each reacting specifically to different chemical
compounds. The GPCRs activated by bound odorant
molecules then stimulate the specific G-protein called Golf,
which activates adenylyl cyclase, resulting in the formation of
cyclic adenosine monophosphate (cAMP) within the cell.97

cAMP is known as the most important secondary messenger in
olfactory transduction, while other secondary messengers are
also activated, such as Ca2+, inositol-1,4,5-trisphosphate (IP3),
and cyclic guanosine monophosphate (cGMP). The increased
cAMP opens cyclic nucleotide-gated cation channels on the
olfactory cilia, allowing Na+ and Ca2+ to flow into the cell. The
increase in cytoplasmic Ca2+ concentration through cyclic
nucleotide-gated channels enhances the signal by further
opening the Ca2+-activated Cl− channels.98 The depolarizing
receptor potentials generated in the olfactory cilia propagate to
the soma through the dendrites of olfactory receptor cells,
reaching action potentials. The cell returns to its resting state
when Ca2+-activated enzymes, phosphodiesterases (PDEs),
break down cAMP. Concurrently, Ca2+ binds to calmodulin,
forming a complex that reduces the affinity of cyclic
nucleotide-gated cation-selective channels for cAMP. Excess
Ca2+ is expelled through Ca2+/Na+ exchange pathways,
restoring the cell to its resting potential.99−101 Each receptor
is specific to the functional groups or molecular structures of
particular compounds. Multiple receptors can be activated
simultaneously, enabling the brain to distinguish complex
odors.

The second phase of the olfactory system involves the
central nervous system. Once odorant signals are converted to
electrochemical signals within the olfactory receptor neurons,
the action potentials are then transmitted via unmyelinated
axons that bundle into the olfactory nerve, passing through the
cribriform plate to reach the olfactory bulb, where they
combine. Within the glomeruli, synapses are formed with the
dendrites of mitral cells. The mitral cells form the olfactory
tract, projecting into the central nervous system and synapsing
in five major brain regions including the anterior olfactory
nucleus, piriform cortex, olfactory tubercle, parts of the
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amygdala, and the entorhinal cortex. Unlike other sensory
systems, which project first to the thalamus before reaching the
neocortex, the olfactory system projects directly to the
cortex.54

3.2.2. Gustatory Receptors. To perceive taste, it is
essential for the chemical substance to dissolve in saliva and
reach the peripheral organs of gustation called taste buds
(Figure 6b).102 Of the four types of papillae on the tongue,
taste buds are distributed among fungiform papillae, foliate
papillae, and circumvallate papillae, excluding filiform papillae.
They are clusters of elongated sensory cells located within the
stratified epithelium of the tongue, palate, and epiglottis.
Microvilli, which are small hair-like structures extending from
the surface of the sensory cells, expand the surface area for
chemical interaction and serve as the primary sites where taste
molecules bind, triggering the cascade of cellular events that
lead to taste perception.

Cells in the gustatory system can be classified into Type I,
Type II, Type III, and Type IV, particularly based on their
functions.41,103,104 Each of these cell types performs distinct
roles that contribute to overall flavor recognition. Type I cells
primarily function as supporting cells, providing structural
support and nourishment to other cells within the taste buds.
They play an indirect role in detecting salty taste by sensing
Na+ concentrations, thereby helping to maintain the taste
environment. Type II cells are specialized for detecting sweet,
bitter, and umami stimuli. These cells utilize G-protein-
coupled receptors to recognize taste stimuli and activate
signaling pathways, such as phospholipase C, which increases
intracellular calcium levels and ultimately generates neural
signals. Type III cells primarily detect sour taste by sensing H+

ion concentrations, leading to depolarization of the cell. While
the detection of salty (NaCl) stimuli is associated with specific
taste bud cells that have not yet been clearly identified, these
cells are also involved in pathways related to salty taste
detection. Lastly, Type IV cells, or basal cells, act as precursor
cells that regenerate other cell types within the taste bud,
contributing to the maintenance and renewal of the gustatory
system. Gustatory nerve fibers are essential for transmitting the

neural signals generated by these taste cells to the brain, where
taste perception happens.

The transduction mechanism of salty taste in Type I cells is
relatively simple, primarily involving the epithelial sodium
channel (ENaC), which is blocked by amiloride. When Na+
ions from salty foods enter the cell through ENaC, they cause
depolarization, leading to the perception of a salty taste. The
intensity of salty taste can vary depending on the ion species
involved and their ability to pass through the channel, thus
affecting Na+ movement within the cell.103

In the context of sweet taste perception in Type II cells,
heterodimeric taste receptor type 1 member 2 (T1R2) and
taste receptor type 1 member 3 (T1R3) protein complex
functions as a sweet taste receptor. When a sweet substance
stimulates the G-protein coupled receptor, phospholipase C is
activated, which in turn increases the levels of IP3 and Ca2+
within the cell, transmitting the sweet taste signal.105

Additionally, sweet taste can be mediated by adenylyl cyclase
activation, increasing cAMP levels, and activating protein
kinase A, which decreases K+ conductance in the taste cell
membrane, leading to the depolarization and transmission of
the sweet taste signal.106−108

In Type II cells, bitter taste receptors are thought to be
about 30 different T2R protein receptors produced by T2R
genes. These receptors form complexes with G-protein specific
to bitter taste, leading to the activation of phospholipase C
within the cell and subsequent release of intracellular calcium.
In some cases, direct ion channel blockage by bitter substances
causes cellular depolarization, transmitting the bitter taste
signal.107

The transduction mechanism of sour taste in Type III cells
involves two known pathways. The first pathway includes an
H+-sensitive ion channel, which is activated by H+ ions and
Na+ ions, resulting in depolarization. The second pathway
includes ENaC directly modulating H+ uptake. This pathway is
also involved in salty taste transduction. Hence, when Na+ and
H+ ions compete, the salty taste is slightly diminished, a
phenomenon often observed in daily life. Additionally, some
sour taste receptors have K+ channels that are blocked by H+

ions, contributing to the sour taste transduction.103,109

Table 2. Summary of Olfactory and Gustatory Receptors in Human Body

sensation receptors location
detecting
sensation function

olfactory
sensation

olfactory
receptors

olfactory epithelium wide range of
odors

• classification of odors with 400 different types of GPRs

• selective and simultaneous activation depending on chemical
structure of odorant

gustatory
sensation

type I cells taste buds (fungiform papillae, front and
side of tongue)

salty • Na+ ions enter through ENaC

• ion competition with H+ ions modulates intensity

type II cells taste buds (fungiform papillae, front of
tongue)

sweet • T1R2−T1R3 protein complex activation

• activation of phospholipase C or adenylyl cyclase
• increase in cAMP and Ca2+ levels

taste buds (circumvallate papillae, back of
tongue)

bitter • T2R receptors activate phospholipase C

• release of Ca2+

• some substances block ion channels, causing depolarization

type III cells taste buds (foliate papillae, side of tongue) sour • H+ ions activate specific ion channels
• blockage of K+ channels causes depolarization
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In short, Table 2 summarizes olfactory and gustatory
receptors, highlighting their distinct roles in detecting and
processing stimuli for sensory perception. As discussed in this
section, the human sensory organs exhibit intricate structures
and mechanisms, necessitating efficient stimulation of each
receptor to achieve realistic sensation reproduction. Moreover,
within a single sensory organ, the location and operational
mechanisms of each receptor vary, leading to distinct response
patterns. Therefore, considering the location, sensitivity, and
spatial distribution of each receptor is essential for the effective
design of the mechanisms in wearable XR devices, ensuring the
efficient reproduction of the desired and intended sensory
stimuli.

4. IDEAL CHARACTERISTICS FOR SOFT WEARABLE
XR DEVICES

Within the XR environment, generating realistic artificial
sensations for sensory feedback and improving the accuracy of
sensory input perception necessitate the development of novel
functional materials and innovative XR device configura-
tions.2,6,12,110 Unlike conventional rigid wearable XR devices,
the laboratory-level wearable XR devices currently under
development rely on soft materials.111,112 These soft wearable
XR devices are typically used in direct contact with the
interface between the body and the external environment,
transmitting information through HMIs.113 This working
condition demands specific properties for soft wearable XR
devices to effectively stimulate various sensory receptors in
sensory organs and maintain proper functionality during
continuous human activity (Figure 7). Therefore, in the
following section, we will discuss the ideal properties for soft
wearable XR devices and the relevant functional materials
needed to meet these demands.

4.1. Conformality

In the context of soft wearable electronics, conformality refers
to the ability to match the contours of the human body and
movements.114 For wearable XR devices, conformality is
particularly important because sensory feedback and input
information are transmitted via the interface between the
human body and XR devices.115,116 Highly conformal wearable
XR devices can improve performance and effectiveness by
enhancing the realism of artificial sensations and the
perception accuracy of human activity. Therefore, even during
intense human activities that can occur in an XR environment,
conformal contact should always be maintained.

In this respect, materials with a low Young’s modulus are
suitable for housing XR devices. Human skin has a low Young’s
modulus from 1 kPa to 10 MPa, whereas most soft materials
used for these devices have a higher Young’s modulus
compared to human skin.117 This mechanical mismatch
between the skin and the device can induce detachment of
the device, which hinders its proper operation.118 Furthermore,
this mismatch can cause unwanted mechanical stimuli to the
skin, such as pressure or irritation, reducing the overall
immersion level in the XR environment.119,120 These adverse
effects not only diminish user comfort but also impair the
functionality of the sensory feedback mechanisms, leading to a
less effective XR experience.

Additionally, wearable devices are inevitably subject to
continuous human motion, which can further induce
delamination of the device.121,122 This motion exacerbates
the mechanical mismatch, making it even more challenging for
the device to maintain stable contact with the skin. Therefore,
materials with high adhesion properties such as hydrogels117 or
ultrathin thickness configuration123 are required to prevent
delamination and ensure that the device remains securely
attached during wearing. High adhesion helps maintain

Figure 7. Ideal characteristics for wearable XR devices. Reproduced with permission from ref 170. Copyright 2022 Springer Nature. Reproduced
with permission from ref 203. Copyright 2013 Springer Nature. Reproduced with permission from ref 146. Copyright 2018 Springer Nature.
Reproduced with permission from ref 204. Copyright 2022 Wiley-VCH. Reproduced with permission from ref 161. Copyright 2024 The American
Association for the Advancement of Science under CC BY-NC 4.0 license https://creativecommons.org/licenses/by-nc/4.0/. Reproduced with
permission from ref 120. Copyright 2017 Springer Nature. Reproduced with permission from ref 199. Copyright 2024 Springer Nature.
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consistent interface conditions, which are crucial for accurate
sensory input and feedback. In turn, this enhances the
reliability and performance of the XR device, ensuring a
seamless and immersive user experience.
4.2. Deformability

Mechanical deformations, including bending, stretching, twist-
ing, and compression, are unavoidable as users engage in
dynamic, immersive XR environments. In soft wearable XR
devices, deformability with high electrical conductivity is an
important feature for ensuring reliable performance under
frequent and varied mechanical deformations during use.124,125

The ability to maintain consistent electrical performance under
such conditions presents a significant technical challenge,
highlighting the importance of stretchable conductors. Recent
advancements in novel one-dimensional (1D) and two-
dimensional (2D) materials have allowed continuous electrical
functionality without failure, even when subjected to
substantial mechanical strain.126−128 Furthermore, intrinsically
stretchable conductors, such as conductive polymers,129,130

carbon-based materials,131,132 liquid metals (LMs),133,134 ionic
conductors,135,136 and metallic nanomaterials,137,138 are critical
due to their unique combination of mechanical flexibility and
high electrical conductivity.

In addition, nonstretchable conductors, including traditional
metals and semiconductors, can be incorporated into wearable
XR devices through the use of innovative structural
designs.139,140 Configurations such as serpentine,141 wavy,142

mesh,143 and kirigami144 structures enable these otherwise
rigid materials to endure mechanical stress by deforming in a
controlled manner, without disrupting their electrical path-
ways. This adaptability is particularly important for ensuring
long-term durability and device integrity, as wearable XR
devices are subjected to continuous motion and deformation
over extended periods.

Maintaining stable and robust electrical conductivity under
mechanical deformation is thus essential for the successful
operation of wearable XR devices, as it directly impacts critical
performance metrics, such as data accuracy, power delivery,
and the responsiveness of embedded sensors and actuators.
Any degradation in conductivity due to mechanical deforma-
tion could result in latency issues, sensor malfunctions, or even
complete device failure, thereby compromising the immersive
experience for the user.145 Consequently, the development and
integration of reliable stretchable conductors are vital not only
for improving user comfort and device functionality but also
for ensuring the seamless operation of advanced XR
technologies in real-world, dynamic settings.
4.3. Biocompatibility

Biocompatibility is another critical design consideration for
wearable XR devices, as it directly influences user safety and
comfort through the unavoidable mechanical, electrical, and
chemical interactions between the device and the human
body.146 These interactions become increasingly significant
given that wearable devices are often worn for extended
periods, exposing the skin to continuous pressure, friction, and
various environmental factors. Such exposure can lead to a
range of adverse effects, including skin irritation, allergic
reactions, and, in more severe cases, thermal burns resulting
from electrical or thermal stimuli associated with the
device.147,148 Therefore, the materials employed in these
devices must not only endure mechanical stresses but also
remain nonreactive with the human skin and bodily fluids.

For example, while metal nanomaterials such as nanowires
(NWs) and nanoparticles (NPs) provide benefits in terms of
conductivity and flexibility, they can also present considerable
biocompatibility risks.149 These materials may dissolve in
bodily fluids, releasing metal ions that can interact with cells
and tissues, potentially inducing cytotoxicity and inflammatory
responses.146 This concern is particularly acute for devices in
direct contact with human sensory organs, where prolonged
exposure to reactive materials could result in tissue damage or
irritation. Consequently, it is essential to use biocompatible
materials to prevent provoking an immune response or other
adverse reactions. In this regard, poly(3,4-ethylenedioxythio-
phene)−poly(styrenesulfonate) (PEDOT:PSS), a conducting
polymer known for its high biocompatibility, is being
extensively researched as a sensing material for wearable or
implantable electronics to detect various physiological
states.150−152

A key strategy to enhance biocompatibility is the
incorporation of biocompatible polymeric materials for the
encapsulation of potentially harmful components.153 This
protective barrier insulates the user from direct exposure to
harmful materials. Additionally, selecting materials that are
hypoallergenic, nontoxic, and gentle on the skin is crucial for
mitigating inflammation and ensuring that users can wear the
devices comfortably over extended periods without experienc-
ing discomfort or health risks.154

4.4. Biofluid Tolerance

Unintended interactions between wearable XR devices and the
human body can negatively affect the devices as well.146

Therefore, biofluid tolerance should be considered as a crucial
design factor to protect devices from biofluids including sweat,
skin oils, and blood, which can degrade electronic components
and compromise functionality. In this case, appropriate
biofluid tolerance or isolation techniques ensure that these
systems remain durable even with prolonged exposure to such
fluids, without compromising the functional biointerface.

Advanced strategies involve developing biofluid-tolerant
materials and robust encapsulation techniques to protect
sensitive electronic components without hindering device
functionality or user comfort. One promising approach
involves employing hydrophobic coatings or encapsulation
techniques to repel these fluids, thereby minimizing fluid
absorption and preventing the degradation of active
components. For example, materials with high chemical
stability and biocompatibility, such as silicone elasto-
mers152,155,156 and dielectric composites,157−159 are widely
used to construct biofluid-resistant barriers. These materials
prevent the penetration of moisture and corrosive elements
into the electronic components, ensuring reliable performance
even in humid environments. Furthermore, their stretchability
allows for seamless integration into soft form factors,
enhancing user comfort and wearability for XR devices.

The integration of biofluid isolation strategies must also
balance device protection, functionality, and user comfort.
Excessively thick barriers may compromise the stretchability
and adherence to the skin, while overly thin layers may fail to
provide sufficient protection.123 Additionally, selective encap-
sulation of only the components requiring protection is crucial
to preserving the mechanical, thermal, electrical, or chemical
interactions between the devices and the human body. This
necessitates precise patterning processes for insulating
materials. In conclusion, balanced biofluid isolation is an
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important consideration for ensuring the long-term durability,
functionality, and user comfort of wearable XR systems.
4.5. Breathability

Another factor that must be considered in the design of
wearable XR devices is breathability, particularly due to the
effect of human perspiration on skin health and overall device
performance.160,161 Even when using biocompatible polymers,
prolonged wear of XR devices can negatively affect the skin
without breathability.120,162,163 For instance, sweat plays an
essential role in regulating body temperature and preventing
skin dryness, thus maintaining and protecting physiological
functions.164 Even without intense physical activity, the body
continuously produces small amounts of sweat. However, the
long-term use of wearable XR devices can impede air
circulation to the skin, resulting in moisture accumulation
that may lead to irritation and discomfort.165

Furthermore, the electrolytes present in sweat can interact
with the materials in XR devices, potentially causing corrosion
or other chemical reactions that can degrade device perform-
ance.166 Moisture can also diminish the adhesion between the
device and the skin, compromising the reliability and
functionality of the wearable technology.167 Particularly,
preventing sweat accumulation at the skin-integrated XR
interface is crucial for maintaining signal fidelity and
operational reliability in wearable XR systems, both in
actuators and sensors, and it is clearly demonstrated that
such management significantly enhances device performance
during prolonged use, including improved feedback accuracy,
touch localization, and motion recognition accuracy.122,168

In this respect, it is imperative to incorporate skin-friendly
and breathable materials into the design of wearable XR
devices. Breathable materials with porous microstructures not
only facilitate moisture evaporation but also support convective
heat transfer, reducing local skin temperature rise. This thermal
management is particularly critical in XR devices that include
active components such as microheaters or power electronics.
Innovative design strategies with permeable materials like
graphene,169 hydrogel,159 and polydimethylsiloxane
(PDMS)170 as well as developing porous structures with
micro and nano openings such as nanofiber matrices163,171,172

and nanomesh121,122 can significantly enhance sweat evapo-
ration, moisture, and thermal management of the body. By
integrating these features into the device construction, skin
comfort and wearability of the device can be improved,
ultimately elevating the overall user experience. The emphasis
on breathability safeguards skin health as well as ensures that
wearable XR devices remain functional and reliable during
extended use, allowing users to engage with the XR technology
seamlessly.
4.6. Multimodality

To enhance user immersion in XR technology, multimodality
within a single wearable device is essential, especially given the
limited area of human skin.173,174 It is desirable for XR devices
to simultaneously detect and deliver a variety of sensory
information such as temperature, pressure, and touch.
Achieving this requires advanced, compact technologies that
enable seamless interaction and responsiveness.

For this purpose, integrating multiple independent sensors
into a single device allows for the measurement of distinct
factors.175−177 Furthermore, a unified multimodal sensor
system that decouples this information offers additional
benefits in terms of spatial effectiveness and data process-

ing.178,179 Such a system simplifies the device architecture and
improves efficiency by facilitating real-time data acquisition
and analysis from multiple inputs. For example, a multimodal
sensor could simultaneously monitor user-related signals, such
as skin movement and temperature, offering a comprehensive
understanding of the state of users in an XR environment.179

Moreover, this system could also be employed to replicate
sensations by detecting both environmental stimuli and user-
generated outputs. By consolidating various sensing functions
within a single device, wearable XR technology can reduce
hardware complexity while providing more robust and
enriched user feedback.

In addition to sensing, multimodality is equally important
for actuation, as it generates sensations that enhance user
immersion in XR environments.180 Similar to sensors,
multimodal actuators can provide a diverse range of sensory
experiences, including vibrations, temperature changes, and
tactile feedback, within a single device. For example, an
integrated actuator could simultaneously simulate warmth and
gentle pressure to more closely replicate real-world sensa-
tions.33,181 This cohesive approach to generating multiple
sensory outputs enhances realism and user engagement by
delivering a seamless, synchronized experience. In contrast to
independent actuators, a multimodal actuator system stream-
lines the design process and fosters a more immersive and
interactive experience for users. In particular, a single actuator
capable of delivering combined pressure, shear, vibration, and
torque offers rich haptic feedback in a compact, lightweight,
and wearable form.34

Lastly, the integration of multimodality in both sensing and
actuation is essential for creating a comprehensive user
experience.182−184 Future wearable XR devices should
incorporate these functions into a unified system, enabling
the simultaneous detection of stimuli and the production of
corresponding sensations. This dual functionality of sensing
and actuation facilitates a more immersive, responsive, and
intuitive experience for users, thereby enhancing applications
that range from remote health monitoring to immersive
gaming and training simulations. By prioritizing multimodality,
wearable XR technology can fully leverage its potential to
deliver richer and more engaging user experiences.
4.7. Seamless and Imperceptible Design

Ideally, removing any sensations induced by the wearable XR
device itself is beneficial for achieving a high level of artificial
sensation reconstruction. However, the incorporation of
multiple functional components to facilitate multimodality in
wearable XR devices often leads to greater system complexity,
which inevitably increases overall weight and bulkiness.
Although eliminating unintended sensations resulting from
the weight and bulkiness of wearing XR devices itself is
impossible, it is essential to ensure that these factors should not
compromise the quality of XR experiences of users by causing
undesirable sensations due to impeded use and burden. Thus,
minimizing undesirable sensations is critical to achieving the
intended experience, highlighting the importance of a seamless
and imperceptible design.

For example, excessive weight can lead to undesirable
sensations during use, as gravitational forces or inertia may
significantly disrupt immersion in the XR environment.6,11 A
heavier device may induce discomfort and fatigue, which
detracts from the intended user experience and may limit the
duration of user engagement with the technology. Therefore,
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minimizing the weight of wearable XR devices is critical to
ensuring a natural and comfortable user experience within XR
environments. To this end, many innovative design strategies
prioritize the use of lightweight materials and efficient
engineering solutions. For instance, the adoption of advanced
materials and fabrication techniques can substantially reduce
weight without compromising structural integrity or function-
ality.134,185−188 In particular, novel fabrication techniques such
as laser direct patterning,189 direct ink writing,190 and 3D
printing,191 enabled high-resolution patterning to fabricate
lightweight electronics. Moreover, optimizing the arrangement
of electronic components and novel mechanisms can facilitate
a lighter design by eliminating unnecessary bulk ele-
ments.192−194

Furthermore, a thinner design contributes to user comfort
and device integration by decreasing the overall profile of the
device, allowing more freedom of movement and reducing the
sensation of bulk during prolonged wear. The mechanical
resistance of the device under the deformation can be
significantly lowered by reducing the thickness of device,
allowing unimpeded use and lowering user burden for a
seamless user experience.195 In addition, thin geometry is an
effective strategy for achieving a lightweight design. For full
functionality, it is necessary to ensure that not only the
substrate but also the functional elements are made thin.
Combined with strategic component layout and integration, it
plays a vital role in producing XR devices that offer both high
functionality and user comfort without unnecessary bulk.

Lastly, unintended thermal sensation should be considered
in the fabrication of wearable XR devices to maintain user
comfort and ensure a seamless experience. When mounted on
the skin, these devices must be designed to avoid distorting or
interfering with natural body temperature and thermal
fluctuations. A low thermal mass enables the device to quickly
respond to external temperature changes, minimizing potential

disruptions to the physiological state of users. This adaptability
allows the device to integrate naturally with the body,
preventing discomfort and temperature-related distractions.

Achieving a balance between functionality and wearability is
vital for the successful adoption of wearable XR technologies,
as it directly influences user engagement, satisfaction, and
overall experience. A mechanically and thermally seamless
design not only enhances user comfort but also encourages
prolonged use, ultimately leading to more meaningful and
unobtrusive interactions within the XR environment.
4.8. Scalability

Lastly, scalability is a crucial factor in the design and
implementation of XR devices, particularly when it comes to
both sensing and generating a comprehensive range of sensory
experiences across various body regions.112 For these devices
to effectively gather and convey sensations across different
areas of the body, it is essential to establish a scalable
architecture that facilitates the integration of multiple
components capable of both sensing and actuating diverse
outputs.

To comprehensively and accurately simulate various forms
of feedback on different parts of the human body, the XR
system must accommodate numerous sensors and actuators
that can independently monitor and generate sensa-
tions.196−199 This is especially important, as each specific
human body may require distinct sensory inputs and outputs
to create a fully immersive experience.

By prioritizing scalability, XR technology can ensure that
both sensory experiences and the corresponding feedback
mechanisms are immersive, responsive, and customizable to
individual user needs. To address this challenge, scalable
fabrication techniques such as spray coating,122 screen
printing,200 electrospinning,201 and roll-to-roll manufactur-
ing202 have been utilized for the large-scale fabrication of

Figure 8. Mechanisms for the reconstruction of mechanical sensation with wearable XR feedback devices. (a) Electromagnetic-based feedback
mechanism. (b) Piezoelectric-based feedback mechanism. (c) Pneumatic-based feedback mechanism. (d) Electrotactile-based feedback mechanism.
Created with BioRender.com.
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wearable electronics. This scalability is vital not only for
enhancing user engagement but also for guaranteeing accurate
sensing capabilities in applications ranging from gaming to
health monitoring. Ultimately, a scalable design is indispen-
sable for the effective development of future wearable XR
devices, as it allows for the seamless integration of diverse
sensory functionalities.

5. SENSORY FEEDBACK AND INPUT DEVICES WITH
WORKING MECHANISMS

5.1. Wearable Sensory Feedback Devices

In conjunction with the introduction of novel functional
materials, XR devices should be equipped with innovative
sensory feedback mechanisms to enhance user immersion and
interaction. As we discussed, human sensory organs contain
various types of receptors that respond differently to stimuli.
Even within the same organ, each type of receptor has distinct
locations and levels of sensitivity, contributing to the
complexity of the human sensory mechanism. Furthermore,
human receptors are highly sensitive, capable of detecting
subtle changes, and therefore require a delicate and
sophisticated feedback system for immersive experience.
Therefore, beyond simple and monotonous feedback provided
by conventional systems, future XR devices require the
capability to effectively and selectively stimulate human
receptors to replicate the rich sensations experienced in the
physical world. In this section, we will delve into various novel
feedback mechanisms to implement tactility, force, olfaction,
and gustation. Moreover, we will explore how wearable XR
devices transform XR experiences by closely mimicking real-
world sensations.
5.1.1. Mechanohaptic Feedback Devices. Mechano-

haptic feedback systems for XR devices rely on physical stimuli
to deliver tactile or motional sensations to the skin, effectively
enhancing the immersive experience. These systems can
selectively stimulate various mechanical receptors in the skin
by adjusting the frequency and intensity of the stimuli.
Implementing mechanical feedback involves several methods,
including electromagnetic actuators,205−209 electrotactile stim-
ulation,210−212 pneumatic actuators,213−216 and piezoelectric
actuators.217−219

5.1.1.1. Mechanisms and Materials for Mechanohaptic
Feedback Devices. Electromagnetic actuators utilize the
principles of electromagnetism to produce mechanical stimuli
on the skin (Figure 8a). This approach generates mechanical
energy by converting electrical energy through magnetic field
interactions. When an electric current passes through a coil, it
creates a magnetic field that interacts with a magnet, resulting
in movement. This movement generates vibrations or forces
through coordinated motion with other components, which
can be felt by the skin, providing precise and responsive haptic
feedback.

For example, eccentric rotating mass (ERM) motors are
among the most common techniques for generating haptic
feedback due to their cost-effectiveness and ease of
implementation. ERM motors utilize direct current (DC)
motors to generate vibrations by rotating an off-center mass
mounted on the shaft, creating a centrifugal force. This
unbalanced mass generates centrifugal force during rotation,
producing mechanical stimuli. On the skin, the ERM motor
causes displacement both in and out of the plane of the skin,
effectively stimulating mechanoreceptors. The forces generated

by an ERM actuator can be significant, and both the intensity
and frequency of these forces can be controlled by adjusting
the DC voltage. However, because the torque and speed of the
mass are coupled, the vibration amplitude and frequency
cannot be controlled independently. Additionally, ERM
motors suffer from nonlinear vibration responses and slower
response times, which are critical factors for the precise control
of feedback.

Linear resonant actuators (LRAs) present a promising
alternative to ERM motors due to their faster response time
and enhanced energy efficiency. Unlike ERM motors, LRAs
generate vibrations through a resonating mass that moves
linearly within a magnetic field, which is created by alternating
currents (AC) passing through coils. This linear movement
results in consistent, precise, and efficient vibrations. One
significant advantage of LRAs is their capability to provide
high-fidelity haptic feedback with a controllable amplitude,
which is not coupled with frequency. LRAs can generate a
precise waveform with varying amplitude over time with a fixed
frequency range. Furthermore, these actuators are energy-
efficient when operated at their resonant frequency, producing
vibrations of comparable magnitude to ERM motors with
lower energy consumption. However, the frequency of
vibrations is constrained to the resonant frequency, because
they must be driven at the resonant frequency range for
generating a substantial amount of force.

Piezoelectric actuators leverage the piezoelectric effect to
generate mechanical feedback, offering a high-precision and
high-frequency response with low power consumption (Figure
8b).7,220 The piezoelectric effect involves the deformation of
piezoelectric materials, such as certain ceramics or polymers,
when an electric field is applied. This deformation results in
mechanical displacement, which can be used to generate
vibrations217,218,221 or other tactile sensations219,222 on the
skin.

The piezoelectric coefficient is primarily determined by the
inherent electric asymmetry within a molecule and the
redistribution of charge in response to external stimuli.223

Electric asymmetry is fundamental to the piezoelectric effect, as
a molecule must possess an asymmetric electric dipole to
induce polarization under external electric fields, which
subsequently leads to mechanical deformation. The mobility
of domain walls within piezoelectric materials is also a crucial
factor. Domain walls, which are boundaries between regions of
different polarization orientations in the crystal structure,
facilitate larger mechanical responses when they can move
freely under external forces. An asymmetric crystal lattice
structure is essential for achieving electrical changes due to
mechanical deformation.224,225 For instance, the perovskite
structure possesses this asymmetry, allowing the central metal
ion to shift under an external electric field, resulting in a strong
piezoelectric response.226 Additionally, for a material to exhibit
a high piezoelectric coefficient, it must have structural
flexibility to rearrange under strain. In polymers, the β-phase
configuration can enhance piezoelectric properties, as observed
in polyvinylidene fluoride (PVDF), where the β-phase
responds strongly to applied electric fields.227−229 Certain
piezoelectric materials also exhibit phase transition capabilities
that enhance their response to external stimuli.230−232 Barium
titanate (BaTiO3), for example, undergoes phase transitions
from tetragonal to cubic at specific temperatures, significantly
increasing its piezoelectric properties and sensitivity to electric
fields. These phase transitions amplify the asymmetry and
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polarization of the materials, enhancing the piezoelectric
response.

Piezoelectric actuators can produce delicate vibrations with
high frequency due to their precise controllability. This means
that these actuators are suitable for applications requiring
detailed haptic feedback, such as imitating textures or fine
surface details in XR environments. The high precision and
responsiveness of piezoelectric actuators significantly enhance
the realism and immersion of the haptic experience. Addition-
ally, they consume lower power during operation because they
do not rely on large moving parts or the generation of
substantial forces. Consequently, they are ideal for portable
and wearable XR devices that are often constrained by size and
battery life. Despite their unique properties and advantages, the
displacement generated by piezoelectric actuators is typically
small, which can be a limitation in applications requiring larger
tactile sensations. To address this issue, various amplification
mechanisms that enhance output displacement, such as
mechanical levers or resonance techniques, can be employed.

Pneumatic actuators are a powerful method utilizing
compressed air for generating mechanical feedback, especially
pressure sensations (Figure 8c). These actuators operate by
expanding and contracting a chamber or membrane filled with
a fluid, producing mechanical movements that can be felt on
the skin. This approach allows for mechanical feedback
originating from large displacement and force.

Flexible and durable polymeric materials such as PDMS,
Ecoflex, and Dragon Skin are promising candidates for
pneumatic actuators due to their mechanical strength and
elasticity, which enable them to withstand repeated expansion
and contraction.233 The performance of pneumatic actuators is
highly dependent on the mechanical properties of the
polymeric materials interacting with the working fluid. These
properties can be enhanced by incorporating nanomaterials or
fiber reinforcements into pure elastomers, significantly
improving their mechanical strength and durability.234 For
example, a fiber matrix can support soft polymeric materials,
converting deformation generated by pressurized air into
finger-like motion. The sealing capability of polymeric
materials against the working fluid is also a crucial factor
that determines the performance and operational longevity of
pneumatic actuators.235,236 To address potential damage from
sharp objects, soft self-healing materials can be employed for
enhanced resilience.237

The capability to generate large deformations and forces
makes these actuators ideal for applications requiring strong
and noticeable feedback. For instance, pneumatic actuators can
provide the sensation of objects pushing against the skin238 or
the feeling of being touched with varying degrees of
pressure.239 However, the implementation of pneumatic
actuators in wearable XR devices comes with certain
challenges. One significant drawback is the bulky and complex
design of pneumatic systems, which require pumps, valves, and
controllers to manage the airflow. This complexity can result in
larger and less comfortable devices for the user. Additionally,
the response time is slower compared to other types of
actuators, as the fluid must be moved into and out of the
chambers. Due to these challenges, pneumatic actuators are
not widely used in skin-integrated devices. Nevertheless, they
could be applied through advances in more compact and faster
pneumatic systems suitable for integration into wearable
devices. By focusing on miniaturizing the systems and

optimizing the integration of various components, it is possible
to overcome the current limitations.

Electrotactile stimulators, while not providing mechanical
stimuli, create the perception of mechanical sensations by
stimulating nerve endings of the skin through controlled
electric currents (Figure 8d). This method involves placing
arrays of electrodes on the skin to deliver precise electrical
pulses that mimic various tactile sensations, ranging from light
touch to more complex patterns. By modulating the intensity,
frequency, and waveform of the currents, specific nerves are
activated, resulting in haptic sensations such as pressure,
vibration, and texture.

Electrodes for electrotactile stimulation must be in direct
contact with the skin, making the biocompatibility of soft
conductive materials essential. For instance, materials such as
Au-based thin films,177,240 conductive hydrogels,161,241,242 and
PEDOT:PSS243,244 have shown no significant inflammatory
responses, indicating high biocompatibility and positioning
them as promising candidates. Additionally, an electrical
conductivity of biocompatible materials is a critical factor for
high performance of electrotactile stimulation. Recently,
various techniques, such as doping,245 laser-induced phase
separation,152 have enabled the development of skin-friendly
electrodes with exceptionally high electrical conductivity and
low mechanical modulus, making them highly suitable for
applications requiring direct skin contact and electrotactile
stimulation.

Electrotactile stimulators can provide diverse sensations
without mechanical movement, which reduces the bulk and
complexity of the haptic feedback systems. Electrotactile
systems typically consume less power compared to mechanical
actuators, as they do not rely on moving parts. Furthermore,
the fine control over the electrode patterns and the electrical
parameters allows for highly customizable feedback, enhancing
the realism of the user experience. However, electrotactile
mechanisms primarily target the mechanoreceptors situated in
the superficial layers of the skin. These electrical signals lack
the penetration depth required to effectively activate deeper
receptors. Furthermore, the variability in skin impedance
among different users and even over time for the same user can
affect the consistency of the tactile feedback. Additionally,
improper calibration of the electric currents can cause
discomfort or pain. Because of these issues, adaptive control
algorithms are necessary to adjust the electrical stimulation in
real-time, and extensive testing is essential to fine-tune the
system.

As summarized in Table 3, each mechanohaptic feedback
mechanism presents distinct advantages and limitations, which
must be carefully considered when designing wearable XR
systems. By leveraging these technologies, wearable XR devices
can provide users with nuanced mechanohaptic feedback,
thereby increasing the sense of presence and interactivity in VR
and AR applications. The integration of diverse actuators
allows for a comprehensive range of tactile sensations. Each
method has unique strengths and challenges, but advances in
material science and device integration are making these
technologies more viable for wearable XR devices. Building on
this, Table 4 provides a comprehensive overview of widely
studied mechanohaptic feedback devices, detailing their
mechanisms, materials, and key performance metrics relevant
to soft wearable XR interfaces.

5.1.1.2. Vibrotactile Feedback Devices. Vibrotactile feed-
back is a widely used form of mechanical feedback that

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11583

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


generates vibrations to provide tactile sensations on the
skin.209,246−250 This feedback stimulates mechanoreceptors in
the skin, specifically Pacinian corpuscles and Meissner
corpuscles, to convey various haptic experiences. As we
discussed, Pacinian corpuscles, located deep in the skin, are
highly sensitive to rapid and strong vibrations, detecting
frequencies ranging from 80 to 450 Hz.65,251,252 Meissner
corpuscles, on the other hand, are located near the surface of
the skin, especially in sensitive areas such as fingertips, palms,
and soles. They are sensitive to low-frequency ranges of 10−80
Hz and light touch stimuli.251 Vibrotactile devices primarily
aim to stimulate these receptors using electromagnetic
actuators205−209 and piezoelectric actuators217−219 generating
controlled vibrations.

The method of converting oscillating electromagnetic waves
into mechanical motions is well-suited for implementing
vibrotactile feedback. Specifically, LRAs are appropriate for
skin-integrated XR interfaces due to their ability to produce
precise and energy-efficient vibrations. For example, utilizing
the LRAs, the skin-integrated haptic devices provided a sense
of virtual touch in a social communication scenario within a
virtual environment (Figure 9a).31 In this study, soft and skin-
conformal vibrotactile actuators were developed, which could
be attached to various body parts, including the hands and
arms. The actuators utilized Lorentz forces generated by a
time-varying current passing through a coil surrounding a
permanent magnet. The magnet was attached to a thin
polyimide (PI) disk with a semicircular cut, and the remaining
frame was composed of soft elastomer (Figure 9b). This
cantilever structure produced out-of-plane mechanical vibra-
tions that were perceived as touch sensations, which enhanced
vibratory amplitudes and bandwidths. The actuators were
designed to resonate at frequencies between 100 and 300 Hz,
which were most effective for stimulating mechanoreceptors in
human skin. Furthermore, despite providing sufficient tactile

feedback to users, these actuators required only about 1.7 mW
of power due to their optimal design.

Since the shape and performance of LRAs are adjustable and
customizable, they can be compactly integrated with other
functional and electronic components. Using these attributes
of the LRAs, self-sensing and haptic-generating actuators were
achieved based on Faraday’s law by reversing the principle of
LRAs (Figure 9c).156 The developed device was capable of
detecting dynamic pressing, and the resonant frequency of the
actuators could be easily adjusted by controlling the thickness
of the magnet-attached elastomeric film. Consequently, the
authors designed vibrotactile actuators with a thickness of less
than 3 mm, vibrating at a resonant frequency of approximately
200 Hz with an amplitude of 200 μm. They successfully
demonstrated touch transmission scenarios by integrating
these self-sensing and vibrotactile feedback actuators with
wireless communication modules (Figure 9d).

Furthermore, utilizing ERM vibrators, a ring-shaped haptic
feedback device was designed with a simple structure and low
driving voltage (Figure 9e).253 The authors observed a nearly
linear relationship between the driving voltage of the vibrator
and the actual vibration amplitude. This linearity allowed for
the control of both amplitude and vibration frequency, ranging
from 130 to 230 Hz by varying the supply voltage. As a result,
they demonstrated a portable wearable device for VR piano
training (Figure 9f). Despite being powered by a low voltage,
the device could provide significant vibrations sufficient to
simulate the sensation of keystrokes in a VR environment.

In addition, the development of a haptic interface that
delivers tactile sensations across large areas of the human body
using an array of ERM motors has been reported.254 The
authors arranged the motors, each less than 10 mm in diameter
and 2 mm in thickness, at a density exceeding the two-point
discrimination threshold for mechanical sensation on the skin,
which was sufficient to create a realistic tactile experience
across most of the body (Figure 9g). Despite their small size
and light weight, each motor could generate vibrational
accelerations exceeding 1 G and produce large displacements
on the order of several hundred micrometers. This enabled
effective mechanical sensation even in less sensitive areas such
as the back, abdomen, and arms (Figure 9h). By individually
controlling these high-density ERM motors, the authors
developed a haptic interface that conveyed information to
humans through spatiotemporal vibration stimulation (Figure
9i).

On the other hand, piezoelectric actuators have gained
prominence for producing vibrotactile feedback in regions with
delicate sensory perception, such as the hands or fingers, due
to their ability to generate precise vibrations without large
displacements. In this regard, smart gloves that could provide
vibrational haptic feedback using piezoelectric actuators were
proposed (Figure 9j).221 The authors employed piezoelectric
PZT vibrational chips, which were activated by applying an
electrical pulse width modulation signal at their resonant
frequency, converting the signal into vibrational stimulation.
Furthermore, the intensity of the vibrations was adjusted by
varying the driving voltage, allowing the feedback to reflect the
degree of interaction within a VR environment. As a
demonstration, the gloves delivered the sensation changes in
response to releasing and touching interactions in the VR
environment, thereby enhancing the realism of the experience
(Figure 9k).

Table 3. Summary of Advantages and Disadvantages of
Mechanohaptic Feedback Devices

mechanism advantages disadvantages

electromagnetic • precise and responsive
feedback

• structurally complex
due to coils and
magnets

• direct electrical-to-
mechanical conversion

• use of bulky and rigid
components

• battery-free and self-
sustainable operation

• current-dependent
heating and response
delay

piezoelectric • high precision and
frequency response

• limited output
displacement amplitude

• compact and suitable for
XR or wearable use

• need for amplification
mechanisms

pneumatic • strong and noticeable
mechanical feedback
capability

• bulky and complex
system architecture

• electrically safe and free of
onboard power circuits

• slow response time due
to air dynamics

electrotactile • no mechanical movement
required

• sensitive to skin
impedance variations

• low power consumption
and compact form factor

• limited penetration
depth

• highly tunable tactile
feedback

• risk of discomfort or
pain if miscalibrated
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Moreover, by stacking piezoelectric ceramics with micro-
meter-scale thickness, submillimeter-scale piezoelectric actua-
tors were fabricated for flexible vibrotactile feedback devices
(Figure 9l).222 The actuator array was composed of
submillimeter-sized piezoelectric ceramics stacked in a multi-
layer configuration, which was flexible enough to wrap around
a fingertip and sufficiently small. Typically, reducing the area of
piezoelectric ceramics for miniaturization can lead to a
decrease in output performance. However, this serially stacked
ceramic-based vibrotactile feedback device could generate
dynamic vibrations across a wide frequency range, from 100 to
1000 Hz, and enveloped vibrations with a frequency below 10
Hz through amplitude modulation. This capability allowed for
the generation of high-frequency dynamic pressure and low-
frequency static pressure, thus providing a more realistic tactile
sensation (Figure 9m).

5.1.1.3. Pressure Feedback Devices. Pressure feedback is a
commonly utilized type of mechanical feedback that exerts a
force on the skin, delivering sensory information about
pressure and force distribution. The feedback is typically
achieved through low-frequency and large-displacement
mechanisms, which are effective in stimulating the mechanor-
eceptors in the deeper skin. To accomplish this, pressure

feedback systems employ various types of actuators, such as
pneumatic actuators,214,215 hydraulic systems,255−258 shape-
memory materials,259−261 and dielectric elastomer actuators
(DEAs),262−265 which are designed to generate controlled
pressure and force. In addition, they can replicate sensations
such as grasping, compression, or contact with an object
depending on the shape and the structure of the deforming
component. The ability to modulate the pressure and force
enables more realistic and immersive interactions with virtual
objects.

Pneumatic actuators are well-suited for implementing
pressure feedback that requires low frequency but large
deformations. The actuators also offer flexibility in adjusting
pressure distribution over a wide range of scales, from small to
large areas on the body, by modifying the size and shape of air
chambers. A study reported the development of tactile
feedback devices using pneumatic actuators, which provided
multiscale feedback from the fingertip to the forearm and body
(Figure 10a).239 The feedback devices consisted of two types
of pneumatic actuators, tailored to different body areas. Patch-
type pneumatic actuators, composed of interconnected air
capsules, were utilized for larger areas such as palms and arms.
In contrast, pixel-type actuators, which featured individually

Table 4. Summary of Mechanohaptic Feedback Devices and Their Characterization for Soft Wearable XR Interfaces

performance

type mechanism material stretchability
force

(pressure) displacement frequency
spatial

resolution ref

mechanohaptic feedback
vibrotactile electromagnetic

(LRA)
Cu coil, PDMS, magnet, PI stretchable 135 mN 35 μm 100−300 Hz 2.1−21 mm 31

Cu coil, PDMS, magnet, PI stretchable 12.1 mM 60−606 μm 100−300 Hz 6−18 mm 156
electromagnetic
(ERM)

commercial ERM vibrator flexible 130−230 Hz 253

commercial ERM vibrator stretchable 3−7 μm 70−130 Hz 13 mm 254
piezoelectric Cu, Cr/Au flexible 0.1−3.5 N 270 Hz 5 mm 221

PZT, Ag, PI flexible 0−592 kPa 1−1000 Hz 1.8 mm 222
pneumatic air, Dragon Skin flexible 298.1 mN 130 Hz 250

pressure pneumatic TPU film, teflon sheet, foam flexible 0−2500 mN 2 mm 1−10 Hz 4 mm 239
ecoflex, nichrome, nickel fabric flexible 0.69−0.3 N 1−5 mm 2 Hz 7 mm 238

hydraulic mylar/PVDF, dielectric fluid stretchable 300 mN 500 μm 0−200 Hz 6 mm 266
TPU, PDMS, Ecoflex, dielectric
oil, Ag electrodes

stretchable
(15%)

1080 kPa 493 μm 3 mm 267

SMA SMA wire, glass−fiber
composite sheet

stretchable
(300%)

0.05−2 N 0.2 mm 0.1−30 Hz 0.025−1 mm 278

DEA SWCNT, PDMS stretchable
(25%)

9 mN 6 μm 1−500 Hz 3 mm 279

kinesthetic LCE LCE, TPU, Ag heater stretchable
(50%)

7 N 5 mm 12 mm 297

pneumatic silicone elastomer, air chamber,
nylon fabric

flexible 0−5 N 6 cm 5 Hz 10 mm 298

tendon-driven silicone, teflon tube,
commercial actuators

stretchable 29.5 N 14 mm 299

electrotactile PDMS, Au, PAAm hydrogel stretchable
(425%)

0−13.5 mA 25−200 Hz 13 mm 242

FPC, Cu, Ag, TPU stretchable
(30%)

10 V 4 kHz 4 mm 301

PTFE, Cu, PET, ball electrode stretchable
(100%)

5 μA 60 Hz 15 mm 302

graphene, SWCNT, Ag NW,
PLA, PMMA, PDMS, epoxy

stretchable
(30%)

18−40 mA 0−120 Hz 30 mm 304

Cr/Au, PVA stretchable
(21%)

3 mA 20 Hz 1 mm 177
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Figure 9. Vibrotactile feedback devices. (a) Skin-integrated vibrotactile haptic device for social communication scenario. (b) Vibrotactile haptic
actuators based on LRAs utilizing Lorenz forces. Inset: exploded view of the vibrotactile actuator. Reproduced with permission from ref 31.
Copyright 2019 Springer Nature. (c) Haptic feedback patch with self-sensing mechanism employing Faraday’s law. (d) Reproduction of virtual
touch via LRA-based haptic feedback patch. Reproduced with permission from ref 156. Copyright 2022 The American Association for the
Advancement of Science under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (e) Wearable tactile feedback device using ERM
vibrators. (f) Demonstration of a piano training application in a VR environment. Inset: Optical image of the ERM vibrator Reproduced with
permission from ref 253. Copyright 2022 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (g) Schematic
of a haptic interface composed of ERM motor array. (h) Digital image of the haptic interface delivering vibrotactile sensations to large areas of
various body parts. (i) Wireless touch transmission through spatiotemporal vibration stimulation by individually controlling ERM motors.
Reproduced with permission from ref 254. Copyright 2022 Springer Nature. (j) Smart glove providing precise vibrational feedback via piezoelectric
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Figure 9. continued

actuators (scale bar: 3 cm). Inset: magnified view of the vibrotactile actuators (scale bar: 1 cm). (k) Recreation of tactile sensations in response to
releasing and touching interactions (top). Corresponding voltage signals to generate the tactile sensations (bottom). Reproduced with permission
from ref 221. Copyright 2020 The American Association for the Advancement of Science under CC BY-NC 4.0 license https://creativecommons.
org/licenses/by-nc/4.0/. (l) Optical image of submillimeter-scale piezoelectric actuators (scale bar: 5 mm). (m) Vibrotactile rendering using
dynamic and static pressure generation for a realistic tactile sensation. Reproduced with permission from ref 222. Copyright 2022 Springer Nature
under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/.

Figure 10. Pressure feedback devices. (a) Pneumatic actuator-based pressure haptic devices conveying multiscale feedback from the fingertip to the
forearm and body. (b) Design parameters of the pneumatic actuator (top). Optical images of the actuators at deflation (bottom left) and inflation
states (bottom right) (scale bar: 10 mm). Reproduced with permission from ref 239. Copyright 2024 Elsevier. (c) Pressure-inducing mechanism
(top) and pneumatic haptic glove providing pressure feedback to the fingers and palm (bottom). (d) Reproduction of tactile sensations stimulated
by a virtual object on the palm (left). Corresponding images showing that the virtual object is placed on the palm (right). Reproduced with
permission from ref 238. Copyright 2022 American Chemical Society. (e) The actuation mechanism of hydraulic actuator utilizing electrostatic
forces for idle (top) and activation (bottom) states. (f) Digital images of the hydraulic actuator in OFF state (top), ON state (middle), and during
pressure feedback generation (bottom). Reproduced with permission from ref 266. Copyright 2020 Wiley-VCH. (g) Actuation states of skin-
integrated hydraulic electrostatic actuator: OFF (top), ON (middle), and worn state (bottom) (scale bar: 1 mm). Reproduced with permission
from ref 267. Copyright 2023 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (h) Operating mechanism
based on deformation-amplifying structure (top), with the SMA actuator in undeformed (bottom left) and deformed (bottom right) configurations.
(i) Schematic illustration of the interaction with a virtual object through the SMA actuator-based haptic glove. Inset: magnified view of the contact
area. Reproduced with permission from ref 278. Copyright 2022 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/
by/4.0/. (j) Schematic diagram of the pressure inducing mechanism by DEA-based soft actuator: OFF (top) and ON (bottom) modes. (k)
Pressure haptic device attached to the fingertip (scale bar: 5 mm). Reproduced with permission from ref 279. Copyright 2020 Wiley-VCH.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11587

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig10&ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig10&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


controlled air capsules connected to independent channels,
were employed for localized pressure on smaller regions like
fingertips. In this study, a range of sensory experiences were
achieved by manipulating design parameters including inlet
channel width, airway width, capsule diameter, and spacing
(Figure 10b).

In another study, two types of pneumatic actuators were
proposed for a glove-type haptic feedback interface.238 To
simulate various sensations on the hand in virtual spaces,
different designs were developed for the fingers and the palm
(Figure 10c). Pneumatic actuators were arranged along the
length of the device to provide localized pressure stimuli to the
fingers and fingertips, while a 2D array of actuators was
adopted to generate the required pressure distribution over a
large area. Notably, the glove-type device demonstrated the
ability to monitor the operation of individual pneumatic
actuators without the need for a pressure sensor. Each actuator
was composed of two triboelectrification layers. As air inflated
the chamber, the distance between the two layers increased,
generating triboelectric output, which enabled the detection of
the pneumatic actuation state. The actuating mechanism
without a sensor allowed for a more precise rendering of
contact in VR environments while facilitating the design of
more compact systems (Figure 10d).

In mechanical systems that require high pressure and force,
hydraulic actuators typically rely on pumps to apply pressure to
a liquid. However, in haptic systems where wearability and
miniaturization are essential, hydraulic electrostatic mecha-
nisms that generate pressure and deformation using electro-
static forces without mechanical components are promis-
ing.266,267 For instance, hydraulic electrostatic actuators, less
than a millimeter thick, have been developed to provide haptic
feedback through pressure.266 The central part of these
actuators consisted of a stretchable elastomer to allow
deformation, while the rest was composed of a membrane

coated with flexible conductors. The liquid dielectric acted as a
working fluid, filling the internal cavity inside the device. When
voltage was applied to the actuators, the electrostatic force
induced movement of the liquid, causing deformation in the
stretchable part (Figure 10e). Furthermore, the electrostatic
actuators generated both out-of-plane and in-plane displace-
ments, providing normal and shear forces to localized regions
of the body. Despite their light weight and small size at the
millimeter scale, the actuators delivered substantial mechanical
feedback with a force density of around 3 kN kg−1 (Figure
10f). In a similar study, skin-integrated hydraulic electrostatic
actuators were developed to account for the tactile sensitivity
of skin.267 When voltage was applied to electrodes placed
parallel on both sides of a liquid-filled pouch, out-of-plane
deformation occurred (Figure 10g). This deformation
produced feedback to the skin with a pressure of 1 MPa,
exceeding the tactile threshold of the skin and thereby
providing information on surface textures and object shapes.

Additionally, shape-memory materials typically return to
their preset shape when activated by external stimuli, including
temperature,260,268−271 light,272−274 and electrical activa-
tion.275−277 These responsive and deformable properties have
been widely explored for actuators, particularly due to the
ability to generate force and deformation in small form factors,
making them promising candidates for actuating components
in haptic feedback devices.260,278 For example, compact shape
memory alloy (SMA) actuators that respond to electrical
stimuli have been designed to deliver immersive tactile
feedback.278 While SMA wires possess excellent power density
and ease of use, they typically do not lead to significant
deformation. However, the authors engineered a structure that
amplified the deformation induced by the contraction of SMA
wires (Figure 10h). When voltage was applied, the contraction
of the SMA wires caused a compliant beam to produce
amplified deformation in a direction perpendicular to the

Figure 11. Kinesthetic feedback devices. (a) Schematic illustration (top) and corresponding images (bottom) of the interaction scenario where a
falling virtual object exerts force on the finger. (b) Exploded view of the kinesthetic actuator employing heat-responsive LCE. Reproduced with
permission from ref 297. Copyright 2020 Wiley-VCH. (c) Elastomer-based soft haptic glove based on pneumatic actuators for kinesthetic feedback.
(d) Demonstration of assistance in grasping motion through the soft haptic glove. Reproduced with permission from ref 298. Copyright 2016 IEEE.
(e) Optical image of a tendon-driven polymeric glove. (f) Reproduction of grasping motion using the tendon-driven glove. Reproduced with
permission from ref 299. Copyright 2019 The American Association for the Advancement of Science.
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contraction. This structure allowed the actuators to maintain a
thin form factor in the idle state while delivering sufficient
pressure feedback when actuated. Consequently, the authors
fabricated actuators that effectively utilized the high-power
density of SMAs and the large displacement of the compliant
structure. Despite weighing less than 0.25 g, these actuators
demonstrated exceptional power density, above 1.5 kW kg−1,
making them suitable for haptic devices that realistically render
contact with virtual objects (Figure 10i).

In addition, DEAs are soft actuators driven by the
deformation of dielectric elastomers under an applied electric
field.262,279 DEAs consist of a dielectric elastomer sandwiched
between two electrode layers. When voltage is applied to the
electrodes, electrostatic forces compress the elastomer in
thickness, resulting in actuation. DEAs can be fabricated in
very thin forms, exhibit a wide range of response frequencies,
and generate relatively large actuation strain, making them
suitable for miniaturized tactile feedback devices for fingertips.
For instance, fingertip haptic devices utilizing DEAs composed

Figure 12. Electrotactile feedback devices. (a) Skin-integrated electrotactile system stimulating afferent nerves beneath the skin. (b) Electrotactile
haptic device attached to the fingertip (top) (scale bar: 5 mm). Inset: digital image of the electrotactile feedback device. Reproduction of the tactile
sensation of slowly grasping a virtual ball through the electrotactile device (bottom) (scale bar: 2 cm). Reproduced with permission from ref 242.
Copyright 2024 Springer Nature. (c) Optical images of an electrotactile haptic device where the stimulation electrodes are arranged with a high
spatial resolution (scale bar: 10 mm). (d) Tactile rendering of sensations like the feeling of a virtual cat licking the finger. Insets: magnified view of
the action (red) and a close-up image of the tongue barb of a cat (blue). Reproduced with permission from ref 301. Copyright 2022 The American
Association for the Advancement of Science under CC BY-NC 4.0 license https://creativecommons.org/licenses/by-nc/4.0/. (e) Schematic
illustration of stimulation mechanism to produce haptic sensations. (f) TENG-based electrotactile system in the form of a wearable band for the
forearm. Inset: magnified view of a stimulation electrode of the electrotactile system. Reproduced with permission from ref 302. Copyright 2021
The American Association for the Advancement of Science under CC BY-NC 4.0 license https://creativecommons.org/licenses/by-nc/4.0/. (g)
Exploded view of transparent electrotactile stimulator with a sandwiched structure composed of graphene and Ag NWs. (h) Imperceptible
electrotactile device attached to the skin. Reproduced with permission from ref 304. Copyright 2014 Wiley-VCH. (i) Digital image of electrotactile
stimulator designed for larger muscle activation (scale bar: 10 mm). Reproduced with permission from ref 177. Copyright 2015 Wiley-VCH.
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of alternating single-walled carbon nanotube (SWCNT)
electrodes and dielectric membranes with 20 μm thickness
have been reported (Figure 10j).279 When in the off state, the
DEA remained in conformal contact with the fingertip without
any mechanical constraint. In the on state, the area expansion
caused by a decrease in thickness pulls the skin in the normal
direction, producing a feedback sensation. Notably, the
actuators provided a localized pressing or pulling sensation at
low frequencies from 1 to 20 Hz, and they also generated
vibrations across the entire fingertip at high frequencies above
100 Hz. Consequently, the DEAs were demonstrated as
microscale haptic devices that delivered rich tactile feedback,
including pressure and vibration (Figure 10k).

5.1.1.4. Kinesthetic Feedback Devices. Kinesthetic feed-
back encompasses the sensations of force, motion, or vibration
that users experience when interacting with VR environments.
However, this section specifically focuses on kinesthetic
feedback associated with the restriction or assistance of body
movements perceived through joints, emphasizing the
provision of large deformations or forces. Traditional actuators,
such as pneumatic actuators, hydraulic systems, or motors,
have been widely used to generate joint motion for kinesthetic
feedback.241,280−283 For skin-integrated soft haptic devices, soft
actuators such as liquid crystal elastomer (LCE) actuators are
gaining attention.284,285 LCEs possess characteristics of both
liquid crystals and elastomers, enabling them to change shape
and mechanical properties triggered by external stimuli such as
heat,286−289 light,290−293 and electrical activation.294−296 Based
on these characteristics, LCE actuators can mimic muscle-like
behavior, making them ideal for delivering controlled move-
ments to the user. For example, an LCE actuator, activated by
thermal stimuli, has been developed for reconstructing
kinesthetic sensations in the finger (Figure 11a).297 When a
virtual object was not in contact with the finger, the LCE
actuator did not constrain the motion, behaving like a
conventional elastomer. Upon contact of the virtual object
with the fingertip, the LCE actuator contracted and applied
force to extend the finger, thereby generating the sensation of
the object pressing against it. For the actuation, a flexible
heater was embedded within the actuator to trigger the heat-
responsive LCE (Figure 11b).

Elastomer-based pneumatic actuators can also be employed
in soft haptic gloves for kinesthetic feedback.298 Elastomer-
based haptic gloves were designed with the palm side of each
finger made from relatively nonstretchable fabric and
interconnected air chambers embedded within the fingers
(Figure 11c). When the air was injected from an external
pump, the air chambers inflated, bending the fingers, with the
stiff fabric acting as a neutral plane to generate a grasping
motion. By controlling each finger individually, various hand
gestures could be produced. As a result, the glove not only
provided mechanical feedback for simulating interactions with
virtual spaces but also served as a soft orthosis to assist in
grasping motions in real life (Figure 11d). A similar polymeric
glove for kinesthetic feedback was developed by applying a
tendon-driven mechanism, instead of pneumatic systems
(Figure 11e).299 The glove generated grasping and releasing
motions by adjusting the tension of the tendon using an
external motor. Since the tendon-driven actuator operated
without air chambers, it offered a more compact form factor
compared to a pneumatic system. Therefore, the tendon-driven
polymeric gloves generated sufficient force to control the
human hand to grab a rigid object without slippage (Figure

11f). However, both designs require additional components,
such as air pumps or motors to control the tendon wires, which
limits the transition to fully skin-integrated systems. Though
bulky devices are still necessary for kinesthetic feedback,
ongoing research aims to develop these technologies into skin-
integrated systems.

5.1.1.5. Electrotactile Feedback Devices. Electrotactile
feedback, which stimulates nerves with electric currents to
provide tactile sensations, can be implemented in more
compact form factors as it requires only electrodes rather
than mechanical components.210−212 Because of this property,
the design of electrotactile feedback systems emphasizes the
resolution of the electrode array and the stability of the
interface between the electrodes and the skin.242,300 By
considering these technical aspects, a study developed a soft
and compact skin-integrated hydrogel-based electrotactile
system (Figure 12a).242 The authors placed a hydrogel
between the metal electrodes and the skin to reduce
impedance and enhance current flow. Additionally, the
hydrogel patch, being soft and adhesive, ensured stable
conformal contact between the electrotactile unit and the
skin, even during deformation of the skin. Miniaturizing the
electrodes enabled the electrotactile system to achieve a high
spatial density in the electrode array. Based on the superior
stability and high resolution of the haptic device, the authors
built a model that converted pressure distribution on the hand
into a corresponding current map during interaction with
virtual objects. As a result, they successfully rendered the tactile
sensation of slowly gripping a tennis ball using electrotactile
feedback (Figure 12b).

Another study introduced an electrotactile haptic system
with high spatial resolution by analyzing the mechanisms
through which humans perceive mechanical sensations via the
skin (Figure 12c).301 Inspired by the process of generating
action potentials in receptors, the authors fabricated electro-
tactile haptic devices that replicated a natural sense of touch by
stimulating localized regions around mechanoreceptors with
electric currents, thereby inducing action potentials along the
same neural pathways. The developed haptic devices with a 5
× 5 electrode array were designed to be worn on the fingertip.
Using the current steering concept that selectively directs
electrical currents to specific regions, the device achieved a
spatial resolution of nearly 80 stimulation points per square
centimeter using only 25 electrodes. By asymmetrically
controlling currents through one target electrode and four
adjacent electrodes, the system created stimulation points in
the regions between physical electrodes. This approach
enabled the generation of delicate sensations with high-
resolution tactile feedback approaching the density of
mechanoreceptors in the fingertip skin, allowing for the
rendering of sensations like the feeling of a virtual cat licking
the skin (Figure 12d).

Moreover, triboelectric nanogenerators (TENGs), which
generate electrical energy by converting mechanical energy
through the electrostatic induction and triboelectric effect, can
be effectively applied to electrotactile feedback devices. In this
respect, a skin-integrated and self-powered XR interface
providing mechanohaptic feedback based on electrotactile
techniques was demonstrated.302 Electrostatic signals gener-
ated by touch and sliding motions in the TENG were
transmitted to the connected electrotactile unit, causing
discharging between the ball electrodes and the skin, which
in turn produced haptic sensations (Figure 12e). In addition,
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the electrical characteristics of the TENG, such as high voltage
and low current, made it suitable for safe electrotactile
stimulation. As a result, a TENG-based electrotactile system,
designed as a wearable band for the forearm, demonstrated the
potential to convey augmented tactile sensations from real-
world contacts while wearing protective equipment like
spacesuits (Figure 12f).

For electrotactile devices, it is crucial to maintain conformal
contact between the skin and the device to effectively deliver
electrical stimulation. To achieve this, it is important to avoid
using rigid components. Furthermore, minimizing the thick-
ness of the soft device to reduce mechanical resistance is
essential for conformal contact.303 To address these issues, an
ultrathin and transparent electrotactile device was proposed
using graphene and silver NWs (Ag NWs).304 A structure in
which Ag NWs are sandwiched between the top and bottom
graphene layers was designed to improve the charge injection
performance of the electrodes for effective feedback perform-
ance (Figure 12g). Based on these materials, the electrotactile
device exhibited high transmittance over 90% in the visible
light range, and was imperceptible when applied to the skin
(Figure 12h). In addition, the device was sufficiently
stretchable and thin to conformally attach to the skin, ensuring
stable electrotactile stimulation during dynamic motions.
Electrotactile feedback can also be applied to muscle activation
through precise control.177 While electrotactile stimulation
typically provides haptic sensations via nerve stimulation, it can
also trigger muscle contraction or provide proprioceptive
feedback. An electrotactile stimulator designed for larger

muscle activation could help users apply consistent force to
their muscles via electrotactile feedback, suggesting the
potential for advanced feedback beyond sensory input in VR
environment (Figure 12i).
5.1.2. Thermohaptic Feedback Devices. Alongside

mechanical tactile feedback, thermal sensations are among
the most significant sensory experiences when humans touch
or interact with objects. Mechanical tactile feedback provides
texture and physical information of objects, while thermal
sensations convey the temperature of objects and the
atmosphere of the environment. For instance, similar to the
distinct sensations perceived by humans when touching metal
and wood at the same temperature, the integration of two
distinct types of sensory feedback can offer users a more
realistic and immersive experience.305,306 Typically, mecha-
nisms for wearable XR devices to implement thermal
sensations include Joule heating,307−326 fluid-based heat
transfer,327−332 and the Peltier effect.32,333−336

5.1.2.1. Mechanisms and Materials for Thermohaptic
Feedback Devices. Joule heating, or resistive heating, is the
phenomenon where heat is generated due to the resistance
encountered by electric current flowing through a conduc-
tor.337,338 This heat generation occurs because the electrons
moving through the conductor collide with atoms or ions,
transferring energy to them (Figure 13a). This energy is
converted into vibrational energy of the atoms or ions, leading
to a rapid increase in temperature.

For wearable Joule heating-based thermohaptic sensation, a
percolation network structure with 1D nanomaterials is highly

Figure 13. Mechanisms for the reconstruction of thermal sensation with wearable XR feedback devices. (a) Joule heating-based feedback
mechanism. (b) Fluidic thermoregulation-based feedback mechanism. (c) Peltier effect-based feedback mechanism for cooling (left) and heating
(right). Created with BioRender.com.
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beneficial in terms of electrical conductivity and stretch-
ability.339−341 The percolation network functions by having
junctions that act as hinges, allowing it to maintain electrical
conductivity even under deformation.139,342 In the meantime,
these junctions efficiently generate localized heat when an
electrical current is applied, while the remaining parts serve as
excellent conductors, facilitating stable operation.343 Further-
more, LMs provide high thermal and electrical conductivity
while maintaining intrinsic stretchability.133 Their fluid nature
allows them to conform to complex geometries and deform
without losing functionality, making them ideal for stretchable
applications.344,345 When embedded in microfluidic channels
or patterned within polymer substrates, LM-based circuits can
deliver precise and uniform thermal stimulation by efficiently
distributing heat.346,347

The fast response time of Joule heating makes it particularly
suitable for haptic feedback systems in wearable XR devices. By
adjusting the voltage or current, the heat output can be
precisely controlled, allowing for fine thermal sensations that
enhance the immersive experience in VR environments.
However, a limitation of Joule heating is that it can only
implement heating sensations and not cooling.

In addition, fluidic heat transfer systems operate by adjusting
the temperature of a fluid to transfer thermal sensations to the
skin (Figure 13b). These systems commonly employ channels
that enable fluids, such as water or air, to flow and make direct
contact with the skin. Wearable thermohaptic systems utilizing
fluids can deliver both heating and cooling sensations by
changing the temperature of the fluid, offering a uniform
temperature change over a wide area. Various working fluids,
including air,331 water,327,330 can be used for thermal
regulation. However, these systems are often bulky due to
the incorporation of chambers and pumps required for storing
and circulating the fluid, which can result in slower response
times. Furthermore, regulating the temperature of the fluid
within the device poses challenges, limiting the ability to
achieve a diverse range of temperatures.

Lastly, the Peltier effect refers to the process where electric
current passing through the junction between two different
metals or semiconductors causes heat to be absorbed or
released (Figure 13c).173,348 The working principle of the
Peltier effect utilizes the different heat transfer properties of the
charge carriers in N-type and P-type semiconductors. In N-
type semiconductors, electron movement results in heating at
the junction opposite the current direction, while cooling
occurs at the other junction. In P-type semiconductors, the
movement of positive charge carriers causes cooling at the
junction in the current direction and heating at the other
junction. By arranging P-type and N-type semiconductor
elements appropriately, both heated and cooled sides can be
achieved with a single current.

To maximize the temperature difference in Peltier materials,
it is essential to focus on minimizing thermal conductivity,
enhancing electrical conductivity, and bandgap engineer-
ing.349,350 Minimizing thermal conductivity involves techni-
ques such as nanostructuring and alloying.351,352 Nano-
structuring introduces nanoscale interfaces that scatter
phonons, thereby reducing lattice thermal conductivity without
significantly affecting electrical conductivity.353 Similarly,
alloying with elements of differing atomic masses disrupts
phonon propagation, further reducing heat leakage. In
addition, enhancing electrical conductivity can be achieved
through doping.354 Doping adjusts the carrier concentration,

balancing electrical conductivity with the Seebeck coefficient to
achieve maximum efficiency.355,356 Lastly, advanced bandgap
engineering contributes significantly to enhancing the temper-
ature gradient in Peltier materials by optimizing the electronic
structure to maximize the Seebeck coefficient and carrier
efficiency across a range of temperatures.357,358

The Peltier effect allows precise control over the thermal
feedback by adjusting the direction of voltage or current,
making it a highly promising mechanism for wearable XR
devices.32,33,335,336,359 It can generate both heating and cooling
sensations within a single device configuration, enhancing the
immersive experience. However, prolonged use may cause heat
accumulation on the heated side to flow back to the cooled
side, reducing the cooling effect. Thus, incorporating heat sinks
to dissipate this backflow heat is crucial for stable and high-
performance thermal feedback.

In terms of the delivery of thermal sensation, wearable
thermohaptic XR devices rely heavily on the thermal properties
of polymeric substrates that are commonly used due to their
flexibility and biocompatibility. However, their inherently low
thermal conductivity can hinder efficient heat transfer from
functional materials or working fluids.360−362 To overcome this
limitation, the incorporation of highly thermally conductive
fillers, such as metallic particles or ceramic-based fibers, has
been explored.363−366 These fillers significantly enhance the
overall thermal conductivity of the polymer matrix, thereby
improving heat transfer efficiency and enabling a more effective
thermal response in wearable thermohaptic devices.

Table 5 outlines the key advantages and limitations of
representative thermohaptic approaches, including Joule

heating, fluidic thermoregulation, and the Peltier effect.
Furthermore, Table 6 presents a detailed comparison of recent
thermohaptic devices, highlighting their material platforms,
stretchability, thermal performance, and target sensations, all of
which are critical for integration into soft wearable XR
interfaces. These thermal sensation implementation technolo-
gies are suitable with "for significantly enhancing the realism
experienced by users in XR environments. By making users feel
temperature changes as if they were real, the immersive

Table 5. Summary of Advantages and Disadvantages of
Thermohaptic Feedback Devices

mechanism advantages disadvantages

Joule heating • fast and controllable
thermal response

• heating only, no cooling
capability

• simple and compact
device structure

• risk of hot spots or
overheating

• low-voltage operation
with high output

• thermal loss and
continuous power
consumption

fluidic
thermoregulation

• bidirectional thermal
feedback

• bulky and complex system

• uniform temperature
distribution

• slow response time

• flexible choice of
working fluids

• limited precision in
temperature control

Peltier effect • bidirectional thermal
control

• limited cooling
performance and duration

• no mechanically
moving parts

• heat backflow and
accumulation

• no refrigerants
required

• need for external heat sinks
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experience is deepened. This can elicit emotional responses
and create more vivid physical interactions, providing users
with a richer and more authentic experience.

5.1.2.2. Joule Heating-Based Feedback Devices. For soft
wearable XR devices, the Joule heating mechanism can be
simply implemented using various materials such as
CNTs,367−369 NWs,315,316,318,321,323−325 and LMs.310,370,371

For instance, devices using hierarchically twisted CNT fibers
offer rapid heating performance with response rates of 1030 °C
s−1 and improved wearability due to their stretchable helical
structure.372 Similarly, devices using Ag NWs and ultrathin
colorless PI layers provide stable thermal performance even
under 200% strain, offering excellent skin interfaces.373

However, beyond simple broad thermal sensations over the
skin, it is crucial to reproduce various thermal forms and
scenarios through pixelated multiple thermal sensations to
implement realistic thermal sensations in XR devices.

From this perspective, a flexible and adaptive Joule heating-
based thermohaptic glove was developed by embedding
eutectic Gallium−Indium (EGaIn) wires in silicone-based
elastomer (Figure 14a).310 EGaIn is generally known to have
high electrical and thermal conductivity even under mechanical
deformation, while the silicone elastomer offers flexibility,
which allows stable operation under deformation according to
user hand movements.374 This device achieved 83.24 °C with
1 W power and maintained the target temperature precisely
within an error of 1.74% through PID control. Furthermore,
the thermohaptic glove recreated a scenario where the
sensation of holding a 55 °C metal ball immersed in 45 °C
hot water was implemented, mimicking the sensation of
dipping hands into the water and feeling the temperature
change when holding the metal ball (Figure 14b). Additionally,
the device was able to adjust the heat flux by varying the rate of

temperature control, allowing it to reproduce different types of
objects in the VR environment with varying intensities of
touch and thermal conductivity (Figure 14c).

Similarly, copper NWs (Cu NWs) can be used for a
wearable Joule heating-based thermohaptic device using a
serpentine structure, providing precise temperature control and
enhanced wearability even in stretchable states (Figure
14d).308 The glove consisting of 12 thermal sensation pixels
recreated various thermal scenarios in VR environments. In a
VR environment, as the hand approaches and moves away
from a campfire, the thermohaptic glove is designed to adjust
the temperature accordingly to provide a thermal sensation
(Figure 14e). In addition, by independently controlling the Cu
NW-based heater attached to the palm, the glove was able to
simulate the sensation of pouring hot water in the VR
environment (Figure 14f).

Although devices using the Joule heating mechanism can
quickly reach the target heating temperature, it takes a long
time for the heated device to return to its original temperature.
The residual heat remaining in the device becomes a factor
that hinders the performance of subsequent thermal scenarios
until the generated heat dissipates, disrupting the high level of
immersion in the VR environment.9,375,376

To address this issue, a wearable thermohaptic patch was
designed, introducing cooling hydrogel to a Joule heating
device to achieve efficient passive cooling (Figure 14g).307 This
system offered precise control over skin thermal stimulation by
using a thin, flexible resistance heater and efficient cooling
elements. The resistance heater was constructed using copper
electrodes patterned in a fractal structure, similar to the Peano
curve, on a PI substrate. This assembly was integrated into a
flexible printed circuit board (f-PCB) and encapsulated with
soft silicone-based composite materials to enhance skin

Table 6. Summary of Thermohaptic Feedback Devices and Their Characterization for Soft Wearable XR Interfaces

mechanism material stretchability
target

sensation performance
spatial

resolution ref

Thermohaptic Feedback
Joule heating Cu NW stretchable

(120%)
heating ∼120 °C (@ 7 V) 664 μm 308

EGaIn stretchable
(100%)

heating ∼120 °C (@ 2 W) 310

CNT fiber stretchable
(150%)

heating ∼135 °C (@ 5 V) 372

response time: 1030 °C s−1 (@ 8 V)
Cu, polyacrylate flexible heating ∼40 °C 5 mm 307
Ag NW stretchable

(400%)
heating ∼80 °C (@ 9 V) 373

fluidic
cooling

working fluid: air flexible heating/
cooling

28−40 °C; response time, 1−2 °C s−1 331

working fluid: PFP, N2 flexible cooling response time, 3 °C s−1 (@ 300
μL min−1)

329

working fluid: Novec 7100 engineering
fluid

flexible heating/
cooling

12−42 °C 328

working fluid: water flexible cooling maintain ∼35 °C (@ inlet 20 °C) 330
working fluid: water stretchable cooling ∼14 °C (@ 1.75 mL min −1) 327

Peltier effect commercial TE alloys flexible heating/
cooling

26−43 °C (ΔT: ∼10 °C) 334

Bi2Te3/Sb2Te3, Bi2Te3/Bi2Te2.83Se0.17 flexible cooling 11−16 °C, 5.95 °C s−1 335
Bi2Te3 stretchable

(230%)
heating/
cooling

10−40 °C (ΔT: ∼15 °C) 32

Bi2Te3/Sb2Te3 flexible heating/
cooling

15−35 °C (ΔT: ∼13 °C) 336
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adhesion. In this device, the cooling element harnesses the
phase change energy of a low-boiling-point liquid within the
cooling gel. The cooling gel was applied to the underside of the
resistance heater to regulate thermal transfer between the gel
and the heater. Therefore, this system efficiently removed the
residual heat in the heating elements and lowered skin
temperature to facilitate the next thermal stimulus, providing
a diverse pattern of thermal sensations (Figure 14h).
Moreover, this patch implemented a system that transmits
thermal sensation patterns wirelessly between two locations,
allowing a thermal pattern generated at one location to be
reproduced on the skin of a user at another location (Figure
14i). This suggests a new form of remote interaction, especially
for remote social interactions, sensory experience sharing, and
applications in a VR environment.

5.1.2.3. Fluidic Thermoregulation-Based Feedback Devi-
ces. Temperature control using fluids is one of the most
commonly used systems, utilized across various fields,
including industrial air conditioning and heating and cooling
applications, due to its efficiency in regulating temper-
ature.305,377 This fluid-based thermal management system has
been applied to wearable devices to deliver thermal sensations
to the skin.327−332 These devices operate by transferring or
absorbing heat through fine fluid channels to directly alter the
temperature of human skin, allowing users to experience the
desired temperatures with minimal external environmental
influence.

Regarding this, a thermohaptic glove system that provides
thermal sensations by inflating air bladders with air at different
temperatures was proposed (Figure 15a).331 The system
created warm or cool sensations by pumping hot or cold air
to a specific part of the human body (Figure 15b). Using the
air as working fluid, this system achieved a response rate of
2.75 °C s−1 and successfully implemented thermal sensations
with various materials, including copper, glass, and foam,
within a VR environment by deriving the rate and magnitude
of temperature change based on the thermal conductivity of
these materials during user interaction (Figure 15c). With the
air-based glove system, the authors were able to provide
thermal sensations within a temperature range from 28 to 40
°C, owing to the low thermal conductivity and heat capacity of
the air.

In contrast, water, which possesses higher thermal
conductivity and heat capacity than air, can absorb and
transfer more heat more quickly and effectively within the
same volume. Most water-based cooling systems circulate
fluids through tubes, making the thermal conductivity of the
tubes crucial for implementing thermal sensations.378 A
wearable system utilizing water as the circulating medium
was devised, enhancing the thermal conductivity of the tubes
to achieve more efficient cooling (Figure 15d).330 This study
employed composite tubes containing aluminum powder
dispersed in silicone, achieving a maximum thermal con-
ductivity about 0.7 W m−1·K−1. As a result, the composite tube

Figure 14. Joule heating-based feedback devices. (a) Flexible thermohaptic glove with EGaIn. (b) Virtual thermal sensation modeling before (top)
and after (bottom) hand is submerged in hot water using an EGaIn-based glove. (c) Reproduction of virtual objects with various thermal sensations
through heat flux adjustment of the EGaIn-based glove. Reproduced with permission from ref 310. Copyright 2021 Wiley-VCH. (d) Wearable Cu
NW-based Joule heating device with a serpentine structure. (e) Recreation of a virtual campfire thermal scenario in a VR environment using Cu
NW heaters. (f) Independent Cu NW Joule heating control simulating the sensation of pouring hot water. Reproduced with permission from ref
308. Copyright 2020 The Royal Society of Chemistry. (g) Thermohaptic patch with passive cooling enabled by cooling hydrogel (scale bar: 20
mm). (h) An infrared (IR) image showing thermal sensation patterns generated by a thermohaptic patch. (i) Wireless transmission and
reproduction of thermal sensations through the thermohaptic patch. Reproduced with permission from ref 307. Copyright 2023 Proceedings of the
National Academy of Sciences.
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enabled more efficient heat removal under both laminar (0.15
kg min−1) and turbulent (1 kg min−1) flow conditions (Figure
15e). This allowed for the creation of more efficient and lighter
cooling systems with shorter tube lengths using composite
tubes.

The large volume of the system and the significant diameter
of the circulation tubes still pose limitations for miniaturization
and high-resolution local thermal sensation implementation in
forms like gloves. Thus, transitioning from bulky wearable
tube-based XR devices to microchannel-based designs is
essential for significantly enhancing user comfort and mobility.
Microchannels allow for more compact and lighter forms,
reducing the overall weight of the device and seamlessly

integrating with wearable technology.379,380 Additionally,
microchannel-based devices provide localized thermal sensa-
tions essential for immersive XR experiences. For example, a
wearable microchannel cooling chip was developed to facilitate
water flow and provide thermal sensations on human skin
(Figure 15f).327 By injecting and circulating cold water at 0 °C
using a syringe pump, the wearable microfluidic cooler enabled
local cooling on the human arm, effectively lowering the skin
surface temperature to 20.3 °C at a flow rate of 1.75 mL min−1

(Figure 15g).
In microfluidic wearable XR devices, decreasing the diameter

of fluid channels necessitates higher pressure to sustain fluid
flow. Furthermore, the increased complexity of channel

Figure 15. Fluidic thermoregulation-based feedback devices. (a) Air-based glove system providing thermal sensations through airbag inflation. (b)
A user wearing the glove system with VR glasses. Inset: Thermal sensation through the delivery of hot or cold air to the hand. (c) Implementation
of thermal sensations in a VR environment through thermal property analysis: three spheres with different materials (left) and a wood door with a
copper handle. Reproduced with permission from ref 331. Copyright 2020 IEEE. (d) Water-based cooling feedback jacket with enhanced thermal
conductivity composite tubes. Inset: the thermal interface of the tube between the skin and the fluid (top) and the structure of the pump and
heatsink (bottom). (e) Improved cooling performance resulting from composite tubes. Reproduced with permission from ref 330. Copyright 2019
Wiley-VCH. (f) Digital image of the wearable micro cooling chip including fluidic channel (scale bar: 2 mm). (g) IR image of thermal sensation
generated by liquid flow (scale bar: 2 mm). Reproduced with permission from ref 327. Copyright 2022 Frontier under CC BY 4.0 license https://
creativecommons.org/licenses/by/4.0/. (h) Main components of EHD-powered thermohaptic fiber pump (scale bar: 2 cm). (i) Thermal images
showing heat distribution before (left) and after (right) pump activation. Reproduced with permission from ref 328. Copyright 2023 The American
Association for the Advancement of Science. (j) Evaporative soft microfluidic cooling system based on a mixture of PFP and N2 gases (scale bar: 2
mm). (k) Thermal image showing the high performance of a system capable of cooling down to −20 °C (scale bar: 5 mm). Reproduced with
permission from ref 329. Copyright 2023 The American Association for the Advancement of Science.
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structures raises flow resistance, thereby requiring more
energy. Thus, an effective pump system is essential for
generating and maintaining flow in fluid-based wearable
cooling XR devices. To address this issue, fiber pumps using
electrohydrodynamics (EHD) have been reported to induce
efficient flow through narrow channels (Figure 15h).328 These
fiber pumps incorporated continuous helical copper electrodes
into the walls of polyurethane (PU) tubes. In this device, the
dielectric fluid inside the tube was ionized when a DC electric
field was applied across the electrodes. Negatively charged ions
migrated toward the positive electrode, dragging surrounding
fluid molecules and generating circulation. As the ions reached
the positive electrode and discharged, they promoted the
movement of fluid molecules, resulting in a continuous flow.
Thereby, these pumps generated 100 kPa of pressure to
produce a flow rate of 55 mL min−1, achieving a high-power

density of 15 W kg−1. From this working mechanism, the
cooling liquid rapidly filled the channels, enabling fast-response
thermal sensations and demonstrating significant potential as a
next-generation wearable XR device (Figure 15i).

Furthermore, to provide extreme temperatures that can be
experienced in a VR environment, it is essential to achieve
cooling at very low temperatures. However, implementing such
low-temperature cooling in wearable technology poses
significant challenges. By utilizing the phase change energy
during the evaporation of a mixture of perfluoropentane (PFP)
and nitrogen gases, a soft microfluidic cooling system achieved
exceptionally high cooling performance in a wearable fluid-
based device (Figure 15j).329 The surface temperature of the
microfluidic dropped to −20 °C, effectively lowering the
temperature of the object to −1.4 °C (Figure 15k). Although
this microfluidic system was developed as a nonopioid pain

Figure 16. Peltier feedback devices. (a) Flexible TE feedback devices. Insets: schematic of heating (top) and cooling (bottom) sensations. (b)
Flexible TE glove enabling independent temperature control for each finger. (c) User petting a virtual dog in a VR environment (left) and
thermographic image of the thermal sensation generated through the flexible TE glove (right). Reproduced with permission from ref 336.
Copyright 2020 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (d) Thin-film TED with high cooling
power density and fast response time. (e) The use of a thin-film TED with the Myo armband in a VR environment to control a virtual modular
prosthetic limb and detect cold virtual objects. (f) Digital image of a patient experiencing rapid and intense cooling sensations through the thin-film
TED (left) and corresponding thermal image (right). Reproduced with permission from ref 335, Copyright 2023 Springer Nature. (g) Stretchable
thermohaptic device based on the Peltier effect. (h) The performance involved both heating and cooling within a single element, rapidly adjusting
temperatures between 15 °C (top) and 45 °C (bottom) on the human palm. (i) Scenario of holding a cold beer bottle in a VR space (top) and a
user interacting with it in real space through a thermohaptic device (bottom). (j) Temperature profile of thermal feedback provided by the
stretchable thermohaptic device when grabbing a cold beer bottle in a VR environment. Reproduced with permission from ref 32. Copyright 2020
Wiley-VCH.
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management technology, the application of soft, stretchable
materials and microfluidic technology for localized temperature
control has significant potential to enhance the comfort and
user experience of XR devices.

Likewise, wearable flow-based devices demonstrated ex-
cellent temperature control capabilities and successfully
provided thermal sensations. However, given that the fluid
must be actively circulated, further improvements in response
times are necessary to increase the accuracy of real-time
feedback. Moreover, the energy requirements to maintain
consistent fluid flows in complex microchannel structures and
the complexity of pump systems to guide flows present
significant engineering challenges, potentially limiting scal-
ability and practicality in compact and wearable forms.

5.1.2.4. Peltier Feedback Devices. Based on the analysis so
far, an ideal thermo-feedback device should actively operate
with a fast response time, which can switch heating and cooling
modes. Phase change materials can be utilized as cooling
feedback devices by leveraging phase transitions such as
evaporation.381−386 However, their slow and passive operation
pose limitations as thermo-feedback devices. Electrocaloric
cooling-based feedback devices enable active thermal control
along with cooling and heating sensations through electrical
input.387−390 Yet, these devices require the actuation of
electrocaloric materials and have limitations in delivering
continuous and intense thermal sensations.9

In contrast, the Peltier effect, similar to Joule heating,
facilitates fast-response control of thermal sensations through
electrical input.112,391 Furthermore, the Peltier effect generates
both heating and cooling within a single device by simply
controlling the direction of the electrical current, making it one
of the most promising mechanisms for wearable XR devices.
To enhance the performance of the Peltier effect, thermo-
electric (TE) materials with fast response times and high

figure-of-merit values are essential.392,393 However, most of
these materials are rigid semiconductors such as bismuth
telluride (Bi2Te3),

32,394 antimony telluride (Sb2Te3),
395,396 and

lead telluride (PbTe).397,398 Therefore, various strategies have
been employed to fabricate soft wearable Peltier feedback
devices using rigid TE semiconductors.32,333−336

Wearable TE devices (TEDs) can be implemented to
provide both heating and cooling thermal sensations in VR
environments (Figure 16a).336 The authors employed
commercially available pellets with patterned copper electrodes
on the PI substrate to fabricate flexible glove-type TED, and
each finger was equipped with four TEDs for independent
temperature control (Figure 16b). The TEDs were controlled
by a microcontroller unit (MCU), demonstrating warming to
25−28 °C when petting a dog in a VR environment (Figure
16c). In addition, a thin-film TED with high cooling power
density and fast response time was proposed (Figure 16d).335

This thin-film TED was able to cool from ambient temperature
to 10−20 °C within 3 s. In the VR environment, the thin-film
TED was used with the Myo armband to control the virtual
modular prosthetic limb and identify cold virtual objects
(Figure 16e). Participants experienced rapid and intense
cooling sensations through the thin-film TED compared to
traditional bulk TED, a difference attributed to the thin-film
configuration. The combination of the rapid cooling response
of TED and VR technology played a significant role in effective
and non-invasive restoration of thermal sensations for patients
(Figure 16f).

Improving the thermal interface between the skin and
devices is a highly effective method to enhance thermal
sensation immersion in virtual environments.115 From this
perspective, designing devices to be stretchable is a promising
strategy. For example, the substrate of a device can be made
using stretchable materials.334 However, to fabricate highly

Figure 17. Mechanisms for the reconstruction of olfactory and gustatory sensation with XR feedback devices. (a) Mass transfer-based olfactory
feedback mechanism with cartridge. (b) Mass transfer-based gustatory feedback mechanism with the cartridge. (c) Electrical stimulation-based
olfactory feedback mechanism. (d) Electrical stimulation-based gustatory feedback mechanism. Created with BioRender.com.
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stretchable feedback devices, the electrodes must also be
stretchable. A highly stretchable TED suitable for integration
into VR environments was developed using an elastomeric
Ecoflex and a serpentine electrode structure, offering 230%
stretchability and excellent skin compatibility (Figure 16g).32

The authors enhanced the thermal interface of the device by
increasing the thermal conductivity of Ecoflex through the
incorporation of Ag flakes. Thereby, the device performed both
heating and cooling as a single element, quickly adjusting
temperatures from 15 to 45 °C on the human palm (Figure
16h). In the VR environment, they simulated scenarios such as
touching a cold beer bottle or a hot coffee cup, combined with
finger motion-tracking gloves (Figure 16i). For instance, when
a user grasps a cold beer bottle in the VR environment, the
stretchable TED adjusted the temperature accordingly and
rapidly returned to ambient temperature upon the release of
the bottle (Figure 16j). Thus, the stretchable TED
demonstrated highly realistic thermal sensations, featuring
rapid and precise temperature control that is suitable for VR
applications.

As discussed in this section, wearable TEDs hold great
promise for implementing thermal sensations in wearable XR
devices. However, the inherent rigidity of the TE materials
used to generate the Peltier effect can restrict wearability in
curved areas, such as the fingertips. Furthermore, in such
TEDs, effective heat dissipation mechanisms such as heat sinks
are essential for maintaining device performance and
preventing overheating.9 Therefore, developing flexible and
efficient TE materials399−401 and efficient thermal management
technologies375,402,403 will create more immersive thermal
feedback devices with enhanced wearability.
5.1.3. Chemohaptic Feedback Devices. In contrast to

mechanical and thermal sensations, which rely on physical
contact, olfactory and gustatory sensations mainly operate
through the transfer of molecules to the olfactory receptors in
the nose and the gustatory receptors in the mouth. These types
of sensations convey the atmosphere of the surrounding
environment, influencing emotions and memories to create a
more immersive and memorable experience.404−411 However,
XR devices that implement artificial feedback must be
approached with caution, as the transfer of molecules for
olfactory and gustatory sensations is directly linked to human
health, with even small quantities of these chemicals posing
potential health risks. Consequently, the implementation of
olfactory and gustatory feedback in wearable XR devices has
been quite limited to date. Common mechanisms for
implementing olfactory and gustatory feedback in wearable
XR devices include diffusion-based chemical cartridges412−416

and electrical stimulation.417−421

5.1.3.1. Mechanisms for Chemohaptic Feedback Devices.
Specifically, the chemical cartridge method relies on mass
diffusion to generate flavors by releasing chemical molecules
from cartridges into the human nose (Figure 17a) or mouth
(Figure 17b).412−416 The operating mechanism involves
releasing suitable chemical compounds to replicate desired
odors and flavors in precise amounts at the appropriate times.
However, unless the chemical compounds are synthesized
within the cartridge, the range of available scents and tastes is
limited, which restricts operation to a programmable approach.
On the other hand, electrical stimulation systems generate
odors or flavors by directly stimulating olfactory cells (Figure
17c) or gustatory cells (Figure 17d) using electrodes. By
adjusting the intensity, duration, and frequency of the electrical

stimulation, various flavors can be replicated using this method
alone.417−421 However, for direct stimulation, the electrodes
must be placed close to the receptors in the nose and mouth,
potentially causing discomfort and disrupting immersion.
Additionally, this approach requires a deep understanding of
the complex connections between the olfactory or gustatory
systems and the brain.422,423 Table 7 summarizes the respective

strengths and limitations of chemical cartridge and electrical
stimulation-based chemohaptic feedback systems. In addition,
Table 8 offers a detailed overview of representative
implementations, including their material composition, tar-
geted odor and taste sensations, and suitability for integration
into soft wearable XR interfaces.

5.1.3.2. Olfactory Feedback Devices. In wearable olfactory
XR feedback devices, the chemical cartridge is the most
conventional approach. Commercially available devices are
based on liquid sprayers to disperse fine droplets of perfume
and blow them toward the user.415 However, these systems
have the drawback of a fully rigid package design and are
bulky.424−427 To surpass simple odor generation and imple-
ment realistic olfactory feedback in XR devices, it is crucial to
enable more localized and selective odor production, with the
capacity to remotely control multiple distinct scents based on
specific requirements.402

From this perspective, a flexible, thin, and soft electronic
sheet containing an array of millimeter-sized odor generators
(OGs), controlled wirelessly, has been developed as an
olfactory interface (Figure 18a).402 The authors miniaturized
the OGs by creating a thin layer composed of a mixture of
paraffin and liquid perfume, allowing it to generate sufficient
odors while occupying minimal space. Additionally, they
placed gold traces and a small thermistor on a PI substrate,
enabling precise temperature control even in a very compact
area. This allowed the heat source to quickly melt the paraffin
and release the odor. Furthermore, the cantilever structure,
designed with copper coils and magnets, was made highly
compact to minimize the size of the device while ensuring
quick temperature adjustments for the thermal actuator. As a
result of this compact design, the OGs were manufactured in a
size of approximately 20 mm, enabling integration into a thin
and flexible electronic sheet that could conform to curved
surfaces like facial skin (Figure 18b). Moreover, this system
enabled wireless data transmission and interaction with a
computer, allowing users to receive olfactory feedback in
virtual environments. Through this, the system-controlled
temperature, scent concentration, and operation time in real-
time, enabling users to experience scents that match specific
situations in the VR environment (Figure 18c).

Table 7. Summary of Advantages and Disadvantages of
Chemohaptic Feedback Devices

mechanism advantages disadvantages

chemical
cartridge

• realistic odor/taste
generation

• limited scent/flavor
variety

• simple diffusion-based
operation

• bulky form factor/poor
wearability

electrical
stimulation

• chemical-free flavor and
odor delivery

• limited to salty and sour
sensations

• precise control of intensity
and timing

• discomfort due to
electrode placement
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Despite the development of such skin-interfaced systems,
the feedback latency compromises the real-time experience and
could cause the olfactory feedback to seem unnatural. To

address this issue, the previous authors developed miniaturized
OGs with millisecond-level response times (Figure 18d).414

The introduction of a solenoid valve structure allowed the

Table 8. Summary of Chemohaptic Feedback Devices and Their Characterization for Soft Wearable XR Interfaces

target sensation

mechanism material stretchability odor taste
spatial

resolution ref

Chemohaptic Feedback
chemical cartridge (mass
transfer)

Ag electrode, commercial liquid
scents

squid ink, lime, vanilla,
chocolate

salty, sour 413

Au electrode, commercial odorous
paraffin wax

flexible 30 smells (ethanol,
pineapple, grape...)

1.5 cm 412

Au/Cr electrode, ethanol,
commercial perfumes

flexible 32 smells (ethanol,
pineapple, grape...)

2 cm 414

agarose hydrogel, food-grade
chemicals

sSweet, salty, sour, bitter,
umami, fruity...

5 mm 437

electrical stimulation Ag electrode, commercial Peltier
module

sour, bitter, salty, sweet,
minty, spicy

420

Ag electrode, commercial Peltier
module

sour, bitter, salty 417

Ag electrode, RGB LEDs Sour, bitter, salty 431
Ag electrode, RGB LEDs sour, bitter, salty 432
Ag electrode sour, salty 419
Ag electrode 10 smells (chemical, sweet,

fragrant...)
418

Figure 18. Olfactory feedback devices. (a) Schematic illustration of skin-interfaced OG releasing scents through heating. Inset: sensing channel of
the OG (scale bar: 3 mm). (b) Prototype of an olfactory feedback mask combined with the OG. Inset: magnified view of the inside of the mask
releasing scents through the OG (scale bar: 2 cm). (c) Flowers in VR environment (left) and corresponding scent reproduction in the real world
(right) (scale bar: 6 cm). Reproduced with permission from ref 412. Copyright 2024 Springer Nature under CC BY 4.0 license https://
creativecommons.org/licenses/by/4.0/. (d) Wearable olfaction interface with 32-OGs array mounted on the human forearm (scale bar: 1 cm).
Inset: inner view of the OG (scale bar: 1 mm). (e) VR user wandering around a real environment with four odor sources. (f) The third perspective
view (top) and first perspective view (bottom) of a user interacting with four odor sources in the virtual world. Reproduced with permission from
ref 414. Copyright 2024 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (g) Optical image of intranasal
electrical stimulator. (h) Group activation map of brain response to olfactory stimulation. Reproduced with permission from ref 423. Copyright
2016 Oxford University Press. (i) Digital image of a digital smell device and artificial odor generation using it. Reproduced with permission from ref
418. Copyright 2023 IEEE under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/.
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Figure 19. Gustatory feedback devices. (a) Gustatory stimulation system that integrates electrical and thermal stimulation using a Peltier module to
create diverse artificial tastes. (b) Silver electrodes of the gustatory stimulation system that deliver current to the tongue. Reproduced with
permission from ref 417. Copyright 2011 Springer Nature. (c) Chopsticks (top) and a bowl (bottom) equipped with an electrical stimulation
system to mimic the eating behavior. (d) Users experiencing taste through current delivered via silver electrodes of chopsticks (top) and bowl
(bottom). Reproduced with permission from ref 419. Copyright 2019 Elsevier. (e) Bottle-shaped multimodal digital taste feedback devices
combining electrical stimulation and light projection. Reproduced with permission from ref 431. Copyright 2015 Springer Nature. (f) Virtual
ingredient feedback bottle designed to be compatible with real beverage. (g) Virtual ingredient feedback spoon designed to integrate or enhance
specific flavors in real food. Reproduced with permission from ref 432. Copyright 2016 Springer Nature. (h) Real-time activation of the taste
interface triggered by virtual interactions, synchronized with user motion and visual feedback in the VR environment. Reproduced with permission
from ref 437. Copyright 2024 Proceeding of the National Academy of Sciences under CC BY-NC-ND 4.0 license https://creativecommons.org/
licenses/by/4.0/.
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system to rapidly open and close the odor-release holes by
controlling the magnet through an electromagnetic coil,
achieving a response time of approximately 70 ms.
Furthermore, the system was integrated with AI algorithms
that predict real-time movements and generate odors in
advance based on these predictions to minimize the delay
during interaction. In the experiment, four odor OGs were
placed in the real environment (Figure 18e), with correspond-
ing OGs positioned in the VR space (Figure 18f). Participants
navigated within this environment, and the system was able to
instantly adjust the olfactory feedback based on position and
exploration path. As a result, the system successfully provided
fast and seamless olfactory feedback, confirming its ability to
minimize delays and deliver a natural experience. In this way,
chemical-based wearable olfactory feedback devices have
demonstrated excellent odor-generation capabilities and
provided rapid feedback.

As mentioned above, electrical stimulation is considered
another effective approach for replicating artificial olfactory
sensations. Theoretically, this approach overcomes limitations
related to the variety of scents and system maintenance, such
as the need for refills of chemical compounds. Recent studies
have been conducted in which electrodes were attached to the
nasal cavity to apply electrical stimulation, followed by research
on brain activity and olfactory perception (Figure 18g).423 The
results showed that although electrical stimulation does not
directly induce olfactory perception, it can interact with the
olfactory pathway and affect brain activity (Figure 18h). While
this study did not achieve artificial olfaction through electrical
stimulation, other studies have reported that electrical
stimulation of the nasal mucosa has successfully induced
smells like almond and vanilla.428 Furthermore, a digital
olfactory feedback device that induces artificial olfaction by
adjusting the intensity, frequency, and pulse width of the
current has been introduced (Figure 18i).418 This system
involved inserting electrodes into the middle nasal concha and
applying a current of 1 mA at frequencies of 10 or 70 Hz,
successfully eliciting sensations of sweet, fruity, and minty
smells. These findings suggest that electrical stimulation can
elicit a wide range of olfactory sensations under specific
conditions.

Thus, the use of electrical stimulation to create artificial
olfaction is promising because it allows for the reproduction of
various smells solely through electrical signals, which could be
advantageous for structural simplification and miniaturization.
However, there are still challenges in understanding the
complex correlation between electrical stimulation and brain
responses, which complicates the precise control and
generation of olfactory sensations.429 Furthermore, due to
the close structural connection of the olfactory nerve to the
brain, careful consideration is required when electrically
stimulating these nerves. For instance, most participants
reported experiencing pain, while some reported visual flashes
at higher current and frequency combinations (4 mA and 70
Hz).418 Therefore, further investigation such as optimizing the
parameters of electrical stimulation to minimize discomfort
and prevent unintended sensory interference should be
conducted in advance to achieve more realistic olfactory
sensations.

5.1.3.3. Gustatory Feedback Devices. The feedback system
for taste operates in a manner similar to that of the olfactory
feedback system. However, the ingestion of chemical
compounds to create artificial gustatory sensations poses

health risks and is ineffective in terms of replication of
sensation. Therefore, the electrical stimulation method has
been actively employed in the research on gustatory feedback
systems.

For example, a digital gustatory stimulation system that
combines electrical current stimulation with thermal stim-
ulation via a Peltier module to induce various artificial tastes
has been proposed (Figure 19a).417 This combined system
aimed to replicate realistic sensations through the temperature
and flavor of food. The electrical stimulation system passed
current through the tongue using silver electrodes (Figure
19b). The intensity of the current ranged from 20 to 200 μA
and the frequency could be set between 50 and 1200 Hz. In
addition, the thermal stimulation system utilizing a Peltier
element adjusted the temperature of the tongue between 20
and 35 °C, inducing cooling or heating sensations to enhance
taste perception. By stimulating taste using both electrical and
thermal stimulation, participants reported perceiving sour and
salty tastes. In the case of thermal stimulation, cooling the
tongue led to the sensation of sweetness, while heating
produced a mild spicy sensation. Furthermore, a computer-
integrated digital taste synthesizer demonstrated that sour taste
was perceived across a broad range of currents and frequencies,
while salty, spicy, and sweet tastes were modulated by specific
electrical and thermal stimuli.420

In addition, a novel taste display to enhance gustatory
experiences in XR environments has been proposed.430 The
ion electrophoresis technique was utilized to control the five
basic tastes and deliver arbitrary flavors to the human tongue.
When voltage is applied to the gel in the device, the cations
migrate toward the cathode, resulting in a diminished
perception of specific flavors. This mechanism enabled the
individual suppression of each taste, allowing for the
reproduction of arbitrary flavors.

Beyond simply reproducing sensations, there have also been
attempts to enhance the level of immersion by incorporating
the actions of eating and drinking. In this regard, electric taste
utensils such as chopsticks and a soup bowl have been
developed to mimic eating behaviors (Figure 19c).419 When
utensils equipped with silver-plated electrodes touch the
human tongue during eating, the contact completed the circuit
and then allowed current to flow through the tongue (Figure
19d). As a result, a microampere-level current induced a salty
taste at lower intensities (40 μA) and a sour taste at higher
intensities (180 μA). These devices are expected to offer
higher immersion in virtual eating scenarios within XR
environments, where users can use the utensils as if they
were dining.

To create more complex virtual gustatory experiences, other
types of stimulation such as colors,413,431,432 smell,433 and
chewing texture434 can be added to such gustatory feedback
devices. These additional types of stimulation significantly
influence taste perception, further enhancing the overall taste
experience.435,436 Considering this effect, a multimodal digital
taste system has been proposed, combining electrical
stimulation with color projection (Figure 19e).431 Silver
electrodes for electrical stimulation were attached to both
the straw and the rim of the tumbler, along with a controller
for adjusting taste settings and an LED that changes color
based on the selected taste. In order to enhance the taste
experience, the authors have proposed a virtual cocktail system
that simulates salty, sour, and bitter tastes through electrical
stimulation, and projects colors onto the beverage, and releases
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scents using air pumps.413 Participants reported that when
mismatched scents and visual stimuli were combined with
electrical taste stimulation, the perceived intensity of the taste
was diminished. However, when the taste, scent, and visual
stimuli were harmonious, they experienced richer and more
complex flavors.

However, it is difficult for such electrical utensils designed
for artificial gustatory sensation to convey the texture of food,
which is another important aspect of taste perception. It has
been proved that the food texture can be simulated through
electrical muscle stimulation of the masseter muscle.434

However, regardless of the quality of texture simulation, it

cannot fully replicate the texture of actual food. Due to this
limitation, electrical bottles and spoons have been developed
to be compatible with real food.432 The utensils could be used
in conjunction with real food to enhance flavor through virtual
ingredients. For example, while a person was drinking pure
water, electrical stimulation mimicked the flavors of various
beverages (Figure 19f). Furthermore, when various flavors
were added to white rice, the electrical utensil demonstrated
the potential for diverse forms of gustatory feedback that can
enhance the flavors of actual food (Figure 19g). Consequently,
with the introduction of complementary methods, these

Figure 20. Multimodal feedback devices. (a) Schematics of Peltier-vibrotactile multimodal feedback system. (b) Digital image of the wearable
multimodal feedback system attached to the arm. (c) Robotic arm remotely grasping a hot water bottle and measuring temperature and pressure
information. Reproduced with permission from ref 359. Copyright 2024 Proceeding of the National Academy of Sciences under CC BY-NC-ND
4.0 license https://creativecommons.org/licenses/by/4.0/. (d) System design of a haptic system with three types of actuation units: Peltier (top),
vibrotactile (middle), and electrotactile (bottom). (e) Palm-shaped VR interface patch integrated with 16 multimodal haptic units (scale bar: 1
cm). (f) Interaction in a virtual environment using the palm-shaped VR interface patch. Reproduced with permission from ref 33. Copyright 2023
Springer Nature. (g) Schematic of the tricoil actuator with integrated IMU for generating multidirectional haptic output. (h) Simulated strain
distributions in the skin under normal, shear, torsion, and vibration stimuli. (i) Photograph of a fingertip-mounted FOM actuator with wireless
controller and battery. (j) Physical model relating friction and finger velocity for texture-specific tactile stimulation. Reproduced with permission
from ref 34. Copyright 2025 The American Association for the Advancement of Science.
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technologies are paving the way for enhanced MR-based
gustatory experiences.

Unlike conventional electrical methods that stimulate oral
tissues directly, the newly introduced lollipop-type gustation
interface (LGI) presents a more user-friendly and realistic
alternative by employing iontophoresis to release edible flavor
compounds (Figure 19h).437 This technique bypasses the need
for current to flow through the human body, instead guiding
taste-active molecules from food-grade agarose gels to the
tongue surface via electrical fields. As a result, users can
perceive genuine taste sensations simply by contacting the
device with their tongue, achieving near-instantaneous feed-
back without discomfort or delay. To create an immersive
experience, the LGI is wirelessly connected to external VR
hardware and is able to track user motion, enabling interactive
scenarios where gustatory stimuli are triggered in sync with
hand movements or object selections in the virtual world. Its
durable construction, streamlined form factor, and capability to
independently control multiple taste modules further support
stable and precise operation, expanding the potential of
multisensory feedback in XR systems.
5.1.4. Multimodal Feedback Devices. So far, various

feedback systems that generate different types of artificial
sensations have been discussed. While it is possible to mimic
certain sensations with a single type of feedback, in reality,
even simple touch involves the intertwining of multiple senses,
which combine synergistically to produce more complex
sensations.173,179,359,438−440 Therefore, to develop a more
immersive XR feedback system that seamlessly emulates real-
world sensations, it is essential to incorporate multimodal
feedback that stimulates several senses simultaneously.
Developing such a device requires integrating the previously
discussed feedback mechanisms into a single system and
incorporating efficient processing technologies capable of
delivering multiple types of feedback in an organized
manner.441−444 Several studies have developed devices that
provide multimodal feedback by integrating various mecha-
nisms in a single device.439,445 However, these devices remain
rigid and bulky with significant limitations. To advance the
next generation of XR technologies, the development of skin-
integrated multimodal feedback devices is indispensable. Since
skin-integrated multimodal feedback devices are still in the
early stages of research, this chapter will focus on how
previously existing feedback devices have been integrated into
a single system.

The most common approach is to integrate individual
feedback systems into a single device. For example, a wearable
multimodal feedback system capable of simultaneously
providing both mechanical and thermal sensations has been
developed using an ERM vibrotactile motor and TE materials,
respectively (Figure 20a).359 The system integrates ERM
actuators and TE materials into vertically stacked arrays along
with soft silicone materials, resulting in an interface that can be
comfortably mounted on various parts of the body (Figure
20b). A low-power wireless communication system was
integrated into this device, enabling the real-time reception
of temperature and pressure distribution data transmitted from
remote objects (Figure 20c). Then, the collected data was fed
back through the thermal and mechanical actuators to provide
detailed spatiotemporal sensory feedback by independently
controlling components in the device. This strategy allows for
the reproduction of complex tactile sensations involving both

mechanical and thermal stimuli, making it a valuable method
for real-time sensory feedback in XR environments.

Moreover, even when forming similar types of sensations,
applying multiple feedback mechanisms simultaneously can be
an effective approach to achieve a more realistic sensation by
activating different receptors in the skin.31,177,242,302,440,446,447

For example, by simultaneously combining vibrotactile and
electrotactile feedback for mechanical sensations, each
mechanism can address aspects that the other cannot fully
encompass, thereby facilitating the creation of a new type of
sensation that has previously been challenging to implement
(Figure 20d).33 This system used a magnetic actuator to
deliver high-frequency stimuli (100−250 Hz) to the skin,
simulating the texture of objects. In contrast, the electrotactile
actuator delivers low-frequency stimuli (0−100 Hz), simulat-
ing pressure or strong forces. Through user studies, the authors
demonstrated that each stimulus activates different receptors
within the skin and that the combination and intensity of these
stimuli affect the mechanical sensation experienced by
individuals. Furthermore, the authors integrated TE materials
into the devices for thermal sensation along with two
mechanical actuators, achieving more complex sensations at
the same time. The integrated multimodal actuators were
compact, with each unit smaller than 1 cm2, allowing the
creation of a VR interface glove patch with a total of 16 haptic
units (Figure 20e). Thereby, this system demonstrated its
multimodality in VR scenarios that include various textures
and temperatures (Figure 20f). The 16 multimodal haptic units
allowed for heat map analysis of the temperature distribution
and mechanical vibration amplitude on the human palm,
providing realistic heat distribution and fine tactile stimuli.

Instead of combining multiple feedback modules, a single,
skin-mounted actuator capable of delivering multimodal tactile
stimuli has been introduced.34 The core component, a full
freedom-of-motion (FOM) actuator, utilizes a tricoil electro-
magnetic structure to independently generate normal, shear,
torsional, and vibrational forces via programmable Lorentz
forces (Figure 20g). Each coil is aligned to produce direction-
specific actuation, and by tuning the waveform and amplitude
of the driving current, the system can generate well-calibrated
static and dynamic tactile cues that match the response profiles
of individual skin mechanoreceptors, as characterized in
perception threshold studies (Figure 20h). An integrated
inertial measurement unit (IMU) enables the actuator to adapt
its output in real time based on the motion and hand posture
of users in XR environments, while the compact, skin-
conformal form factor allows it to be comfortably mounted
on wearable platforms (Figure 20i). To simulate realistic
surface textures, the system interprets finger motion across
different materials using physical models that relate friction-
induced shear forces and vibration frequency to material
roughness and finger speed (Figure 20j). This enables real-time
generation of texture-specific tactile feedback, such as rough-
ness or anisotropic surface feel, using only a single, compact
actuator.

Likewise, to simulate real-world sensations, multiple
sensations must be delivered simultaneously. However, rather
than simply combining mechanisms, enhancing realism in XR
devices requires a design that considers the properties of the
receptors responsible for eliciting the desired sensations.
Therefore, a comprehensive understanding of how humans
experience these sensations is essential, as discussed earlier.
These multimodal feedback devices, which can deliver various
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types of feedback to users from a single device, represent the
goal of wearable XR technology. In addition to the integration
and efficient communication methods mentioned earlier, the
development of wearable XR input devices capable of
collecting sensory data for feedback is essential to accurately
deliver diverse stimuli to users.
5.2. Sensory Input Devices with Working Mechanisms

In wearable XR interfaces, sensory input devices are essential
for creating immersive and interactive experiences in AR and
VR environments. Sensory input data serves as a bridge that
transfers information from the physical world to virtual reality,
with wearable sensory input devices being the primary
technology facilitating this interaction. These sensing devices
play a pivotal role in capturing and interpreting various
physiological and environmental signals, which are crucial for
providing a responsive and engaging experience. Furthermore,
wearable input devices, such as motion sensors, facilitate
intuitive and natural interactions with virtual objects and
spaces. For example, when a user reaches out to touch a virtual
object, the sensors track hand and body movements,
translating them into precise actions within the XR environ-
ment. Additionally, these wearable sensory input devices
continuously monitor human motion or physiological data
such as skin temperature, facilitating real-time interactions and
enhancing user engagement. Ultimately, the integration of
wearable sensors is essential for bridging the gap between the
physical and virtual worlds. In this section, we will explore the
types of interactions that are possible through these sensors

and examine how various sensory data can be translated for XR
experiences.
5.2.1. Human Motion Input Devices and Interpreta-

tion Techniques. 5.2.1.1. Mechanisms and Materials for
Mechanical Motion Input Devices. Recent advancements in
electromechanical sensors have evolved beyond merely
measuring skin deformation, to a level capturing motions or
gestures of specific human body parts. Deformation-based
sensors are widely used to detect physical changes such as
stretching, bending, and pressure (Figure 21a). The key
sensing mechanism involves measuring changes in resistance or
capacitance resulting from alterations in length, thickness,
volume, or shape. To detect mechanical deformation, advanced
materials with tunable electromechanical properties, such as
metal NWs,448−452 LMs,453−458 piezoelectric materi-
als,209,214,459 and conducting polymers,460−462 are employed
with distinct mechanisms. Additionally, specific structures that
respond to target deformations are applied in sensor
design.463−467 Deformation-based sensors can be categorized
as strain gauges or pressure sensors depending on the target
deformation. Strain sensors, which conform to the skin and
detect even minute deformations, are particularly useful for
sensing tactile input or recognizing gestures and facial
expressions. Pressure sensors, which measure forces or vertical
deformations, are better suited for detecting touch or contact
with surfaces.

Physiological sensors are another key technology for human
motion recognition or body monitoring, aimed at capturing
biometric data such as heart rate, skin temperature, or muscle

Figure 21. Mechanisms for body motion monitoring with wearable XR input devices. (a) Deformation-based sensors to detect strain (left) and
pressure (right). (b) Physiological sensors to detect EMG signals. (c) Representative material design strategies for enhancing motion-sensing
performance: (i) percolation networks, (ii) crack-based structures, (iii) micro/nano structuring, (iv) structural modification, (v) chemical doping,
and (vi) optical sensing mechanisms. Created with BioRender.com.
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activity. In this section, we specifically consider electro-
physiological sensors that detect and measure bioelectrical
signals, primarily used to monitor the electrical activities of
nerves, muscles, and the heart. During physiological activity,
small electrical signals are generated within biological tissues
due to potential differences created by the flow of ions between
cells. These signals are typically produced by depolarization
and repolarization processes of cell membranes. Electro-
physiological input devices detect the signals through electro-
des attached to the tissue, then amplify and process them
(Figure 21b). Depending on the type of physiological activity,
various bioelectrical signals can be captured, including
electroencephalograms (EEG), electrocardiograms (ECG),
electromyograms (EMG), and electrooculograms (EOG).
These devices are valuable for tracking external movements
and monitoring internal physiological states, offering a more
comprehensive understanding of user engagement and
experience.113,373,468,469 Since the electrophysiological signals
are minute and susceptible to noise and environmental
interference, reducing unnecessary noise and improving signal
quality are critical in sensor development. For example, EMG
sensors measure bioelectrical signals generated by muscle
contractions, and the sensor measurement must not be
disrupted by motion or skin deformation. Reliabley EMG
signals allow systems to infer more subtle actions, such as hand
gestures or facial motions, without the need for obvious
movements.469

Reliable acquisition of diverse motion and physiological
signals begins with the precise tuning of sensor materials and
device architectures. These foundational components must
support not only signal transduction, but also stretchability,
sensitivity, and stability under dynamic conditions. Recent
advances in materials science have addressed these challenges
through the engineering of soft, deformable, and highly
conductive nanostructures. We delve into how nanoscale
architecture, including percolation networks, crack-based
sensors, and microstructured geometries, enables the realiza-
tion of high-performance mechanical motion input devices. We
further explore structural design strategies, chemical doping
approaches, and optical sensing mechanisms (Figure 21c).

Percolation network is a structure formed when enough
conductive nanomaterials are evenly dispersed in a non-
conductive material so that electricity can flow through the
entire system (Figure 21c-i). These networks are sensitive to
small mechanical changes such as stretching or bending, which
makes them useful for wearable sensors or other soft electronic
components. Percolation networks provide effective strategies
for introducing electrical conductivity into soft materials
without compromising their mechanical softness. The perform-
ance of a percolation network depends on how well the
nanomaterials, including CNTs,470 metal NWs,146,471 gra-
phene,472−474 and MXene,475,476 are shaped and spread out
within the soft polymer matrix. Materials with a high aspect
ratio, like CNTs and NWs, are especially effective because they
form networks at lower concentrations, which helps maintain
flexibility and stretchability.146,470,471 Achieving uniform
dispersion, stable interfacial bonding, and optimal filler
alignment is important for forming conductive pathways that
exhibit metallic electrical conductivity and resilience under
mechanical stress. Some recent studies achieve these character-
istics by embedding dense NW layers into ultrathin elastomer
membranes146 or by leveraging controlled phase separation to
form microstructured conductive domains within soft

elastomers.471 Additionally, printable materials designed to
promote the spontaneous formation of percolation pathways
through finely entangled nanofillers within an elastic matrix
have demonstrated that uniform dispersion can yield high
conductivity and mechanical adaptability.470 This highlights
the role of micro- and nanoscale architecture in balancing
conductivity with mechanical softness.

Crack-based sensors exploit controlled micro- and nanoscale
cracks in a thin conductive film on an elastomeric substrate to
achieve ultrahigh gauge factors (Figure 21c-ii). By mimicking
the slit organs of spiders, these sensors transduce minute
mechanical deformations into large resistance changes.477 Key
design parameters include the prestrain applied during
deposition, which determines initial crack density, the
thickness and material of the conductive film, and the method
of filler incorporation. Increasing prestrain raises crack density,
amplifying ΔR/R0 for small strains, while tuning film thickness
sets the threshold at which cracks propagate to maximize the
gauge factor without sacrificing durability. Incorporating high-
aspect-ratio fillers at crack junctions helps maintain percolation
networks as cracks open, sustaining conductivity and
enhancing mechanical resilience.478 Engineering the substrate
also presents a promising strategy to improve sensing
performance. One study introduced a mechanical meta-
substrate with a negative Poisson’s ratio to facilitate effective
decoupling of crack edges.479 This meta-substrate enabled
orientation-independent crack opening, even under infinitesi-
mal strains, thereby allowing the authors to demonstrate
parallel meta-crack circuits to overcome the traditional trade-
off between resolution and maximum sensing range.

Micro- and nanostructure engineering has emerged as a
crucial strategy to enhance electromechanical sensitivity and
minimize signal noise, particularly through the control of
interfacial contact area (Figure 21c-iii). By patterning
elastomeric dielectrics or electrodes with micro- to nanoscale
geometries such as microdomes,480−482 pyramids,463,483,484 and
wavy ridges,466 the authors have achieved advanced pressure or
touch sensors. For example, a laser-programmed iontronic
sensor with gradient micropyramidal structures was devel-
oped.483 These geometries provided stepwise deformation
under pressure, ensuring linear responses with high sensitivity.
The structure allowed for an ultralow detection limit and
ultrahigh pressure resolution. A hierarchical micropyramidal
structure can also realize strain-insensitive pressure detec-
tion.463 The integration of stiffening electrodes beneath ionic
micropyramids allowed for a stable electrical double layer
interface for consistent pressure sensing. This design
maintained unaltered contact area between the top electrode
and pyramid tip, resulting in high sensitivity and a low
detection limit of 0.2 Pa, suitable for skin-mounted systems.
The unique stress-focusing geometry, which is hourglass-
shaped microstructures inspired by the starfish surface
morphology, enhanced the sensitivity and broadened the
detection range from sub-kPa up to 100 kPa.485 To spatially
localize strain within sensor arrays, microcage architectures
formed by photoreticulated PDMS layers were utilized.486 This
structural confinement minimized mechanical crosstalk,
ensuring that localized pressure induced distinct electrical
outputs without interference from adjacent pixels.

One of the primary strategies to impart stretchability into
intrinsically rigid or brittle electronic materials is the geometric
reconfiguration into mechanically compliant architectures
(Figure 21c-iv). This structural modification approach allows
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nonstretchable materials like metals, semiconductors, and
oxide films to deform reversibly under mechanical strain
without fracture. Representative designs include serpen-
tine123,487,488 or kirigami-inspired structures,489−491 which
transform in-plane strain into out-of-plane displacement,
thereby localizing deformation into low-strain regions. These
strategies are grounded in the fundamental mechanics that any
material becomes flexible when sufficiently thinned, as
bending-induced strain decreases linearly with thickness.114

Therefore, metal thin films patterned into serpentine structures
on elastomeric substrates can stretch and compress elastically.
Furthermore, fractal-inspired serpentine designs, characterized
by self-similar and hierarchical geometry, can distribute strain
uniformly and suppress crack formation. These multiscale
architectures enhance both the mechanical reliability and
electrical performance of rigid electronic materials, making
them particularly valuable for integration with soft materials
and curvilinear surfaces.492 Kirigami structures based on
periodic cuts offer engineering elasticity in electronic
materials.490 They enable significant enhancement of stretch-
ability without substantial degradation of electrical conductiv-
ity. Importantly, kirigami designs can be applied to strain-
insensitive structures, as they maintain conductive pathways
across the entire deformation range.

In addition to geometric and structural approaches,
electronic performance can also be modulated via chemical
doping (Figure 21c-v). Unlike structural reconfiguration,
doping directly alters the electronic structure and carrier
concentration of the sensing material, enabling enhancements
in electrical conductivity, particularly in conducting polymers.
Among these, PEDOT:PSS is widely used due to its
biocompatibility, solution processability, and favorable elec-
trical characteristics. However, its intrinsic conductivity is
relatively low compared to metallic materials, and mechanical
properties are often insufficient for stretchable applications. To
overcome these limitations, chemical dopants have been
introduced to enhance both electrical conductivity and
stretchability. One representative approach involves the
incorporation of ionic additives, such as sulfonate-based ionic
liquids or surfactants.493 These dopants induce phase
separation between PEDOT and PSS domains, promoting
the formation of conductive PEDOT-rich networks embedded
within a soft matrix. Polar solvents, such as dimethyl sulfoxide
(DMSO), have also been reported to enhance the conductivity
of PEDOT:PSS by facilitating polymer chain reorganization.494

Pure PEDOT:PSS hydrogels synthesized via DMSO-assisted
annealing achieve interconnected nanofibrillar networks with
improved mechanical integrity and electrical pathways for
bioelectronic interfaces in wearable systems.151 Beyond
conducting polymers, chemical doping of carbon-based
materials, such as graphene, has shown substantial improve-
ments in stability and performance.495 For instance, macro-
molecular dopants like perfluorinated polymeric sulfonic acid
provide stable p-type doping in graphene films, lowering sheet
resistance while preserving high optical transparency and
achieving thermal, chemical, and environmental stability.

Optical sensing is another robust strategy for wearable
human motion detection, leveraging optical properties such as
intensity, wavelength, and refractive index (Figure 21c-vi).
Compared to electronic sensors, optical sensing offers
immunity to electromagnetic interference, inherent electrical
safety, and multiplexing capabilities, making it highly attractive
for wearable applications.496,497

In optical sensing, fiber Bragg grating (FBG) sensors utilize
periodic refractive index modulations inscribed into optical
fibers to reflect specific wavelengths of light, where the
reflected wavelength shifts in response to mechanical strain or
temperature-induced changes in optical path length.498−500 In
FBG sensors, mechanical strain or temperature changes alter
the grating period and the effective refractive index of the fiber
core due to the photoelastic effect. When the fiber is stretched,
the grating period increases and the refractive index decreases,
both leading to a shift in the Bragg reflection wavelength,
which can be converted into mechanical information. To
improve mechanical coupling, strain transfer, and performance,
polymer optical fibers have been fabricated by embedding
FBGs into soft elastomeric matrices.501 Furthermore, the fiber
core has been doped with photosensitive materials to improve
grating inscription fidelity and spectral resolution.502

Interferometric sensing mechanisms rely on the detection of
changes in optical path length, which occur as coherent light
waves recombine and produce interference patterns.503,504

Interferometric sensors measure phase shifts that result from
changes in the optical path length, which is determined by the
product of the physical length and the effective refractive index
of the optical medium. Mechanical deformation modifies the
geometry and induces strain-dependent refractive index
variations via the photoelastic effect.504−506 These changes
alter the phase of the propagating light, producing measurable
shifts in the resulting interference pattern.507−509 In this
mechanism, photonic-crystal or multicore fibers have been
used to enhance modal discrimination and interference
clarity.510 The choice of core and cladding materials, along
with precise control over refractive index profiles, enables fine-
tuning of optical path sensitivity.511 Integrating these optical
fibers into soft polymer matrices is an effective strategy to
enhance their deformability.512 The polymer matrix efficiently
transmits external mechanical stimuli, leading to greater
changes in the optical path within the fiber without the need
for additional optical modulation structures.

Mechanoluminescent optical fibers sense mechanical
deformation by converting applied stress into visible light
emission through the mechanoluminescent properties of
doped phosphors.513−515 Mechanical energy is transferred to
the phosphor lattice, causing triboluminescence or piezolumi-
nescence, where stress-induced crystal field distortion leads to
electron excitation and subsequent visible light emission.516,517

This self-powered mechanism enables wireless optical sensing
without the need for external power or electrical circuitry. To
improve its performance, recent designs incorporate mecha-
noluminescent particles into stretchable elastomeric fibers,
where controlled particle dispersion, optimized doping
concentration, and core−shell structures have been employed
to enhance emission efficiency, repeatability, and mechanical
compliance.518

Intensity-modulated optical sensing mechanisms operate by
detecting variations in transmitted light intensity caused by
mechanical deformation, which modulates optical path
geometry, absorption, or reflection within the sensor
structure.519−521 This approach does not require coherent
light sources or spectral analysis, making it compatible with
compact and low-complexity system designs. Deformation-
induced changes can lead to microbending losses, modal
dispersion, or changes in total internal reflection, thereby
modulating light transmission.522,523 In dye-doped systems,
mechanical strain alters the effective absorption path length,
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resulting in intensity variations governed by the Beer−Lambert
law.524 Performance can be further improved through material
design strategies, including refractive index contrast tuning,
optimized dye distribution, and multicore or patterned
elastomeric geometries for enhanced sensitivity and mode
isolation.525

Monitoring human motion within XR systems is a complex
task requiring the integration of advanced sensor technologies
and data interpretation methods to identify motions, gestures,
and facial expressions that convey user intent. Converting basic
data, such as strain and bending, obtained from sensors into
higher-dimensional information, such as motion, object, and
texture recognition, requires the capabilities of AI techni-
ques.526−529 In this section, we provide a brief introduction to
the AI algorithms employed in the information transformation
process, with a more detailed discussion to follow in the
subsequent section. By capturing inputs such as gestures, facial
expressions, and physiological data, XR systems can deliver
more intuitive and immersive interactions. Ongoing advance-
ments in sensory input technology and processing algorithms
will continue to improve the accuracy, responsiveness, and
comfort of these systems, driving the next generation of XR
experiences. In this section, we focus on the input devices
commonly used in XR applications, such as touch, hand or arm
gestures, and facial expressions. By accurately tracking these
specific inputs, XR systems can better interpret user actions
and intentions, delivering outputs that correspond to real-
world actions. The systems can modify the VR environment to
react to the intended actions, thereby enhancing the sense of
presence and realism in the XR experience. Table 9

summarizes the sensing mechanisms and performance trade-
offs of representative electromechanical sensors, including
deformation-based, physiological, and optical types. Table 10
complements this by providing detailed specifications of
mechanical input devices tailored for XR applications, such
as those capturing touch, gestures, and facial expressions.

5.2.1.2. Touch Sensing. Touch sensing is one of the
fundamental methods for human motion monitoring or

recognition, as people often “touch” something to express
intent subtly. Tactile input devices detecting light touch,
contact, and even pressure or force are used in interactive
devices such as XR haptic systems.530−539 For example, one
study demonstrated interactive virtual applications using glove-
type devices integrated with tactile sensors (Figure 22a).464 To
enhance force detection sensitivity and range, the authors
combined electrodes composed of carbon fabric with a layered
microstructure and Ag NW networks with a porous micro-
structure. In the layered structure, compression expanded the
electric contact area, rapidly reducing resistance, while in the
porous structure, compression increased the electric contact
points, slowly decreasing resistance. Due to the differences in
electromechanical characteristics, sensors with a layered
structure exhibited high sensitivity but reached signal
saturation at a low force of 0.5 N. Conversely, sensors with a
porous structure showed less resistance change in response to
external force, resulting in lower sensitivity and wider detection
range. By combining both structures, the group developed
tactile sensors capable of measuring forces up to 6.5 N with
high sensitivity. These sensors detected contact and quantified
the intensity of touch (Figure 22b). As a result, the authors
demonstrated interactive applications using a tactile input
device, providing appropriate sound pitch and levels for the
virtual piano according to the pressed positions and applied
force (Figure 22c).

Pyramid-shaped microstructures can also be applied in
tactile sensors because the structures deform under pressure,
altering the contact area depending on the degree of
compression. Based on this principle, the development of
tactile sensors using a magnetic film with pyramid bumps has
been reported (Figure 22d).465 The sensors primarily
consisted of a magnetic film with pyramid bumps on one
side and a giant magnetoresistive (GMR) film placed at a
distance in the direction of the bumps. Notably, this
configuration enabled both tactile interaction through direct
contact and touchless interaction by detecting changes in the
magnetic field caused by approaching objects. As an external
magnetic object approached, the magnetic field sensed by the
GMR film changed, leading to variations in the output signal.
Upon contact, the pyramid bumps touched the GMR film,
causing further changes in the output signal due to the
deformation of the structures by applied pressure. By
classifying these different signal patterns, the authors achieved
a tactile sensor capable of both touchless and tactile sensing.
They demonstrated an XR interface using the sensors to
explore virtual options with touchless swipes and select the
option via direct touch (Figure 22e). Another touch input
device that measured three-dimensional (3D) information,
including position and pressure, using a wavy multiscale
structure has been developed (Figure 22f).466 The bottom
electrode of the device was composed of laser-sintered Ag NPs
with a laser-induced wavy structure, while the top electrode
consisted of Ag NW networks with a porous structure. Owing
to the unique structures of these electrodes, the touch sensors
could collect both 2D position and depth information, while
maintaining transparency. As a result, the wearable touch input
device demonstrated its capability to wirelessly transmit shapes
drawn on the skin into virtual spaces (Figure 22g).

In analyzing touch motion, it is crucial to measure both
static and dynamic tactile signals, which correspond to a wide
range of pressure at low frequencies and relatively low pressure
at high frequencies, respectively. For example, a wearable

Table 9. Summary of Advantages and Disadvantages of
Electromechanical Sensors for Monitoring Body Motion

mechanism advantages disadvantages

deformation-
based sensors

• responsive to various
mechanical stimuli

• signal interference under
simultaneous strain and
pressure

• high mechanical
conformability for skin

• nonlinearity and hysteresis
during repeated deformation

• high sensitivity and fast
response time

• performance degradation due
to fatigue and repeated use

physiological
sensor

• accurate bioelectrical
signal detection

• sensitive to motion artifacts

• soft, stretchable, skin-like
interface

• signal susceptibility to noise

• compatible with
multifunctional systems

• need for signal amplification
and processing

optical sensor • noncontact detection for
mechanical interference

• susceptible to ambient light
interference

• immune to
electromagnetic
interference

• bulky and complex
interrogation systems

• fast response and high-
spatial temporal resolution

• complex fabrication and high
cost
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tactile sensing device has been proposed that recognizes both
static and dynamic tactile signals in a single device
configuration (Figure 22h).467 The sensors consisted of arch-
shaped top electrodes and flat bottom electrodes, which were
composed of conductive fabric coated with LM and
encapsulated in dielectric elastomer. When slow touch or
pressure was applied, the arch-shaped microstructures
deformed, altering the distance and contact area between the
electrodes, which led to a change in capacitance. This
capacitive mechanism was suitable for measuring static tactile
distribution. On the other hand, when rapid and repetitive
pressure was applied, contact between the elastomers
surrounding the electrodes generated output voltage. This
triboelectric mechanism was appropriate for detecting dynamic
tactile signals. The authors demonstrated the ability to display
real-world tactile inputs in virtual spaces (Figure 22i).
Furthermore, they successfully distinguished handwriting
containing both static and dynamic tactile signals.

Piezoelectric materials are effective for detecting dynamic
pressure due to its fast response speed and capability to
measure vibrating pressure signals across a wide frequency
range.222 Using poly(vinylidene fluoride-trifluoroethylene)
(PVDF-TrFE), the dynamic tactile sensors have been
designed, exhibiting a response time of less than 300 μs,
which is shorter than the human tactile response time (Figure
22j). The sensory input devices could detect frequencies
ranging from 1 Hz to 1 kHz, allowing for precise detection of
tactile stimulation. To enable both static and dynamic pressure
detection, pyramid-shaped microstructure electrodes were also
integrated into the input devices. The sensor array consisted of
microstructure array electrodes for static signal acquisition and
dry-etched piezoelectric polymers for dynamic signal detection,
enabling accurate interpretation of surface shapes and textures
using static and dynamic tactile signals, respectively. The tactile
input devices attached to a fingertip collected texture

information from various fabrics and spatial information by
touching objects of specific shapes, which was then applied to
interaction with virtual environments (Figure 22k).

Furthermore, a tactile input device mimicking the human
tactile sensing mechanism has also been developed.447 As
discussed above, humans distinguish between static and
dynamic tactile information through the skin based on SA
and RA receptors, respectively. SA receptors generate output
signals in response to sustained pressure stimuli, making them
suitable for recognizing static pressure. In contrast, RA
receptors produce output signals only at the initial and final
points of pressure stimuli, favoring dynamic pressure detection.
Inspired by this mechanism, composites that recognized both
static and dynamic tactile information were developed by
mixing reduced graphene oxide (rGO) microsheets with
piezoelectric BaTiO3 ceramic NPs in a polymer matrix (Figure
22l). The piezoresistive rGO sheet-enriched sensors followed
percolation theory, where deformation-induced resistance
changes were continuously observed, similar to SA receptors.
On the other hand, piezoelectric BaTiO3 NP-dominated
sensors generated localized voltage through the piezoelectric
effect, with minimal resistance changes to overall structural
deformations, resembling RA receptors. The integration of
both sensors into a single tactile input device facilitated the
interpretation of tactile stimuli according to their respective
roles. The integrated sensor demonstrated the acquisition of
texture information from unknown fabrics, similar to the tactile
sensory systems of humans (Figure 22m).

5.2.1.3. Gesture Recognition. Gesture recognition is a
crucial element of wearable XR devices in facilitating intuitive
interactions within virtual environments, as numerous
interactions are grounded in physical actions.540 By leveraging
this technology, touchless interfaces can be achieved, enabling
users to manipulate virtual objects without physically touching
any devices. This allows for more intuitive interaction with

Table 10. Summary of Human Motion and Body Monitoring with Various Mechanical Input Devices and Their Characteristics

performance

type mechanism material stretchability force (pressure) strain frequency
spatial

resolution ref

Human Motion Monitoring
touch pressure PU scaffold, Ag NW, carbon

fabric
flexible 6.5 N 0.5−4 Hz 20 mm 464

Py/Cu, Ta, PI films flexible 0.24−11.6 kPa 4 mm 465
Ag NW, Ag NP flexible 10 kPa 5 mm 466
EGaIn, Ecoflex stretchable,

flexible
0.8 Pa 7 mm 467

vibration PI, Ti/Au, PVDF-TrFE, PDMS flexible 3−80 kPa 1.8 mm 222
rGO, BaTiO3, PDMS stretchable 0.1−100 kPa 1−1000 Hz 10 mm 447

gesture strain CFPC, TPU stretchable 0−100 kPa 0−0.12 mm 5−20 mm 544
PI, Ag NP stretchable (15%) 0−15% 40 Hz 0.4 mm 542
PU, Au, Ag stretchable

(155%)
0−10% 0.2−2 Hz 1 mm 559

Ag/Au, PU stretchable 0−15% 122
EMG PET, Ag ink flexible 20 Hz 14.3 mm 197

ecoflex, conductive textile flexible 4.2 mm 553
pressure PU, Au, Ag stretchable

(155%)
1.7−1200 kPa 1 mm 559

facial
expression

strain PEDOT:PSS, PDMS, AuNP stretchable
(100%)

0−100% 0−300 Hz 1 cm 574

AlN, PDMS stretchable 0−100 kPa 0.5−15% 100 Hz 10 mm 575
PI, Au/Cr, Cu stretchable (30%) 0−30% 900 μm 568
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digital spaces compared to traditional interfaces like a mouse,
keyboard, or joystick. In this way, gesture recognition
significantly enhances the immersion and user experience in
XR environments, offering more seamless and engaging
interactions.

The most accessible approach to recognizing various
gestures is to capture and analyze strain signals induced by
body motions.529,541−543 For instance, a strain sensor-based
gesture recognition system that classified various hand
gestures, such as fist clenching, pinching, and palm spreading,
has been reported (Figure 23a).544 The strain sensors were
composed of composites in which carbon fiber strands were
aligned in one direction within a polymer matrix. Due to the
aligned carbon fibers, the composites exhibited low resistance
in the horizontal direction and high resistance in the vertical

direction on a 2D plane. The authors fabricated these
composites into meander patterns with vertical microscale
cuts and attached them to a prestrained elastomer substrate.
The elastic force of the substrate compressed the meander
path, connecting the electrical path horizontally and resulting
in overall low resistance. When external force induced
stretching, the horizontal contact decreased, increasing the
resistance. Based on this mechanism, the strain sensors
exhibited high sensitivity with gauge factors exceeding 80,000
and yielded a linear resistance response to stretching.
Moreover, they were insensitive to unintended deformations
such as bending or twisting. These properties allowed for the
clear detection of targeted signals when recognizing discrete
and continuous hand gestures. Consequently, the authors
demonstrated hand motion-based user interfaces using four

Figure 22. Touch sensing devices. (a) Interactive virtual application through a haptic interface integrated with tactile sensors. Inset: the haptic
interface worn on the hand. (b) Virtual force feedback represented by color changes according to the detected pressing force. (c) Demonstration of
virtual piano that provides sound with varying pitch and levels based on the sensing signals. Reproduced with permission from ref 464. Copyright
2019 Elsevier. (d) Tactile sensors composed of a magnetic film with a bump structure and a GMR film (scale bar: 5 mm). (e) Graphic (top) and
optical (bottom) images of an AR scenario where the user explores and selects a virtual option menu. Reproduced with permission from ref 465.
Copyright 2019 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (f) Transparent touch sensor for
collecting 3D information (top). Images of the touch sensor attached to the arm (bottom left) and the device being used to draw (bottom right).
(g) Schematic illustration showing wireless transmission of shapes drawn on the skin. Reproduced with permission from ref 466. Copyright 2019
Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (h) Bimodal touch sensor that recognizes both static and
dynamic tactile signals. (i) Schematic of MR application displaying the pressed area and the pressure intensity. Reproduced with permission from
ref 467. Copyright 2024 American Chemical Society under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (j) Tactile sensory
system based on resistive and piezoelectric sensors for acquiring static and dynamic pressure information, respectively (scale bar: 2 mm). (k)
Digital image of the tactile sensory system collecting texture information from various fabrics. Reproduced with permission from ref 222. Copyright
2022 Springer Nature. (l) Touch sensing device mimicking SA and RA mechanoreceptors. Inset: schematic showing the force sensing mechanism
of the device. (m) Classification result of unlearned fabric using texture information obtained through the sensing device. Inset: the image of the
unlearned fabric. Reproduced with permission from ref 447. Copyright 2021 Springer Nature.
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Figure 23. Gesture recognition systems. (a) Strain-based gesture recognition system that measures muscle deformation to classify various hand
gestures. Inset: schematic illustration of the system in operation (left) and magnified image showing a strain sensor of the system (right).
Reproduced with permission from ref 544. Copyright 2020 Springer Nature. (b) EMG-based gesture recognition system worn on the forearm with
64-channel soft electrodes. Reproduced with permission from ref 197. Copyright 2020 Springer Nature. (c) Skin-integrated strain sensor based on
controlled crack structure (scale bar: 1 mm). (d) Estimation of finger movements based on subtle deformations of wrist skin. Reproduced with
permission from ref 542. Copyright 2020 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (e)
Communication scenario where sign language in the real world is converted into text and audio in a VR environment through triboelectric textile
sensors. Inset: exploded view of textile sensors detecting strain and touch on the fingers for gesture recognition. (f) VR interaction between a
speech-impaired user and a nondisabled user, enabled by real-time sign language recognition and audiovisual translation. Reproduced with
permission from ref 553. Copyright 2021 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (g) Smart
gloves integrated with yarn-based sensors measuring the bending angle and grasping pressure of the fingers. (h) Finger movements in the VR
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sensors attached to the arm to replace the functions of a
conventional mouse.

In addition, EMG signals generated by muscle activity are
valuable input data for gesture classification.373,545−547

However, compared to strain or pressure signals, EMG signals
require higher sampling rates and are more vulnerable to noise,
making it challenging to directly interpret the signals. Because
of this, many studies have incorporated AI techniques for
EMG-based gesture recognition.548−550 For example, with the
assistance of adaptive learning methods, hand gestures were
successfully classified using wearable EMG sensors on the
human forearm (Figure 23b).197 Equipped with computational
and wireless communication modules, the soft sensors with 64-
channel electrodes wirelessly collected EMG signals for
conversion into gestures. The adaptive algorithm enabled
real-time learning, inference, and model updates within the
compact module, classifying 21 hand gestures, including 12
single-degree, 8 multidegree motions, and a default state.

Increasing the number of sensors is inefficient in terms of
data processing when interpreting human motion using raw
data. However, it has been shown that machine-learned soft
sensors can accurately distinguish hand motions with fewer
sensors, enhancing system efficiency.542 In this study, a laser-
induced crack on a sintered Ag NP-based sensor detected
extremely subtle deformations by providing highly sensitive
performance (Figure 23c). By employing the crack sensor on
the wrist, fine deformations of the skin induced by finger
movements could be detected. Remarkably, the authors were
able to classify multiple motions generated by the movement
of all five fingers using only a single sensor (Figure 23d). This
approach highlights the potential for rapid and efficient gesture
classification using simple sensor input.

Based on gesture recognition techniques, various studies on
hand-based sign language prediction have been re-
ported.551−553 Analyzing the hand motions associated with
sign languages is crucial, as they comprise about 40% of daily
sign language movements.554 More than half of hand motions
are influenced by finger bending and the rest are affected by
wrist movement, fingertip touch, and interaction with the
palm. Considering the characteristic motions, a smart glove
was developed by integrating triboelectric sensors with a
sandwiched nitrile layer between conductive textiles that
detected strain and touch in the fingers (Figure 23e).553

From a deep learning perspective, the authors employed both
nonsegmentation and segmentation approaches to classify
various words and sentences. While the nonsegmentation
method accurately estimated learned data, it struggled with
unseen data, whereas the segmentation method allowed for
real-time responses to new words and sentences. By combining
both approaches, the study achieved barrier-free communica-
tion at the sentence level using sign language in a virtual space
(Figure 23f).

Similar to the textile sensor, yarn-based sensors are well-
suited for integration into conventional clothing or gloves for
recognition applications.555−559 For example, yarn-based
sensors composed of an elastic yarn core helically wrapped
with metal-coated nanofibers have been integrated into gloves
that were compatible with conventional sewing techniques.559

These gloves enabled the measurement of finger joint angles
through bending, while additional sensors sewn at the bottom
of the fingertips detected grasp pressure through pressing
(Figure 23g). This versatile design enabled the gloves to
capture complex hand motions, even facilitating object
recognition during interactions (Figure 23h). Its ability to
detect multiple types of deformations in a simple configuration
supported wearable XR applications that required precise
gesture recognition.

Gesture recognition can be achieved by detecting mechan-
ical deformation through optical changes, such as variations in
light intensity or RGB signal patterns, using stretchable
lightguide-based sensors that can be spatially distributed across
multiple regions (Figure 23i).525 The sensors consist of dual-
core elastomeric waveguides with spatially patterned chromatic
dyes, where mechanical deformation modulates optical path
geometry and absorption, leading to distinguishable changes in
RGB signal patterns. A vector-sum model, derived from
chromaticity and intensity responses in the CIE color space,
was used to decouple and reconstruct individual joint angles
across three finger joints using a single sensor. External
pressing was independently detected by monitoring the
normalized intensity in the clear core, and its location and
magnitude were inferred from hue shifts. This integrated
system demonstrated real-time and multilocation sensing
capabilities, highlighting its suitability for XR interface
applications (Figure 23j). Another stretchable optical sensing
platform was developed by embedding elastomeric lightguides
into a soft fingertip structure, enabling curvature detection
through deformation-induced modulation of light trans-
mission.560 To complement the optical response, ionic
liquid-based microfluidic channels were incorporated to
measure strain via impedance changes, and piezoresistive
composites were used to detect localized pressure through
contact resistance variation. These sensing elements were
integrated within a layered elastomeric architecture, allowing
simultaneous detection of bending, stretching, and pressing in
a wearable form factor. This configuration demonstrates the
potential of optical sensing as a central mechanism for high-
resolution, mechanically adaptive input capture in XR interface
applications.

In gesture recognition with soft sensors, conformability with
the skin is crucial, as sensors can delaminate with prolonged
use due to biological substances such as sweat. The low
conformability of the sensor due to the substrate hinders its
sensitivity to skin deformation. Therefore, sensors designed
with a breathable substrate or a substrate-less configuration

Figure 23. continued

environment corresponding to real-world grasping actions (inset), showing accurate motion tracking and rendering. Reproduced with permission
from ref 559. Copyright 2024 Springer Nature. (i) Soft glove with stretchable lightguide sensors for real-time joint and force sensing. (j) Real-time
multijoint bending reconstruction in VR environment via optical sensing. Reproduced with permission from ref 525. Copyright 2020 The American
Association for the Advancement of Science. (k) Digital image and schematic illustration of a substrate-less nanomesh sensor used to capture
proprioceptive information from the fingers. (l) Demonstration of imaginary keyboard typing with bihand motion detected by nanomesh sensors.
(m) Recognition of six objects through hand motion during rubbing using nanomesh sensors and AI technology. Reproduced with permission from
ref 122. Copyright 2022 Springer Nature.
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that directly contacts the skin are more suitable.170,561−563 To
address these issues, a substrate-less nanomesh sensor that was
printed directly onto the skin has been developed (Figure
23k).122 This substrate-less configuration of the sensor made
direct contact with the skin, allowing it to detect the fine strain
occurring in wrinkles caused by finger movements. The sensor
was designed as a single pathway extending from the wrist
along the index finger with two terminals to detect motion
across the entire hand. In this study, a meta-learning technique
akin to human cognitive ability was employed to extract
gesture information from these aggregated signals. The
integration of substrate-less sensors with the advanced AI
techniques enabled rapid recognition of various hand tasks
based solely on motion patterns, including input through
imaginary keyboard typing (Figure 23l) and shape discrim-
ination by analyzing hand movements during rubbing (Figure
23m).

5.2.1.4. Facial Expression Recognition. Emotions and
moods significantly affect human communication so both
verbal and nonverbal expressions are important for natural and
immersive interactions. However, these abstract and subtle
feelings are difficult to quantify, which complicates the sharing
of emotional atmospheres in digital environments. To resolve
this challenge, several studies have tried to analyze facial
movements and extract emotional information from facial
expressions for XR applications. By capturing and interpreting
facial movements including vocal vibration,564−566 mouth-
ing,563,567−569 and eye movement,570−573 the approaches aim

to enhance emotional communication in virtual spaces, thereby
improving user interaction and immersion.

Primarily, emotional information can be extracted from skin
strain and vocal vibrations among various facial movements by
employing TENG sensors composed of a conductive polymer
electrode and a dielectric elastomer film (Figure 24a).574 The
sensors detected strain and vibration by measuring the output
voltage produced through the triboelectric effect, with distinct
types of dielectric layers responding sensitively to different
mechanical stimuli. A dielectric layer with vertically aligned
NW structures was sensitive to skin stretching and
compression for measuring strain related to facial expressions
and mouth movements. Meanwhile, a dielectric layer featuring
an array of holes, acting as a sound hole, effectively responded
to vibrations for detecting vocal vibrations associated with
speech. By strategically placing the sensors on appropriate
regions of the face, both verbal and nonverbal expressions
could be captured (Figure 24b). This study demonstrated
interactive speech in various XR applications, enabling the
sharing of emotional atmospheres during human communica-
tion (Figure 24c).

For facial expression recognition, it is crucial to quantify the
deformations in facial skin caused by muscle contraction and
relaxation. Accurate measurement of skin strain and a
comprehensive understanding of the mechanisms behind facial
deformation facilitate reliable interpretation of facial move-
ments and the extraction of facial expressions. Furthermore,
this knowledge serves as a foundation for the development of
wearable systems that detect verbal and nonverbal expressions

Figure 24. Facial expression recognition systems. (a) TENG sensor consisting of electrode and dielectric layers (top), along with corresponding
layers such as PEDOT:PSS electrode and two types of dielectric layers for measuring skin strain and vocal vibrations, respectively (bottom). (b) A
wearable system consisting of TENG sensors appropriately placed on the face to acquire emotional information. (c) Interactive speech with
emotional sharing in XR applications. Reproduced with permission from ref 574. Copyright 2024 Springer Nature under CC BY 4.0 license
https://creativecommons.org/licenses/by/4.0/. (d) Schematic illustration of a piezoelectric strain sensor for capturing the dynamic mechanical
deformations of facial skin. Inset: exploded illustration of the sensor. (e) Strain distribution map captured by the strain sensors during facial
motions. Inset: optical image showing the sensor attached to the face. Reproduced with permission from ref 575. Copyright 2020 Springer Nature.
(f) Exploded view of a strain sensor based on SiNMs. Inset: magnified image of the sensor. (g) Schematic showing placement of strain sensors
around the mouth to detect facial movements. (h) Optical images (top) and corresponding spatiotemporal features of local strain around the
mouth (bottom) during silent speech. Reproduced with permission from ref 568. Copyright 2022 Springer Nature under CC BY 4.0 license
https://creativecommons.org/licenses/by/4.0/.
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presented on the face. However, the mechanical deformation
of soft tissue is nonlinear and dynamically changes with muscle
movements,575 making the quantitative analysis of skin strain
challenging. Regarding this, a piezoelectric strain sensor has
been used to analyze the dynamic mechanical interactions
between the sensor and the skin on the face (Figure 24d). The
sensor consisted of a piezoelectric aluminum nitride (AlN)
layer sandwiched between two electrode layers, and measured
strain by detecting voltage output in response to surface
deformations regardless of direction. The authors utilized 3D
reconstruction of the facial model to derive a quantitative
correlation between the voltage signals and strain, resulting in a
strain distribution map (Figure 24e). The results provide
fundamental insights for recognizing various facial motions
such as twitching, smiling, and mouthing.

Materials with high Young’s modulus, despite their rigidity,
can be excellent candidates for detecting the subtle
deformations associated with facial movements. Precise
measurement of strain around the mouth, without measuring
vibration, enabled silent speech interfaces that allow verbal
communication without vocalization.568 The strain sensor
designed to capture mouth movements consisted of two
vertically arranged silicon nanomembranes (SiNMs) (Figure
24f). The inherently rigid silicon with a single crystalline
structure was patterned in a serpentine shape to conform to
skin deformations and responded rapidly and sensitively to
strain. Moreover, the vertical arrangement allowed for the
measurement of the magnitude and direction of local strain.
The authors identified the optimal placement of the sensors to
classify mouth movements (Figure 24g). By analyzing the
spatiotemporal features of local strain around the mouth, the
recognition of silently pronounced words was achieved
through the developed silent speech interface (Figure 24h).
This study demonstrated the promise of rigid materials in

decoding fine facial deformations for advanced communication
technologies for wearable XR systems.
5.2.2. Thermal Input Devices. Temperature is one of the

most critical factors for understanding real-world sensations
and is an essential element in XR environments. Therefore,
accurately conveying temperature changes from the physical
environment to the XR environment is crucial, which
emphasizes the need for precise detection of temperature
variations in the physical world.

5.2.2.1. Mechanisms and Materials for Thermal Input
Devices. Regarding this, thermo-resistive sensors and thermis-
tors, which operate based on changes in electrical resistance or
conductivity with temperature, are widely used for temperature
sensing (Figure 25a).576−579 Thermal resistance temperature
sensors and thermistors operate on the principle that the
resistance of a conductor changes with temperature, with an
increase in resistance referred to as positive temperature
coefficient (PTC) and a decrease as negative temperature
coefficient (NTC).580−584

Typically, pure metallic elements are used as PTC materials,
where the resistance increases as the temperature rises due to
the increase in the kinetic energy of free electrons, which
enhances scattering and reduces electrical conductivity.585,586

In addition, ceramic-based PTC materials exhibit a sharp
increase in resistance near their Curie temperature, driven by
phase transitions affecting charge mobility.587−589 This
transition affects the mobility of charge carriers and increases
scattering, causing a sharp increase in resistance. Additionally,
grain boundaries in the ceramic structure act as barriers to
charge transport, and their effectiveness increases with
temperature, further amplifying the PTC effect.590,591 In
contrast, in composite materials with conducting polymers or
conductive fillers, PTC behavior arises from thermal
expansion.585,592 As the temperature rises, the thermal

Figure 25. Mechanisms for temperature measurement with wearable XR input devices. (a) Resistive-based temperature sensor and thermistor. (b)
TE-based temperature sensor using the Seebeck effect. (c) Representative material-based approaches for improving thermal input devices: (i)
thermal transport control, (ii) micro/nanoscale engineering, and (iii) atomic doping. Created with BioRender.com.
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expansion disrupts conductive pathways formed by filler
particles, thereby significantly increasing resistance.

On the other hand, NTC materials are commonly derived
from semiconductors such as metal oxides, where electrical
resistance is governed by charge carriers.593,594 In general,
NTC thermistors are used due to their high accuracy and fast
response times in temperature sensing applications.595,596 In
NTC semiconductors, as the temperature rises, the valence
electrons in the semiconductor material become excited to
higher energy levels, generating new electron−hole pairs due
to thermal excitation. This increase in carrier concentration
enhances the conductivity of the semiconductor.597−599

Similarly, conducting polymers exhibit NTC behavior due to
their conjugated π-electron structures, which enable electron
mobility.600,601 As temperature increases, thermal excitation
activates more charge carriers within the conjugated system,
while the movement of polarons and bipolarons becomes more
dynamic, further boosting conductivity. The electrical proper-
ties of conducting polymers are significantly influenced by their
doping levels, crystallinity, and temperature. These mecha-
nisms in NTC materials are characterized by their simple
structure and fast response, making it suitable for the
development of skin-integrated temperature sensory input
devices.

Another effective temperature sensing mechanism is TE
temperature sensors, which operate based on the Seebeck
effect at the contact point (Figure 25b). The Seebeck effect is a
physical phenomenon where a voltage difference is generated
between two junctions with different temperatures in a closed
circuit composed of two dissimilar metals or semiconduc-
tors.602 The TE temperature sensor utilizes the voltage
differences, known as TE voltage or Seebeck electromotive
force, generated in response to an applied temperature
gradient.603 In contrast to resistance-based temperature
sensing, this mechanism has the advantage of minimizing the
impact of mechanical deformation on the sensor, as it relies on
the voltage difference rather than resistance changes.

To fully leverage the capabilities of wearable thermal input
devices, it is essential to ensure efficient delivery of body heat
to the sensing interface. This requires careful management of
thermal transport from the skin to the sensor, particularly
under dynamic conditions such as mechanical deformation,
perspiration, and motion (Figure 25c-i). For instance,
stretchable thermally conductive elastomers incorporating
high-aspect-ratio fillers such as 1D or 2D materials can form
interconnected thermal pathways that enable efficient heat
transfer.604 Optimizing the filler geometry, orientation, and
spatial distribution further enhances the thermal conductivity
without compromising mechanical compliance. In addition,
LM-based colloidal materials have shown promise in reducing
interfacial thermal resistance through the formation of gradient
liquid−solid interfaces.605,606

Equally important is the prevention of unintended heat
transfer from other components in wearable XR devices, such
as computation modules or thermohaptic feedback compo-
nents, which may inadvertently affect the sensing accuracy or
user comfort. To address this, thermal insulation and
protection layers have been engineered for skin-interfaced
systems. A stretchable thermal protective substrate, composed
of PDMS embedded with phase-change microspheres,
significantly buffers transient thermal spikes.607 During
operation, the embedded microspheres undergo phase
transitions, absorbing significant latent heat and thus limiting

the temperature rise at the skin interface. For enhanced passive
thermal insulation, gradient-structured aerogel fibers have been
reported as high-performance materials.608 These fibers exhibit
radially varying porosity that induces interfacial thermal
resistance, drastically reducing thermal conductivity to a
value lower than that of air. The gradient design effectively
prevents excessive heat flow toward the skin. In addition to
thermal isolation and dissipation, precise directional control of
heat flow is a promising approach for thermal management in
skin-integrated XR systems.609,610 Thermal metamaterials,
designed with engineered spatial anisotropy, enable localized
manipulation of heat paths. These systems allow for spatial
redistribution of heat around sensitive components or toward
desired areas, contributing to both sensing fidelity and overall
system efficiency.

To advance the performance of conventional thermistors for
skin-interfaced applications, micro- and nanoscale engineering
strategies have been widely adopted (Figure 25c-ii). A
representative approach involves the nanostructuring of
semiconducting materials to achieve seamless integration
between the sensing channel and metal electrodes.595 A
flexible NTC thermistor fabricated via laser-induced reductive
sintering enables the monolithic formation of metal electrodes
and metal oxide sensing channels from a single precursor ink.
This intimate interface improves the fidelity of signal
transmission, enhancing overall device performance. In parallel,
for skin-integrated thermohaptic input systems, it is important
to maintain thermal sensing resolution while suppressing
deformation-induced signal distortion. One notable study
proposed a biomimetic laminated nanostructure inspired by
nacre, where MXene nanosheets are hierarchically assembled
with poly(vinyl alcohol)/TEMPO-oxidized cellulose nano-
fibrils.611 This laminated configuration dissipates in-plane
mechanical stress and mitigates strain-induced artifacts.
Beyond conventional resistive mechanisms, ionic TE mecha-
nisms have also been explored. An electrolyte-assisted
temperature sensor, which mimics a thermocouple structure
while utilizing a gel electrolyte to bridge dissimilar metal
electrodes, has been demonstrated.612 The gel electrolyte
promotes temperature-dependent redox interactions at the
metal−electrolyte interfaces. To further leverage the redox-
active interface enabled by the electrolyte, nanohole metasur-
face electrodes were incorporated, which convert light into
localized heat via plasmonic absorption.

Beyond micro- and nanoscale engineering, atomic-level
manipulation via defect engineering or doping offers a
fundamental route to precisely tailor the intrinsic properties
of sensing materials (Figure 25c-iii). This strategy allows for
the fine-tuning of the electronic band structure, which directly
governs the performance of thermoresistive or TE sensors. In
the realm of NTC thermistors, the sensitivity is governed by
the activation energy, which is intrinsically linked to the
electronic bandgap. Precise control over the bandgap is
therefore crucial for enhancing the temperature coefficient of
resistance. Representative research involves doping of silicon
nanomembranes with gold.613 Gold acts as a deep-level
impurity in silicon, shifting the Fermi level toward the intrinsic
level, which dramatically increases the effective activation
energy and thereby achieves the high temperature coefficient
of resistance. On the other hand, a primary objective of atomic
doping in TE sensors is the enhancement of the Seebeck
coefficient. Engineering the band structure to achieve the
convergence of multiple electronic bands to a single energy

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11614

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


level induces high valley degeneracy, which enhances the
Seebeck coefficient.614,615 For example, by mixing selenium
into lead telluride, these electron pathways are aligned, which
significantly boosts the generation of voltages from heat.614

This principle also applies to lead selenide doped with gallium
antimonide for better performance.615 Another approach is to
create an impurity band, acting as a stepping stone for charge
carriers near the primary conduction pathway. Doping silver
antimony telluride with tin achieves this, allowing more
charges to efficiently contribute to producing electricity and
increasing electrical output.616 In addition, doping can also
enhance TE efficiency by modifying the microstructure to
obstruct heat transfer, which contributes to higher overall
performance.617

Table 11 provides a comparative summary of the key
advantages and limitations of representative thermal input

mechanisms, including resistive/thermistor-based and TE
approaches. Table 12 further details the material platforms,
sensing ranges, and spatial performance of various temperature
sensor implementations applicable to wearable systems. These
thermal input technologies play an essential role in enabling

XR interfaces to capture nuanced temperature variations across
the skin. By providing high sensitivity and conformable thermal
sensing, they support real-time, context-aware interactions in
immersive environments. As XR devices continue to evolve,
the integration of robust and stretchable temperature sensors
will be critical to achieving seamless, skin-like input modalities.

5.2.2.2. Resistance-Based Thermal Sensing and Input
Devices. As mentioned above, skin conformality is critical for
XR interfaces to effectively monitor the physiological
information of users in the XR environment. During the
motion-based interaction in the XR environment, the XR
device must maintain continuous conformal contact to ensure
stable and accurate data collection. This attribute is particularly
important for skin-interfaced XR devices that measure the
temperature on the skin surface, as even a small air gap can
cause inaccuracies due to the interfacial thermal resist-
ance.618−620 Therefore, to meet these requirements, the device
must not only be stretchable but also maintain consistent
performance under deformation. To address this issue, the
stretchable semiconducting SWCNT transistor-based temper-
ature sensor platform has been proposed, achieving high
reliability and accuracy through a deformation-suppression
circuit (Figure 26a).621 All transistor components were
composed of stretchable materials such as SWCNT,
PEDOT:PSS liquid ionic conductor, and block copolymer-
based stretchable substrate. By adopting differential readout
technology, which combines static voltage readout and
dynamic voltage readout, the authors were able to minimize
measurement errors within ±1 °C even with 60% strain,
without the need for strain engineering (Figure 26b).

In addition, recognizing thermal patterns is essential for XR
devices to apply them to the virtual environment in response to
real-world interactions and the physical state of users. In this
context, a stretchable array-structured temperature sensor can
serve as an effective input system for wearable XR devices by
detecting thermal patterns of objects in contact with human
skin (Figure 26c).596 Polyaniline nanofiber-based temperature
sensors and SWCNT-based thin-film transistors were inter-
connected using LM to ensure stable performance under

Table 11. Summary of Advantages and Disadvantages of
Thermal Input Devices

mechanism advantages disadvantages

resistive and
thermistor

• high sensitivity to
temperature

• nonlinear resistance−
temperature behavior

• fast thermal response
time

• affected by humidity or drift

• simple, low-cost
fabrication

• sensitive to material
condition changes

thermoelectric • insensitive to
mechanical strain

• low output voltage

• self-powered
operation

• complex material pairing
required

• high thermal
sensitivity

• sensitive to linearity/
reproducibility

Table 12. Summary of Thermal Input Devices with Temperature Sensors and Their Characteristics

performance

mechanism material stretchability temperature sensitivity
spatial

resolution ref

Temperature Sensor
thermo-resistive/
thermistor

SWCNT stretchable (60%) sensing range:
15−55 °C

−24.2 mV °C−1 621

SWCNT stretchable (biaxial
30%)

sensing range:
15−45 °C

1.0% °C−1 1 cm 596

Au-doped SiNM stretchable (30%) sensing range:
25−45 °C

TCR: − 3.73% °C−1 3 mm 622

Ni electrode, NiO NP flexible sensing range:
25−70 °C

TCR: − 9.2% °C−1 8 mm 595

Ag2S flexible sensing range:
24−34 °C

TCR: − 4.7% °C−1 6 mm 623

SnO2, SWCNT flexible sensing range: 0−40 °C TCR: − 0.97% °C−1 628
rGO stretchable (10%) sensing range:

25−50 °C
TCR: −2.085 °C−1 <6 mm 629

Seebeck effect CNT, Ag NW stretchable (70%) ΔT: ∼90 °C Seebeck coeff: 37 μV °C−1 627
PEDOT:PSS, Ag NP,
graphene

stretchable (100%) ΔT: ∼100 °C Seebeck coeff: 10 μV °C−1 5 mm 626

Pt, In2O3 flexible ΔT: ∼100 °C Seebeck coeff:
76.5 μV °C−1

630
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Figure 26. Temperature input devices. (a) Stretchable strain-independent circuit integrated temperature sensor (scale bar: 1 cm). (b) Stable
sensing performance of the temperature sensor with minimum error under mechanical deformation. Reproduced with permission from ref 621.
Copyright 2018 Springer Nature. (c) Polyaniline nanofiber-based stretchable temperature sensor array with heart-shaped water container. (d)
Mapping of the corresponding heart-shaped temperature distribution. Reproduced with permission from ref 596. Copyright 2015 Wiley-VCH. (e)
NiO-based flexible thermistors on the various parts of the robotic hand. (f) A digital image of a 5 × 5 NiO-based thermistor array (scale bar: 4 cm).
Inset: a magnified view of the monolithically integrated Ni electrodes and NiO thermistor (scale bar: 100 μm). (g) An IR image of the selectively
heated thermistor. (Top) and corresponding temperature mapping acquired from the NiO-based temperature thermistor array (bottom).
Reproduced with permission from ref 595. Copyright 2020 Wiley-VCH. (h) Stretchable temperature sensing mesh based on Au-doped SiNMs on
the human arm. (i) Thermographic image of partially heated Au-doped temperature sensor array (top) and corresponding color heat map of heated
Au-doped temperature sensor array. Reproduced with permission from ref 622. Copyright 2022 Wiley-VCH. (j) Ag2S film-based thermistor array
applied to the human arm with a finger interacting with the device (left) and the temperature distribution indicating the location of the finger on
the device (right). (k) A digital image of a check symbol demonstrating the detection of dynamic motion using the Ag2S thin-film thermistor array,
along with accompanying images showing temperature distribution changes based on the dynamic motion. Reproduced with permission from ref
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biaxial strain of up to 30%. The sensor showed a high
resistance sensitivity of 1.0% °C−1 within the temperature
range of 15−45 °C, along with a rapid response time of 1.8 s.
Temperature mapping experiments conducted with the sensor
attached to the palm confirmed its capability to accurately
detect both the shape and temperature of a heart-shaped
aluminum container filled with cold water (Figure 26d).

Spatial resolution is another critical factor in array-based
temperature XR devices for detecting and recognizing complex
thermal patterns on the skin surface during interactions with
objects. Spatial resolution refers to the level of detail in
temperature mapping across a given area, with higher
resolution enabling more precise detection of temperature
gradients and complex thermal patterns. As the sensing
elements become smaller, the number of sensors that can be
attached to the skin increases, thereby enhancing the detail of
the information that can be represented in the XR environ-
ment (Figure 26e).

Recently, a high-resolution nickel oxide (NiO)-based
thermistor array has been reported, enabling the recognition
of thermal patterns (Figure 26f).595 The laser-based reduction
process of nickel NPs facilitated the rapid fabrication of
microscale NiO thermistors with a high resolution. By selecting
NiO, known for its highly sensitive NTC properties, as the
sensing material, the authors developed a precise thermistor
array with high sensitivity in the temperature range of 25−70
°C. Consequently, when attached to the philtrum, the thermal
input device was capable of detecting even small respiratory
temperature changes in real time. Furthermore, the 5 × 5 grid
thermistor array accurately identified small temperature
variations and recognized letter patterns within an area of
approximately 5 cm2 (Figure 26g). Similarly, the ultrasensitive
Au-doped SiNM-based wearable sensing device enables precise
skin temperature monitoring by conforming closely to the skin
(Figure 26h).622 By adjusting the Au doping concentration, the
SiNM exhibited high-temperature sensitivity with NTC
properties. Thereby, the wearable thermistor enabled the
formation of a thermal map when the sensor array was partially
heated, demonstrating its capability to accurately detect
temperature changes with high spatial resolution (Figure 26i).

Lastly, the wearable Ag2S film-based high-performance
thermistor array, featuring ultrarapid response and recovery
times, enables the development of a wearable thermal touch
panel (Figure 26j).623 The thin-film configuration, with a
thickness of 70 μm, facilitates ultrafast response and recovery
times, effectively addressing the low thermal conductivity of
the inorganic Ag2S semiconductor. These characteristics have
been experimentally demonstrated to extend beyond merely
recognizing the position of contact points, exhibiting the
potential for detecting dynamic motion in touch-panel
applications (Figure 26k).

5.2.2.3. TE-Based Thermal Sensing and Input Devices. On
the other hand, the TE mechanism can be effectively arranged
in array configurations due to the inherent characteristics of
TEDs, which utilize the difference in the Seebeck effect that
exists between pairs at contact points. This property has been
leveraged in the development of temperature sensors that are
highly sensitive to thermal variations while remaining
unaffected by stretching or deformation.624,625 Furthermore,
the TE voltage generated by the thermal gradient resulting
from the thermal interaction enabled their self-powered nature
and efficient energy consumption.

For example, a self-powered wearable temperature sensor
can be fabricated using TE fiber (Figure 26l).626 Unlike
conventional TE pallets, the temperature sensor was
constructed by stencil-printing TE ink that consists of
PEDOT:PSS as the p-type material and Ag NPs and graphene
as the n-type materials onto a knitted textile substrate. The
sensor generates a voltage in response to temperature
differences, producing 1.1 mV with a 100 K temperature
gradient, and demonstrates high durability over 800 cycles
under 20% strain. Furthermore, it detects real-time temper-
ature changes without a battery by generating voltage based on
thermal differences, facilitating both temperature sensing and
contact position prediction (Figure 26m). Another example is
the development of a highly stretchable temperature sensor
utilizing the Seebeck effect with NP-based printed circuits
(Figure 26n).627 This sensor formed a microthermocouple by
printing nanomaterial-based inks that consist of CNTs and Ag
NWs on a PDMS substrate to create stretchable micro-
thermocouple-based circuits. The sensor demonstrated up to
40% stretchability while maintaining strain-insensitive temper-
ature measurements. It also visualized real-time temperature
distribution during finger touch, showing the capability to
accurately capture fine temperature patterns on surfaces like
skin (Figure 26o).
5.2.3. Chemical Input Devices. Human olfaction and

gustation are complex sensory processes that rely on the
binding of specific chemicals to receptors, which generate
electrical signals transmitted to the brain for interpretation.631

These processes enable the perception of a wide range of
smells and tastes, playing a critical role in how humans interact
with their environment. Inspired by these biological mecha-
nisms, chemical input devices have been designed to replicate
these natural processes, facilitating the detection and differ-
entiation of chemical molecules.632−635 The implementation of
such devices is primarily based on binding affinity, electro-
chemical reactions, and iontronic mechanisms, each of which
contributes to the precise identification of specific compounds
within complex mixtures. By emulating the precision and
selectivity of human sensory systems, these devices hold

Figure 26. continued

623. Copyright 2022 Wiley-VCH. (l) A photograph of wearable TE-based wearable temperature sensors deposited on the human
arm. (m) Finger contact on specific areas of the device (left) and the corresponding TE voltage mapping indicating the location of
the contact point and the temperature of the object. Reproduced with permission from ref 626. Copyright 2018 Royal Society of
Chemistry under CC BY-NC 3.0 license https://creativecommons.org/licenses/by-nc/3.0/. (n) Highly stretchable temperature
sensor based on the Seebeck effect with CNT, Ag NP, and graphene-based printed circuits. (o) Mock-up hand covered with the
Seebeck effect-based temperature sensor array showing the finger touch interaction (top) and the resulting temperature distributions
of the finger (bottom). Reproduced with permission from ref 627. Copyright 2018 Royal Society of Chemistry under CC BY-NC 3.0
license https://creativecommons.org/licenses/by-nc/3.0/.
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considerable potential for XR applications, particularly in
detecting and analyzing the surrounding environment.

5.2.3.1. Mechanisms and Materials for Chemical Input
Devices. The binding affinity mechanism operates similarly to
biological receptors, where specific compounds bind to
responsive materials on the sensor surface to generate signals
(Figure 27a).636−638 Specifically, binding affinity refers to the
ability of a chemical ligand to bind selectively and stably to the
binding site of a receptor or sensing surface, defined by
selectivity and affinity.639,640 Selectivity is determined by the
structural complementarity and chemical interactions between
the ligand and the receptor.639,641 Structural complementarity
describes the precise alignment of the structure of the ligand to
the binding site of the receptor. Chemical interactions involve
physicochemical forces such as hydrogen bonding, ionic
interactions, hydrophobic effects, and van der Waals forces,
all of which play a critical role in determining selectivity.642−644

Affinity, on the other hand, reflects the stability of the
interaction between the ligand and the receptor, quantified by
the equilibrium dissociation constant.645 A lower equilibrium
dissociation constant value indicates stronger binding, which
contributes to stable and reliable signal generation in sensing
systems. Together, selectivity and affinity act synergistically in
sensor design to ensure high sensitivity and specificity, even in
complex environments.

Based on the mechanism, sensory input systems adopt
biomolecules such as antibodies,636,638,646,647 proteins,648−651

and DNA,634,652−656 as well as nanomaterials,632,633,657,658

polymer films,659−661 and surface-modified electrodes,662,663 to

enhance selectivity and sensitivity toward specific mole-
cules.664−667 To convert smells or tastes into electrical signals,
the systems are integrated with electrodes or transducers
composed of nanomaterials such as CNT,650,668,669 gra-
phene,670 and conductive polymers.668 When the analyte
binds to the sensor, it induces a change in the properties of
sensors, such as mass, charge, or conductivity. By analyzing the
signal variations resulting from binding reactions, the
concentration and characteristics of the target substance can
be determined. While this approach enables precise detection
of specific molecules within complex mixtures, it is sensitive to
environmental changes.664,667,671

In addition, the electrochemical mechanism converts
chemical reactions into electrical signals through oxidation-
reduction reactions, facilitating the detection of various
chemical compounds (Figure 27b).672−674 Olfactory and
gustatory sensors primarily utilize a three-electrode config-
uration, comprising a working electrode (WE), a counter
electrode, and a reference electrode, to investigate redox
reactions within the analyte. This configuration enables precise
measurement of current and voltage changes between the
electrodes, offering high sensitivity and rapid response times
for the effective detection of various chemical com-
pounds.674−676 To analyze the concentration of specific ions,
various electrochemical techniques, including chronopotenti-
ometry,677,678 chronoamperometry,679,680 and differential pulse
voltammetry,681,682 have been adopted for olfactory and
gustatory input devices.

Figure 27. Mechanisms for chemical sensing with XR input devices. (a) Chemical sensing mechanism with binding affinity energy. (b)
Electrochemical-based sensing mechanism with three-electrode system. (c) Iontronic-based chemical sensing mechanism. (d) Representative
material-driven strategies for enhancing chemical input interfaces: (i) surface functionalization, (ii) surface area engineering, and (iii) molecular
interaction design. Created with BioRender.com.
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In electrochemical mechanisms, the WE serves a pivotal role
as the site where chemical reactions are transformed into
measurable electrical signals by enabling electron transfer
processes and amplify the resulting signals effectively.674,683,684

It is specifically designed to facilitate and monitor redox
reactions, generating electronic responses through surface
complementarity and chemical interactions. Unlike binding
affinity, which typically involves nonredox molecular recog-
nition, the WE drives electrochemical processes that directly
produce quantifiable signals. On its surface, the analyte
undergoes oxidation or reduction reactions, which are critical
for quantifying chemical concentrations. To optimize perform-
ance, the material and surface properties of the electrode are
carefully selected and frequently modified.

Surface modification is a key strategy to enhance the
chemical selectivity of the WE.685−687 Functional coatings,
such as specific enzymes,688,689 antibodies,690−692 or nanoma-
terials693−695 are often applied to enable selective interactions
with target analytes. These modifications ensure that only
specific compounds participate in redox reactions, thereby
minimizing interference from nontarget substances. Further-
more, conductive polymers possess unique properties that
distinguish them from traditional materials for the WE, such as
tunable conductivity through doping and enhanced selectiv-
ity.696,697 Conductive polymers are easily doped due to their
conjugated π-electron system, which allows charge carriers to
be introduced efficiently through simple chemical processes.
This functionality renders it indispensable in applications
requiring real-time detection for olfactory and gustatory
sensing.

Lastly, the iontronic mechanism utilizes ionic conductivity
and primarily functions based on the movement of ions in
response to specific chemical substances (Figure 27c).698−700

When a chemical substance interacts with the sensor, it alters
the concentration or mobility of ions within the system. This
system measures the potential difference generated by changes
in ion concentration, similar to the physiological signals
produced by ion channels in humans. Iontronic sensors
achieve high selectivity through the use of selectively
responsive materials that interact specifically with target ions,
ensuring precise and reliable detection.699,701 Selectivity is
primarily achieved by designing materials with chemical or
structural properties specifically tailored to the unique
characteristics of the target ion, such as size, charge, or
hydration radius.702,703 These materials selectively allow or
facilitate the movement of target ions while effectively blocking
or minimizing interference from nontarget species.

For example, ion-selective membranes are specifically
engineered to facilitate the transport of target ions while
effectively excluding others, relying on differences in their
physical and chemical properties.704−706 These membranes are
frequently combined with ion-exchange materials, which
further enhance the selective movement of desired ions while
suppressing the transport of undesired ones. Similarly, ion gels
comprising polymer networks embedded with ionic liquids
provide a highly conductive medium tailored for selective ion
transport.707,708 Selectivity in ion gels is achieved through the
incorporation of functional groups that promote specific
interactions with target ions.709 Additionally, the cross-linking
density of the gel can be adjusted to control pore size, allowing
only specific ions to pass based on their hydration radius or
charge density.710,711 Functionalized polymers, designed with
ion-specific ligands or binding sites, further enhance selectivity

by fostering specific interactions with the target ions, ensuring
precision in ion sensing applications.712−714 In olfactory and
gustatory sensors, selectively responsive materials for specific
target ions are employed to induce reactions that are
subsequently converted into electrical signals. Generally, gel-
based iontronic sensors provide exceptional sensitivity and
flexibility, rendering them suitable for a variety of environ-
ments.715,716

To fully realize the potential of the above-mentioned sensing
mechanisms, material-level strategies have been actively
explored to optimize performance parameters such as
sensitivity, selectivity, and stability. Among these strategies,
surface functionalization focuses on precisely modifying the
chemical properties of a sensing surface to optimize the
interaction with specific analytes (Figure 27d-i). This
technique imparts sensitivity and selectivity to the sensor
while also influencing stability, reproducibility, and suitability
for various applications.717 One representative method
involves the functional integration of biological receptors
onto electronic platforms.634 In this context, a chemical linker
tailored for dual-affinity, interacting noncovalently with the
graphene surface and covalently with amine groups on the
receptor proteins, was employed to immobilize human
olfactory receptors. This biointerface engineering ensured the
stable anchoring and functional orientation of the receptors,
enabling distinct signal responses corresponding to the
molecular chain length of odorants. In addition to direct
chemical functionalization, surface texturing, which is achieved
through nanostructuring or material deposition, offers a
complementary strategy to further amplify chemical input
performance. For instance, a combinational surface function-
alization method was implemented by decorating vertically
aligned tin oxide nanorods with a range of bimetallic
nanocatalysts and transition metal oxides.718 Such a dual-
modification approach not only diversified the catalytic sites
but also induced unique redox reaction pathways at each
sensing unit. These multidimensional responses enabled highly
selective recognition of specific gas species within complex
mixtures.

Expanding the accessible surface area directly enhances the
interaction between target molecules and sensor surfaces
(Figure 27d-ii). One prominent strategy includes 3D porous
frameworks, such as aerogels or foams, often composed of
hybrid carbon-based materials combined with functional
NPs.719 In this study, the architectures offered exceptionally
high surface-to-volume ratios. Furthermore, interconnected
pore networks promoted rapid diffusion of chemical species.
Tailoring parameters such as filament diameter, pore density,
and hierarchical structure enabled control over adsorption
dynamics and temporal response. Metal−organic frameworks
can also serve as 3D porous components when integrated with
highly conductive carbon-based scaffolds, such as laser-induced
graphene.720 This combination yielded hierarchical architec-
ture with coexisting pores, enhancing both molecular access
and electronic signal transduction. The high porosity of the
frameworks facilitated selective molecular binding via their
cavities and surface functionalities, while the underlying
scaffold provided mechanical support and rapid signal delivery.
In addition, hollow or layered microstructures have been
demonstrated to promote interfacial mass transfer.721

Compared to dense films, these engineered structures
minimized boundary layer resistance and accelerated analyte
diffusion toward active sensing sites. As a result, chemiresistive
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sensors built from these films exhibited faster response times
and reduced signal degradation even in dynamic environments.

Within iontronic chemical input systems, the dynamic
interface formed between ionic liquids and soft matrices is
crucial for mediating signal transduction (Figure 27d-iii).
Embedding ionic liquids within soft polymeric networks to
form ionogels retains ionic mobility and introduces mechanical
robustness with leakage resistance. For example, ionogels
containing ionic liquids and stretchable semiconducting gels
have been reported to create continuous ion conduction
pathways across the device.722 These all-gel configurations
enhance ionic transport and electrical transduction, ensuring
reliable performance under mechanical deformation. Mean-
while, engineering the hydration behavior of ionic liquid
components can control sensor selectivity under varying
environmental conditions.723 Hydrophilic anions tend to
strongly coordinate with water molecules, swelling the gel
and improving ion mobility in humid conditions. In contrast,
less hydrophilic anions reduce water uptake, leading to denser
ionogel networks that suppress humidity interference while
maintaining permeability to chemical vapors. This molecular-
level control has been leveraged to tune the environmental
adaptability of iontronic sensing materials. Beyond passive
sensing, ionic liquid interfaces can also be utilized for synaptic
functionality in neuromorphic chemical devices.724 In organic
electrochemical transistors, the interaction between the
ionogels and chemical analytes induces ionic redistribution,
modulating the channel conductance like excitatory neuro-
transmission. The slow relaxation of ions within the polymer
matrix leads to prolonged signal retention, which is actively
reset by applying electrical pulses. Such ionogel-based gating
architectures offer a promising route toward bioinspired
chemical sensors that integrate memory, adaptability, and
stimulus-specific response.

Table 13 presents the main types of chemical sensing
mechanisms, including binding affinity, electrochemistry, and
iontronics, along with their respective advantages and
disadvantages for olfactory and gustatory input. Furthermore,

Table 14 provides examples of devices based on these
mechanisms, including their materials, sensing targets, and
performance characteristics. These chemical input technologies
play an important role in extending XR systems to include
smell and taste perception. By mimicking the selectivity and
responsiveness of the human sensory system, they enhance
realism and expand the range of immersive experiences.

5.2.3.2. Olfactory Input Devices. As mentioned, various
materials such as antibodies,636,638,646,647 proteins,648−651 and
DNA,634,652−656 as well as nanomaterials,632,633,657,658 polymer
films,659−661 and surface-modified electrodes,662,663 have been
utilized as flavor detection materials, with high sensitivity.
However, in XR environments, the ability to provide sensory
feedback for a wide range of odors is more crucial than merely
detecting target substances. From this perspective, diverse
sensory input arrays capable of responding to various gaseous
molecules are commonly employed in the development of
artificial olfactory systems.

Human olfactory input devices generate unique responses to
various gaseous molecules through multiple receptor cells.
Mimicking the feature of the human olfactory system, artificial
olfactory devices use receptor-inspired sensing systems that
produce characteristic response patterns to oder molecules.631

For example, biomimetic sensor arrays (BSA) that incorporate
MXene-based nanocomposites capable of detecting odor
molecules have been proposed (Figure 28a).633 During gas
adsorption in MXene, electron transfer from gas molecules
decreases the carrier hole concentration.725,726 This phenom-
enon can be amplified by Schottky barrier structures at the
interfaces in the MXene-based nanocomposite, which
enhances gas detection performance. By adjusting the
MXene ratio in the composite, the authors created chambers
with various Schottky barrier structures that generated
different signal responses, allowing for the development of a
comprehensive library of signal reactions (Figure 28b).
Furthermore, an AI algorithm was introduced to detect subtle
differences in sensor signals, enabling the detection of odors
from human breath and clothing to differentiate individuals. As
a result, up to 10 distinct odors were successfully distinguished,
achieving a 67.8% success rate in breath detection and 51.1%
in clothing detection (Figure 28c).

MXene-based sensor array structures in chambers demon-
strated that they are highly effective in detecting various odors.
However, advancing wearable olfactory devices requires the
development of technology capable of integrating diverse high-
performance gas sensors into large-scale arrays on a single chip,
similar to how olfactory cells in humans are densely packed
within the nasal cavity. Inspired by the human olfactory
system, a biomimetic olfactory chip (BOC) integrating up to
10,000 individually addressable sensors has been reported
(Figure 28d).632 A high-density sensor array incorporating
vertical metal oxide (PdO/SnO2) nanotubes with a 3D
nanoscale structure was fabricated, offering a large, highly
structured surface area that enhances effective interaction with
gas molecules (Figure 28e). Furthermore, the pixel layer
composed of this sensing material was combined with layers of
metal oxides with varying compositions, maximizing sensor
sensitivity and enabling each pixel to respond to a wide range
of gases. The authors employed an AI algorithm to analyze the
gas response patterns obtained from the sensors to classify
various gases (Figure 28f). As a result, the AI learned the gas
response patterns, enabling high-precision predictions with an

Table 13. Summary of Advantages and Disadvantages of
Chemical Input Devices

mechanism advantages disadvantages

binding affinity • high specificity
and selectivity

• limited dynamic range due to
the equilibrium dissociation
constant

• stable and strong
binding

• slow dissociation limits real-
time use

• compatible with
complex
environments

• sensitive to environmental
changes

electrochemistry • high sensitivity
and fast response

• interference from nontargets

• versatile signal
amplification

• electrode surface instability

• surface
modification for
selectivity

• fabrication complexity

iontronics • high ion
selectivity

• complex material design

• bioinspired
mechanism

• nontarget ion interference

• material-driven
precision

• property-sensitive response
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accuracy of 99.04%, and was also utilized for predicting gas
concentrations in mixed gases.

In addition, the ability to precisely distinguish similar odors
is crucial for implementing olfactory information in the XR
environment. However, existing olfactory input devices mainly
target the detection of individual molecules or compounds
with clearly identifiable compositions.724,727−729 To pave the
way for the next generation of XR, it is essential to establish
olfactory input devices able to identify subtle distinctions in
odor molecules, such as variations in chain length or functional
groups.730 To address this issue, a neuromorphic artificial
olfactory system (AOS) utilizing human olfactory receptors
(hORs) has been designed to be capable of detecting subtle
differences between odors (Figure 28g).634 This system
utilized three unique hORs, each integrated with a lipid
membrane for targeted detection, immobilized within nano-
discs on a graphene-extended gate device, forming an olfactory
sensory neuron platform. The hOR nanodiscs, coupled with an
organic synapse device, detect fine differences between odors
based on their binding affinities (Figure 28h). This AOS
produced unique patterns for odors and mixtures based on the
specific binding affinities between hORs and odorants at the
molecular chain length level, followed by learning and
recognition by the AI system. As a result, it accurately
identified single and mixed odors with over 90% accuracy,
particularly distinguishing odors based on molecular chain
length for compounds like short-chain fatty acids (Figure 28i).

In addition to directly reading electrical signals, there are
methods that detect odors by analyzing color changes induced
by compounds.731,732 However, the color change-based

mechanism requires separate processing equipment to analyze
the colors, and the intermediary step of color transition may
lead to slower response times. Therefore, continued studies to
resolve these issues are necessary for the advancement of XR
technologies.

5.2.3.3. Gustatory Input Devices. Entwined with olfaction,
gustation significantly influences daily human experiences and
emotions, exerting a profound impact on individual lives.
While gustatory information is essential for interaction, current
technologies that sense and analyze gustatory information
derived from real food encounter significant challenges.635,733

To address this, several studies have been exploring taste-
sensing technologies, including electrochemical meth-
ods,734−738 iontronic analysis,739−742 triboelectric sensing,743

and colorimetric analysis,744−746 paving the way for more
natural interactions in XR environments.737,738,740,744,746

Electrochemical sensing represents one of the fundamental
strategies for the gustatory sensing of liquid or solid
foods.734−738 A wearable glove sensor that utilizes three
electrode systems for electrochemical reactions on the fingers
to differentiate various foods has been proposed (Figure
29a).738 The WE for the electrochemical reactions was
constructed using carbon and Prussian blue materials. The
carbon electrodes were functionalized with ascorbic acid to
detect sour flavors and capsaicin molecules to sense spiciness,
while the Prussian blue electrodes were utilized for glucose
detection to identify sweetness (Figure 29b). This glove
distinguished unique electrochemical peaks and signal
intensities corresponding to each taste, allowing the detection
of sour, sweet, and spicy flavors on different fingers (Figure

Table 14. Summary of Olfactory and Gustatory Input Devices with Various Chemical Sensors and Their Characteristics

performance

mechanism material stretchability odor taste
spatial

resolution ref

Chemical Sensor
binding affinity PdO/SnO2: odor, acetone, CO, ethanol, formaldehyde, NO2,

toluene, H2, isobutylene
24 smells (camphor-
wood, lemon, kiwi
fruit...)

10−25 μm 632

hORs, graphene, α-MoO3, poly(3-hexylthiophene-2,5-diyl) 4 short-chain fatty
acids

634

odor: propionic acid, butyric acid, valeric acid, hexanoic acid
Ti3C2Tx, MAPbBr3 10 gases (carvacrol,

butyl cinnamate,
indole...)

633

odor: NH3, acetone, EtOH, ether

electrochemistry C-based ink stretchable sour, sweet, spice 738
taste: glucose, ascorbic acid, capsaicin
trioctylmethylammonium, oleic acid, bis(2-ethylhexyl) phos-
phate, tetradodecylammonium bromide, 1-hexadecanol,
trimeltic acid

flexible sour, sweet, salty, as-
tringent

737

taste: KCl, tartaric acid, sucrose, tannic acid
L-cysteine, Au NP spicy 762
taste: hydroxy-α-sanshool
Au NP, zeolitic imidazolate framework-8, Ti3C2 MXene umami (sweet) 763
taste: inosine 5′-monophosphate, L-glutamic acid monoso-
dium salt hydrate, disodium succinate, beefy meaty peptide

iontronic CNT yarn, PEDOT, Taste: K+, Na+, H+ stretchable
(27%)

four types of water and
four types of fruit
juice

740

mucin, LiCl flexible astringent 168
taste: tannin
mucin, NaCl, Ag/AgCl astringent, bitter 755
taste: tannin/quinine sulfate
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29c). Additionally, by using conductive gel for contact with
food samples, the system could detect the taste of both liquid
and solid foods. This system is expected to be beneficial for
wearable XR devices, enabling the detection of gustatory
elements from various objects in XR environments.

In addition to specific molecules, the presence of specific
ions in food is closely linked to taste, making ion-selective
sensors suitable for distinguishing distinct tastes.739−742 For
example, salty, sour, and bitter tastes are triggered by Na+, H+,
and K+ ions, respectively.741,747−750 Based on this principle, the
electronic tongue has been fabricated using CNT yarn coil-
based ion-selective sensors to measure the concentrations of
various ions, thereby enabling the differentiation of tastes in
beverages and foods (Figure 29d).740 These coiled CNT yarns,
coated with ion-selective membranes, result in ion-selective
coiled yarns designed for high sensitivity and selectivity toward

specific ions such as K+, Na+, and H+. As a result, the multi-ion
potentiometric sensor demonstrated functional sensing per-
formance in real applications, including water-based solutions
such as seawater, river water, tap water, and distilled water, as
well as fruit juices such as lemon, coconut, pear, and grape
juice (Figure 29e). Furthermore, this sensitivity and selectivity
were maintained even under 27% stretching and during
mechanical deformations such as bending to 180° or tying into
knots.

Recent advancements in electronic tongue (E-tongue)
systems, designed to distinguish different tastes, have been
widely reported. Progress in E-tongue technology has been
facilitated by the integration of various materials, including
lipid/polymer membranes,751,752 conjugated polymers,753,754

hydrogels,168,755 and human taste cells.756,757 Despite these
advances, the technology still encounters several challenges in

Figure 28. Olfactory sensing devices. (a) Schematic of a BSA incorporating MXene-based nanocomposites for the detection of odor molecules. (b)
Digital image showing the generation of different signal responses to exhalation using the BSA chambers with various Schottky barrier structures.
(c) Classification of 10 different odors using signal processing based on ML. Reproduced with permission from ref 633. Copyright 2023 Elsevier.
(d) System design of BOC integrated with up to 10,000 individually addressable sensors. (e) High-density sensor array in the BOC incorporating
vertical metal oxide (PdO/SnO2) nanotubes and nanoscale structures for effective interaction with gas molecules. (f) Individual responses of each
sensor obtained through the 10 × 10 sensor array chip. Reproduced with permission from ref 632. Copyright 2024 Springer Nature. (g) The main
structure of a neuromorphic AOS utilizing hORs. (h) The hOR nanodiscs, combined with an organic synapse device, that detect fine differences
between odors based on binding affinities. (i) Patterned channel conductance signals in response to various short-chain fatty acids. Reproduced
with permission from ref 634. Copyright 2024 The American Association for the Advancement of Science under CC BY-NC 4.0 license https://
creativecommons.org/licenses/by-nc/4.0/.
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accurately evaluating real taste profiles resulting from the
interactions of taste elements, such as amplifying and masking
effects. Furthermore, ensuring consistent and reliable perform-
ance under dynamic testing conditions, particularly with high
variability, remains a critical issue.758 To address this, an
electronic tongue system has been proposed, mimicking
human taste buds and employing a specialized deep-learning
algorithm for gustatory analysis (Figure 29f).737 This system
integrated four working WEs into a single device that mimics
taste buds, with each WE utilizing specific lipid membranes to
selectively detect distinct taste qualities such as sourness,
saltiness, sweetness, and astringency (Figure 29g). The
obtained electrochemical signals from the multichannel
gustatory sensor were analyzed and interpreted through deep
neural networks. As a result, the artificial electronic tongue

system accomplished approximately 95% accuracy in classify-
ing six varieties of wine while maintaining close to 90%
accuracy (Figure 29h).

Taste-sensing devices utilizing triboelectric,743,759 and
colorimetric745,760,761 methods can also be used for gustatory
feedback. However, triboelectric-based devices could only
sense substances in the form of falling droplets, and
colorimetric devices required separate processing tasks and
equipment for color analysis. Therefore, further studies are
needed to improve the versatility and miniaturization of
sensing technologies for XR gustatory devices.
5.2.4. Multimodal Sensory Input Devices. As discussed

above, for a wearable XR input device to simultaneously
perceive various types of sensory information, a multimodal
strategy is essential.764 This can be achieved either by

Figure 29. Gustatory sensing devices. (a) Electrochemical-based gustatory detection system and its application on the hand of a robot. (b) A glove-
type device that differentiates gustatory stimuli through electrochemical reactions occurring at electrodes on the fingers. (c) Gustatory detection via
finger touch of the glove and corresponding electrochemical signals: sour (left), sweet (middle), spicy (right). Reproduced with permission from ref
738. Copyright 2024 American Chemical Society. (d) Digital image of gustatory sensing device composed of ion-selective yarn (left). Electron
microscopy image (middle) and magnified view (right) of the ion-selective coiled yarns (scale bars: 200 μm, 40 μm). (e) Ion concentrations
measured by the ion-selective yarn-based sensor in various solutions. Reproduced with permission from ref 740. Copyright 2024 Wiley-VCH. (f)
Optical image of the fabricated artificial electronic tongue system with a single drop of dietary compounds in the system. (g) Cross-sectional view
of the artificial electronic tongue system illustrating the mechanism of sensing various dietary compounds with one system. (h) High accuracy of E-
tongue system with different electrochemical potential in classifying six samples (wines). Reproduced with permission from ref 737. Copyright 2023
American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11623

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig29&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00966?fig=fig29&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


integrating multiple sensors within a single device176,196,765 or
by employing a novel mechanism that differentiates between
distinct signals.178,179,766 Consequently, developing such a
device necessitates advanced manufacturing techniques, ma-
terial science, and engineering expertise, as well as
sophisticated signal processing methods, which greatly exceed
the requirements of single-input devices.767−769 This chapter

provides a detailed exploration of various soft multimodal
input devices.

The most accessible strategy involves integrating multiple
individual sensors into a single device, typically combining the
detection of mechanical and thermal stimuli.176,196,770 For
instance, a wearable device with a miniaturized array of sensors
capable of precisely measuring localized pressure and temper-

Figure 30. Multimodal sensory input devices. (a) Schematic illustration of a multimodal sensory input device with vertically integrated pressure
sensor and temperature sensor. (b) Illustration of 64 body-mounted sensors for simultaneous pressure and temperature sensing, enabling detailed
spatial mapping of tactile and thermal stimuli. Reproduced with permission from ref 196. Copyright 2018 The American Association for the
Advancement of Science. (c) Diagram of the iontronic-based sensory input device and its mechanism for detecting both mechanical and gustatory
stimuli. Reproduced with permission from ref 700. Copyright 2023 American Chemical Society. (d) Schematic image of the core component of the
multimodal sensory device and its working mechanism, detecting temperature (left) through the Seebeck effect and pressure (right) through the
piezoresistive effect. (e) A photograph of a multimodal sensory array attached to a prosthetic hand, grasping a human hand. (f) Mapping images
showing the corresponding sensed temperature (top) and pressure (bottom) data resulting from grasping a human hand. Reproduced with
permission from ref 178. Copyright 2015 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (g) A
photograph of multimodal sensory input device for mechanical and thermal sensing on the mock-up hand (left). A schematic diagram of the
multimodal device with ion-conductor (top right) and its working mechanism (bottom right). (h) Changes in parameters of ion-conductor
depending on the mechanical stimuli and thermal stimuli. (i) Demonstration of the decoupling of mechanical and thermal stimuli using ion-
conductor-based sensory input device. Reproduced with permission from ref.179. Copyright 2020 The American Association for the Advancement
of Science.
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ature has been presented (Figure 30a).196 This device
interfaces with one or more large loop antennas connected
to RF power and data collection electronics, enabling
multiplexed operation over several tens of centimeters. The
simultaneous wireless operation of 65 sensors positioned on
the limbs, torso, neck, and head demonstrates the feasibility of
pressure throughout the body and temperature monitoring
during daily activities. (Figure 30b). These multiple wireless
skin-like devices are mounted on human skin to measure two
parameters in real time. The time-dependent data captured can
be represented as spatiotemporal color plots mapped onto the
body form. This approach allows for the comprehensive
acquisition of motion and physiological data, with the resulting
mapping serving as a valuable method for transmitting real-
world information into XR environments.

Another approach could involve decoupling a single
electrical signal that responds to two stimuli within the
material. Recently, an iontronic sensor capable of detecting
both pressure and taste was developed using the dielectric
properties of conductive hydrogel (Figure 30c).700 Mechanical
pressure changes the contact area of the electrodes with a
hierarchical structure, resulting in variations in the capacitance
of the iontronic sensor. In contrast, chemical stimuli modify
the mechanical properties of the hydrogel-based dielectric layer
through the Hofmeister effect. When mechanical and chemical
stimuli occur simultaneously, the capacitance response to
mechanical stimuli changes due to the altered mechanical
properties of the hydrogel caused by ion concentration. As a
result, a single capacitance signal is influenced by both stimuli,
and AI techniques are employed to distinguish between
pressure and taste. The iontronic sensor, utilizing a hierarchical
structure, demonstrated high mechanical sensing capabilities,
differentiating between 15 chemical cosolvents and identifying
5 types of commercial beverages in response to chemical
stimuli. This demonstrates the feasibility of separating two
stimuli using a single sensor, mimicking the functionality of the
human tongue.

Alternatively, devices can be designed by combining
materials with two different mechanisms. Wearable multimodal
sensory input devices have been designed that utilize organic
TE materials supported by a microstructured frame to convert
external pressure and temperature into distinct electrical
signals.178,771,772 For example, the independent Seebeck and
piezoresistive effects were integrated into a single device
structure, with the active layers formed by depositing organic
TE materials onto a flexible microstructured frame to enable
simultaneous sensing of temperature and pressure (Figure
30d).178 When the device interacts with an object that applies
combined temperature and pressure, the TE materials detect
the temperature difference through the Seebeck effect,
enabling the temperature of the object to be measured within
2 s. Simultaneously, the microstructured frame experiences
mechanical deformation, resulting in a change in resistance
proportional to the applied pressure in 2 ms. Utilizing screen
printing technology, the author developed a spatially high-
resolution microstructured TE array consisting of 1350 pixels
(0.25 mm2 per pixel) on a fabric frame to meet the
requirements of wearable XR systems. This array can be
integrated into prosthetic limbs, capturing detailed temper-
ature and pressure images (Figure 30e). The collected data,
monitored via the reconstructed map, corresponded closely
with the pixel colors in the distribution maps (Figure 30f).

Lastly, the most efficient and ideal approach involves
extracting distinct electrical signals for different stimuli within
a single material, which generates electrical signals with varying
slope and response times.773,774 However, it is challenging to
distinguish the response from each external stimulus without
the assistance of AI technology. Regarding this issue, a recent
study has proposed an ion-conducting sensor to independently
distinguish strain and temperature (Figure 30g).179 The sensor
leverages the inherent physical properties of the ion-conductor
to separately measure the effects of mechanical stimuli and
thermal stimuli. The electrical properties of the ion-conductor
were changed in response to variations in both strain and
temperature, enabling the sensor to clearly identify the
response to each stimulus (Figure 30h). In detail, the charge
relaxation time (τ) serves as an intrinsic variable for
temperature measurement, remaining constant regardless of
strain. In contrast, normalized capacitance (C/C0) acts as an
extrinsic variable sensitive to strain changes. By normalizing
capacitance against a reference value, the influence of
temperature can be mitigated, thereby facilitating effective
strain detection. Thus, the sensor array with the ion-conductor
demonstrates the potential to effectively collect two types of
stimulus information, enabling the decoupling of temperature
and strain distributions at contact points through mapping
techniques (Figure 30i).

In this way, when external stimuli are applied to the skin,
multiple sensations are transmitted simultaneously. These
multimodal input devices exhibit promise for wearable XR
technology by enabling the simultaneous collection of multiple
types of information from a single device, effectively mimicking
human sensory capabilities. Advanced design capabilities and a
thorough understanding of the underlying mechanisms of
materials are essential for multimodal input devices to
accurately and simultaneously detect various physiological
signals from the body.
5.3. Integrated Sensory Feedback and Input Devices

While individual feedback or input technologies are important,
as discussed above, integrated sensory feedback and input
systems are essential for immersive XR applications. By
combining feedback and input functions, it is possible to
create closed-loop systems that provide precise stimulation and
sensing simultaneously.156,238 These systems detect the user
response to specific haptic stimuli, enabling the delivery of
more accurate and tailored feedback signals. Furthermore, the
feedback itself helps users adjust their actions, allowing them to
fine-tune their behavior for better manipulation of the
device.177 Most importantly, the integration of sensory
feedback and input functions within a single device is
indispensable for effective communication among multiple
individuals in XR applications. In the process where user
actions are detected, processed, and transmitted as feedback to
others, the feedback and input functions must operate
seamlessly. For comprehensive understanding, this chapter
provides an overview of integrated sensory feedback and input
devices, emphasizing their importance in enhancing interaction
and communication in XR environments.

To combine sensory feedback and input functions, the most
common strategy is to integrate individual feedback and
sensing modules into a single device. For example, a wearable
system could be integrated with multiple sensors and feedback
actuators to recognize hand motions and provide mechanical
stimuli.221 The system utilized a triboelectric mechanism to
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measure the bending and sliding motions of the hand (Figure
31a). A curved triboelectric sensor captured finger bending
through the electric signals generated by contact and
separation between the sensor and the finger, while a
hemispherical sensor with four contact points detected lateral
interactions of the palm. For mechanical feedback, the system
employed piezoelectric materials. PZT actuators generating
vibrations provided mechanical feedback corresponding to
specific VR scenarios. As a result, the integration of hand
movement recognition and vibrational feedback enabled
precise motion control and immersive interaction in VR
environments. This system was successfully demonstrated in
an interactive VR baseball application, highlighting its potential
for enhancing user experience.

Wearable XR interfaces can be designed to provide
multimodal feedback and sensing functions for realizing
immersive somatosensory sensations. One study has proposed
a wearable device that simultaneously collected mechanical and
thermal information while providing mechano- and thermo-
haptic feedback.238 In this study, the developed TENG-based
single unit with feedback and sensing capabilities could be
customized and integrated according to specific purposes and
target body parts, resulting in a compact and multifunctional
device (Figure 31b). The electrical signals generated by the
TENG enabled various motion sensing, such as strain,
pressure, and vibration from the user and the external
environment. Notably, it also sensed the actuation of the
device, allowing for precise control without additional sensors.

Figure 31. Integrated sensory feedback and input devices. (a) Wearable system integrated with vibrational feedback actuators and multiple sensors
that measure bending and sliding motions. Reproduced with permission from ref 221. Copyright 2020 The American Association for the
Advancement of Science under CC BY-NC 4.0 license https://creativecommons.org/licenses/by-nc/4.0/. (b) Haptic interface employing TENG-
based units with feedback and sensing functions for immersive somatosensory sensations. Reproduced with permission from ref 238. Copyright
2022 American Chemical Society. (c) Ring-type integrated feedback and input device for mechanical and thermal sensations. Reproduced with
permission from ref 253. Copyright 2022 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (d) Schematic
illustration of wireless touch transmission through mechanohaptic interface with feedback and input features based on electromagnetic mechanism.
Reproduced with permission from ref 156. Copyright 2022 The American Association for the Advancement of Science under CC BY 4.0 license
https://creativecommons.org/licenses/by/4.0/.
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Moreover, a thermistor embedded in the unit measured the
temperature of contacted objects in the real world. From a
feedback perspective, air chambers embedded in certain
positions provided pressure and kinesthetic feedback based
on pneumatic actuation, while resistive heaters delivered
thermohaptic feedback. This approach, utilizing a single unit
with both feedback and sensing functions, facilitated a compact
form factor and seamless fusion of the two functionalities.

Similarly, another study reported a ring-type integrated
feedback and input device for mechanical and thermal
sensations (Figure 31c).253 The authors integrated pyramid-
structured triboelectric sensors on the inner surface of the ring
to collect tactile signals generated by finger movements and
embedded pyroelectric sensors on the outer surface to measure
the temperature of external objects. Both sensors, employing
triboelectric and pyroelectric effects, operated through a self-
powered mechanism, significantly reducing power require-
ments and enhancing usability. Furthermore, gesture and
object recognition were achieved by processing tactile signals
via voltage integration and ML techniques. In addition, the
integration of a vibration motor and a resistive heater in the

device allowed for the provision of multimodal feedback, such
as vibrational and thermal stimulation. As a result, the
miniaturized ring-type device, with combined multimodal
feedback and sensing features, enabled the transmission of
mechanical and thermal information from real objects
interacted with by the user to VR environments, allowing
others to experience these sensations.

The most ideal approach to integrating sensory feedback and
input features is to design a component that simultaneously
performs actuation and sensing through a single mechanism.
For instance, an actuator has been developed that incorporates
both mechanical feedback and sensing functions.156 This
actuator, composed of an elastomeric frame integrated with a
magnet and a conductive coil, utilized an electromagnetic
mechanism to achieve vibrational actuation and tactile sensing
simultaneously. In detail, when current was applied to the coil,
the generated alternating magnetic field induced vibrational
motions of the magnet, resulting in mechanohaptic feedback.
Conversely, when external forces deformed the actuator, the
movement of the magnet induced a current in the coil,
allowing for the detection of touch or contact as a tactile

Figure 32. System-level integration for untethered soft wearable XR devices. (a) Electronic system including various components based on
commercial f-PCB technology. Reproduced with permission from ref 242. Copyright 2022 Springer Nature. (b) Optical image of intrinsically
stretchable transistors (scale bar: 3 cm). (c) Digital image of stretchable transistors with high integration density on a tiny object (scale bar: 3 mm).
Inset: optical microscope image of the transistor array (scale bar: 50 μm). Reproduced with permission from ref 778. Copyright 2024 Springer
Nature. (d) Skin-integrated electronics equipped with a thin-film antenna for wireless charging (scale bar: 15 mm). (e) Wireless charging through a
radio frequency wave transmitter (scale bar: 20 mm). Reproduced with permission from ref 193. Copyright 2021 Wiley-VCH. (f) A stretchable
battery composed of soft and ink-based materials under large deformation (scale bar: 1 cm). (g) An on-skin electronic device integrated with a
stretchable battery (scale bar: 1 cm). Reproduced with permission from ref 792. Copyright 2022 Springer Nature. (h) Strain-invariant stretchable
electronic device including various wireless communication components. (i) Demonstration of stable wireless communication of the device during
body movements. Inset: magnified view of the collected signals. Reproduced with permission from ref 776. Copyright 2024 Springer Nature.
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sensor. Since these feedback and input features originated from
electromagnetic induction, the device could be designed with a
simple structure and a single operating mechanism. The
authors integrated the actuators into an array to fabricate a
haptic interface for wireless touch transmission, which
successfully demonstrated the sharing of tactile sensations
between two users (Figure 31d).

These integrated sensory feedback and input devices can
collect various sensory information from the user and deliver it
to other users, enabling realistic experiences and effective
interactions in XR applications. For the advancement of
wearable XR technology, the integration is crucial and requires
a comprehensive understanding of materials and mechanisms,
as well as careful consideration of system design.

6. SYSTEM-LEVEL INTEGRATION FOR UNTETHERED
SOFT WEARABLE XR DEVICES

The evolution of XR technologies has driven a growing
demand for highly immersive and real-time interaction
environments. Achieving this goal requires seamless system-
level integration, particularly in wearable devices that offer
untethered and wireless operation without compromising
performance or user experience. For soft wearable haptic XR
interfaces, the devices must be lightweight, imperceptible, and
comfortable to wear for long-term use while maintaining
robust functionality. However, the process of collecting diverse
signals via sensory input components, processing them using
computational units, generating feedback through actuators,
and wirelessly transmitting or displaying information, neces-
sitates numerous components. Therefore, system-level integra-
tion focuses on combining the various subsystems, such as
actuators, sensors, electronic circuits, power management
units, and wireless communication modules, into a compact
device. The overarching goal is to balance these components to
minimize bulk while maximizing functionality and efficiency.
The complexity arises from the need for simultaneous
attention to both hardware and software, addressing how
signals are processed, how power is delivered, and how
information is transmitted wirelessly without latency. Addi-
tionally, integrating these components on a soft and flexible
substrate requires careful consideration of material properties,
stretchability, and mechanical resilience.
6.1. Electronic System Design

The design of electronic systems for soft wearable XR devices
demands a multidisciplinary approach, combining advances in
microelectronics, materials engineering, and embedded sys-
tems. The electronic system needs to be capable of acquiring
data from various sensing components, processing the data in
real time, and providing the necessary output through
actuators that generate haptic feedback. At the core of the
system is a processing unit, typically an MCU or more
advanced system-on-chip, that coordinates signal processing,
power management, and wireless communication. The
operation of the processing unit requires additional electronic
components, such as resistors, capacitors, transistors, and
integrated circuit (IC) chips. The system design to integrate
these components into soft form factors for wearable devices is
essential because most electronic components are rigid.

One representative approach is to incorporate electronic
elements into rigid island structures on flexible or stretchable
substrates. This method, based on commercial f-PCB
technology, allows for the rapid and cost-effective integration

of advanced semiconductor technologies with soft sensors and
actuators. The electronic system, designed for wireless tactile
sensing and feedback, should include various modules such as
an MCU, a power driver module, a battery, and a wireless
charging coil (Figure 32a).242 Despite diverse electronic
modules, the system remained compact, lightweight, and
flexible. To further improve wearability, the thickness of the
substrate can be reduced. For instance, ultrathin electronic
systems integrated with f-PCBs under 10 μm in thickness have
been reported for biosignal sensing applications.775 In addition,
by utilizing a stretchable substrate, it was possible to construct
systems where the overall structure was stretchable, despite the
individual components being rigid.776

However, significant challenges persist as most electronic
components remain rigid and thicker than the substrate,
highlighting the inherent limitations of merely improving the
substrate. Therefore, developing stretchable components is
inevitable, particularly focusing on fabricating the stretchable
transistor as the foundation of ICs. For instance, a stretchable
transistor array was developed, where the semiconductor,
dielectric, and conductor were all composed of intrinsically
stretchable materials.777 Through significant advancements in
materials engineering and process scalability, the authors
developed an intrinsically stretchable IC with a high density of
100,000 transistors per square centimeter.778 The stretchable
transistor array maintained stable operation even under large
deformation (Figure 32b). Additionally, the high integration
density was achieved by placing transistors on a tiny object
(Figure 32c). Based on the stretchable transistors, the group
fabricated ICs with switching frequencies in the MHz range,
demonstrating the potential for high-frequency signal acquis-
ition and on-skin computing. Further advancements in the
integration of stretchable transistors will be critical for the
future development of soft wearable devices. Such innovations
could lead to new applications in high-performance computing
directly on the skin, enabling seamless and immersive
interaction with digital environments.
6.2. Power Management

Achieving untethered operation of skin-integrated XR
interfaces requires a wearable, efficient, and robust power
supply to support the electronic systems. In most wearable
electronics, DC power is preferred due to its compatibility with
electronic systems including microprocessors, sensors, and
displays. DC power is easily regulated and can be efficiently
supplied via compact battery systems. However, AC power is
also necessary for specific components, such as vibration-
generating actuators, thermal management devices controlled
by pulse-width modulation, and wireless communication
modules. Therefore, system-level integration for power
management needs to be flexible, allowing conversion between
DC and AC power sources based on the specific requirements
of XR systems. Additionally, these power management systems
should be designed with energy harvesting and storage
elements in mind to maximize efficiency and sustainability in
wearable applications.

Energy harvesting devices offer a promising solution for
extending the operational time of skin-integrated XR systems,
reducing dependence on bulky batteries. These devices capture
ambient energy from the environment and convert it into
usable electrical power. Several energy harvesting techniques
have been explored for wearable devices, including TE,779,780

piezoelectric,781−783 triboelectric,784−786 and photovol-
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taic787,788 methods. These approaches generate electrical
power from environmental sources such as temperature
gradients, mechanical deformations, body movements, or
solar energy, thus enhancing the versatility of wearable devices.
However, power management systems must be carefully
designed based on whether the generated power is DC or
AC. For instance, energy harvesters utilizing piezoelectric or
triboelectric techniques generate AC power, requiring
converters to rectify the AC voltage into DC voltage for
most electronic applications.

Another wireless, battery-independent method involves
radio frequency identification (RFID) technology. Typically
used for tracking and identification, RFID enables both power
and data transfer through inductive coupling between two
conductors. Specifically, near-field communication (NFC), a
type of RFID, operates at a high-frequency band of 13.56 MHz
and facilitates bidirectional communication within a short
distance of 4 cm. Although continuous power supply is
challenging due to the short distance, NFC can activate sensors
and collect data when the power source, such as a mobile
phone or NFC reader, approaches the device. Another method
of achieving an untethered system involves integrating a
wirelessly chargeable.193 An on-skin device equipped with a
thin-film antenna and an AC/DC conversion module could be
wirelessly charged using radio frequency energy (Figure 32d).
Near a 915 MHz transmitter, operational energy was retained
via wireless charging techniques (Figure 32e).

Energy storage devices are also fundamental components for
untethered wearable XR interfaces. Traditional Li-ion and Li-
polymer batteries are widely used in wearable electronics due
to their high energy density and relatively small form factor.
However, when integrated into skin-integrated systems, these
batteries face challenges such as rigid form factors, safety
concerns, and limited lifespan. To address these limitations,
research has increasingly focused on supercapacitors,789−791

and stretchable batteries.203,792,793 A stretchable battery was
developed by applying a segmented design that positioned
active cell arrays on a stretchable substrate with stretchable
electronic circuits based on Li-ion battery technology, resulting
in high areal capacity and mechanical stretchability.203

Another approach involves intrinsically stretchable materials
to fabricate batteries for skin-integrated electronic systems. A
stretchable battery was developed with all key components
such as current collector, anode, cathode, and separator, made
from soft, ink-based materials.792 This battery was encapsu-
lated in a soft elastomeric layer, enabling it to withstand
significant deformation while maintaining stable performance
(Figure 32f). Due to its stretchability and electromechanical
stability, this battery was well-suited for integration into
wearable electronic systems (Figure 32g). These advancements
point to the future of stretchable and durable energy solutions
for skin-integrated devices.
6.3. Wireless Communication

Wearable XR systems typically incorporate wireless commu-
nication modules. For an immersive and seamless user
experience, integrating technologies including wireless fidelity
(WiFi), Bluetooth low energy (BLE), and NFC is important to
enable wireless data transmission without cumbersome wires.
These communication technologies must be carefully selected
and optimized according to factors such as power con-
sumption, data transmission speed, range, and system
flexibility. Effective wireless communication allows wearable

XR devices to interact with external systems, synchronize with
digital platforms, and maintain real-time data exchange. Each
technology presents distinct advantages and limitations,
making their optimal integration crucial for enhancing the
overall user experience in XR systems.

WiFi is one of the most widely used wireless communication
technologies, providing high data transmission rates and long-
range connectivity. Operating on several frequency bands,
including 2.4 and 5 GHz, WiFi supports data-intensive
applications in XR environments. In skin-integrated XR
systems, WiFi enables real-time data synchronization with
external servers, cloud platforms, and other connected devices.
However, WiFi typically consumes more power than other
technologies, making it less ideal for energy-constrained
wearable devices. Balancing power consumption with perform-
ance remains a significant design challenge, despite the high-
bandwidth capacity and communication speed of WiFi.

BLE, on the other hand, is widely used in wearable
electronic systems due to its low power consumption and
relatively long communication range of up to 100 m. Operating
in the 2.4 GHz band, BLE supports low-latency communica-
tion for skin-integrated devices, which need to conserve power
while maintaining continuous connections with external
devices such as smartphones or computing devices. This
technology enables real-time communication between wear-
able sensory input devices and other systems that offer
immediate data display or processing capability for data sets.

NFC operates at 13.56 MHz and supports communication
over short distances, typically just a few centimeters. While
NFC is not designed for continuous data transmission like
WiFi or BLE, it offers unique advantages for wearable XR
systems. NFC can operate using minimal power provided by
an NFC reader, making battery-free systems feasible. Despite
its limitations in communication range and data rate, NFC can
complement other wireless technologies by providing on-
demand interactions in wearable systems.

Another important component in wireless communication is
the antenna, which must be designed with the appropriate
resonance frequency based on the frequency band of the signal.
However, in stretchable devices, dynamic deformations of the
skin can cause frequency shifts, compromising communication
quality and efficiency. To resolve this issue, strain-invariant
stretchable electronics have been developed to maintain their
original radio frequency characteristics even under deformation
(Figure 32h).776 The stretchable antenna was fabricated on a
substrate consisting of dielectro-elastic materials with variable
permittivity, preventing frequency shifts when stretched.
Additionally, this technology could be easily integrated with
existing stretchable technologies, such as stretchable circuits
and wearable sensory input devices. The strain-invariant
property enabled stable wireless communication at distances
longer than 30 m, even with wrist movements (Figure 32i). As
a result, these advancements enabled the system-level
integration of wireless communication technologies in soft
wearable XR systems, and it is essential to understand the
characteristics of each technology and apply them according to
the specific needs of the XR devices.

7. AI TECHNIQUES FOR SOFT WEARABLE XR
DEVICES

AI techniques play a pivotal role in the functionality of
wearable devices by converting large quantities of raw sensory
input data into actionable and meaningful insights. This
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conversion is crucial in a range of applications such as health
monitoring systems, medical devices, and entertainment
applications using interactive XR environments. To enhance
both the functionality and the user experience, the rapid and
accurate interpretation of sensory input data should be
accomplished. We explore various advanced techniques in
signal processing, traditional ML technologies, and neural
network-based deep learning, effectively managing complex
data from physiological and environmental sensors (Figure
33). These methods not only improve the adaptability and
responsiveness of wearable haptic devices but also enable them
to tailor their responses based on individual user behavior
patterns.
7.1. Feature Extraction and ML Technologies

Signal processing is the initial stage of handling data in
wearable haptic devices for extracting usable components from
input signals and generating realistic feedback signals. Fourier
and Wavelet transforms can be utilized for this purpose,
providing a means to analyze complex time series data streams
such as ECG, EEG, EOG, or EMG signals based on their
constituent frequencies. These methods enhance the detection
and analysis of user intention for wearable haptic devices
requiring continuous monitoring and immediate feedback. The
ability to accurately process and analyze these signals in real
time is necessary for haptic XR applications, such as adjusting
user experiences according to intentions detected through
physiological changes and providing immersive feedback based
on environmental interactions.

Statistical methods are applied for further refinement and
interpretation of data. These methods offer useful insights into
the underlying trends of data, facilitating predictive analysis.
For example, regression analysis helps identify relationships
between input and output data, allowing for the prediction of
outcomes based on input data. Hypothesis testing evaluates the
significance of observed patterns, ensuring that detected trends
are not due to random chance. These techniques help in
understanding the fundamental relationships in data produced
in XR environments. While traditional statistical approaches

provide basic insights, the complex and massive data generated
by wearable XR interfaces necessitate more advanced analytical
methods for deeper interpretation.

ML methods offer a transformative approach to making
decisions based on input data and identifying patterns that are
not easily detectable through traditional statistical methods.
These methods, represented by supervised and unsupervised
learning, are being utilized to process and interpret the data
generated by wearable XR devices, depending on the distinct
advantages of each approach.

Supervised learning, a primary ML method, trains a model
using labeled data, pairing each input with a corresponding
label to teach the model how to accurately map inputs to
expected outputs. For instance, support vector machines
(SVMs) are algorithms that determine the ideal hyperplane
for partitioning data points into various classes with the
maximum margin. This ability makes SVMs particularly
effective for classification such as distinguishing between
different physical activities or identifying spoken sentences
using subtle throat movements without voice signals.567 The
flexibility of SVMs, by using kernel functions, enables them to
handle linear and nonlinear data, making them versatile for
various types of signals, which originate from user interactions
in XR environments. However, SVMs can demand significant
computational resources, particularly when dealing with large
data sets, and necessitate precise hyperparameter tuning and
appropriate kernel selection for best results.

Another ML method is k-nearest neighbors (kNN) for
supervised learning. This nonparametric approach determines
the class of data points by considering the majority class from
their “k” nearest neighbors within the feature space. This
simplicity makes kNN a promising tool for wearable XR
interfaces where quick and straightforward classification is
required, such as real-time motion and gesture recognition. For
instance, the kNN algorithm was integrated with soft sensory
foams to classify various deformation types and predict the
magnitude of the types.794 This technique facilitated
recognizing different gestures based on mechanical deforma-
tion induced by movements, enabling intuitive control of XR

Figure 33. Overview of AI technologies for soft haptic XR devices. Various algorithms for supervised and unsupervised learning in traditional ML
and diverse artificial neural networks for deep learning.
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devices. One of the notable advantages of kNN is that it
requires no prior assumptions about how the data is
distributed, which allows it to be flexible and effective in
various scenarios. Nevertheless, the performance of kNN can
be affected by the choice of “k” and it can become
computationally expensive as the size of the data set increases.
In addition, this algorithm is sensitive to imbalanced data,
where the majority class can dominate the classification
process, leading to biased results.

Random forests algorithm, an ensemble learning method,
combines multiple decision trees to enhance classification
accuracy and mitigate overfitting. Each tree within the forest is
trained on a randomly selected subset of data, and the
aggregate of all tree predictions constitutes the desired output.
This methodology strengthens the robustness and precision of
the learning model, making random forests particularly suitable
for complex data from various sensory input devices. For
example, random forests can be utilized for activity recognition
to accurately classify user activities, such as analyzing sleep−
wake stages using data from the movement of the wrist.795

Nonetheless, despite their ability to reduce overfitting
compared to single decision trees, interpreting the results
from a large ensemble of trees can be challenging, complicating
the understanding of the decision-making process of the
model.

Unsupervised learning differs from supervised learning by
handling unlabeled data. The goal is to find hidden patterns or
intrinsic characteristics in data without predefined labels. Since
only input data without labels is needed, unsupervised learning
is particularly useful in exploratory data analysis and situations
where labeled data is scarce or expensive to obtain. With
wearable electronics, unsupervised learning methods are widely
utilized for dimensionality reduction and clustering.

Principal component analysis (PCA), one of the unsuper-
vised learning techniques, is employed for dimensionality
reduction to simplify intricate data. Through this algorithm,
the data is transformed into a new coordinate system, with the
first coordinate, or first principal component, capturing the
highest variance, followed by the second coordinate with the
next largest variance, and so on. This dimensionality reduction
facilitates refining data, reducing noise, and highlighting the
most important features. Because of this, PCA can be used to
preprocess data before implementing other ML algorithms and
deep learning algorithms that are explored in the next
section.796 By retaining only the most significant components,
PCA helps in improving the efficiency and accuracy of the
subsequent learning models. However, PCA assumes linearity
in the data and may not capture nonlinear relationships
effectively.

Beyond PCA, clustering algorithms such as K-means and
hierarchical clustering are fundamental approaches in un-
supervised learning. K-means clustering partitions data into K-
distinct clusters based on distance measures, typically utilizing
Euclidean distance. Each data point is mapped to the nearest
cluster center, and the centers are repeatedly adjusted until
they converge. This approach is applicable for analyzing
chemical information obtained from wearable interfaces and
for detecting anomalies within data clusters.797,798 Despite its
simplicity and efficiency, this method requires the a priori
specification of the number of clusters, which may pose a
limitation in applications where the optimal number of clusters
is unknown.

Hierarchical clustering constructs a clusters tree through
either an agglomerative (bottom-up) or divisive (top-down)
strategy. Hierarchical clustering, unlike K-means clustering,
operates without requiring the number of clusters to be
specified beforehand. This flexibility makes it particularly
advantageous for exploratory data analysis, as it naturally
organizes data into a hierarchy. For example, it can be used to
analyze accelerometer activity profiles as biomarkers to
evaluate health conditions.799 However, hierarchical clustering
is computationally intensive, typically with a complexity of
O(n3), making it less suitable for large data sets. Therefore, this
approach often needs to be combined with efficient data
structures, heuristic methods, and other optimizations or
approximations to improve its scalability and performance.

Furthermore, the integration of feature extraction and ML
techniques can result in the development of more robust and
accurate models. For instance, unsupervised methods such as
PCA and clustering can be employed to preprocess data,
thereby reducing its complexity before data is delivered to
other learning algorithms.197 This preprocessing step enhances
the performance of the models by emphasizing the most
relevant features and minimizing noise. In the context of XR
haptic interfaces, this enables more accurate detection of user
actions, improved prediction of intention, and more efficient
operation of the devices, providing users with reliable feedback
and recommendations.

The incorporation of these ML techniques paves the way for
deep learning, which is explored in the next chapter. This
section delves into the utilization of deep neural networks to
further enhance the capabilities of wearable XR interfaces.
7.2. Deep Learning

Deep learning is a subset of ML, especially leveraging neural
networks with a large number of layers to model complex
patterns in data. This technique is beneficial for wearable XR
interfaces, where data can be high-dimensional and intricate.
Deep learning models, including convolutional neural networks
(CNNs) and recurrent neural networks (RNNs), have proven
highly effective in managing the complex and dynamic data
streams generated by wearable interfaces.

CNNs are highly effective at managing spatial data, making
them particularly well-suited for applications involving image
or video inputs. Convolutional layers within these networks
facilitate the automatic and adaptive learning of spatial feature
hierarchies, enhancing the efficacy of the model in tasks such as
gesture recognition and facial expression analysis. CNNs can
process raw sensor data from cameras or other vision systems
to detect and interpret user movements, improving the
interactivity and functionality of XR interfaces. Although the
use of CNNs in skin-interfaced wearable devices is less
prevalent, primarily due to the difficulty in obtaining image or
video data from these devices, recent research suggests their
significant potential in this area. For instance, a skin-integrated
facial interface was developed based on CNN models, which
converted facial strain signals and vocal vibrational signals into
personalized emotional context information.574

RNNs, including long short-term memory (LSTM) net-
works, are designed to process sequential data, which is
prevalent in wearable devices that continuously monitor user
activities over time. Due to the ability to learn temporal
dependencies, these models are suitable for activity recog-
nition, health monitoring, and real-time feedback systems.
However, traditional RNNs encounter difficulties with long-
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term dependencies because of the vanishing gradient problem.
LSTMs mitigate this issue through a unique cell structure that
enables the retention of information over extended periods.
The advent of LSTMs has facilitated the analysis of time-series
data, making it more effective and insightful. For example,
LSTMs have been employed to identify complex motion
patterns from a single skin sensor in real time, demonstrating
their capability to handle dynamic and sequential data
efficiently.542 The models can also be utilized to analyze
patterns in various types of data, including time-series
vibrational signals, temperature variation, and chemical
information.

Generative adversarial networks (GANs) offer a promising
approach to deep learning. GANs consist of a generator and a
discriminator, two neural networks in opposition, that
collaborate through competition to create data that becomes
progressively more lifelike. Despite significant advancements in
generating realistic data, the application of GANs in skin-
interfaced XR devices remains relatively underexplored. It is
postulated that their potential in wearable XR interfaces lies in
their ability to enhance data augmentation, simulate realistic
sensory input data, and improve the robustness of models
against diverse environmental conditions. However, several
challenges hinder their widespread adoption in this domain.
The integration of GANs with skin-interfaced devices requires
sophisticated algorithms to interpret and generate multimodal
data captured by these systems. Unlike traditional image data,
skin-interfaced wearable sensory input devices collect various
types of data, including electrical, mechanical, and biochemical
information. Additionally, the paucity of large, high-quality
data sets specifically tailored for wearable devices limits the
effective learning of GANs. Despite these constraints, the
future integration of GANs with skin-interfaced XR devices
holds significant promise, potentially revolutionizing the field
by enabling more sophisticated, accurate, and adaptive user
interactions.

Transfer learning is another impactful technique in deep
learning that enables models to use knowledge from one task
to enhance learning and performance in another task. This
method is particularly beneficial in contexts with limited
labeled data, such as wearable XR interfaces, where data can be
complex and insufficient. Transfer learning facilitates the fine-
tuning of pretrained models on extensive data sets to achieve
specific goals like gesture recognition122 or health monitor-
ing,800 using data from wearable sensory input devices. This
approach not only reduces the need for large amounts of
labeled data but also enables fast learning and better
generalization to unseen data. For example, research on
developing skin-integrated devices with unsupervised learning
schemes for hand task recognition exemplified the potential of
transfer learning. The research demonstrated rapid adaptation
to arbitrary tasks using various hand motions by translating
skin stretches into proprioceptive signals.122 This approach
highlights the transformative capability of transfer learning in
advancing the functionalities of wearable XR interfaces.

Integrating deep learning into skin-interfaced XR devices
improves accuracy and reliability, enabling sophisticated user
interactions. By utilizing powerful pattern recognition capa-
bilities, these devices provide intuitive feedback, enhancing
engagement and satisfaction in diverse fields such as
healthcare, education, and entertainment. Deep learning also
facilitates the development of personalized systems that adapt
to individual user preferences, delivering customized feedback.

Overall, deep learning advances soft wearable XR devices,
leading to intelligent, adaptive, and user-centric technologies
that enrich daily life.
7.3. Real-time Feedback and Recognition

Real-time feedback and recognition are critical components of
interactive devices such as soft wearable XR interfaces. The
ability to process and respond to user inputs instantaneously is
essential for providing immersive user experiences. High
latency, especially when it exceeds human neural reaction
time typically around 150−250 ms, can lead to delays in
response, causing discomfort or disorientation during inter-
actions with VR environments.801 Excessive latency can result
in a break in the sense of presence, making the VR
environment feel less real and engaging. Real-time processing
is also important for adaptive systems, where the device needs
to adjust its responses based on user action and environmental
context. Without this capability, the device may fail to provide
appropriate assistance or feedback, diminishing its utility and
user satisfaction. To address these challenges, data processing
techniques, including ML and deep learning algorithms, need
to be optimized for latency reduction.

Optimizing the algorithms for low latency is an important
strategy for wearable XR devices with limited computing
resources. Optimization involves designing and fine-tuning
learning models to ensure they operate rapidly without
compromising accuracy. A key optimization technique is
model pruning, which systematically removes redundant
parameters from neural networks to enhance efficiency. By
eliminating unnecessary elements, computational resources are
conserved, resulting in faster data processing. Another
significant method is quantization, which reduces the precision
of numerical values in calculations, typically converting 32-bit
floating-point numbers to 8-bit integers. This reduction in
precision facilitates efficient data processing and decreases
memory usage, as lower precision numbers require less storage
and processing resources. However, it is crucial to maintain
accuracy levels appropriate for the specific application,
ensuring that the reduced precision does not adversely affect
the performance of the device.

Therefore, these techniques for lightweight architectures are
specifically designed to balance speed, accuracy, and resource
efficiency, making them suitable for real-time applications on
devices with constrained processing power and battery life.
One example was highlighted in the study of wearable silent
speech interfaces utilizing textile strain sensors integrated into
a smart choker. The group introduced an ultrasensitive strain
sensor capturing subtle throat movements for decoding silent
speech. To process the data generated by high-sensitivity
sensors, they developed a lightweight 1D CNN with residual
blocks. The blocks included pairs of convolutional layers that
were finely tuned to handle the high information density of the
speech signals. This approach ensured that essential temporal
features could be captured while the computational demands
were minimized. As a result, the neural network model was
optimized for real-time speech recognition, reducing the
computational load by 90% while maintaining a high accuracy
of 95% in speech decoding.802

Real-time operation is indispensable for the effectiveness of
soft wearable XR interfaces, as it ensures seamless and
immersive user interactions. The development of advanced
optimization techniques will further enhance user experiences.
Additionally, the emergence of hardware with high-perform-
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ance processing capabilities will facilitate the real-time
operation of XR devices in a compact form. These advance-
ments will overcome latency challenges, providing users with
seamless experiences that fully exploit the potential of wearable
technology.

8. APPLICATIONS WITH SOFT WEARABLE XR
DEVICES

Recent advancements in wearable XR devices and the
integration of AI have led to a wide range of XR-based
applications, driving innovative changes across multiple
sectors. XR technologies provide users with immersive virtual
experiences without the constraints of physical space, allowing
for the simulation of various situations that may be dangerous,
rare, or impossible to encounter in the physical world.
Thereby, these attributes make XR applications particularly
suitable for work assistance,206,803−807 training,808 educa-
tion,221,412,414,809−812 medical devices,208,813−818 and entertain-
ment.209,221,412,414,819−825 This chapter explores the potential
of XR technology through experimental demonstrations
highlighting its practical applications across various fields.
Particularly, this chapter will examine potential practical
applications of wearable XR devices, which are currently
being developed in simplified forms at the laboratory level, in
conjunction with visual devices. Table 15 summarizes AI-
assisted wearable XR systems along with the practical
applications in which these integrated systems are being
actively explored.
8.1. Work Assistance

As previously discussed, soft wearable XR devices can be
applied to different areas of the human skin, providing multiple
forms of feedback. When integrated with devices such as VR
glasses that deliver high-resolution visual information, they can
produce a synergistic effect (Figure 34a).206 For example,
teleoperation is a technology that allows operators to remotely
interact with equipment located in distant or physically
inaccessible and hazardous areas (Figure 34b).209,820 This
technology enables operators to perform tasks in real-time
while remaining in a safe location, making it particularly
valuable in high-risk environments such as offshore sites, space,
and nuclear power plants. Robotic equipment can mirror
human movements in remote or virtual environments using
wearable input devices or sensors, while feedback systems
provide real-time information such as the forces applied in the
virtual environment or the outcomes from the actions of
robots. This allows users to intuitively understand how their
inputs are translated and reflected in the remote environment.
The integration of VR glasses and skin-interfaced wearable XR
devices greatly enhances user immersion and accuracy in
remote tasks by delivering real-time visual and tactile
information, enabling precise tasks such as medical sample
collection in VR environments or the manipulation of robotic
arms.

Similarly, a robotic arm system for remotely controlling
industrial manipulators has been developed through visual and
haptic feedback devices to improve operator efficiency (Figure
34c).805 This system provided various forms of haptic
feedback, including virtual guiding forces, virtual resistance,
and real-time interaction forces, which significantly reduced
operator workload while enhancing accuracy and efficiency in
complex task environments. In particular, the system offered a
realistic remote control environment using VR devices.

Experiments involving grab-and-place tasks demonstrated
that the system can significantly reduce task duration and
operator fatigue. Furthermore, the haptic feedback minimized
errors during tasks and thereby enhanced productivity by
providing proper feedback to the operator. This integrated
visual and haptic feedback system is expected to make a
substantial contribution to improving productivity and safety
in remote operation tasks.

Moreover, an intuitive remote robotic welding system has
been proposed using MR technology (Figure 34d).804 This
MR-based technology was particularly useful in fields such as
surgery, repair, and manufacturing, as it allows workers to
instantly access necessary information and guidance, thereby
improving both efficiency and precision. The proposed system
was able to reflect the hand movements of users in the actions
of the welding robot, allowing the center point of the tool to be
controlled based on spatial velocity. Introducing MR-based
fixtures, the system provided visual and haptic guidance to the
user and prevented collisions during welding. Experiments
conducted with unskilled welders demonstrated a performance
improvement of over 56% compared to cases without the MR-
based fixture. The system reduced the time required for torch
alignment while enhancing task precision and stability.
Additionally, the remote robotic welding system enables
unskilled users to perform professional welding tasks, showing
promise in reducing training costs and duration.

Meanwhile, remote surgical mentoring systems that utilize
AR platforms are also highly beneficial in enhancing surgical
efficiency.826,827 Given that medical professionals responsible
for patient care often lack adequate opportunities for practice,
there is a critical need for technologies that can help minimize
errors. In this regard, AR systems enabled medical profes-
sionals to wear headsets that provide a real-time first-person
view of the surgical site, allowing remote experts to overlay 3D
surgical guidance that the local medical team can visually
follow (Figure 34e).803 This facilitates real-time visualization of
the position of surgical instruments and target areas during
surgeries. In particular, this system proves invaluable during
emergency procedures such as tracheotomies, where a remote
mentor can correct the tool usage of operators or incision
locations in real-time and clearly indicate critical anatomical
structures. This system enables safer and more efficient surgical
procedures, even in urgent situations. In extreme cases, these
technologies empower laypersons to administer first aid in
critical situations, serving as a vital tool to help ensure that
emergency patients do not miss the golden hour when
immediate transportation to a hospital is not possible.
8.2. Education

Education is also one of the important areas that can be
realized through wearable XR devices. In the field of education,
while hands-on experience is invaluable, many educational
activities are frequently confined to audiovisual materials due
to time and environmental constraints. However, the XR
technologies enable the virtual reproduction of situations that
are difficult to experience physically, providing learners with
deeper and more vivid educational experiences.809,810,828 For
instance, virtual scenarios immerse learners in realistic
contexts, enabling active thinking and problem-solving through
experiential learning, rather than passively receiving informa-
tion. Thereby, these immersive environments significantly
enhance the focus and motivation of learners by effectively
stimulating their senses, fostering a deeper understanding of
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the situation presented. This approach is particularly effective
for understanding complex concepts and visualizing abstract
content, especially when combined with VR devices that
primarily engage visual and auditory stimuli, as well as
wearable XR devices that recognize user actions and reflect
them in the virtual environment while providing feedback to
users.

First, XR educational environment will enable students to
engage in a more vivid and effective botany class, moving
beyond the traditional reliance on illustrations and photo-
graphs (Figure 35a).412 The use of olfactory feedback devices
mounted on the faces of students, in conjunction with VR
glasses, enables them to experience the distinct aromas of
various plants. Furthermore, the motion capture system allows

Table 15. Summary of Soft Wearable XR Devices-Based Applications Assisted with AI Technologies

applications actuating/sensing part data modality algorithms
classification
accuracy ref

hand motion-based application:
teleoperation

mechanical input: forearm motion sensing: EMG CNN 99% 850

hand motion-based VR application mechanical input: wrist strain sensing:
piezoresistive

LSTM 96.2% 542

hand motion-based VR application:
entertainment

mechanical input: hand strain sensing:
piezoresistive

meta-learning 85% 122

hand motion-based VR application:
entertainment

mechanical and thermal
feedback and input: finger

mechanical feedback:
ERM motor

SVM 94% 253

thermal feedback:
Joule heating

bending sensing:
triboelectric

temperature sensing:
pyroelectric

tactile information-based VR
application: entertainment

mechanical and thermal
feedback and input: hand

mechanical feedback:
pneumatic

CNN 96% 238

thermal feedback:
Joule heating

tactile sensing:
triboelectric

temperature sensing:
thermistor

motion-based VR application:
teleoperation

mechanical feedback and
input: whole body

vibrotactile:
electromagnetic

206

bending/pressure:
piezoresistive

motion-based AR application:
medical devices (rehabilitation)

mechanical input: hand motion sensing: EMG 813

thermal VR application: medical
devices (rehabilitation)

thermal feedback: hand temperature feedback:
Peltier

335

object recognition-based VR
application: training/
entertainment

mechanical input: finger pressure sensing:
triboelectric

CNN 96.88% 221

SVM 96.41%

hand motion-based VR/AR
applications: entertainment

mechanical input: finger bending sensing:
triboelectric

CNN 96.7−98.3% 820

hand motion-based application:
teleoperation/entertainment

tactile feedback and input:
finger

vibrotactile feedback:
electromagnetic

adaptive learning 94% 209

pressure sensing:
piezoresistive

olfactory MR application: olfactory
entertainment/education

olfactory feedback: nose chemical molecule:
cartridge

reinforcement learning: list-wise
recommendation framework

low latency,
olfactory

enhancement

414

olfactory application olfactory input chemical detection:
electrical resistance

deep learning: classification and
regression tree algorithm

68.2% 633

olfactory application olfactory input chemical detection:
gas adsorption

SVM 99.04% 632

olfactory application olfactory input chemical detection:
binding affinity

artificial neural network 94.67% 150

gustatory application gustatory input: finger chemical detection:
electrochemical

deep learning: bootstrap algorithm 95% 737
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for real-time detection of movements, enabling them to
manipulate and smell the plants within the VR classroom.
Consequently, learners can engage in a multidimensional
educational experience that transcends simple visual and
auditory information by incorporating olfactory sensations as
well.

Likewise, in an MR-based simulation environment for
emergency fire response and construction facilities, users are
placed in a space where virtual and physical objects are
combined, allowing them to practice making correct decisions
(Figure 35b).812,829 When a fire occurs in a virtual office, users

can practice the necessary steps to extinguish the fire using
virtual extinguishers. The MR-based system creates corre-
sponding situations based on the reactions of users by tracking
their actions in real-time. The system provides feedback based
on these actions and simulates potential consequences for not
following the correct procedures. This interactive approach
allows learners to experience realistic fire response training in a
safe environment. Furthermore, by employing wearable XR
devices, prospective parents can acquire essential caregiving
skills prior to the arrival of their child. Smart prosthetic skin,
which incorporates mechanical and thermal input arrays,

Figure 34. Application of wearable XR devices for work assistance. (a) Soft wearable XR devices integrated with haptic actuators and high-
resolution VR glasses to provide multiple forms of feedback. A user remotely controlling a robot through glasses and feedback devices (left). A
robot being remotely controlled by the user (right). (b) Application of teleoperation technology that enables remote interaction with equipment
located in distant or physically inaccessible areas. User controlling remotely (left), view through VR glasses (top right), and remote patient care
using a robot (bottom right) (scale bars: 6 cm, 40 cm). Reproduced with permission from ref 206. Copyright 2022 The American Association for
the Advancement of Science. (c) Robotic arm system for remotely controlling industrial manipulators through visual and haptic feedback devices.
Images of the system in the VR environment (top), robotic arm on the remote side (bottom left), and user operating the system (bottom right).
Reproduced with permission from ref 805. Copyright 2024 Elsevier. (d) Intuitive remote welding robot with MR devices (top) and welding
operation in MR interface (bottom). Reproduced with permission from ref 804. Copyright 2021 Multidisciplinary Digital Publishing Institute
under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (e) AR Surgical telementoring. Medical professionals wearing VR
headsets (top) and first-person view of medical professionals wearing VR headsets and 3D surgical guidance from remote experts (bottom).
Reproduced with permission from ref 803. Copyright 2020 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.
0/.
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humidity sensors, and electroresistive heaters, can simulate
scenarios such as detecting a wet diaper or identifying areas
that require care when the baby is unwell (Figure 35c).811 This
innovative technology serves as an effective tool for instructing
parents on the appropriate actions to take in various caregiving
situations.

Most importantly, in tasks where mistakes are not
permissible, such as medical procedures, simulators are highly
beneficial, providing learners with a safe environment free from
risks, where they can practice repeatedly. These real-time
feedback systems allow learners to instantly recognize and
correct their errors, helping them to make better decisions. For
instance, soft wearable gloves equipped with feedback and
input devices can accurately replicate the hand movements of
users in a VR surgical environment while they are holding
surgical tools in real-time (Figure 35d).221 Such feedback
mechanisms are crucial for helping learners practice their skills
repeatedly and reduce errors. Additionally, various studies in
medical education have shown that VR simulators are highly
effective in safely replicating real situations while improving the
surgical abilities of unskilled doctors.830 Virtual laparoscopic
training systems simulate surgical procedures with great
precision, allowing physicians to experience deep cognitive

immersion and refine their skills while maintaining a low
cognitive load.831,832

8.3. Rehabilitation and Sensory Substitution

In addition to surgical mentoring and simulation, wearable XR
devices offer a diverse array of applications in the medical field,
especially in rehabilitation.814−816,833 XR-based rehabilitation
systems offer a broader range of training environments than
traditional methods, greatly enhancing patient motivation and
the quality of training. This is particularly important in
rehabilitation processes where repetitive movements and
intensive training are essential. Furthermore, the use of a VR
environment enables the swift creation of scenarios that
demand agility through the integration of virtual objects,
thereby offering an effective approach to rehabilitation. One of
the key advantages of these technologies is that XR
environments offer real-time feedback, enabling patients to
immediately correct their movement patterns, thus leading to
more efficient recovery. Another major benefit is the ability to
perform remote training, overcoming the constraints of time
and medical facilities, making it particularly useful.

In the field of physical rehabilitation, exoskeletons have
served as powerful tools to provide mechanical assistance and
real-time feedback to patients, enabling effective motor training
in both clinical and remote settings. Integrated with XR
technologies, the hybrid upper-arm exoskeleton system has
been developed, which leverages an anatomical digital twin to
simulate realistic torque feedback in VR and MR environments
(Figure 36a).834 By incorporating quasi-direct drive actuators
and EMG-based motion analysis, these systems delivered
precise resistance tailored to individual rehabilitation. The
exoskeleton synchronized with the upper-limb movements and
augmented them with programmable torque outputs, allowing
for repetitive yet adaptive training exercises. Furthermore, the
use of a digital twin enabled clinicians to monitor muscle
activity and joint kinematics remotely, enhancing the person-
alization of therapy and enabling data-driven intervention.
Such integration of mechanical support with XR interfaces not
only enhanced patient engagement but also improved recovery
outcomes by providing immersive, guided rehabilitation that
bridges the gap between virtual and real-world experiences.
Likewise, an MR-based rehabilitation system designed to help
patients train their arm strength and balance has been
proposed (Figure 36b).813 Motion trackers and EMG sensors
attached to the arm capture the movements of patients, which
are visualized in real-time within the VR environment. This
visual feedback enables patients to monitor their actions as
they engage in exercises according to the programmed
procedures. Moreover, the collected EMG data can measure
muscle activity, serving as an effective means to monitor the
rehabilitation status of patients. Furthermore, the system
encouraged autonomous training, reducing the inconvenience
of hospital visits and enabling continuous rehabilitation. With
the assistance of AI technology, XR-based rehabilitation
systems have been further advanced through the integration
of real-time EEG sensing and deep-learning-based cognitive
state recognition (Figure 36c).835 The system incorporates a
biomechanically accurate exoskeleton that replicates the
structure of the human arm and synchronizes with the
musculoskeletal profile of the user to apply individualized
torque patterns during training. EEG signals are collected to
monitor cognitive states including attention, fatigue, and
emotional engagement. These signals are processed using a

Figure 35. Application of wearable XR devices for education. (a)
Online VR class with olfactory feedback device for teaching botany.
Reproduced with permission from ref 412. Copyright 2023 Springer
Nature under CC BY 4.0 license https://creativecommons.org/
licenses/by/4.0/. (b) MR-based simulation environment for
emergency fire response. A user wearing VR equipment and
performing an emergency fire response scenario (top) and view
from the user perspective (bottom). Reproduced with permission
from ref 812. Copyright 2022 Multidisciplinary Digital Publishing
Institute under CC BY 4.0 license https://creativecommons.org/
licenses/by/4.0/. (c) Acquiring caregiving skills for prospective
parents through smart prosthetic skin and simulations (scale bar: 10
cm). Reproduced with permission from ref 811. Copyright 2014
Springer Nature. (d) Soft wearable gloves replicating hand move-
ments in a VR surgical environment. Optical images of surgical skills
and movement control using the gloves (top) and a VR image of
corresponding movements in the virtual environment (bottom).
Reproduced with permission from ref 221. Copyright 2022 The
American Association for the Advancement of Science.
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combination of CNN and LSTM models, and the output is
used to adjust exercise parameters in real time. By aligning
mechanical assistance with the cognitive condition of the user,
the system enhances engagement and promotes more effective
motor learning.

In addition, sensory substitution represents a key compo-
nent of XR-based rehabilitation, enabling the brain to
reinterpret feedback delivered through alternative sensory
channels. By mapping sensory cues such as vibration, thermal

feedback, or visual input onto lost or impaired modalities, XR
systems can restore functional perception and promote
neuroplasticity during motor or sensory rehabilitation through
alternative channels.836,837 In XR-based rehabilitation, where
direct physical interaction is often limited, sensory substitution
plays a critical role in providing perceptual cues for motor
control and spatial awareness.838,839 It supports rehabilitation
by reinforcing sensorimotor integration, reducing cognitive
load, and enhancing learning in repetitive tasks. Moreover,

Figure 36. Application of wearable XR devices for rehabilitation and sensory substitution. (a) Hybrid upper-arm exoskeleton system integrated
with an anatomical digital twin, enabling immersive rehabilitation. Inset: the scenario enables the trainer and trainee to interact using extended
reality. Reproduced with permission from ref 834. Copyright 2023 Wiley-VCH. (b) MR-based rehabilitation system assisting patients in training
arm strength and balance control. Optical image of patient undergoing rehabilitation with equipment in the real world (top) and corresponding VR
image (bottom). Reproduced with permission from ref 813. Copyright 2023 Springer Nature under CC BY 4.0 license https://creativecommons.
org/licenses/by/4.0/. (c) Real-time integration of EEG headset, upper-limb exoskeleton, and VR interface for cognitive−motor rehabilitation using
motor imagery-based control. Reproduced with permission from ref 835. Copyright 2025 MDPI under CC BY 4.0 license https://
creativecommons.org/licenses/by/4.0/. (d) Skin-integrated haptic system designed for sensory substitution, delivering structured feedback to assist
perception and motor control in users with sensory impairments. Reproduced with permission from ref 199. Copyright 2024 Springer Nature. (e)
Wearable thermal feedback TED for neurological rehabilitation. Reproduced with permission from ref 335. Copyright 2023 Springer Nature.
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sensory substitution can strengthen the sense of embodiment
by allowing users to experience artificial stimuli as if they were
interacting with real physical objects, thereby improving both
task performance and therapeutic engagement.840 By facilitat-
ing cross-modal processing and adaptability, sensory sub-
stitution contributes to more immersive, effective, and
personalized rehabilitation experiences.

Skin-integrated haptic systems have been developed to
deliver spatially patterned vibratory stimuli as perceptual
feedback for individuals with sensory deficits. A soft, wireless
device incorporating an array of miniaturized actuators and
embedded motion sensors has been proposed, which detects
body movement and transmits coordinated tactile cues to the
skin (Figure 36d).199 The system operates in conjunction with
a smartphone, which integrates environmental data from
LiDAR sensors and other modules to generate real-time alerts.
Through this connected interface, users can perceive spatial
information such as the approach of surrounding objects or
changes in the environment via substitute tactile signals. By
aligning vibratory feedback with user motion and orientation,
the device facilitates intuitive motor responses and improves
situational awareness. Its skin-conformal design supports
unobtrusive wearability and long-term adaptation, offering an
effective solution for sensory substitution in wearable assistive
technologies. Wearable XR feedback devices can also support
communication by substituting visual information with
vibrotactile cues, offering alternative interaction pathways for
individuals with sensory or physical impairments.841−843 For
example, fingertip-mounted actuator arrays have been designed
to convey spatial patterns representing Braille characters,
enabling visually impaired users to perceive text through
touch.208 Such systems can also be integrated into prosthetic
hands to deliver passive tactile information, helping amputees

regain a sense of contact and environmental awareness. These
approaches highlight the potential of vibrotactile substitution
for enhancing accessible communication in wearable platforms.

Focusing specifically on rehabilitation, wearable thermal
feedback devices can serve as powerful tool for sensory
substitution, particularly for patients experiencing phantom
pain after limb amputation.844,845 Phantom pain refers to the
phenomenon where patients feel pain in a limb that no longer
physically exists, often resistant to conventional drug or
physical therapy. In this respect, artificial thermal feedback
generated by wearable TEDs has been shown to effectively
support neurological rehabilitation and sensory recovery in
upper-limb amputees (Figure 36e).335 During training, upper-
limb amputees performed virtual object identification tasks
while receiving spatiotemporally mapped thermal cues via thin-
film TEDs attached to the residual limb. The thermal feedback
improved the perception of contact and grasping actions
during prosthetic use, thereby facilitating a more natural
interaction with virtual objects. By substituting lost tactile
input with artificial thermal signals, the system acts as a form of
sensory substitution, enhancing the embodiment and func-
tional integration of the prosthetic limb.
8.4. Entertainment

In the field of entertainment, XR technology has become an
essential component, offering immersive and interactive
experiences that are revolutionizing user engagement across
various types of content. Entertainment has evolved beyond
mere enjoyment to emerge as an important element in
alleviating human stress and providing emotional relief.846 In
this regard, as multisensory stimulation continues to advance,
XR technology provides increasingly rich and realistic
experiences for entertainment applications. For instance, the

Figure 37. Application of wearable XR devices for entertainment. (a) Olfaction-based XR system offering a more emotional and realistic experience
by enabling users to smell apples in a virtual orchard (top) or care for plants at home (bottom) while experiencing the connected scents of virtual
plants. Reproduced with permission from ref 412. Copyright 2023 Springer Nature under CC BY 4.0 license https://creativecommons.org/
licenses/by/4.0/. Reproduced with permission from ref 414. Copyright 2024 Springer Nature under CC BY 4.0 license https://creativecommons.
org/licenses/by/4.0/. (b) User hitting a virtual baseball with a bat in an XR environment using a haptic smart glove with feedback and input
devices. Reproduced with permission from ref 221. Copyright 2022 The American Association for the Advancement of Science. (c) Digital image
of a user performing a trigger-pulling motion in a virtual shooting game using triboelectric textile-based sensory input devices. Reproduced with
permission from ref 820. Copyright 2020 Wiley-VCH under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (d) Smart glove
that detects finger movements when the user plays a digital piano and provides tactile feedback simulating the sensation of piano keys. Reproduced
with permission from ref 811. Copyright 2024 Springer Nature under CC BY 4.0 license https://creativecommons.org/licenses/by/4.0/. (e)
Interaction with others without physical constraints through virtual avatars in a shared VR space. Reproduced with permission from ref 221.
Copyright 2022 The American Association for the Advancement of Science.
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olfaction-based XR system offers a more emotional and
realistic experience, allowing users to pick apples in a virtual
orchard and smell the real scent of apples, or they can tend to
plants in their home while experiencing the connected scents
of both real and virtual plants (Figure 37a).412,414 Further-
more, the use of an MR environment enables individuals to
cultivate personalized orchards within their homes, allowing
for the flexible transformation of their living spaces according
to personal preferences. Additionally, olfactory feedback can
elicit emotional responses, thereby enhancing user immersion
and highlighting the potential of XR technologies to enrich and
deepen user experiences.

In addition, traditional gaming environments have relied on
traditional input devices such as keyboard, mouse and flat
visual experiences, but XR enhances spatial interaction and
immersion, allowing users to become fully absorbed in the
game world.824,847,848 The integration of XR technology
eliminates physical constraints, fostering more creative game-
play and enabling personalized experiences for users. In sports
games, XR devices allow users to train with immediate
feedback derived from their physical data, resulting in more
delicate and realistic gaming experiences.849 For instance, users
can hit a virtual baseball with a bat in an XR environment using
a haptic smart glove with feedback and input devices (Figure
37b).221 This smart glove detects hand movements and reflects
them in real-time in the virtual space, capturing subtle
movements and finger bends. Players can swing the virtual
bat just like they would a real bat, enhancing the realism of the
gameplay. As users swing their hands to hit the ball, they
receive tactile feedback, further heightening the sense of
realism. Furthermore, triboelectric textile-based wearable input
devices accurately recognize figure gestures, and they reflect
these gestures in the virtual shooting game, such as when a user
performs a trigger-pulling motion to fire a gun in the game
(Figure 37c).820 This capability facilitates more intuitive
control, allowing users to engage in gameplay with heightened
immersion and realism. Similarly, the smart glove was able to
detect finger movements when the user plays a digital piano,
providing tactile feedback that simulates the sensation of piano
keys (Figure 37d).209 This creates a highly realistic experience
of playing a physical piano within the XR environment.

Social interaction is a crucial element of entertainment, and
XR technology provides innovative interactions that bridge the
physical and digital worlds, enhancing user engagement in
social networks. This immersion extends beyond text-based
communication to more intuitive and emotional forms of
interaction. For example, interacting with others through
virtual avatars in a shared VR space allows for emotional
exchanges without physical constraints (Figure 37e).221 The
hand gestures of users can be synchronized with the virtual
character, facilitating natural emotional exchanges. With
wearable XR technology, interactions transcend simple visual
information to encompass tactile and motion recognition,
facilitating comprehensive engagement. This enables users to
access information through multiple channels, engage directly,
and interact in a more meaningful manner, thereby trans-
forming traditional communication methods into novel forms
of emotional expression and interaction within social networks.

In this way, wearable feedback and input XR devices are
driving new possibilities in the realms of work assistance,
education, medical devices, and entertainment. The future of
XR technology based on wearable devices is expected to
become increasingly sophisticated, facilitating personalized

user experiences and maximizing their potential beyond
physical limitations. This evolution will not only represent a
technological advancement but also fundamentally transform
how individuals live and work, marking a significant turning
point in society as XR technology becomes more deeply
integrated into daily life.

9. CHALLENGES AND OUTLOOK
The realization of a seamless integration between physical and
virtual worlds in the futuristic trajectory relies significantly on
the advancement of soft wearable XR interfaces. Over recent
decades, notable progress has been observed in immersive XR
environments facilitated by soft electronic devices. Further-
more, the utilization of advanced AI algorithms has not only
improved the performance of wearable XR devices but also
introduced new functionalities. The integration of these
innovative and powerful technologies is facilitating the
emergence of unprecedented applications through soft
wearable XR devices, thereby enhancing the creativity and
overall well-being of human life.
9.1. Challenges

Despite these advancements, contemporary soft wearable XR
devices face numerous ethical and technical issues that need to
be resolved to guarantee the effective development and
implementation of innovative XR applications. In this section,
we will deal with the various technical issues that XR devices
encounter in the formation and detection of sensory
experiences.
9.1.1. Technical Issues in Soft Wearable XR Devices.

First, this subsection will discuss the challenges that soft
wearable XR devices must overcome to provide more realistic
and effective stimulation and perception. This discussion will
focus on key areas that require enhancement, including
mechanical, thermal, olfactory, and gustatory feedback, as
well as input devices.

9.1.1.1. Absence of Powerful and Precise Mechanical
Systems. Traditional rigid wearable XR devices have generally
been bulky but are capable of exerting significant forces on
users without causing harm. However, as soft wearable XR
devices have evolved to become lighter and more compact,
challenges have emerged in applying sufficient force. While
technologies such as electrotactile systems can instantaneously
simulate high forces through electrical stimulation, safety
concerns regarding the application of electricity on the skin
cannot be ignored. As a result, there are pressing issues related
to the development of mechanical systems that can deliver
higher power. Furthermore, challenges persist with multimodal
actuators. Although there is ongoing development of multi-
modal soft XR devices that incorporate both mechanical and
electrotactile mechanisms, actuators capable of simultaneously
providing shear stress and normal force remain largely
undeveloped. Furthermore, the implementation of technolo-
gies such as variable stiffness, which can convey sensations of
texture and hardness for both dynamic and static stimuli, is
essential for creating a more immersive and realistic XR
environment. As discussed in previous chapters, accurately
mimicking stimuli is essential for effectively activating the
receptors in our skin. Therefore, there is a critical need for
devices that can implement more specific mechanical stimuli
within soft wearable XR systems.

9.1.1.2. Issue of Residual Heat in the Thermohaptic
Devices. Due to the inherent characteristics of soft wearable
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XR devices, the device surface is often in continuous contact
with the skin. In the physical world, when we hold a hot object
and subsequently release it, the temperature of the skin
decreases rapidly. However, in the context of thermal sensation
reconstruction using XR devices, the sustained contact
between the device surface and the skin may not accurately
reflect real-world conditions, potentially leading to safety
concerns such as burns due to residual heat. Although feedback
systems employing Peltier devices have partially mitigated this
issue, the challenge of heat sinks resulting from prolonged use
remains inadequately addressed. Therefore, there is a critical
need for additional devices capable of managing heat output
and modulating contact with the skin to effectively control
residual heat.

9.1.1.3. Issues of Olfactory and Gustatory Feedback
Devices. Currently, wearable XR devices predominantly focus
on the development of visual, auditory, and haptic feedback. In
contrast, creating devices for olfactory and gustatory feedback
presents significant challenges due to the underlying
mechanisms and the anatomical locations of the sensory
organs, which complicate the delivery of a highly immersive
sensory experience. Olfactory receptors in the nasal cavity and
gustatory receptors are primarily activated by chemical
substances, necessitating the transfer of these substances to
elicit a response. However, wearable XR devices struggle to
contain the chemical substances required for effective odor and
taste representation. Even when such substances can be stored,
their variety and quantity remain limited, thereby constraining
the range of aromas and flavors that can be accurately
reproduced. The olfactory feedback device discussed in this
paper demonstrates the capability to express specific scents in a
programmable yet limited context. Conversely, research on
gustatory feedback devices is sparse, primarily because it is
impractical for users to consume chemical substances directly.
Furthermore, while it is feasible to stimulate receptors through
electrical impulses, achieving a highly immersive experience
remains challenging, as this would require electrodes to be
positioned directly in the nasal and oral cavities. Unless highly
miniaturized, film-like devices can be effectively integrated into
the body, the development of a comprehensive XR environ-
ment utilizing olfactory and gustatory feedback devices is likely
to require substantial time and further innovation.

9.1.1.4. Transformation of Information Required for XR
Environments Through Input Devices. Over the past several
decades, soft sensors based on soft electronics have achieved
significant advancements, demonstrating high accuracy and
sensitivity in response to simple mechanical, thermal, and
chemical stimuli. Presently, these sensors have progressed to a
level where they can analyze complex stimuli through
integration with advanced AI technologies. However, although
the intricate and random data sets generated by these sensors
can be interpreted with high accuracy by AI, questions arise
regarding the ability of these systems to classify environments
in the same manner as humans. For soft wearable XR devices
to be effectively implemented in XR environments, they must
be capable of recognizing and translating a range of human
actions and states, such as movements, gestures, and
physiological states, even in dynamic and unpredictable
situations, and subsequently relay this information to the XR
environment. Achieving this goal necessitates careful consid-
eration of various factors, including the number of sensors, the
size of the data sets, the efficiency of the AI, and the
development of innovative AI models. Furthermore, unre-

solved challenges remain concerning the storage of this data
and the methods of its transmission.
9.1.2. Ethics in Soft Wearable XR Devices. The

development of novel wearable XR devices and their
applications is propelling the evolution of innovative
technologies. However, beyond technical challenges, these
advancements also present unprecedented ethical concerns,
particularly in relation to personal privacy and data protection,
as XR environments increasingly incorporate personal
information and social interactions.851 In addition, although
virtual reality is not a physical entity, it serves as a social space,
which raises ethical issues due to the lack of established
regulatory frameworks and legal protections. Additionally, as
the boundaries between the real world and virtual reality
become increasingly blurred, issues such as VR syndrome and
a lack of interactions in the physical world are becoming more
prominent.

9.1.2.1. Privacy and Data Protection Issues. The develop-
ment of wearable XR devices extends beyond providing highly
immersive experiences for entertainment purposes. These
devices have the potential to facilitate more intuitive and
seamless interactions with individuals over long distances. If
remote interactions can be efficiently supported, this could
enhance social interactions, enable remote medical services,
and even contribute to the realization of a new cyber world,
often referred to as the Metaverse.

However, the intrinsic nature of wearable XR devices is that
they are personal, perceptual tools, inherently processing and
storing private information about users. For these devices to
interact with others, they must connect to networks such as the
Internet, which increases the likelihood of personal data being
stored or exposed. As such, concerns surrounding privacy and
data protection are becoming increasingly significant. The
volume of data collected through XR devices is growing, raising
the risk of data breaches and misuse. Although wearable XR
devices explicitly designed for remote communication are not
yet commercially available, the current development trajectory
suggests that such technologies will soon become a reality. To
prepare for this, it is crucial to establish appropriate regulations
and legal frameworks to protect user privacy and ensure data
security.

9.1.2.2. Psychological and Social Implications. XR
technology facilitated by wearable devices is advancing rapidly.
Visual and auditory devices, in particular, have reached a level
suitable for commercialization, offering immersive experiences
through high-resolution graphics and 3D audio. However, the
high level of immersion these technologies provide can
negatively influence the perceptions and behaviors of users in
real life as they become more deeply absorbed in VR
environments.852 For instance, users may experience a blurring
of boundaries between reality and the virtual world, or there
may be a decline in social interactions. Such changes could
disproportionately affect certain groups, like the younger
generation.

Additionally, it is crucial for companies and researchers to
uphold their responsibility in ensuring that users have safe and
ethical experiences. While certain actions are restricted or
prohibited by regulations in the physical world, such
restrictions may not apply in XR environments, raising
concerns about user safety and rights. Therefore, establishing
ethical standards and guidelines is essential to protect users,
ensure the long-term success of XR technology, and mitigate
potential harms.
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9.2. Outlook
Future XR systems are expected to evolve toward encompass-
ing multiple senses beyond just vision and hearing, moving
beyond conventional interfaces to provide more immersive and
interactive experiences. Despite the various technological,
ethical, and regulatory challenges surrounding wearable XR
devices, continuous advancements in innovation and research
on materials and mechanisms will offer the potential to
overcome these barriers. Successfully addressing issues such as
the development of feedback mechanisms, the integration of
feedback and input devices for sensory transmission, and the
synchronization of sensory feedback between the real world
and the virtual world via closed-loop systems will be essential
for establishing more immersive and interactive XR environ-
ments.

Moreover, if the technologies currently being realized at the
laboratory level become commercialized and are used in
everyday life, limitless technologies and applications that will
benefit humanity, including entertainment, job training and
simulation, work assistance, telemedicine platforms, and
teleoperation will be developed and bring significant societal
impact. These advancements, particularly when combined with
ML, hold great potential to redefine the HMI and revolutionize
immersive XR experiences through wearable XR devices. In
addition, recent research on next-generation XR technologies,
though still in its early stages, has explored sensory
transmission techniques that directly stimulate nerves rather
than relying on receptors.

Future research directions will include brain-machine
interfaces (BMIs), which open up new possibilities for
integrating neural input and feedback pathways into XR
systems. Particularly, noninvasive BMI technologies are gaining
attention as a safer alternative and represent a feasible goal for
wearable XR devices, since they eliminate the need for surgical
procedures and can be safely and comfortably used in daily
life.853,854 For example, wearable EEG-based BMIs enable
hands-free control of virtual environments by decoding user
intentions from brain signals, while emerging neurostimulation
technologies offer the potential to deliver artificial sensory
experiences through direct brain or nerve stimulation. Recent
studies demonstrate that wearable EEG devices can decode
user intention with high accuracy through reactive paradigms,
allowing users to manipulate virtual objects or navigate
interfaces using only their gaze or cognitive attention.855,856

These approaches have been successfully integrated with AR
and VR headsets, forming lightweight, user-friendly systems
suitable for extended use.

On the XR feedback side, emerging neurostimulation
technologies offer the potential to deliver artificial sensory
experiences by directly modulating peripheral or central neural
pathways. Peripheral nerve functionalization, for instance,
involves modifying the structural or functional characteristics
of peripheral nerves to regulate and utilize neural activity.857

Optogenetic functionalization, as an example, employs light to
stimulate or inhibit peripheral nerve activity.858−860 This
technique enables selective neural activation and independent
control of multiple neural groups through wavelength-specific
stimulation, offering the potential to replicate diverse
sensations with single actuation.858,859,861−864 Furthermore,
peripheral nerve stimulation through miniature electrical
actuators can elicit haptic illusions that replicate tactile
sensations without mechanical contact. Likewise, transcranial
magnetic or electrical stimulation methods have been used to

induce visual or vestibular perceptions by activating specific
regions of the brain, offering a new channel for multisensory
XR feedback.865

By directly stimulating the brain or nerves without engaging
receptor pathways, BMIs provide rapid response times and the
ability to replicate diverse sensations with a single stimulus,
facilitating device miniaturization, simplification, and energy
efficiency.866−870 Notably, BMI-based interfaces may provide
access to novel feedback modalities such as chemohaptic
stimulation, enabling the perception of chemical senses or
hybrid sensations that are otherwise difficult to generate using
conventional physical feedback devices alone. In addition,
advanced BMIs will require neural signal interpretation
techniques and intelligent signal processing algorithms to
enable real-time interaction to effectively bridge human brain
and XR devices. Although still in an early stage, the integration
of noninvasive BMIs with XR systems demonstrates great
promise as future XR interfaces. As BMI technologies evolve to
interact directly with the human brain, issues related to safety,
data privacy, and neuroethics will need to be addressed
alongside technical challenges.

In conclusion, the technologies discussed in this paper have
made substantial progress and form a foundation for advancing
the next generation of XR-based applications. While several
challenges remain, combining an in-depth understanding of
materials and mechanisms with creative engineering ap-
proaches can facilitate the development of technologies that
offer highly immersive experiences and increasingly blur the
boundaries between the real and virtual worlds. As XR
technologies mature, they will fundamentally reshape the
nature of human−machine interaction. The diminishing
boundary between the real world and the digital world will
trigger paradigm shifts across education, work, entertainment,
and healthcare, while also raising important ethical and societal
questions as these systems move toward broader commerci-
alization.
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Guimaraẽs, R. d. F. R.; Gnecco, B. B. An olfactory display for virtual
reality glasses. Multimedia Syst. 2022, 28 (5), 1573−1583.
(427) Nakamoto, T.; Ito, S.; Kato, S.; Qi, G. P. Multicomponent

olfactory display using solenoid valves and SAW atomizer and its
blending-capability evaluation. IEEE Sens. J. 2018, 18 (13), 5213−
5218.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11653

https://doi.org/10.1016/j.jmat.2018.10.003
https://doi.org/10.1016/j.jmat.2018.10.003
https://doi.org/10.1021/acsami.9b21105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b21105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.pmatsci.2022.101003
https://doi.org/10.1016/j.pmatsci.2022.101003
https://doi.org/10.1007/s10853-020-04949-0
https://doi.org/10.1016/0250-6874(87)85015-1
https://doi.org/10.1016/0250-6874(87)85015-1
https://doi.org/10.1016/j.tsf.2021.139015
https://doi.org/10.1016/j.tsf.2021.139015
https://doi.org/10.1016/j.tsf.2021.139015
https://doi.org/10.1016/j.tsf.2011.01.395
https://doi.org/10.1016/j.tsf.2011.01.395
https://doi.org/10.1016/j.tsf.2011.01.395
https://doi.org/10.1016/j.jmatprotec.2019.116319
https://doi.org/10.1016/j.jmatprotec.2019.116319
https://doi.org/10.1016/j.mtener.2021.100713
https://doi.org/10.1016/S0921-4526(02)01187-0
https://doi.org/10.1016/S0921-4526(02)01187-0
https://doi.org/10.1039/c2jm32916f
https://doi.org/10.1039/c2jm32916f
https://doi.org/10.1002/smsc.202400284
https://doi.org/10.1002/smsc.202400284
https://doi.org/10.1021/jacs.6b09222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b09222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.enconman.2017.04.096
https://doi.org/10.1016/j.enconman.2017.04.096
https://doi.org/10.1016/j.energy.2019.05.018
https://doi.org/10.1016/j.energy.2019.05.018
https://doi.org/10.1016/j.anorl.2010.09.007
https://doi.org/10.1007/s10055-015-0260-x
https://doi.org/10.1007/s10055-015-0260-x
https://doi.org/10.1080/17458927.2018.1556952
https://doi.org/10.1080/17458927.2018.1556952
https://doi.org/10.3389/fnsys.2013.00066
https://doi.org/10.3390/brainsci8050080
https://doi.org/10.3389/fnbeh.2020.00035
https://doi.org/10.3389/fnbeh.2020.00035
https://doi.org/10.1007/s13311-017-0585-0
https://doi.org/10.1007/s13311-017-0585-0
https://doi.org/10.1159/000096889
https://doi.org/10.1159/000096889
https://doi.org/10.1038/s41467-023-37678-4
https://doi.org/10.1038/s41467-023-37678-4
https://doi.org/10.1038/s41467-024-48884-z
https://doi.org/10.1038/s41467-024-48884-z
https://doi.org/10.1038/s41467-018-03262-4
https://doi.org/10.1038/s41467-018-03262-4
https://doi.org/10.1109/ACCESS.2023.3278093
https://doi.org/10.1109/ACCESS.2023.3278093
https://doi.org/10.1016/j.foodres.2018.05.030
https://doi.org/10.1016/j.foodres.2018.05.030
https://doi.org/10.1145/2512142.2512148
https://doi.org/10.1093/cercor/bhw222
https://doi.org/10.1093/cercor/bhw222
https://doi.org/10.3389/fpsyg.2022.791768
https://doi.org/10.3389/fpsyg.2022.791768
https://doi.org/10.3389/fpsyg.2022.791768
https://doi.org/10.1002/eom2.12298
https://doi.org/10.1002/eom2.12298
https://doi.org/10.1007/s00530-022-00908-8
https://doi.org/10.1007/s00530-022-00908-8
https://doi.org/10.1109/JSEN.2018.2834953
https://doi.org/10.1109/JSEN.2018.2834953
https://doi.org/10.1109/JSEN.2018.2834953
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(428) Uziel, A. Stimulation of human olfactory neuro-epithelium by
long-term continuous electrical currents. J. Physiol. 1973, 66 (4),
409−422.
(429) Sato, M.; Kodama, N.; Sasaki, T.; Ohta, M. Olfactory evoked

potentials: experimental and clinical studies. J. Neurosurg. 1996, 85
(6), 1122−1126.
(430) Miyashita, H. Norimaki synthesizer: Taste display using ion

electrophoresis in five gels. In Extended Abstracts of the 2020 CHI
Conference on Human Factors in Computing Systems, 2020; pp 1−6.
(431) Yan, L.; Chew, B.; Sun, J.; Chiu, L.-A.; Ranasinghe, N.; Do, E.

Y.-L. Multimodal Digital Taste Experience with D’Licious Vessel. In
Virtual, Augmented and Mixed Reality: 7th International Conference,
VAMR 2015, Held as Part of HCI International 2015, Los Angeles, CA,
USA, August 2−7, 2015, Proceedings 7; Springer, 2015; pp 409−418.
(432) Ranasinghe, N.; Lee, K.-Y.; Suthokumar, G.; Do, E. Y.-L.

Virtual ingredients for food and beverages to create immersive taste
experiences: The sensation of taste as an electronic media. Multimed.
Tools Appl. 2016, 75, 12291−12309.
(433) Ranasinghe, N.; Suthokumar, G.; Lee, K.-Y.; Do, E. Y.-L.

Digital flavor: towards digitally simulating virtual flavors. In
Proceedings of the 2015 ACM on International Conference on
Multimodal Interaction; ACM, 2015; pp 139−146.
(434) Niijima, A.; Ogawa, T. Study on control method of virtual

food texture by electrical muscle stimulation. In Adjunct Proceedings of
the 29th Annual ACM Symposium on User Interface Software and
Technology; ACM, 2016; pp 199−200.
(435) Auvray, M.; Spence, C. The multisensory perception of flavor.
Conscious. Cogn. 2008, 17 (3), 1016−1031.
(436) Shankar, M. U.; Levitan, C. A.; Prescott, J.; Spence, C. The

influence of color and label information on flavor perception.
Chemosens. Percept. 2009, 2, 53−58.
(437) Liu, Y.; Park, W.; Yiu, C. K.; Huang, X.; Jia, S.; Chen, Y.;

Zhang, H.; Chen, H.; Wu, P.; Wu, M.; Liu, Z.; Gao, Y.; Zhu, K.; Zhao,
Z.; Li, Y.; Yokota, T.; Someya, T.; Yu, X. Miniaturized, portable
gustation interfaces for VR/AR/MR. Proc. Natl. Acad. Sci. U. S. A.
2024, 121 (49), No. e2412116121.
(438) Wang, D.; Ohnishi, K.; Xu, W. Multimodal haptic display for

virtual reality: A survey. IEEE Trans. Ind. Electron. 2020, 67 (1), 610−
623.
(439) Lee, J.; Choi, S. Multimodal Haptic Feedback for Virtual

Collisions Combining Vibrotactile and Electrical Muscle Stimulation.
IEEE Trans. Haptics 2024, 17 (1), 33−38.
(440) Yem, V.; Kajimoto, H. Wearable tactile device using

mechanical and electrical stimulation for fingertip interaction with
virtual world. In 2017 IEEE Virtual Reality (VR); IEEE, 2017; pp 99−
104.
(441) Fan, L.; Song, A.; Zhang, H. Development of an integrated

haptic sensor system for multimodal human-computer interaction
using ultrasonic Array and cable robot. IEEE Sens. J. 2022, 22 (5),
4634−4643.
(442) Akshita; Alagarai Sampath, H.; Indurkhya, B.; Lee, E.; Bae, Y.

Towards multimodal affective feedback: Interaction between visual
and haptic modalities. In Proceedings of the 33rd Annual ACM
Conference on Human Factors in Computing Systems; ACM, 2015; pp
2043−2052.
(443) Burdea, G.; Richard, P.; Coiffet, P. Multimodal virtual reality:

Input-output devices, system integration, and human factors.
International Journal of Human-Computer Interaction 1996, 8 (1),
5−24.
(444) Yang, T. H.; Kim, J. R.; Jin, H.; Gil, H.; Koo, J. H.; Kim, H. J.

Recent advances and opportunities of active materials for haptic
technologies in virtual and augmented reality. Adv. Funct. Mater. 2021,
31 (39), 2008831.
(445) Abad, A. C.; Ormazabal, M.; Reid, D.; Ranasinghe, A. An

untethered multimodal haptic hand wearable. In 2021 IEEE Sensors;
IEEE, 2021; pp 1−4.
(446) Tsai, D.-R.; Hsu, W. A new type of a large-area multi-touch

tactile device operated by electrotactile stimulation. In 2019 IEEE
World Haptics Conference (WHC); IEEE, 2019; pp 313−318.

(447) Chun, S.; Kim, J.-S.; Yoo, Y.; Choi, Y.; Jung, S. J.; Jang, D.;
Lee, G.; Song, K.-I.; Nam, K. S.; Youn, I.; et al. An artificial neural
tactile sensing system. Nat. Electron. 2021, 4 (6), 429−438.
(448) Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Y.; Si, J.;

Shirinzadeh, B.; Cheng, W. A wearable and highly sensitive pressure
sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5 (1),
3132.
(449) Han, S.; Liu, C.; Xu, H.; Yao, D.; Yan, K.; Zheng, H.; Chen,

H.-J.; Gui, X.; Chu, S.; Liu, C. Multiscale nanowire-microfluidic
hybrid strain sensors with high sensitivity and stretchability. npj Flex.
Electron. 2018, 2, 16.
(450) Tang, N.; Zhou, C.; Qu, D.; Fang, Y.; Zheng, Y.; Hu, W.; Jin,

K.; Wu, W.; Duan, X.; Haick, H. A highly aligned nanowire-based
strain sensor for ultrasensitive monitoring of subtle human motion.
Small 2020, 16 (24), 2001363.
(451) Pang, C.; Lee, G.-Y.; Kim, T.-i.; Kim, S. M.; Kim, H. N.; Ahn,

S.-H.; Suh, K.-Y. A flexible and highly sensitive strain-gauge sensor
using reversible interlocking of nanofibres. Nat. Mater. 2012, 11 (9),
795−801.
(452) Kim, K. K.; Hong, S.; Cho, H. M.; Lee, J.; Suh, Y. D.; Ham, J.;

Ko, S. H. Highly sensitive and stretchable multidimensional strain
sensor with prestrained anisotropic metal nanowire percolation
networks. Nano Lett. 2015, 15 (8), 5240−5247.
(453) Li, G.; Zhang, M.; Liu, S.; Yuan, M.; Wu, J.; Yu, M.; Teng, L.;

Xu, Z.; Guo, J.; Li, G.; et al. Three-dimensional flexible electronics
using solidified liquid metal with regulated plasticity. Nat. Electron.
2023, 6 (2), 154−163.
(454) Chen, B.; Cao, Y.; Li, Q.; Yan, Z.; Liu, R.; Zhao, Y.; Zhang, X.;

Wu, M.; Qin, Y.; Sun, C.; Yao, W.; Cao, Z.; Ajayan, P. M.; Chee, M.
O. L.; Dong, P.; Li, Z.; Shen, J.; Ye, M. Liquid metal-tailored gluten
network for protein-based e-skin. Nat. Commun. 2022, 13, 1206.
(455) Peng, H.; Xin, Y.; Xu, J.; Liu, H.; Zhang, J. Ultra-stretchable

hydrogels with reactive liquid metals as asymmetric force-sensors.
Mater. Horizons 2019, 6 (3), 618−625.
(456) Wu, Y.; Zhou, Y.; Asghar, W.; Liu, Y.; Li, F.; Sun, D.; Hu, C.;

Wu, Z.; Shang, J.; Yu, Z.; Li, R.-W.; Yang, H. Liquid Metal-Based
Strain Sensor with Ultralow Detection Limit for Human-Machine
Interface Applications. Adv. Intell. Syst. 2021, 3 (10), 2000235.
(457) Shi, C.; Zou, Z.; Lei, Z.; Zhu, P.; Nie, G.; Zhang, W.; Xiao, J.

Stretchable, rehealable, recyclable, and reconfigurable integrated strain
sensor for joint motion and respiration monitoring. Research 2021,
2021, 9846036.
(458) Rahman, M. S.; Huddy, J. E.; Hamlin, A. B.; Scheideler, W. J.

Broadband mechanoresponsive liquid metal sensors. npj Flex. Electron.
2022, 6, 71.
(459) Li, H.; Lin, J.; Lin, S.; Zhong, H.; Jiang, B.; Liu, X.; Wu, W.;

Li, W.; Iranmanesh, E.; Zhou, Z.; Li, W.; Wang, K. A bioinspired
tactile scanner for computer haptics. Nat. Commun. 2024, 15, 7632.
(460) Lin, L.; Park, S.; Kim, Y.; Bae, M.; Lee, J.; Zhang, W.; Gao, J.;

Paek, S. H.; Piao, Y. Wearable and stretchable conductive polymer
composites for strain sensors: How to design a superior one? Nano
Mater. Sci. 2023, 5 (4), 392−403.
(461) Lu, Y.; Liu, Z.; Yan, H.; Peng, Q.; Wang, R.; Barkey, M. E.;

Jeon, J.-W.; Wujcik, E. K. Ultrastretchable conductive polymer
complex as a strain sensor with a repeatable autonomous self-healing
ability. ACS Appl. Mater. Interfaces 2019, 11 (22), 20453−20464.
(462) Pan, L.; Chortos, A.; Yu, G.; Wang, Y.; Isaacson, S.; Allen, R.;

Shi, Y.; Dauskardt, R.; Bao, Z. An ultra-sensitive resistive pressure
sensor based on hollow-sphere microstructure induced elasticity in
conducting polymer film. Nat. Commun. 2014, 5 (1), 3002.
(463) Su, Q.; Zou, Q.; Li, Y.; Chen, Y.; Teng, S.-Y.; Kelleher, J. T.;

Nith, R.; Cheng, P.; Li, N.; Liu, W.; Dai, S.; Liu, Y.; Mazursky, A.; Xu,
J.; Jin, L.; Lopes, P.; Wang, S. A stretchable and strain-unperturbed
pressure sensor for motion interference-free tactile monitoring on
skins. Sci. Adv. 2021, 7 (48), No. eabi4563.
(464) Liao, X.; Song, W.; Zhang, X.; Zhan, H.; Liu, Y.; Wang, Y.;

Zheng, Y. Hetero-contact microstructure to program discerning tactile
interactions for virtual reality. Nano Energy 2019, 60, 127−136.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11654

https://doi.org/10.3171/jns.1996.85.6.1122
https://doi.org/10.3171/jns.1996.85.6.1122
https://doi.org/10.1007/s11042-015-3162-8
https://doi.org/10.1007/s11042-015-3162-8
https://doi.org/10.1016/j.concog.2007.06.005
https://doi.org/10.1007/s12078-009-9046-4
https://doi.org/10.1007/s12078-009-9046-4
https://doi.org/10.1073/pnas.2412116121
https://doi.org/10.1073/pnas.2412116121
https://doi.org/10.1109/TIE.2019.2920602
https://doi.org/10.1109/TIE.2019.2920602
https://doi.org/10.1109/TOH.2024.3354268
https://doi.org/10.1109/TOH.2024.3354268
https://doi.org/10.1109/JSEN.2022.3144888
https://doi.org/10.1109/JSEN.2022.3144888
https://doi.org/10.1109/JSEN.2022.3144888
https://doi.org/10.1080/10447319609526138
https://doi.org/10.1080/10447319609526138
https://doi.org/10.1002/adfm.202008831
https://doi.org/10.1002/adfm.202008831
https://doi.org/10.1038/s41928-021-00585-x
https://doi.org/10.1038/s41928-021-00585-x
https://doi.org/10.1038/ncomms4132
https://doi.org/10.1038/ncomms4132
https://doi.org/10.1038/s41528-018-0029-x
https://doi.org/10.1038/s41528-018-0029-x
https://doi.org/10.1002/smll.202001363
https://doi.org/10.1002/smll.202001363
https://doi.org/10.1038/nmat3380
https://doi.org/10.1038/nmat3380
https://doi.org/10.1021/acs.nanolett.5b01505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41928-022-00914-8
https://doi.org/10.1038/s41928-022-00914-8
https://doi.org/10.1038/s41467-022-28901-9
https://doi.org/10.1038/s41467-022-28901-9
https://doi.org/10.1039/C8MH01561A
https://doi.org/10.1039/C8MH01561A
https://doi.org/10.1002/aisy.202170073
https://doi.org/10.1002/aisy.202170073
https://doi.org/10.1002/aisy.202170073
https://doi.org/10.34133/2021/9846036
https://doi.org/10.34133/2021/9846036
https://doi.org/10.1038/s41528-022-00206-3
https://doi.org/10.1038/s41467-024-51674-2
https://doi.org/10.1038/s41467-024-51674-2
https://doi.org/10.1016/j.nanoms.2022.08.003
https://doi.org/10.1016/j.nanoms.2022.08.003
https://doi.org/10.1021/acsami.9b05464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms4002
https://doi.org/10.1038/ncomms4002
https://doi.org/10.1038/ncomms4002
https://doi.org/10.1126/sciadv.abi4563
https://doi.org/10.1126/sciadv.abi4563
https://doi.org/10.1126/sciadv.abi4563
https://doi.org/10.1016/j.nanoen.2019.03.048
https://doi.org/10.1016/j.nanoen.2019.03.048
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(465) Ge, J.; Wang, X.; Drack, M.; Volkov, O.; Liang, M.; Canon
Bermudez, G. S.; Illing, R.; Wang, C.; Zhou, S.; Fassbender, J.;
Kaltenbrunner, M.; Makarov, D. A bimodal soft electronic skin for
tactile and touchless interaction in real time. Nat. Commun. 2019, 10,
4405.
(466) Kim, K. K.; Ha, I.; Won, P.; Seo, D.-G.; Cho, K.-J.; Ko, S. H.

Transparent wearable three-dimensional touch by self-generated
multiscale structure. Nat. Commun. 2019, 10, 2582.
(467) Xie, X.; Wang, Q.; Zhao, C.; Sun, Q.; Gu, H.; Li, J.; Tu, X.;

Nie, B.; Sun, X.; Liu, Y.; et al. Neuromorphic Computing-Assisted
Triboelectric Capacitive-Coupled Tactile Sensor Array for Wireless
Mixed Reality Interaction. ACS Nano 2024, 18 (26), 17041−17052.
(468) Tian, L.; Zimmerman, B.; Akhtar, A.; Yu, K. J.; Moore, M.;

Wu, J.; Larsen, R. J.; Lee, J. W.; Li, J.; Liu, Y.; et al. Large-area MRI-
compatible epidermal electronic interfaces for prosthetic control and
cognitive monitoring. Nat. Biomed. Eng. 2019, 3 (3), 194−205.
(469) Tan, P.; Wang, H.; Xiao, F.; Lu, X.; Shang, W.; Deng, X.;

Song, H.; Xu, Z.; Cao, J.; Gan, T.; Wang, B.; Zhou, X. Solution-
processable, soft, self-adhesive, and conductive polymer composites
for soft electronics. Nat. Commun. 2022, 13, 358.
(470) Shar, A.; Glass, P.; Park, S. H.; Joung, D. 3D Printable One-

Part Carbon Nanotube-Elastomer Ink for Health Monitoring
Applications. Adv. Funct. Mater. 2023, 33 (5), 2211079.
(471) Jung, D.; Lim, C.; Shim, H. J.; Kim, Y.; Park, C.; Jung, J.; Han,

S. I.; Sunwoo, S.-H.; Cho, K. W.; Cha, G. D.; Kim, D. C.; Koo, J. H.;
Kim, J. H.; Hyeon, T.; Kim, D.-H. Dae-Hyeong. Highly conductive
and elastic nanomembrane for skin electronics. Science 2021, 373
(6558), 1022−1026.
(472) Stankovich, S.; Dikin, D. A.; Dommett, G. H.; Kohlhaas, K.

M.; Zimney, E. J.; Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R.
S. Graphene-based composite materials. Nature 2006, 442 (7100),
282−286.
(473) Liu, N.; Chortos, A.; Lei, T.; Jin, L.; Kim, T. R.; Bae, W.-G.;

Zhu, C.; Wang, S.; Pfattner, R.; Chen, X.; Sinclair, R.; Bao, Z.
Ultratransparent and stretchable graphene electrodes. Sci. Adv. 2017,
3 (9), No. e1700159.
(474) Zhou, J.; Long, X.; Huang, J.; Jiang, C.; Zhuo, F.; Guo, C.; Li,

H.; Fu, Y.; Duan, H. Multiscale and hierarchical wrinkle enhanced
graphene/Ecoflex sensors integrated with human-machine interfaces
and cloud-platform. npj Flex. Electron. 2022, 6, 55.
(475) Zhang, Y.-Z.; Lee, K. H.; Anjum, D. H.; Sougrat, R.; Jiang, Q.;

Kim, H.; Alshareef, H. N. MXenes stretch hydrogel sensor
performance to new limits. Sci. Adv. 2018, 4 (6), No. eaat0098.
(476) Liu, Y.; Xu, Z.; Ji, X.; Xu, X.; Chen, F.; Pan, X.; Fu, Z.; Chen,

Y.; Zhang, Z.; Liu, H.; Cheng, B.; Liang, J. Ag-thiolate interactions to
enable an ultrasensitive and stretchable MXene strain sensor with high
temporospatial resolution. Nat. Commun. 2024, 15, 5354.
(477) Kang, D.; Pikhitsa, P. V.; Choi, Y. W.; Lee, C.; Shin, S. S.;

Piao, L.; Park, B.; Suh, K.-Y.; Kim, T.-i.; Choi, M. Ultrasensitive
mechanical crack-based sensor inspired by the spider sensory system.
Nature 2014, 516 (7530), 222−226.
(478) Kim, T.; Hong, I.; Kim, M.; Im, S.; Roh, Y.; Kim, C.; Lim, J.;

Kim, D.; Park, J.; Lee, S.; Lim, D.; Cho, J.; Huh, S.; Jo, S.-U.; Kim, C.;
Koh, J.-S.; Han, S.; Kang, D. Ultra-stable and tough bioinspired crack-
based tactile sensor for small legged robots. npj Flex. Electron. 2023, 7,
22.
(479) Lee, J.-H.; Kim, Y.-N.; Lee, J.; Jeon, J.; Bae, J.-Y.; Lee, J.-Y.;

Kim, K.-S.; Chae, M.; Park, H.; Kim, J.-h.; Lee, K.-S.; Kim, J.; Hyun, J.
K.; Kang, D.; Kang, S.-K. Hypersensitive meta-crack strain sensor for
real-time biomedical monitoring. Sci. Adv. 2024, 10 (51),
No. eads9258.
(480) Boutry, C. M.; Negre, M.; Jorda, M.; Vardoulis, O.; Chortos,

A.; Khatib, O.; Bao, Z. A hierarchically patterned, bioinspired e-skin
able to detect the direction of applied pressure for robotics. Sci. Robot.
2018, 3 (24), No. eaau6914.
(481) Chen, X.; Luo, Y.; Chen, Y.; Li, S.; Deng, S.; Wang, B.; Zhang,

Q.; Li, X.; Li, X.; Wang, C.; He, J.; Tian, H.; Shao, J. Biomimetic
Contact Behavior Inspired Tactile Sensing Array with Programmable

Microdomes Pattern by Scalable and Consistent Fabrication. Adv. Sci.
2024, 11 (43), 2408082.
(482) Niu, H.; Li, H.; Li, N.; Kan, H.; Liu, J.; Wang, C.; Gao, S.; Li,

Y.; Xu, X. Intelligent Robotic Sensory System with Epidermis-Dermis
Bionic Electronic Skin for Autonomous Hardness/Softness-Based
Material Perception. Adv. Funct. Mater. 2025, 35, 2500511.
(483) Yang, R.; Dutta, A.; Li, B.; Tiwari, N.; Zhang, W.; Niu, Z.;

Gao, Y.; Erdely, D.; Xin, X.; Li, T.; Cheng, H. Iontronic pressure
sensor with high sensitivity over ultra-broad linear range enabled by
laser-induced gradient micro-pyramids. Nat. Commun. 2023, 14, 2907.
(484) Mannsfeld, S. C. B.; Tee, B. C. K.; Stoltenberg, R. M.; Chen,

C. V. H. H.; Barman, S.; Muir, B. V. O.; Sokolov, A. N.; Reese, C.;
Bao, Z. Highly sensitive flexible pressure sensors with microstructured
rubber dielectric layers. Nat. Mater. 2010, 9 (10), 859−864.
(485) Cho, J.-Y.; Kim, S. E.; Beak, C.-J.; Lee, J.; Suh, W.; Lee, B.-Y.;

Lee, S.-H. Tactile near-sensor computing systems incorporating
hourglass-shaped microstructured capacitive sensors for bio-realistic
energy efficiency. npj Flex. Electron. 2025, 9, 34.
(486) Zhang, Y.; Lu, Q.; He, J.; Huo, Z.; Zhou, R.; Han, X.; Jia, M.;

Pan, C.; Wang, Z. L.; Zhai, J. Localizing strain via micro-cage
structure for stretchable pressure sensor arrays with ultralow spatial
crosstalk. Nat. Commun. 2023, 14, 1252.
(487) Khang, D.-Y.; Jiang, H.; Huang, Y.; Rogers, J. A. A stretchable

form of single-crystal silicon for high-performance electronics on
rubber substrates. Science 2006, 311 (5758), 208−212.
(488) Kim, D.-H.; Ahn, J.-H.; Choi, W. M.; Kim, H.-S.; Kim, T.-H.;

Song, J.; Huang, Y. Y.; Liu, Z.; Lu, C.; Rogers, J. A. Stretchable and
foldable silicon integrated circuits. Science 2008, 320 (5875), 507−
511.
(489) Blees, M. K.; Barnard, A. W.; Rose, P. A.; Roberts, S. P.;

McGill, K. L.; Huang, P. Y.; Ruyack, A. R.; Kevek, J. W.; Kobrin, B.;
Muller, D. A.; et al. Graphene kirigami. Nature 2015, 524 (7564),
204−207.
(490) Shyu, T. C.; Damasceno, P. F.; Dodd, P. M.; Lamoureux, A.;

Xu, L.; Shlian, M.; Shtein, M.; Glotzer, S. C.; Kotov, N. A. A kirigami
approach to engineering elasticity in nanocomposites through
patterned defects. Nat. Mater. 2015, 14 (8), 785−789.
(491) Rafsanjani, A.; Zhang, Y.; Liu, B.; Rubinstein, S. M.; Bertoldi,

K. Kirigami skins make a simple soft actuator crawl. Sci. Robot. 2018, 3
(15), No. eaar7555.
(492) Fan, J. A.; Yeo, W.-H.; Su, Y.; Hattori, Y.; Lee, W.; Jung, S.-Y.;

Zhang, Y.; Liu, Z.; Cheng, H.; Falgout, L.; et al. Fractal design
concepts for stretchable electronics. Nat. Commun. 2014, 5 (1), 3266.
(493) Wang, Y.; Zhu, C.; Pfattner, R.; Yan, H.; Jin, L.; Chen, S.;

Molina-Lopez, F.; Lissel, F.; Liu, J.; Rabiah, N. I.; Chen, Z.; Chung, J.
W.; Linder, C.; Toney, M. F.; Murmann, B.; Bao, Z. A highly
stretchable, transparent, and conductive polymer. Sci. Adv. 2017, 3
(3), No. e1602076.
(494) Nevrela, J.; Micjan, M.; Novota, M.; Kovacova, S.; Pavuk, M.;

Juhasz, P.; Kovac, J., Jr; Jakabovic, J.; Weis, M. Secondary doping in
poly (3, 4-ethylenedioxythiophene): Poly (4-styrenesulfonate) thin
films. J. Polym. Sci. Pt. B-Polym. Phys. 2015, 53 (16), 1139−1146.
(495) Kwon, S.-J.; Han, T.-H.; Ko, T. Y.; Li, N.; Kim, Y.; Kim, D. J.;

Bae, S.-H.; Yang, Y.; Hong, B. H.; Kim, K. S.; Ryu, S.; Lee, T.-W.
Extremely stable graphene electrodes doped with macromolecular
acid. Nat. Commun. 2018, 9, 2037.
(496) Kaur, B.; Kumar, S.; Kaushik, B. K. Novel wearable optical

sensors for vital health monitoring systems�a review. Biosensors
2023, 13 (2), 181.
(497) Jha, R.; Mishra, P.; Kumar, S. Advancements in optical fiber-

based wearable sensors for smart health monitoring. Biosens.
Bioelectron. 2024, 254, 116232.
(498) Chen, J.; Liu, B.; Zhang, H. Review of fiber Bragg grating

sensor technology. Front. Optoelectron. China 2011, 4, 204−212.
(499) Ghosh, B.; Mandal, S. Fiber Bragg grating-based optical filters

for high-resolution sensing: A comprehensive analysis. Results Opt.
2023, 12, 100441.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11655

https://doi.org/10.1038/s41467-019-12303-5
https://doi.org/10.1038/s41467-019-12303-5
https://doi.org/10.1038/s41467-019-10736-6
https://doi.org/10.1038/s41467-019-10736-6
https://doi.org/10.1021/acsnano.4c03554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c03554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c03554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41551-019-0347-x
https://doi.org/10.1038/s41551-019-0347-x
https://doi.org/10.1038/s41551-019-0347-x
https://doi.org/10.1038/s41467-022-28027-y
https://doi.org/10.1038/s41467-022-28027-y
https://doi.org/10.1038/s41467-022-28027-y
https://doi.org/10.1002/adfm.202211079
https://doi.org/10.1002/adfm.202211079
https://doi.org/10.1002/adfm.202211079
https://doi.org/10.1126/science.abh4357
https://doi.org/10.1126/science.abh4357
https://doi.org/10.1038/nature04969
https://doi.org/10.1126/sciadv.1700159
https://doi.org/10.1038/s41528-022-00189-1
https://doi.org/10.1038/s41528-022-00189-1
https://doi.org/10.1038/s41528-022-00189-1
https://doi.org/10.1126/sciadv.aat0098
https://doi.org/10.1126/sciadv.aat0098
https://doi.org/10.1038/s41467-024-49787-9
https://doi.org/10.1038/s41467-024-49787-9
https://doi.org/10.1038/s41467-024-49787-9
https://doi.org/10.1038/nature14002
https://doi.org/10.1038/nature14002
https://doi.org/10.1038/s41528-023-00255-2
https://doi.org/10.1038/s41528-023-00255-2
https://doi.org/10.1126/sciadv.ads9258
https://doi.org/10.1126/sciadv.ads9258
https://doi.org/10.1126/scirobotics.aau6914
https://doi.org/10.1126/scirobotics.aau6914
https://doi.org/10.1002/advs.202408082
https://doi.org/10.1002/advs.202408082
https://doi.org/10.1002/advs.202408082
https://doi.org/10.1002/adfm.202500511
https://doi.org/10.1002/adfm.202500511
https://doi.org/10.1002/adfm.202500511
https://doi.org/10.1038/s41467-023-38274-2
https://doi.org/10.1038/s41467-023-38274-2
https://doi.org/10.1038/s41467-023-38274-2
https://doi.org/10.1038/nmat2834
https://doi.org/10.1038/nmat2834
https://doi.org/10.1038/s41528-025-00415-6
https://doi.org/10.1038/s41528-025-00415-6
https://doi.org/10.1038/s41528-025-00415-6
https://doi.org/10.1038/s41467-023-36885-3
https://doi.org/10.1038/s41467-023-36885-3
https://doi.org/10.1038/s41467-023-36885-3
https://doi.org/10.1126/science.1121401
https://doi.org/10.1126/science.1121401
https://doi.org/10.1126/science.1121401
https://doi.org/10.1126/science.1154367
https://doi.org/10.1126/science.1154367
https://doi.org/10.1038/nature14588
https://doi.org/10.1038/nmat4327
https://doi.org/10.1038/nmat4327
https://doi.org/10.1038/nmat4327
https://doi.org/10.1126/scirobotics.aar7555
https://doi.org/10.1038/ncomms4266
https://doi.org/10.1038/ncomms4266
https://doi.org/10.1126/sciadv.1602076
https://doi.org/10.1126/sciadv.1602076
https://doi.org/10.1002/polb.23754
https://doi.org/10.1002/polb.23754
https://doi.org/10.1002/polb.23754
https://doi.org/10.1038/s41467-018-04385-4
https://doi.org/10.1038/s41467-018-04385-4
https://doi.org/10.3390/bios13020181
https://doi.org/10.3390/bios13020181
https://doi.org/10.1016/j.bios.2024.116232
https://doi.org/10.1016/j.bios.2024.116232
https://doi.org/10.1007/s12200-011-0130-4
https://doi.org/10.1007/s12200-011-0130-4
https://doi.org/10.1016/j.rio.2023.100441
https://doi.org/10.1016/j.rio.2023.100441
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(500) Guo, G.; Zhang, D.; Duan, Y.; Zhang, G.; Chai, J. Strain-
sensing mechanism and axial stress response characterization of bolt
based on fiber bragg grating sensing. Energies 2022, 15 (17), 6384.
(501) Guo, J.; Zhou, B.; Zong, R.; Pan, L.; Li, X.; Yu, X.; Yang, C.;

Kong, L.; Dai, Q. Stretchable and highly sensitive optical strain
sensors for human-activity monitoring and healthcare. ACS Appl.
Mater. Interfaces 2019, 11 (37), 33589−33598.
(502) Jiang, J.; Zhang, N.; Min, R.; Cheng, X.; Qu, H.; Hu, X.

Recent achievements on grating fabrications in polymer optical fibers
with photosensitive dopants: a review. Polymers 2022, 14 (2), 273.
(503) Tan, W.; Shi, Z.-Y.; Smith, S.; Birnbaum, D.; Kopelman, R.

Submicrometer intracellular chemical optical fiber sensors. Science
1992, 258 (5083), 778−781.
(504) Lee, B. H.; Kim, Y. H.; Park, K. S.; Eom, J. B.; Kim, M. J.; Rho,

B. S.; Choi, H. Y. Interferometric fiber optic sensors. Sensors 2012, 12
(3), 2467−2486.
(505) Marra, G.; Fairweather, D. M.; Kamalov, V.; Gaynor, P.;

Cantono, M.; Mulholland, S.; Baptie, B.; Castellanos, J. C.; Vagenas,
G.; Gaudron, J.-O.; et al. Optical interferometry-based array of
seafloor environmental sensors using a transoceanic submarine cable.
Science 2022, 376 (6595), 874−879.
(506) Flores-Bravo, J. A.; Illarramendi, M. A.; Zubia, J.; Villatoro, J.

Optical fiber interferometer for temperature-independent refractive
index measuring over a broad range. Opt. Laser Technol. 2021, 139,
106977.
(507) Zhou, J.; Wang, Y.; Liao, C.; Sun, B.; He, J.; Yin, G.; Liu, S.;

Li, Z.; Wang, G.; Zhong, X.; et al. Intensity modulated refractive index
sensor based on optical fiber Michelson interferometer. Sens. Actuator
B-Chem. 2015, 208, 315−319.
(508) Creath, K. V phase-measurement interferometry techniques.

In Progress in Optics; Elsevier, 1988; Vol. 26, pp 349−393.
(509) Lam, B.; Guo, C. Complete characterization of ultrashort

optical pulses with a phase-shifting wedged reversal shearing
interferometer. Light: Science & Applications 2018, 7, 30.
(510) Al-Hayali, S. K.; Salman, A. M.; Al-Janabi, A. H. High

sensitivity balloon-like interferometric optical fiber humidity sensor
based on tuning gold nanoparticles coating thickness. Measurement
2021, 170, 108703.
(511) Li, H.; Li, H.; Lou, X.; Meng, F.; Zhu, L. Soft optical fiber

curvature sensor for finger joint angle proprioception. Optik 2019,
179, 298−304.
(512) Mishra, P.; Chatterjee, K.; Kumar, H.; Jha, R. Flexible and

wearable photonic-crystal fiber interferometer for physiological
monitoring and healthcare. ACS Appl. Opt. Mater. 2023, 1 (2),
569−577.
(513) Zhuang, Y.; Xie, R. J. Mechanoluminescence rebrightening the

prospects of stress sensing: a review. Adv. Mater. 2021, 33 (50),
2005925.
(514) Huang, Z.; Li, X.; Liang, T.; Ren, B.; Zhang, X.; Zheng, Y.;

Zhang, Q. a.; Fang, Z.; Wu, M.; Zulfiqar, M.; Jing, L.; Qu, S.; Chen,
B.; Gan, J.; Peng, D. Smart mechanoluminescent phosphors: A review
of zinc sulfide-based materials for advanced mechano-optical
applications. Responsive Materials 2024, 2 (3), No. e20240019.
(515) Qasem, A.; Xiong, P.; Ma, Z.; Peng, M.; Yang, Z. Recent

advances in mechanoluminescence of doped zinc sulfides. Laser &
Photonics Reviews 2021, 15 (12), 2100276.
(516) Bai, G.; Tsang, M. K.; Hao, J. Tuning the luminescence of

phosphors: beyond conventional chemical method. Adv. Opt. Mater.
2015, 3 (4), 431−462.
(517) Hirai, Y. On Sense and Deform: Molecular Luminescence for

Mechanoscience. ACS Appl. Opt. Mater. 2024, 2 (6), 1025−1045.
(518) Liang, H.; He, Y.; Chen, M.; Jiang, L.; Zhang, Z.; Heng, X.;

Yang, L.; Hao, Y.; Wei, X.; Gan, J.; Yang, Z. Self-powered stretchable
mechanoluminescent optical fiber strain sensor. Adv. Intell. Syst. 2021,
3 (9), 2100035.
(519) Xomalis, A.; Demirtzioglou, I.; Plum, E.; Jung, Y.; Nalla, V.;

Lacava, C.; MacDonald, K. F.; Petropoulos, P.; Richardson, D. J.;
Zheludev, N. I. Fibre-optic metadevice for all-optical signal

modulation based on coherent absorption. Nat. Commun. 2018, 9
(1), 182.
(520) Gu, Z.; Shi, Y.; Zhu, Z.; Li, Z.; Zou, M.; Yang, C.; Liu, Y.; Yu,

Y.; Zhang, X. All-integrated multidimensional optical sensing with a
photonic neuromorphic processor. Sci. Adv. 2025, 11 (22),
No. eadu7277.
(521) Anwar Zawawi, M.; O’Keffe, S.; Lewis, E. Intensity-modulated

fiber optic sensor for health monitoring applications: a comparative
review. Sens. Rev. 2013, 33 (1), 57−67.
(522) Sabri, N.; Aljunid, S. A.; Salim, M. S.; Fouad, S. Fiber optic

sensors: short review and applications. Recent trends in physics of
material science and technology 2015, 204, 299−311.
(523) Polygerinos, P.; Seneviratne, L. D.; Althoefer, K. Modeling of

light intensity-modulated fiber-optic displacement sensors. IEEE
Trans. Instrum. Meas. 2011, 60 (4), 1408−1415.
(524) Choi, M.; Humar, M.; Kim, M. S.; Yun, S.-H. Step-index

optical fiber made of biocompatible hydrogels. Adv. Mater. 2015, 27
(27), 4081.
(525) Bai, H.; Li, S.; Barreiros, J.; Tu, Y.; Pollock, C. R.; Shepherd,

R. F. Stretchable distributed fiber-optic sensors. Science 2020, 370
(6518), 848−852.
(526) Liu, Z.; Hu, X.; Bo, R.; Yang, Y.; Cheng, X.; Pang, W.; Liu, Q.;

Wang, Y.; Wang, S.; Xu, S.; et al. A three-dimensionally architected
electronic skin mimicking human mechanosensation. Science 2024,
384 (6699), 987−994.
(527) Wang, S.; Yao, Y.; Deng, W.; Chu, X.; Yang, T.; Tian, G.; Ao,

Y.; Sun, Y.; Lan, B.; Ren, X.; et al. Mass-Produced Skin-Inspired
Piezoresistive Sensing Array with Interlocking Interface for Object
Recognition. ACS Nano 2024, 18 (17), 11183−11192.
(528) Qiu, Y.; Wang, F.; Zhang, Z.; Shi, K.; Song, Y.; Lu, J.; Xu, M.;

Qian, M.; Zhang, W.; Wu, J.; Zhang, Z.; Chai, H.; Liu, A.; Jiang, H.;
Wu, H. Quantitative softness and texture bimodal haptic sensors for
robotic clinical feature identification and intelligent picking. Sci. Adv.
2024, 10 (30), No. eadp0348.
(529) Wang, M.; Yan, Z.; Wang, T.; Cai, P.; Gao, S.; Zeng, Y.; Wan,

C.; Wang, H.; Pan, L.; Yu, J.; et al. Gesture recognition using a
bioinspired learning architecture that integrates visual data with
somatosensory data from stretchable sensors. Nat. Electron. 2020, 3
(9), 563−570.
(530) Wang, S.; Fan, X.; Zhang, Z.; Su, Z.; Ding, Y.; Yang, H.;

Zhang, X.; Wang, J.; Zhang, J.; Hu, P. A Skin-Inspired High-
Performance Tactile Sensor for Accurate Recognition of Object
Softness. ACS Nano 2024, 18 (26), 17175−17184.
(531) Lee, S. W.; Yun, S. Y.; Han, J. K.; Nho, Y. H.; Jeon, S. B.;

Choi, Y. K. Spike-Based Neuromorphic Hardware for Dynamic
Tactile Perception with a Self-Powered Mechanoreceptor Array. Adv.
Sci. 2024, 11, 2402175.
(532) Corzo, D.; Alexandre, E. B.; Alshareef, Y.; Bokhari, F.; Xin, Y.;

Zhang, Y.; Kosel, J.; Bryant, D.; Lubineau, G.; Baran, D. Cure-on-
demand 3D printing of complex geometries for enhanced tactile
sensing in soft robotics and extended reality. Mater. Today 2024, 78,
20−31.
(533) Hao, S.; Wang, W.; Ma, C.; Li, X.; Liu, X.; Wang, Y.; Xue, Z.;

Xu, F.; Yang, J. A Laminated Strategy Enabled Sustainable Tactile
Array with Ultra-Stable Sensory Augmentation. Adv. Funct. Mater.
2024, 34, 2410360.
(534) Kim, K.; Hong, J.-H.; Bae, K.; Lee, K.; Lee, D. J.; Park, J.;

Zhang, H.; Sang, M.; Ju, J. E.; Cho, Y. U.; Kang, K.; Park, W.; Jung, S.;
Lee, J. W.; Xu, B.; Kim, J.; Yu, K. J. Extremely durable electrical
impedance tomography-based soft and ultrathin wearable e-skin for
three-dimensional tactile interfaces. Sci. Adv. 2024, 10 (38),
No. eadr1099.
(535) Sultan, M. J.; Bag, A.; Hong, S. J.; Wang, G.; Kumar, S.;

Chouhdry, H. H.; Lee, N.-E. Tactile sensory synapse based on organic
electrochemical transistors with ionogel triboelectric layer. Nano
Energy 2024, 131, 110202.
(536) Chiu, Y.-S.; Rinawati, M.; Chang, Y.-H.; Aulia, S.; Chang, C.-

C.; Chang, L.-Y.; Hung, W.-S.; Mizuguchi, H.; Haw, S.-C.; Yeh, M.-H.
Enhancing self-induced polarization of PVDF-based triboelectric film

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11656

https://doi.org/10.3390/en15176384
https://doi.org/10.3390/en15176384
https://doi.org/10.3390/en15176384
https://doi.org/10.1021/acsami.9b09815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b09815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym14020273
https://doi.org/10.3390/polym14020273
https://doi.org/10.1126/science.1439785
https://doi.org/10.3390/s120302467
https://doi.org/10.1126/science.abo1939
https://doi.org/10.1126/science.abo1939
https://doi.org/10.1016/j.optlastec.2021.106977
https://doi.org/10.1016/j.optlastec.2021.106977
https://doi.org/10.1016/j.snb.2014.11.014
https://doi.org/10.1016/j.snb.2014.11.014
https://doi.org/10.1038/s41377-018-0022-0
https://doi.org/10.1038/s41377-018-0022-0
https://doi.org/10.1038/s41377-018-0022-0
https://doi.org/10.1016/j.measurement.2020.108703
https://doi.org/10.1016/j.measurement.2020.108703
https://doi.org/10.1016/j.measurement.2020.108703
https://doi.org/10.1016/j.ijleo.2018.10.187
https://doi.org/10.1016/j.ijleo.2018.10.187
https://doi.org/10.1021/acsaom.2c00137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaom.2c00137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaom.2c00137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202005925
https://doi.org/10.1002/adma.202005925
https://doi.org/10.1002/rpm.20240019
https://doi.org/10.1002/rpm.20240019
https://doi.org/10.1002/rpm.20240019
https://doi.org/10.1002/lpor.202100276
https://doi.org/10.1002/lpor.202100276
https://doi.org/10.1002/adom.201400375
https://doi.org/10.1002/adom.201400375
https://doi.org/10.1021/acsaom.4c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaom.4c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aisy.202100035
https://doi.org/10.1002/aisy.202100035
https://doi.org/10.1038/s41467-017-02434-y
https://doi.org/10.1038/s41467-017-02434-y
https://doi.org/10.1126/sciadv.adu7277
https://doi.org/10.1126/sciadv.adu7277
https://doi.org/10.1108/02602281311294351
https://doi.org/10.1108/02602281311294351
https://doi.org/10.1108/02602281311294351
https://doi.org/10.1007/978-981-287-128-2_19
https://doi.org/10.1007/978-981-287-128-2_19
https://doi.org/10.1109/TIM.2010.2085270
https://doi.org/10.1109/TIM.2010.2085270
https://doi.org/10.1002/adma.201501603
https://doi.org/10.1002/adma.201501603
https://doi.org/10.1126/science.aba5504
https://doi.org/10.1126/science.adk5556
https://doi.org/10.1126/science.adk5556
https://doi.org/10.1021/acsnano.4c00112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c00112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c00112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.adp0348
https://doi.org/10.1126/sciadv.adp0348
https://doi.org/10.1038/s41928-020-0422-z
https://doi.org/10.1038/s41928-020-0422-z
https://doi.org/10.1038/s41928-020-0422-z
https://doi.org/10.1021/acsnano.4c04100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c04100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c04100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202402175
https://doi.org/10.1002/advs.202402175
https://doi.org/10.1016/j.mattod.2024.06.015
https://doi.org/10.1016/j.mattod.2024.06.015
https://doi.org/10.1016/j.mattod.2024.06.015
https://doi.org/10.1002/adfm.202410360
https://doi.org/10.1002/adfm.202410360
https://doi.org/10.1126/sciadv.adr1099
https://doi.org/10.1126/sciadv.adr1099
https://doi.org/10.1126/sciadv.adr1099
https://doi.org/10.1016/j.nanoen.2024.110202
https://doi.org/10.1016/j.nanoen.2024.110202
https://doi.org/10.1016/j.nanoen.2024.110207
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


by P-doped g-C3N4 for ultrasensitive triboelectric pressure sensors.
Nano Energy 2024, 131, 110207.
(537) Chen, P.; Qin, L.; Ma, Z.; Zeng, T.; Xie, Y.; Zhang, C.; Luo,

T.; Zhou, W.; Zhang, J. A hybrid tactile sensor enabling full-
bandwidth and ultra high-sensitivity sensing using a stress regulator.
Nano Energy 2024, 131, 110264.
(538) Jin, T.; Sun, Z.; Li, L.; Zhang, Q.; Zhu, M.; Zhang, Z.; Yuan,

G.; Chen, T.; Tian, Y.; Hou, X.; Lee, C. Triboelectric nanogenerator
sensors for soft robotics aiming at digital twin applications. Nat.
Commun. 2020, 11 (1), 5381.
(539) Zhou, Y.; Zhao, X.; Xu, J.; Chen, G.; Tat, T.; Li, J.; Chen, J. A

multimodal magnetoelastic artificial skin for underwater haptic
sensing. Sci. Adv. 2024, 10, No. eadj8567.
(540) Pyun, K. R.; Kwon, K.; Yoo, M. J.; Kim, K. K.; Gong, D.; Yeo,

W.-H.; Han, S.; Ko, S. H. Machine-learned wearable sensors for real-
time hand-motion recognition: toward practical applications. Natl. Sci.
Rev. 2024, 11 (2), nwad298.
(541) Sim, K.; Rao, Z.; Zou, Z.; Ershad, F.; Lei, J.; Thukral, A.;

Chen, J.; Huang, Q.-A.; Xiao, J.; Yu, C. Metal oxide semiconductor
nanomembrane-based soft unnoticeable multifunctional electronics
for wearable human-machine interfaces. Sci. Adv. 2019, 5 (8),
No. eaav9653.
(542) Kim, K. K.; Ha, I.; Kim, M.; Choi, J.; Won, P.; Jo, S.; Ko, S. H.

A deep-learned skin sensor decoding the epicentral human motions.
Nat. Commun. 2020, 11, 2149.
(543) Huang, Y.; Gao, L.; Zhao, Y.; Guo, X.; Liu, C.; Liu, P. Highly

flexible fabric strain sensor based on graphene nanoplatelet-polyani-
line nanocomposites for human gesture recognition. J. Appl. Polym.
Sci. 2017, 134 (39), 45340.
(544) Araromi, O. A.; Graule, M. A.; Dorsey, K. L.; Castellanos, S.;

Foster, J. R.; Hsu, W.-H.; Passy, A. E.; Vlassak, J. J.; Weaver, J. C.;
Walsh, C. J.; et al. Ultra-sensitive and resilient compliant strain gauges
for soft machines. Nature 2020, 587 (7833), 219−224.
(545) Jiang, Y.; Ji, S.; Sun, J.; Huang, J.; Li, Y.; Zou, G.; Salim, T.;

Wang, C.; Li, W.; Jin, H.; et al. A universal interface for plug-and-play
assembly of stretchable devices. Nature 2023, 614 (7948), 456−462.
(546) Geng, W.; Du, Y.; Jin, W.; Wei, W.; Hu, Y.; Li, J. Gesture

recognition by instantaneous surface EMG images. Sci. Rep. 2016, 6,
36571.
(547) Sultana, A.; Ahmed, F.; Alam, M. S. A systematic review on

surface electromyography-based classification system for identifying
hand and finger movements. Healthc. Anal. 2023, 3, 100126.
(548) Wei, W.; Dai, Q.; Wong, Y.; Hu, Y.; Kankanhalli, M.; Geng,

W. Surface-electromyography-based gesture recognition by multi-view
deep learning. IEEE Trans. Biomed. Eng. 2019, 66 (10), 2964−2973.
(549) Lee, H.; Lee, S.; Kim, J.; Jung, H.; Yoon, K. J.; Gandla, S.;

Park, H.; Kim, S. Stretchable array electromyography sensor with
graph neural network for static and dynamic gestures recognition
system. npj Flex. Electron. 2023, 7, 20.
(550) Emayavaramban, G.; Divyapriya, S.; Mansoor, V.M.; Amudha,

A.; Siva Ramkumar, M.; Nagaveni, P.; SivaramKrishnan, M. SEMG
based classification of hand gestures using artificial neural network.
Mater. Today 2021, 37, 2591−2598.
(551) Zhou, Z.; Chen, K.; Li, X.; Zhang, S.; Wu, Y.; Zhou, Y.; Meng,

K.; Sun, C.; He, Q.; Fan, W.; et al. Sign-to-speech translation using
machine-learning-assisted stretchable sensor arrays. Nat. Electron.
2020, 3 (9), 571−578.
(552) Shan, L.; Liu, Y.; Zhang, X.; Li, E.; Yu, R.; Lian, Q.; Chen, X.;

Chen, H.; Guo, T. Bioinspired kinesthetic system for human-machine
interaction. Nano Energy 2021, 88, 106283.
(553) Wen, F.; Zhang, Z.; He, T.; Lee, C. AI enabled sign language

recognition and VR space bidirectional communication using
triboelectric smart glove. Nat. Commun. 2021, 12, 5378.
(554) Liddell, S. K. Grammar, Gesture, And Meaning in American Sign
Language; Cambridge University Press, 2003.
(555) Jang, Y.; Kim, S. M.; Spinks, G. M.; Kim, S. J. Carbon

nanotube yarn for fiber-shaped electrical sensors, actuators, and
energy storage for smart systems. Adv. Mater. 2020, 32 (5), 1902670.

(556) Lu, H.; Zhang, Y.; Zhu, M.; Li, S.; Liang, H.; Bi, P.; Wang, S.;
Wang, H.; Gan, L.; Wu, X.-E.; Zhang, Y. Intelligent perceptual textiles
based on ionic-conductive and strong silk fibers. Nat. Commun. 2024,
15, 3289.
(557) Tian, X.; Lee, P. M.; Tan, Y. J.; Wu, T. L. Y.; Yao, H.; Zhang,

M.; Li, Z.; Ng, K. A.; Tee, B. C. K.; Ho, J. S. Wireless body sensor
networks based on metamaterial textiles. Nat. Electron. 2019, 2 (6),
243−251.
(558) Wang, L.; Qi, X.; Li, C.; Wang, Y. Multifunctional Tactile

Sensors for Object Recognition. Adv. Funct. Mater. 2024, 34,
2409358.
(559) Tashakori, A.; Jiang, Z.; Servati, A.; Soltanian, S.; Narayana,

H.; Le, K.; Nakayama, C.; Yang, C.-l.; Wang, Z. J.; Eng, J. J.; et al.
Capturing complex hand movements and object interactions using
machine learning-powered stretchable smart textile gloves. Nat. Mach.
Intell. 2024, 6 (1), 106−118.
(560) Kim, T.; Lee, S.; Hong, T.; Shin, G.; Kim, T.; Park, Y.-L.

Heterogeneous sensing in a multifunctional soft sensor for human-
robot interfaces. Sci. Robot. 2020, 5 (49), No. eabc6878.
(561) Zhang, Z.; Yang, J.; Wang, H.; Wang, C.; Gu, Y.; Xu, Y.; Lee,

S.; Yokota, T.; Haick, H.; Someya, T.; Wang, Y. A 10-micrometer-
thick nanomesh-reinforced gas-permeable hydrogel skin sensor for
long-term electrophysiological monitoring. Sci. Adv. 2024, 10 (2),
No. eadj5389.
(562) Jeong, W.; Lee, S.; Choi, H.; Bae, J.; Lee, S.-H.; Ma, Y.; Yoo,

S.; Ha, J.-H.; Hong, J.-I.; Park, S.; et al. Washable, stretchable, and
reusable core-shell metal nanowire network-based electronics on a
breathable polymer nanomesh substrate. Mater. Today 2022, 61, 30−
39.
(563) Wang, Y.; Lee, S.; Yokota, T.; Wang, H.; Jiang, Z.; Wang, J.;

Koizumi, M.; Someya, T. A durable nanomesh on-skin strain gauge
for natural skin motion monitoring with minimum mechanical
constraints. Sci. Adv. 2020, 6 (33), No. eabb7043.
(564) Yang, Q.; Jin, W.; Zhang, Q.; Wei, Y.; Guo, Z.; Li, X.; Yang,

Y.; Luo, Q.; Tian, H.; Ren, T.-L. Mixed-modality speech recognition
and interaction using a wearable artificial throat. Nat. Mach. Intell.
2023, 5 (2), 169−180.
(565) Lee, S.; Kim, J.; Yun, I.; Bae, G. Y.; Kim, D.; Park, S.; Yi, I.-M.;

Moon, W.; Chung, Y.; Cho, K. An ultrathin conformable vibration-
responsive electronic skin for quantitative vocal recognition. Nat.
Commun. 2019, 10, 2468.
(566) Zhao, X.; Zhou, Y.; Li, A.; Xu, J.; Karjagi, S.; Hahm, E.;

Rulloda, L.; Li, J.; Hollister, J.; Kavehpour, P.; et al. A self-filtering
liquid acoustic sensor for voice recognition. Nat. Electron. 2024, 7
(10), 924−932.
(567) Che, Z.; Wan, X.; Xu, J.; Duan, C.; Zheng, T.; Chen, J.

Speaking without vocal folds using a machine-learning-assisted
wearable sensing-actuation system. Nat. Commun. 2024, 15, 1873.
(568) Kim, T.; Shin, Y.; Kang, K.; Kim, K.; Kim, G.; Byeon, Y.; Kim,

H.; Gao, Y.; Lee, J. R.; Son, G.; Kim, T.; Jun, Y.; Kim, J.; Lee, J.; Um,
S.; Kwon, Y.; Son, B. G.; Cho, M.; Sang, M.; Shin, J.; Kim, K.; Suh, J.;
Choi, H.; Hong, S.; Cheng, H.; Kang, H.-G.; Hwang, D.; Yu, K. J.
Ultrathin crystalline-silicon-based strain gauges with deep learning
algorithms for silent speech interfaces. Nat. Commun. 2022, 13, 5815.
(569) Wang, Y.; Tang, T.; Xu, Y.; Bai, Y.; Yin, L.; Li, G.; Zhang, H.;

Liu, H.; Huang, Y. All-weather, natural silent speech recognition via
machine-learning-assisted tattoo-like electronics. npj Flex. Electron.
2021, 5, 20.
(570) Shi, Y.; Yang, P.; Lei, R.; Liu, Z.; Dong, X.; Tao, X.; Chu, X.;

Wang, Z. L.; Chen, X. Eye tracking and eye expression decoding
based on transparent, flexible and ultra-persistent electrostatic
interface. Nat. Commun. 2023, 14, 3315.
(571) Ameri, S. K.; Kim, M.; Kuang, I. A.; Perera, W. K.; Alshiekh,

M.; Jeong, H.; Topcu, U.; Akinwande, D.; Lu, N. Imperceptible
electrooculography graphene sensor system for human-robot inter-
face. npj 2D Mater. Appl. 2018, 2, 19.
(572) Lee, J. H.; Kim, H.; Hwang, J.-Y.; Chung, J.; Jang, T.-M.; Seo,

D. G.; Gao, Y.; Lee, J.; Park, H.; Lee, S.; et al. 3D printed,
customizable, and multifunctional smart electronic eyeglasses for

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11657

https://doi.org/10.1016/j.nanoen.2024.110207
https://doi.org/10.1016/j.nanoen.2024.110264
https://doi.org/10.1016/j.nanoen.2024.110264
https://doi.org/10.1038/s41467-020-19059-3
https://doi.org/10.1038/s41467-020-19059-3
https://doi.org/10.1126/sciadv.adj8567
https://doi.org/10.1126/sciadv.adj8567
https://doi.org/10.1126/sciadv.adj8567
https://doi.org/10.1093/nsr/nwad298
https://doi.org/10.1093/nsr/nwad298
https://doi.org/10.1126/sciadv.aav9653
https://doi.org/10.1126/sciadv.aav9653
https://doi.org/10.1126/sciadv.aav9653
https://doi.org/10.1038/s41467-020-16040-y
https://doi.org/10.1002/app.45340
https://doi.org/10.1002/app.45340
https://doi.org/10.1002/app.45340
https://doi.org/10.1038/s41586-020-2892-6
https://doi.org/10.1038/s41586-020-2892-6
https://doi.org/10.1038/s41586-022-05579-z
https://doi.org/10.1038/s41586-022-05579-z
https://doi.org/10.1038/srep36571
https://doi.org/10.1038/srep36571
https://doi.org/10.1016/j.health.2022.100126
https://doi.org/10.1016/j.health.2022.100126
https://doi.org/10.1016/j.health.2022.100126
https://doi.org/10.1109/TBME.2019.2899222
https://doi.org/10.1109/TBME.2019.2899222
https://doi.org/10.1038/s41528-023-00246-3
https://doi.org/10.1038/s41528-023-00246-3
https://doi.org/10.1038/s41528-023-00246-3
https://doi.org/10.1016/j.matpr.2020.08.504
https://doi.org/10.1016/j.matpr.2020.08.504
https://doi.org/10.1038/s41928-020-0428-6
https://doi.org/10.1038/s41928-020-0428-6
https://doi.org/10.1016/j.nanoen.2021.106283
https://doi.org/10.1016/j.nanoen.2021.106283
https://doi.org/10.1038/s41467-021-25637-w
https://doi.org/10.1038/s41467-021-25637-w
https://doi.org/10.1038/s41467-021-25637-w
https://doi.org/10.1002/adma.201902670
https://doi.org/10.1002/adma.201902670
https://doi.org/10.1002/adma.201902670
https://doi.org/10.1038/s41467-024-47665-y
https://doi.org/10.1038/s41467-024-47665-y
https://doi.org/10.1038/s41928-019-0257-7
https://doi.org/10.1038/s41928-019-0257-7
https://doi.org/10.1002/adfm.202409358
https://doi.org/10.1002/adfm.202409358
https://doi.org/10.1038/s42256-023-00780-9
https://doi.org/10.1038/s42256-023-00780-9
https://doi.org/10.1126/scirobotics.abc6878
https://doi.org/10.1126/scirobotics.abc6878
https://doi.org/10.1126/sciadv.adj5389
https://doi.org/10.1126/sciadv.adj5389
https://doi.org/10.1126/sciadv.adj5389
https://doi.org/10.1016/j.mattod.2022.10.023
https://doi.org/10.1016/j.mattod.2022.10.023
https://doi.org/10.1016/j.mattod.2022.10.023
https://doi.org/10.1126/sciadv.abb7043
https://doi.org/10.1126/sciadv.abb7043
https://doi.org/10.1126/sciadv.abb7043
https://doi.org/10.1038/s42256-023-00616-6
https://doi.org/10.1038/s42256-023-00616-6
https://doi.org/10.1038/s41467-019-10465-w
https://doi.org/10.1038/s41467-019-10465-w
https://doi.org/10.1038/s41928-024-01196-y
https://doi.org/10.1038/s41928-024-01196-y
https://doi.org/10.1038/s41467-024-45915-7
https://doi.org/10.1038/s41467-024-45915-7
https://doi.org/10.1038/s41467-022-33457-9
https://doi.org/10.1038/s41467-022-33457-9
https://doi.org/10.1038/s41528-021-00119-7
https://doi.org/10.1038/s41528-021-00119-7
https://doi.org/10.1038/s41467-023-39068-2
https://doi.org/10.1038/s41467-023-39068-2
https://doi.org/10.1038/s41467-023-39068-2
https://doi.org/10.1038/s41699-018-0064-4
https://doi.org/10.1038/s41699-018-0064-4
https://doi.org/10.1038/s41699-018-0064-4
https://doi.org/10.1021/acsami.0c03110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c03110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


wearable healthcare systems and human-machine interfaces. ACS
Appl. Mater. Interfaces 2020, 12 (19), 21424−21432.
(573) Zhu, H.; Yang, H.; Xu, S.; Ma, Y.; Zhu, S.; Mao, Z.; Chen, W.;

Hu, Z.; Pan, R.; Xu, Y.; Xiong, Y.; Chen, Y.; Lu, Y.; Ning, X.; Jiang,
D.; Yuan, S.; Xu, F. Frequency-encoded eye tracking smart contact
lens for human-machine interaction. Nat. Commun. 2024, 15, 3588.
(574) Lee, J. P.; Jang, H.; Jang, Y.; Song, H.; Lee, S.; Lee, P. S.; Kim,

J. Encoding of multi-modal emotional information via personalized
skin-integrated wireless facial interface. Nat. Commun. 2024, 15, 530.
(575) Sun, T.; Tasnim, F.; McIntosh, R. T.; Amiri, N.; Solav, D.;

Anbarani, M. T.; Sadat, D.; Zhang, L.; Gu, Y.; Karami, M. A.; et al.
Decoding of facial strains via conformable piezoelectric interfaces.
Nat. Biomed. Eng. 2020, 4 (10), 954−972.
(576) Li, Q.; Zhang, L. N.; Tao, X. M.; Ding, X. Review of flexible

temperature sensing networks for wearable physiological monitoring.
Adv. Healthc. Mater. 2017, 6 (12), 1601371.
(577) Kuzubasoglu, B. A.; Bahadir, S. K. Flexible temperature

sensors: A review. Sens. Actuator A-Phys. 2020, 315, 112282.
(578) Su, Y.; Ma, C.; Chen, J.; Wu, H.; Luo, W.; Peng, Y.; Luo, Z.;

Li, L.; Tan, Y.; Omisore, O. M.; Zhu, Z.; Wang, L.; Li, H. Printable,
highly sensitive flexible temperature sensors for human body
temperature monitoring: a review. Nanoscale Res. Lett. 2020, 15, 200.
(579) Cai, J.; Du, M.; Li, Z. Flexible temperature sensors

constructed with fiber materials. Adv. Mater. Technol. 2022, 7 (7),
2101182.
(580) Ukil, A.; Braendle, H.; Krippner, P. Distributed temperature

sensing: Review of technology and applications. IEEE Sens. J. 2012, 12
(5), 885−892.
(581) Zha, J.-W.; Wu, D.-H.; Yang, Y.; Wu, Y.-H.; Li, R. K.; Dang,

Z.-M. Enhanced positive temperature coefficient behavior of the high-
density polyethylene composites with multi-dimensional carbon fillers
and their use for temperature-sensing resistors. RSC Adv. 2017, 7
(19), 11338−11344.
(582) Bali, C.; Brandlmaier, A.; Ganster, A.; Raab, O.; Zapf, J.;
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(753) Parra, V.; Arrieta, Á. A.; Fernández-Escudero, J. A.; García, H.;

Apetrei, C.; Rodríguez-Méndez, M. L.; de Saja, J. A. E-tongue based
on a hybrid array of voltammetric sensors based on phthalocyanines,
perylene derivatives and conducting polymers: Discrimination
capability towards red wines elaborated with different varieties of
grapes. Sens. Actuator B-Chem. 2006, 115 (1), 54−61.
(754) Zhu, Y.; Wang, J.; Wu, Y.; Shang, Z.; Ding, Y.; Hu, A. A

fluorescent sensor array-based electronic tongue for Chinese tea
discrimination. J. Mater. Chem. C 2021, 9 (17), 5676−5681.
(755) Khan, A.; Ahmed, S.; Sun, B.-Y.; Chen, Y.-C.; Chuang, W.-T.;

Chan, Y.-H.; Gupta, D.; Wu, P.-W.; Lin, H.-C. Self-healable and anti-
freezing ion conducting hydrogel-based artificial bioelectronic tongue
sensing toward astringent and bitter tastes. Biosens. Bioelectron. 2022,
198, 113811.
(756) Ahn, S. R.; An, J. H.; Song, H. S.; Park, J. W.; Lee, S. H.; Kim,

J. H.; Jang, J.; Park, T. H. Duplex bioelectronic tongue for sensing
umami and sweet tastes based on human taste receptor nanovesicles.
ACS Nano 2016, 10 (8), 7287−7296.
(757) Chen, P.; Wang, B.; Cheng, G.; Wang, P. Taste receptor cell-

based biosensor for taste specific recognition based on temporal firing.
Biosens. Bioelectron. 2009, 25 (1), 228−233.
(758) Kobayashi, Y.; Habara, M.; Ikezazki, H.; Chen, R.; Naito, Y.;

Toko, K. Advanced taste sensors based on artificial lipids with global
selectivity to basic taste qualities and high correlation to sensory
scores. Sensors 2010, 10 (4), 3411−3443.
(759) Liu, J.; Qian, J.; Adil, M.; Bi, Y.; Wu, H.; Hu, X.; Wang, Z.;

Zhang, W. Bioinspired integrated triboelectric electronic tongue.
Microsyst. Nanoeng. 2024, 10, 57.
(760) Siew, F. W.; Sook, M. K. Differential colorimetric nano-

biosensor array as bioelectronic tongue for discrimination and
quantitation of multiple foodborne carcinogens. Food Chem. 2021,
357, 129801.
(761) Chen, H.; Bian, F.; Wang, Y.; Zhao, Y.; Shang, L. Colorimetric

photonic tongue for metal ions screening. Matter 2022, 5 (5), 1590−
1602.
(762) Hao, M.; Li, Z.; Huang, X.; Wang, Y.; Wei, X.; Zou, X.; Shi, J.;

Huang, Z.; Yin, L.; Gao, L.; et al. A cell-based electrochemical taste
sensor for detection of Hydroxy-α-sanshool. Food Chem. 2023, 418,
135941.
(763) Liu, J.; Zhang, N.; Li, J.; Li, M.; Wang, G.; Wang, W.; Fan, Y.;

Jiang, S.; Chen, G.; Zhang, Y.; et al. A novel umami electrochemical
biosensor based on AuNPs@ ZIF-8/Ti3C2MXene immobilized
T1R1-VFT. Food Chem. 2022, 397, 133838.
(764) Yang, R.; Zhang, W.; Tiwari, N.; Yan, H.; Li, T.; Cheng, H.

Multimodal sensors with decoupled sensing mechanisms. Adv. Sci.
2022, 9 (26), 2202470.
(765) Won, S. M.; Wang, H.; Kim, B. H.; Lee, K.; Jang, H.; Kwon,

K.; Han, M.; Crawford, K. E.; Li, H.; Lee, Y.; et al. Multimodal
sensing with a three-dimensional piezoresistive structure. ACS Nano
2019, 13 (10), 10972−10979.
(766) Lo, L.-W.; Zhao, J.; Wan, H.; Wang, Y.; Chakrabartty, S.;

Wang, C. A soft sponge sensor for multimodal sensing and
distinguishing of pressure, strain, and temperature. ACS Appl. Mater.
Interfaces 2022, 14 (7), 9570−9578.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00966
Chem. Rev. 2025, 125, 11567−11665

11662

https://doi.org/10.1109/JSEN.2012.2207887
https://doi.org/10.1109/JSEN.2012.2207887
https://doi.org/10.1021/acs.nanolett.5b02286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10408398.2020.1776211
https://doi.org/10.1080/10408398.2020.1776211
https://doi.org/10.1021/jp102755h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp102755h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.plipres.2013.11.001
https://doi.org/10.1016/j.plipres.2013.11.001
https://doi.org/10.1016/j.bios.2024.116001
https://doi.org/10.1016/j.bios.2024.116001
https://doi.org/10.1002/elan.201000013
https://doi.org/10.1002/elan.201000013
https://doi.org/10.1111/jfpp.16289
https://doi.org/10.1111/jfpp.16289
https://doi.org/10.1021/acsami.3c09684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c09684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c09684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.8b00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodhyd.2015.05.003
https://doi.org/10.1016/j.foodhyd.2015.05.003
https://doi.org/10.1002/admt.202302194
https://doi.org/10.1002/admt.202302194
https://doi.org/10.1002/admt.202302194
https://doi.org/10.1111/j.1750-3841.2009.01127.x
https://doi.org/10.1111/j.1750-3841.2009.01127.x
https://doi.org/10.1016/S0031-9384(99)00205-X
https://doi.org/10.1016/S0031-9384(99)00205-X
https://doi.org/10.1038/s43016-023-00817-7
https://doi.org/10.1038/s43016-023-00817-7
https://doi.org/10.1016/j.meatsci.2022.108950
https://doi.org/10.1016/j.meatsci.2022.108950
https://doi.org/10.1016/j.meatsci.2022.108950
https://doi.org/10.1021/acsami.9b14522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b14522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b14522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.3c00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.3c00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/chemse/12.4.563
https://doi.org/10.1093/chemse/12.4.563
https://doi.org/10.2508/chikusan.67.423
https://doi.org/10.2508/chikusan.67.423
https://doi.org/10.1152/ajpcell.2001.281.3.C1005
https://doi.org/10.1152/ajpcell.2001.281.3.C1005
https://doi.org/10.2116/analsci.19R008
https://doi.org/10.2116/analsci.19R008
https://doi.org/10.3390/s111009878
https://doi.org/10.1016/j.snb.2005.08.040
https://doi.org/10.1016/j.snb.2005.08.040
https://doi.org/10.1016/j.snb.2005.08.040
https://doi.org/10.1016/j.snb.2005.08.040
https://doi.org/10.1016/j.snb.2005.08.040
https://doi.org/10.1039/D1TC00491C
https://doi.org/10.1039/D1TC00491C
https://doi.org/10.1039/D1TC00491C
https://doi.org/10.1016/j.bios.2021.113811
https://doi.org/10.1016/j.bios.2021.113811
https://doi.org/10.1016/j.bios.2021.113811
https://doi.org/10.1021/acsnano.6b02547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b02547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2009.05.034
https://doi.org/10.1016/j.bios.2009.05.034
https://doi.org/10.3390/s100403411
https://doi.org/10.3390/s100403411
https://doi.org/10.3390/s100403411
https://doi.org/10.1038/s41378-024-00690-9
https://doi.org/10.1016/j.foodchem.2021.129801
https://doi.org/10.1016/j.foodchem.2021.129801
https://doi.org/10.1016/j.foodchem.2021.129801
https://doi.org/10.1016/j.matt.2022.03.003
https://doi.org/10.1016/j.matt.2022.03.003
https://doi.org/10.1016/j.foodchem.2023.135941
https://doi.org/10.1016/j.foodchem.2023.135941
https://doi.org/10.1016/j.foodchem.2022.133838
https://doi.org/10.1016/j.foodchem.2022.133838
https://doi.org/10.1016/j.foodchem.2022.133838
https://doi.org/10.1002/advs.202202470
https://doi.org/10.1021/acsnano.9b02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(767) Kumari, P.; Mathew, L.; Syal, P. Increasing trend of wearables
and multimodal interface for human activity monitoring: A review.
Biosens. Bioelectron. 2017, 90, 298−307.
(768) Yadav, S. K.; Tiwari, K.; Pandey, H. M.; Akbar, S. A. A review

of multimodal human activity recognition with special emphasis on
classification, applications, challenges and future directions. Knowl-
edge-Based Syst. 2021, 223, 106970.
(769) Servati, A.; Zou, L.; Wang, Z. J.; Ko, F.; Servati, P. Novel

flexible wearable sensor materials and signal processing for vital sign
and human activity monitoring. Sensors 2017, 17 (7), 1622.
(770) Zhu, H.; Luo, H.; Cai, M.; Song, J. A multifunctional flexible

tactile sensor based on resistive effect for simultaneous sensing of
pressure and temperature. Adv. Sci. 2024, 11 (6), 2307693.
(771) Gao, F.-L.; Min, P.; Gao, X.-Z.; Li, C.; Zhang, T.; Yu, Z.-Z.; Li,

X. Integrated temperature and pressure dual-mode sensors based on
elastic PDMS foams decorated with thermoelectric PEDOT: PSS and
carbon nanotubes for human energy harvesting and electronic-skin. J.
Mater. Chem. A 2022, 10 (35), 18256−18266.
(772) Li, M.; Chen, J.; Zhong, W.; Luo, M.; Wang, W.; Qing, X.; Lu,

Y.; Liu, Q.; Liu, K.; Wang, Y.; et al. Large-area, wearable, self-powered
pressure-temperature sensor based on 3D thermoelectric spacer
fabric. ACS Sens. 2020, 5 (8), 2545−2554.
(773) Chen, L.; Chang, X.; Wang, H.; Chen, J.; Zhu, Y. Stretchable

and transparent multimodal electronic-skin sensors in detecting strain,
temperature, and humidity. Nano Energy 2022, 96, 107077.
(774) Zhang, X.; Li, J.; Lin, J.; Li, W.; Chu, W.; Zhang, M.; Lu, Y.;

He, X.; Zhao, Q. Highly stretchable electronic-skin sensors with
porous microstructure for efficient multimodal sensing with wearable
comfort. Adv. Mater. Interfaces 2023, 10 (8), 2201958.
(775) Yu, Y.; Nassar, J.; Xu, C.; Min, J.; Yang, Y.; Dai, A.; Doshi, R.;

Huang, A.; Song, Y.; Gehlhar, R.; Ames, A. D.; Gao, W. Biofuel-
powered soft electronic skin with multiplexed and wireless sensing for
human-machine interfaces. Sci. Robot. 2020, 5 (41), No. eaaz7946.
(776) Kim, S. H.; Basir, A.; Avila, R.; Lim, J.; Hong, S. W.; Choe, G.;

Shin, J. H.; Hwang, J. H.; Park, S. Y.; Joo, J.; et al. Strain-invariant
stretchable radio-frequency electronics. Nature 2024, 629, 1047−
1054.
(777) Wang, S.; Xu, J.; Wang, W.; Wang, G.-J. N.; Rastak, R.;

Molina-Lopez, F.; Chung, J. W.; Niu, S.; Feig, V. R.; Lopez, J.; et al.
Skin electronics from scalable fabrication of an intrinsically stretchable
transistor array. Nature 2018, 555 (7694), 83−88.
(778) Zhong, D.; Wu, C.; Jiang, Y.; Yuan, Y.; Kim, M.-g.; Nishio, Y.;

Shih, C.-C.; Wang, W.; Lai, J.-C.; Ji, X.; et al. High-speed and large-
scale intrinsically stretchable integrated circuits. Nature 2024, 627
(8003), 313−320.
(779) Massetti, M.; Jiao, F.; Ferguson, A. J.; Zhao, D.; Wijeratne, K.;

Würger, A.; Blackburn, J. L.; Crispin, X.; Fabiano, S. Unconventional
thermoelectric materials for energy harvesting and sensing applica-
tions. Chem. Rev. 2021, 121 (20), 12465−12547.
(780) Russ, B.; Glaudell, A.; Urban, J. J.; Chabinyc, M. L.; Segalman,

R. A. Organic thermoelectric materials for energy harvesting and
temperature control. Nat. Rev. Mater. 2016, 1, 16050.
(781) Briscoe, J.; Dunn, S. Piezoelectric nanogenerators-a review of

nanostructured piezoelectric energy harvesters. Nano Energy 2015, 14,
15−29.
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