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In the era of ubiquitous computing with flourished visual displays in our surroundings, the application
of haptic feedback technology still remains in its infancy. Bridging the gap between haptic technology
and the real world to enable ambient haptic feedbackon various physical surfaces is a grand challenge
in the field of human-computer interaction. This paper presents the concept of an active electronic
skin, characterized by three features: richness (multi-modal haptic stimuli), interactivity (bi-directional
sensing and actuation capabilities), and invisibility (transparent, ultra-thin, flexible, and stretchable).
By deploying this skin on physical surfaces, dynamic and versatile multi-modal haptic display, as well
as tactile sensing, can be achieved. The potential applications of this skin include two categories: skin
for thephysicalworld (suchas intelligent home, intelligent car, and intelligentmuseum), andskin for the
digital world (such as haptic screen, wearable device, and bare-hand device). Furthermore, existing
skin-based haptic display technologies including texture, thermal, and vibrotactile feedback are
surveyed, as well as multidimensional tactile sensing techniques. By analyzing the gaps between
current technologies and the goal of ambient haptics, future research topics are proposed,
encompassing fundamental theoretical research on the physiological and psychological perception
mechanisms of human skin, spatial-temporal registration among multimodal haptic stimuli,
integration between sensing and actuation, and spatial-temporal registration between visual and
haptic display. This concept of active electronic skin is promising for advancing the field of ambient
haptics, enabling seamless integration of touch into our digital and physical surroundings.

In 1991, Mark Weiser presented the paradigm of ubiquitous computing in
Scientific American, emphasizing the profound nature of technologies that
seamlessly integrate into daily life until they are imperceptible1. Ubiquitous
computing envisions a world characterized by heightened intelligence and
interconnectedness, where the technologies and tools enabling interaction
and communication fade into the background, enabling individuals to
concentrate on tasks and fostering natural, convenient human-computer
interaction.

Over thepast three decades, theparadigmofubiquitous computinghas
been realized as “ambient visual display” to accommodate human vision
channel (as shown in Fig. 1). Screens of varying sizes, including

smartphones, laptops, LED walls and billboards, have ushered in an era of
ambient visual information that brings us closer to Weiser’s blueprint.
Esteemed international institutions like IBM, MIT, Microsoft, and BOE
have dedicated significant effort to theoretical and technological research,
pursuing the realization of this vision. Advancements in materials, tech-
nologies, and processes have been instrumental in achieving breakthroughs
in visual display technologies.

While visual information provides typical object features (e.g. size,
shape, and color), the absence of tactile feedback limits our perception of
critical attributes such as texture, temperature, hardness, etc. A compre-
hensive understanding of natural human-computer interaction reveals that
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it necessitates not only visual input but also the involvement of the tactile
channel. By synergistically combining visual and tactile perception, users
can achieve efficient and convenient interaction with physical environ-
ments. In some scenarios, the effective addition of the tactile channel might
be able to complement visual stimuli, mitigating information overload and
reducing cognitive load.

Inspired by the success of “ambient visual display” and the similarity
between human visual and haptic channels, one straightforward question is
whether we can create a world with “ambient haptic display”. In 2009,
MacLean introduced the concept of “Ambient Interfaces”2, while she pro-
posed the idea of leveraging tactile devices to address attention overload
during human-computer interactions. However, haptic technologies
remain in their nascent stageswhencompared to the remarkable capabilities
of human touch, and remain significant challenges in faithfully replicating
real and natural tactile information. Nowadays, vibration-based devices
stand as the most mature haptic rendering technology, extensively
employed in commercial devices like smartphones, gaming controllers, and
massage chairs, offering information cues, enhanced tactile sensations, and
emotional experiences. In research labs, lots of haptic devices, encompassing
texture, softness and thermal feedback devices, as well as electronic skins
with tactile sensing capabilities, have also been developed. Nonetheless,
these devices primarily exist as research prototypes rather than industrial
products, often failing to achieve sustained robustness, stability, and reliable
tactile feedback. More importantly, these devices are hard to integrate with
daily objects and thus fulfill the dreamofMarkWeiser (“Themost profound
technologies are those that disappear. Theyweave themselves into the fabric
of everyday life until they are indistinguishable from it”1). Consequently, the
realization of the goal of “ambient haptics” remains elusive.

In this paper, we propose a skin-like interface, i.e., active electronic skin
(abbreviated asAE-Skin), to fulfill the goal of “ambient haptics”. Tomeet the
demands for ambient haptic interactions, froma form factor perspective, the
AE-Skin needs to be thin, transparent, and flexible, allowing convenient
attachment to diverse object surfaces without obstructing its functionality.
To enable bilateral haptic interactions between users and objects in the
surroundings, the AE-Skin perceives user interaction behaviors and seam-
lessly delivers the required tactile information. In one aspect, it should
possess the ability to faithfully reproduce diverse tactile information,
encompassing textures, temperatures, vibration, and other physical attri-
butes of various objects. In the other aspect, it should exhibit human-like
perception capabilities, dynamically adjusting its output by discerning users’
interaction commands such as contact pressure, position, and temperature
(as illustrated in Fig. 1). The AE-Skin aims to provide tactile feedback and
sensehuman interactionactions anytimeandanywhere, effectively reducing
the interaction burden and fostering natural human-computer interaction.

The structure of this paper unfolds as follows: First, we introduce the
concept of AE-Skin, and elaborate on its three fundamental characteristics:
richness, interactivity, and invisibility. Second, attention is devoted to the
two categories of potential applications of the AE-Skin, namely interaction
with the physical world (e.g., intelligent home, intelligent car, and intelligent

museum)and interactionwith thedigitalworld (e.g., haptic screen,wearable
device, and bare-hand device). Third, the state-of-the-art key technologies
of AE-Skin are encapsulated, encompassing texture display, temperature
rendering, vibration rendering, multidimensional tactile sensing technol-
ogy, materials and fabrication methods. Fourth, by identifying the gaps
between present technologies and the goal of AE-Skin, four prospective
research directions are delineated. Finally, we present concluding remarks.

Concept and fundamental features of AE-Skin
Concept of AE-Skin
As the primary sensory organ, the human skin covers the whole body and
perceives diverse interaction information through mechanoreceptors, such
as fabric texture, object temperature, and smartphone vibration. This
information is transmitted to the brain, providing a judgment basis for the
user’s interaction behaviors. During human-object interaction, the user can
perceive multiple attributes of objects through the skin, but the object lacks
the ability to sense human interaction information. To enable objects to
perceive interaction information from humans or other objects in sur-
rounding environments, researchers have pursued the development of
electronic skin (e-skin) since the 1970s3. E-skin is an artificial skin with
human-like perception capabilities, which can monitor the user’s interac-
tion information by endowing interactive devices with remarkable sensing
abilities4. In order to improve the mechanical properties of the e-skin to
accommodate various curvature surfaces, researchers have developed flex-
ible and stretchable e-skin using different sensing principles, enabling the
sensing of multidimensional information including temperature, pressure,
and strain.

Existing e-skin is limited to the ability of tactile sensing, unable to
provide users with tactile feedback, making it impossible to achieve high-
fidelity, natural, and bidirectional tactile interaction. The desired interaction
mode immerses users in an intelligent interactive space where all objects are
touchable.To establish such an intelligent interactive space, it is necessary to
develop the next generation of intelligent tactile devices, known as AE-Skin.
These devices can be attached to diverse object surfaces effortlessly, enabling
the sensing and identification of the user’s multidimensional interaction
information anytime, anywhere. Additionally, they can provide multi-
modal tactile feedback, assisting users to perform various interaction tasks
more conveniently and naturally. Moreover, the high transparency of AE-
Skin is essential in specific interaction scenarios to prevent obstruction of
objects, such as displays.

As shown in Fig. 2, the ultra-thin, transparent AE-Skin covers object
surfaces. In the interaction process, the AE-Skin dynamically monitors and
perceives the contact pressure, interaction position, sliding speed, finger
temperature, etc., and the user’s interaction intention can be obtained
according to these interaction behaviors. The microstructural features,
vibration frequency, amplitude, and surface temperature of theAE-Skin can
bemodulated actively througha closed-loop control system, providingusers
with rich tactile feedback. The mechanoreceptors in human skin transmit
the above tactile information to the brain’s central nervous system through
ascending nerve channels. Through the processing and recognition of
diverse neural cells in the brain, the user can perceive various tactile infor-
mation from the AE-Skin.

Fundamental features of AE-Skin
Tomeetdiverse interaction requirements in ambient haptic applications,we
present three fundamental features of AE-Skin: richness, interactivity, and
invisibility (as shown in Fig. 2).

In terms of richness, AE-Skin should possess the sensing ability of
multidimensional interaction to identify the user’s interaction position,
speed, contact force, temperature, etc., and predict the user’s interaction
intention. In order to accurately and reliably monitor the user’s interaction
information, it is necessary to consider the sensing range, sensitivity,
accuracy, repeatability, temperature excursion, etc. Furthermore, AE-Skin
should provide multi-modal tactile feedback, including texture, vibration,
and temperature. In practical applications, there aremany factors that affect

Fig. 1 | From ambient visual display to ambient haptic display.
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the efficiency and accuracy of users performing interactive tasks, such as the
stability of force feedback, resolution and holding force in texture display,
vibration frequency and amplitude of vibration feedback, and temperature
range and latency of temperature feedback.

Regarding interactivity, to provide an intelligent, natural, and realistic
tactile experience, AE-Skin requires the ability of closed-loop control, which
automatically adjusts tactile feedback by identifying the user’s interaction
information. For example, in an intelligent museum, large-scale AE-Skin
can be used to simulate exquisite embroidery in the Tang Dynasty. When
visitors touch different positions of the intelligent embroidery, the AE-Skin
dynamically displays corresponding texture patterns by precisely control-
ling actuators in these areas, thus enabling realistic embroidery experiences.
Additionally, to meet the spatial registration requirement of the actuators
and sensors on the AE-Skin, it is necessary to ensure that the contact area
between the fingertip and the AE-Skin covers at least one actuator and one
sensor. The spatial layout of actuators and sensors allows thenormal sensing
and transmission of sensing signals, as well as reliable haptic display. In
addition, the update rate of closed-loop control of the actuating and sensing
signals should meet the real-time requirements of interactive applications.

For the feature of invisibility, AE-Skin should be as thin as possible,
allowing it to hide in the interaction background and transform into an
interaction boundarywithout diverting the user’s attention.Whendetecting
the user’s interaction, AE-Skin should naturally and progressively perceive
and display tactile information, avoiding sudden appearance or dis-
appearance, thusminimizing the user’s cognitive load. To be integrated into
the interaction environment without obstructing the appearance of objects,
AE-Skin should exhibit a certain level of transparency. For example, when
an AE-Skin is attached to the surface of the screen, it cannot affect the
display of the visual information on the screen. In addition, it should also
allow easy and rapid adhesion to various object surfaces, accommodate
various curvature surfaces, and enablehigh freedomofmovement formulti-
joint/soft objects. To adapt to surfaces with different shapes and different
physical properties, as well as to ensure high reliability during dynamic
action, the range of bending angles and stretchability of theAE-Skin need to
be considered.

Killer applications of the AE-Skin
Taxonomy of application
The application of AE-Skin can be divided into two main categories based
on its ability to adhere to different objects. As shown in Fig. 3, the first
category involves applyingAE-Skin to the surface ofphysical objects, suchas
furniture, automobiles, and exhibits. By infusing these objects with “feel-
ings”, AE-Skin brings them to life, enabling the digitization of the physical
world. The second category focuses on applying AE-Skin to the surfaces of
intelligent devices, including iPads, VR controllers, and haptic gloves. By
giving these devices “physical embodiments”, AE-Skin facilitates the

materialization of the digital world. Both scenarios allow users to interact
more naturally and intuitively with everything around them for a more
authentic and immersive interactive experience.

Active skin for the physical world
In typical interactive scenarios such as intelligent home, intelligent car, and
intelligent museum, AE-Skin can endow objects with tactile sensing and
feedback capabilities to realize adaptive adjustments and personalized ser-
vices possible, providing users with a more intuitive, affinitive, and com-
fortable interactive experience (as shown in Fig. 3).

Intelligent home: Smart wallpaper affixedwith large-scale AE-Skin can
alter its micro-surface morphology to present users with textured wall
materials such as diatomaceous earth, stone, and ceramic, providing a richer
tactile experience (as shown in Fig. 4). Smart tablecloth with medium-sized
AE-Skin adjusts automatically its temperature based on seasons and
weather conditions, as well as its surface texture patterns according to user
preferences and needs. Small-sized AE-Skin can be applied to handheld
objects suchasdoorknobs.Whenusers returnhome fromcoldoutdoors, the
smart doorknob can sense their body temperature and activate the air
conditioning in advance. Users can also be notified through vibrations if the
door is not properly locked.

Intelligent car: Steering wheel integrated with AE-Skin makes it pos-
sible to naturally monitor drivers’ physiological and behavioral parameters
such as hand pressure and grip position. In cases of non-compliant or
fatigued driving, the smart steering wheel activates vibration warnings. AE-
Skin can also be affixed to the surface of car panels (e.g. instrument panels
and car doors), transforming physical buttons into intelligent ones. When
the driver touches the buttons while driving, the AE-Skin provides con-
tinuous tactile guidance, ensuring the accuracy of their actions, as well as
notifying the completion of the operation (as shown in Fig. 5). Current
tactile devices can only realize a single function (sensing or feedback), and
cannot simultaneously record the driver’s interactive information and
provide tactile feedback for drivers5–9. For example, Luo et al.8 adopt the
pressure signals obtained frompiezoelectric sensors embedded in the carpet
to trackingof thedriver’sposture.Kimet al.6 havedesigneda soft vibrotactile
interface to remind the driver of the vehicle’s navigation information. In
terms of interior design, AE-Skin can simulate tactile sensations of different
textures, providing designers with a more realistic and intuitive sensory
experience when selecting materials. Additionally, designers can fine-tune
simulated texture patterns (e.g., groove depth and spacing) using texture
presentation devices based on application scenarios and customer needs.
This design approach significantly shortens the design cycle, reduces pro-
duct design and manufacturing costs, and improves product quality and
user experience.

Intelligentmuseum: AE-Skin can enhance the vitality and authenticity
of exhibits with dynamic patterns and temperature feedback, offering

Fig. 2 | AE-Skin provides an interface between human skin and physical surfaces.
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immersive and interactive experiences, such as smart books for exhibiting
natural phenomena. For example, visitors can feel the temperature changes
of heat exchanges, and the frictional sensation of objects sliding on surfaces
with different morphological features by touching the AE-Skin. Compared
to conventional video displays, tactile feedback of AE-Skin provides a more
intuitive approach to presenting scientific knowledge, which could effec-
tively stimulate the exploration interest and curiosity of younger genera-
tions. Furthermore, AE-Skin can be used to generate twin replicas of high-
value and fragile artifacts. By digitizing the texture information of ancient
inscriptions, engravings, or fabrics, and simulating their morphological
features, visitors can touch and feel the artifacts in detail without damaging
the original ones (as shown in Fig. 6). Exhibitions enhanced with tactile
interactions encourage visitors to actively participate in the learning
experience of related historical and cultural knowledge, improving their
overall engagement and satisfaction levels.

Active skin for the digital world
Unlike the physical world, digital devices possess limited tangible manip-
ulation. Screens, as themost commonly-useddigital interfaces, represent the
2D or 2.5D digital world, while VR devices extend the interaction space to
3D environments with different fixation options. In this section, haptic
screens, wearable VR devices, and bare-hand VR devices are highlighted as
examples, for describing thematerialization of the digitalworld (as shown in
Fig. 3). By applying AE-Skin to the above devices, the integration of sensing
anddriving capabilities enables closed-loop control of thedifferent tasks and
procedures, providing users with a more intelligent and efficient interactive
experience.

Haptic Screen: Screens of various sizes have achieved a high level of
ubiquity (e.g., smartphones, iPads, televisions, in-car displays, laptops, and
advertising screens), presenting a wide range of information and greatly
facilitating people’s daily lives and work (as shown in Fig. 7). AE-Skin

Fig. 3 | The potential applications of AE-Skin.

Fig. 4 | AE-Skin for intelligent homes. AE-Skin attached to the wall can dynamically regulate its micro-surface morphology. By touching AE-Skin, users can perceive
different texture patterns and different materials, such as diatomaceous earth, stone, ceramic, etc.
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Fig. 5 | AE-Skin for intelligent cars.AE-Skin mounted on car panels can be used to
control audio, wind speed, temperature, seat position and seat angle. In the initial
state, the panel surface remains flat. When the driver touches the panel, the inte-
grated sensor captures the pressure of the finger, and then the actuator generates a

certain trajectory for interactive guidance. Under the guidance, the driver can be
quickly and accurately moved to the specified position and press the designated
position for auxiliary operation, while the actuator vibrates to remind the driver
whether the operation is correct.

Fig. 6 | AE-Skin for intelligent museums. AE-Skin can be conformally attached on the replica surface, dynamically simulating the texture information of ancient
inscriptions, engravings or fabrics. With AE-Skin and VR glass, visitors can touch and see the artifacts in detail without damaging the original ones.

Fig. 7 | AE-Skin for haptic screens. The transparent AE-Skin can overlay the surface of the screen and display the same actual terrain features as the physical keyboard,
enhancing the user’s interactive experience.
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provides the possibility to integrate the rich tactile experience into screens.
For example, when attached to the surface of a phone-sized or pad-sized
touchscreen, AE-Skin can render the tactile sensation of fabrics (i.e., texture
and temperature), enabling users to have a tangible shopping experience
with more comprehensive product information or simulate the outline of
the clicked item on the screen, optimizing the accuracy and precision of
users’finger control (fatfinger problem). Especially in in-car displays, tactile
guidance allows the driver to perform operations withminimal or no visual
input. Furthermore, benefiting from the integrated driving-sensing cap-
abilities of the AE-Skin, product designers can achieve remote collaborative
design activities in large-sized touchscreens, such as the manipulation of
different materials and forms. However, the currently available screens are
limited in their ability to provide multi-modal tactile feedback, as they are
only capable of representing a single tactile modal10–12. Based on the elec-
trostatic adhesion or mechanical vibration, these screens can represent
diverse textures to simulate the fabrics with different weaving processes and
patterns. For instance, Nai et al.12 study the use of periodic vibrotactile
feedback to represent the patterned textures.

Wearable VR Devices: In interactive virtual environments, existing
force feedback gloves attached with AE-Skin make it possible to simulate
tactile sensations when a user touches various virtual surfaces such as sofas,
tables, and walls, as well as thermal sensations of hot or cold drinks, greatly
improving the realism of virtual experiences. Nevertheless, most force
feedback gloves provide vibration feedback to the fingertips by integrating
with different actuators, such as pneumatic actuators, motors, and piezo
actuators. Currently, there is still a lack of force feedback gloves that can
provide multi-modal and high spatial resolution tactile feedback13–15. Smart
vestswithAE-Skin can dynamically adjust their thermal condition based on
the user’s body temperature and the virtual environment, as well as provide
userswith embodied navigation and different physical contact. AE-Skin can
even be integrated into shoe pads, simulating vibrotactile experiences of
walking on grass, sand, mud, or other terrains.

Bare-Hand VR Devices: In recent years, researchers have developed a
variety of handheldVRcontrollerswithmultiple capabilities that can render
different tactile modals (e.g. shape, texture, size, and stiffness) when users
interactwith virtual objects16–18. For example, Sun et al.17 propose ahandheld
device for bare-hand interactions in the virtual environment, which can
render three object properties, namely, size, shape and stiffness. However,
the lack of sensors makes it difficult for these VR controllers to detect and
distinguish the interactive multi-finger synergistic gestures. AE-Skin-
augmented VR controllers can offer enhanced virtual combat experiences

by predicting users’ psychological status based on their tactile information
such as grip pressure and palm temperature. Increasing grip pressuremight
indicate a higher combat engagement level. Moreover, by integrating AE-
Skin with shape-rendering devices, users can experience virtual objects by
touching the digital clay19 directly using bare hands.However, due to limited
operational space, this approach is not suitable for extensive VR interac-
tions. Therefore, AE-Skin can be attached to a mobile platform equipped
with digital clay, allowing it to move with the user and render different
shapes, temperatures, textures, and vibrations in real-time, and to achieve a
more immersive closed-loop control between user perception and object
display.

Key technology of the AE-Skin
To meet the application demands of ambient haptic interactions between
users and the physical or digital world, AE-Skin needs to display multi-
modal haptic stimuli and scene users’ interaction intention. In recent years,
numerous researchers have focused on these objectives and have developed
texture display devices, temperature rendering devices, vibration rendering
devices, and multidimensional tactile sensing devices based on various
materials and fabricationmethods. In this section, wewill provide a detailed
overview of the research advancements in these areas.

To develop a high-fidelity AE-Skin with three fundamental char-
acteristics, several key technologies must be taken into consideration,
including multi-modal haptic display, multi-dimensional tactile sen-
sing, materials, and fabricationmethods (as shown in Fig. 8). During the
design of AE-Skin, the required tactile modalities (e.g. texture, tem-
perature, and vibration) and sensing signals (e.g. pressure, strain, and
temperature) are selected based on the interactive scenarios. For a cer-
tain selected tactile stimuli or sensing signal, the appropriate materials
(e.g. responsive material, and nanomaterial) and fabrication methods
(e.g. molding process, soft lithography, and 3D printing) are adopted to
prepare the corresponding actuator or sensor. With the use of the
aforementioned technologies, the designed tactile device can provide
users with an immersive interaction experience. Nonetheless, there are
still some challenges that need to be overcome in the future, whichwill be
described in the following section.

Texture display technology for AE-Skin
Texture perception mechanism. The texture is composed of different
geometrical features (bumps and grooves) on the surface of an object.
Depending on the scale of these features, textures can be categorized into

Fig. 8 | The key technologies of the AE-Skin.
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millimeter-level features and micrometer-level features. The boundary
value of the scale is reported to be about 1 mm20. The combination of
texture features at different scales forms specific texture patterns. Katz
proposed the “Duplex Theory” of texture perception, perception of tex-
ture depends on two cues, i.e. spatial cues and temporal cues. Spatial cues
are determined by the size, shape, and distribution of surface elements.
Temporal cues are determined by the rate of vibration as skin is moved
across finely textured surfaces. Research has shown that during the
process of touching millimeter-level texture features, the SAI receptors
within the skin are activated to encode the spatial patterns of the texture
features21. In contrast, touching micrometer-level texture features indu-
ces high-frequency vibrations in the skin, activating the PA and PC
receptors, which encode the vibration information of millimeter-level
texture features into temporal peak patterns21. These encoded signals are
transmitted through the ascending neural pathways to the perception

area of the brain cortex, where they are further decoded and processed to
identify different texture information.

Based on the different approaches to presenting texture information,
existing texture display technologies can be divided into two categories. The
first category is sensory substitution (for simulating micrometer-level tex-
ture features),which involvesnon-morphological changes topresent texture
information. Different methods, such as electrostatic adhesion, ultrasound,
and mechanical vibration, are used to adjust the normal or tangential force
between users’ fingers and the surface of the device to render different
texture information. For detailed studies on non-morphological texture
display methods, please refer to previous review papers22.

The second category is the faithful reproduction of object surface
morphology (for simulating millimeter-level texture features), achieved by
creating variable microstructures on the device surface using specific
mechanical structures and actuation mechanisms. Users can perceive

Fig. 9 | Examples of the texture display device. aTexture displaymethod based on a
single-layer electro-active polymer actuator. Reproduced with permission29. Copy-
right 2015, Springer Nature. b Texture display method based on a multi-layer
amplified electro-active polymer actuator. Reproducedwith permission34. Copyright
2018, IEEE. cTexture displaymethod based on a hydraulically amplified self-healing
electrostatic actuator. Reproduced with permission30. Copyright 2020, JohnWiley &
Sons. d Texture display methods based on a rigid magnetic actuator. Reproduced
with permission52. Copyright 2017, IEEE. e Texture display method based on a rigid
magnetic actuator and flexible base. Reproduced with permission68. Copyright 2016,
Springer Nature. f Texture display method based on a soft magnetic actuator.
Reproduced with permission55. Copyright 2022, IEEE. g Texture display methods

based on shape memory alloy actuator. Reproduced with permission79. Copyright
2013, Elsevier. h Texture display method based on shape memory polymer actuator.
Reproduced with permission85. Copyright 2017, John Wiley and Sons. i Texture
display method based on commercial valves. Reproduced with permission93.
Copyright 2012, IEEE. j Texture display method based on microvalves. Reproduced
with permission101. Copyright 2014, Royal Society of Chemistry. k Texture display
method based on chemical combustion. Reproduced with permission102. Copyright
2021, National Academy of Sciences. l Texture display method based on liquid
crystal elastomer actuators. Reproduced with permission104. Copyright 2014, Else-
vier. m Texture display method based on artificial muscle actuators. Reproduced
with permission105. Copyright 2019, John Wiley & Sons.
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simulated texture patterns by touching the actuated microstructures.
According to the different actuation principles, these methods mainly
include dielectric-driven, electromagnetic-driven, shape memory-driven,
pneumatic-driven, andoptically-driven texture displaymethods. This paper
focuses on exploring morphology-based texture display methods. Next, we
will introduce the working principles and characteristics of each actuation
method. The details of some representative texture display devices are
presented in Fig. 9 and Table 1.

Electro-active material based texture display method. Electro-active
polymer (EAP) undergoes shape or size changes when subjected to
external electrical stimulation (voltage or current)23–25. Based on this
working principle, EAP is sandwiched between upper and lower flexible
electrodes to form a sandwich structure. Under the external electric field,
the electrostatic force generated between the upper and lower flexible
electrodes compresses EAP to produce deformation26,27. To generate
vertical deformation for texture display, a boundary constraint layer is
typically prepared in the circumferential direction of the EAP actuator,
which converts in-plane deformation into out-of-plane deformation,
thus forming micro-scale surface morphology changes on the texture
display device28,29.

The EAP-based texture displaymethod has a high response frequency,
which can meet the real-time interaction requirements for haptic feedback.
However, this method faces challenges of limited vertical deformation and
low holding force30–32. To address these issues, a multi-layer EAP actuator is
stacked vertically to increase the vertical displacement and holding force of
the texture display devices33,34. In addition, EAP actuators require high
driving voltage (several thousand volts), which poses a certain safety risk35.
To improve interaction safety, aflexible insulatingfilm is typically applied to
the surface of the EAP actuator to protect users from high-voltage shocks34.
In recent years, some researchers have developed dielectric elastomer
materialswithhighdielectric constants,whicharepromising alternatives for
reducing thedriving voltage to hundreds of volts, improving the safetyof the
texture display device36–38.

Different from themulti-layer superposition amplificationmethod,
the hydraulically amplified self-healing electrostatic (HASEL) actuator
exploits the combination of hydraulic and electrostatic forces to realize
the amplification of the holding force and vertical displacement30,39.
HASEL actuators employ liquid as the dielectric layer instead of elas-
tomers, and the dielectric fluid is encapsulated within a sealed chamber
formed by upper and lower electrodes. When a voltage is applied to the
electrodes, the generated electrostatic force compresses the liquid to
achieve high-speed electrohydraulic actuation, forming bumps on the
surface of the tactile device. Compared to EAP actuators, HASEL
actuators exhibit more stable characteristics and effectively avoid
potential dielectric breakdown40, but the challenges of fluid encapsula-
tion and actuator miniaturization remain to be addressed.

Electromagnetic-actuated texture display method. Electromagnetic
actuators have the advantages of fast response, simple structure and
stable performance, and have been widely applied in soft robotics41–43 and
texture display devices44–47. Under the exciting magnetic field generated
by the electromagnetic coil or solenoid, the permanent magnet moves
upward (named as the raised solution) and forms bumps on the device
surface, and the bumps at different positions form a certain texture
pattern48–54. In the raised solution, the electromagnetic force is also used
to provide a holding force to resist the finger’s pressure during the
interaction. To provide sufficient holding force, it is necessary to increase
the drive current or the size of the electromagnetic coil, which will reduce
the spatial resolution of the texture display device. A promising alter-
native is to adopt a sunken solution, in which a groove rather bump is
formulated to generate geometric profiles encoded in the target texture
pattern55,56. In the sunken solution, the holding force is provided by the
base of the texture display device, and the electromagnetic force is solely
used to create the grooves, which significantly reduces the demand forT
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electromagnetic force and effectively improves the spatial resolution of
the device.

In electromagnetic-actuated texture display devices, the magnetic
interference between adjacent electromagnetic coils will reduce the stability
of thedevice and seriously affect theuser’s interactive experience.Toaddress
this challenge, a shielding layer is commonly employed to envelop each
electromagnetic coil to change the magnetic flux distribution, thereby
reducing the magnetic interference between electromagnetic coils52,56–58. In
addition, the electromagnetic-actuated texture display devices require
numerous electromagnetic coils to keep continuouslyworking tomaintain a
certain pattern. A long period of working will not only increase energy
consumption, but also result in high temperatures and even burnout of the
electromagnetic coil, affecting the user experience. The latch structure is
employed to lock the moving position of the magnetic actuators, which can
realize the preservation of the texture pattern without energy
consumption59,60. According to the latch principle, the existing latch
mechanism can be categorized into mechanical structure-based latch
method61–64 and electromagnetic force-based latch method56,65,66.

Most existing electromagnetic-actuated texture display devices consist
of rigid electromagnetic coils, permanent magnets, and rigid bases, and the
rigid components and structures cannot be attached to surfaces of objects
with different curvatures, failing to meet the requirements of flexible and
stretchable AE-Skin. A simple and effective solution is to embed rigid
electromagnetic coils and permanent magnets into flexible substrate
materials, which feature with small bending angle and lower
stretchability67,68. At a larger bending angle, the rigid components will be
separated from the flexible substrate. Wang et al.,55 developed a soft texture
display device, which consists of soft magnetic units and a soft membrane
bracket. Under the external magnetic field generated by the rigid electro-
magnetic coil, the magnetic units sink to form pits and represent a desired
texture pattern. To achieve flexibility in electromagnetic coils, an effective
solution is to encapsulate liquid alloy in aflexible silicone tube as a substitute
for rigid electromagnetic coils69–71. Compared to rigid electromagnetic coils,
flexible electromagnetic coils have higher resistance, which requires a larger
excitation current to generate the same electromagnetic field. Additionally,
the size of the flexible electromagnetic coil based on the above fabrication
process is relatively large, and theminiaturization technology of the flexible
electromagnetic coil needs to be explored to meet the spatial resolution
requirements of texture display devices.

Shape memory actuator-based texture display method. Compared
with traditional actuators, shape memory actuators possess character-
istics such as high strain, large power-to-weight ratio, and simple driving
mechanism, making them extensively utilized in texture display
devices72–74. Most shape memory actuators belong to thermally driven
materials. When the temperature reaches the phase transition tempera-
ture, the shape memory alloy (SMA) actuator contracts in length, which
causes the pin tomove upward, forming a bump of 2.6-mmheight on the
surface of the device75. As the temperature decreases below the phase
transition temperature, the SMA actuator gradually recovers to its ori-
ginal length, and the pin gradually descends. Thanks to the simple driving
mechanism and structural layout, the spatial resolution of the device can
reach 2 mm76.

During the interaction, SMA actuators need to be energized for an
extended period to maintain the raised state of the pin, whichmay lead to a
rapid increase in the surface temperature of the texture display device,
affecting the interaction experience. The surface temperature can be par-
tially reduced by installing fans, and heat sinks77, but the cooling effect is
limited. To avoid prolonged energization, an effective solution is to install
themagnetic components on the pin and the base respectively, and lock the
position of the pinwith electromagnetic force78–81.When the pin reaches the
top positionunder the action of the SMAactuator, themagnetic component
on the pin is attracted to themagnetic component on the base. The resulting
electromagnetic force enables the pin to maintain the protrusion state even
after the SMA actuator is not continuously activated.

In recent years, shapememorypolymer (SMP) actuatorshave garnered
more attention as promising actuators for texture display devices because of
their flexibility and excellent mechanical performance82,83. Within a narrow
temperature range, Young’s modulus of SMP can be regulated by several
orders of magnitude84. Benefiting from the controllable and reversible
stiffness, some researchers developed a texture display device with the latch
function. By patterning an array of miniature stretchable heaters on SMP
actuators, one single pneumatic supply is adopted to rapidly and selectively
reconfigure any or all elements85–87.When the heater is powered on, Young’s
modulus of the SMP actuators is reduced by >100-fold variation. Under
positive/negative pressure, the SMP actuator deforms and produces bumps/
grooves. The heater is turned off and the pressure is kept on to latch the
morphological change in place as the SMP actuator cools, which takes
~2.5 s85. Subsequently, thepressure is switchedoff, thedevice canachieve the
preservation of the bumps/grooves without energy consumption.

Pneumatic-actuated texture display method. Pneumatic actuators
have gained favor among researchers due to their wide range of power
sources, low cost, and simple structure, and they are widely applied in
texture display devices and wearable devices88,89. Under positive pressure,
the pin in the pneumatic chamber moves upward90–92 or the soft mem-
brane on the device surface deforms88,93 to form the bump. The height of
the bumps and the holding force depends on the value of the air pressure.
By regulating the air pressure of different tactile units, the pneumatic-
actuated texture display device can achieve a dynamic presentation of
different texture patterns. To achieve independent control of the tactile
units, each tactile unit requires a separate valve to control the on-off of the
air pressure. The number of the values increases with the number of
tactile units, and the increased cost and volume of the control system
restrict the promotion and application of large-area pneumatic-actuated
texture display devices.

In recent years, microfluidic systems based on soft lithography tech-
niques have attractedwide attention due to their high integration, small size,
precise control, and low fabrication cost94–96. With the development and
progress of this technology, microvalves with different functionalities (e.g.
multiplexing, pressure regulation, and flow control) have been
developed97–100, providing a feasible solution for miniaturization and cost
reduction of pneumatic-actuated texture display devices. By adjusting the
open/closed states of microvalves, the surface morphological features of the
texture display device can be switched to represent a certain texture
pattern89,101. In addition to the valves, the bulky pump also limits the min-
iaturization and portability of pneumatic-actuated texture display devices.
Heisser et al.102 have proposed a promising solution that utilizes the exo-
thermic reaction of methane combustion to achieve the deformation of the
tactile unit. This method has the advantages of high response frequency
(1 kHz), large deformation displacement (6mm), and low power con-
sumption (3W), but it cannot provide a continuous and stable air source for
the texture display devices.

Other methods for texture display. In addition to the abovementioned
several actuation principles, liquid crystal elastomer (LCE) actuators and
artificial muscle actuators can also be used on texture display devices.
LCE materials can undergo reversible contraction and expansion in
response to an applied light. Based on this characteristic, Camargo et al.103

prepared the LCE actuator into a bulging shape. When the light source
turns on, the raised LCE actuators contract, and the surface of the texture
display device changes from a raised state to a smooth state. Based on the
same driving principle, the LCE actuator is fixed at the bottom of the pin,
and the pin is pushed upward to form a bump on the device surface
through the contraction of the LCE actuators104. LCE actuator-based
texture display devices have the advantages of low power consumption
and simple structure, but suffer from limitations such as low response
frequency and low holding force.

Inspired by the cephalopods papillae, Lamuta et al.105 developed a
texture display device based on artificial muscle actuators. The artificial
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muscle actuator is composed of nylon wires and metal heating wires. At a
2-Vvoltage, themetalwireheats the artificialmuscle actuator toproduce the
reversible deformation, forming a 0.45-mm bump on a device surface. The
artificial muscle actuator-based texture display device has the advantages of
low power consumption and simple structure, but it is unsuitable for high
spatial resolution and dynamic texture display devices due to the limitation
of the size and response frequency of the artificial muscle actuator.

Temperature rendering technology for AE-Skin
Temperature perception mechanisms. In 2021, the Nobel Prize in
Physiology or Medicine was awarded to David Julius and Arden Pata-
poutian. They utilized capsaicin to identify receptors in the peripheral
nerves of the skin that respond to heat, laying the groundwork for the
discovery of other temperature receptors. Cold sensation and warmth
sensation, collectively known as thermal sense or temperature sense,
reveal the biophysical mechanisms of neural signal induction in response
to different temperatures, advancing our understanding of the perception
of cold and hot stimuli106.

The perception of temperature in the human body is associated with
the type of stimulus, whether it is cold or hot. Research has shown that the
conduction velocity of afferent fibers in cold receptors (typically ranging
from 10 to 20m/s) is higher than that in heat receptors (typically ranging
from 1 to 2m/s)107. Consequently, the body responds faster to cold stimuli
compared to hot stimuli. Furthermore, the temperature perception in the
human body is influenced by factors such as the baseline temperature of the
skin, the temperature of the stimulus/environment, the location of the sti-
mulated skin, and the rate of temperature change108–112. In an environment
ranging from 25 to 40 °C, a higher baseline skin temperature results in a
lower threshold for warmth perception, whereas a lower baseline skin
temperature leads to a lower threshold for cold perception. In an environ-
ment ranging from 30 to 36 °C, where both types of receptors are simul-
taneously firing, the human skin does not perceive the variation in
temperatures113. Cold receptors are activated within the range of 15 to
~30 °C, while heat receptors are activated within the range of 36–45 °C,
allowing individuals to distinctly perceive temperature changes113,114. When
the temperature exceeds 45 °C or falls below 15 °C, pain receptors are
activated, causing a sensationof pain114,115. Therefore, it is essential to control
the output temperature of theAE-Skinwithin the rangeof 15–45 °C to avoid
potential injure to the human body113,116.

Temperature rendering methods. Temperature rendering devices
achieve thermal exchange between the human skin and the device
through physical contact, providing users with a tactile experience of
different temperatures. They are widely applied in virtual reality117,118,
augmented reality119,120, human-computer interaction121–123, and other
fields. Based on different working principles, existing temperature ren-
dering devices can be classified into two main categories: Peltier
elements124–126 and thermo-resistive heaters127–129. The details of some
representative temperature rendering devices are presented in Fig. 10 and
Table 2.

In the design of temperature rendering devices, the first consideration
is flexibility and stretchability to ensure that the device fits well on the
human skin surface113,130, providing users with effective temperature feed-
back and reducing heat dissipation during the conduction and interaction.
Secondly, temperature rendering devices need to have a fast response speed
to meet the requirements of interaction scenarios with significant tem-
perature differences131. For example, when simulating the feeling of
touching hot coffee on a cold winter day, the temperature rendering device
needs to first provide a cold sensation to simulate the winter chill and then
quickly increase the temperature to simulate the warmth of hot coffee.
Additionally, the temperature adjustment process needs to be dynamically
controllable to minimize the temperature fluctuations and ensure that the
temperature rendering range will not cause harm to humans (exceeding
45 °C or falling below 15 °C)113,116,131.

Peltier devices consist of N/P-type semiconductors, electrodes, and
substrates. Under an external excitation current, charged carriers move
from one semiconductor to another semiconductor, resulting in the release
or absorption of heat132. Based on this principle (thermoelectric effect),
Peltier devices can directly transfer thermal energy using electrical energy to
achieve cooling or heating and stimulate the user’s thermal receptors. By
adjusting the magnitude and direction of the excitation current, precise
control of heating/cooling temperature andheating/coolingdirection canbe
achieved. To increase the temperature range and adjustment speed, a fan/
cooling tablet is used to accelerate heat dissipation on the heating side to
achieve better interactive effects133. Commercial Peltier devices typically
have N-type and P-type semiconductors that are usually fixed on rigid
substrates118,133,134. However, rigid Peltier devices cannot conform to the
surface of the human skin, reducing the interaction area between the skin
and the device and weakening the cooling/heating effect. To address this

Fig. 10 | Examples of the temperature display device. a Temperature rendering
device based on rigid Peltier patch. Reproduced with permission133. Copyright 2019,
Springer Nature. b Temperature rendering device based on flexible Peltier patch.
Reproduced with permission116. Copyright 2020, JohnWiley & Sons. c Temperature

rendering device based on thermal resistance heating principle. Reproduced with
permission137. Copyright 2016, American Chemical Society. d Electronic skin based
on thermal resistance heating and hydrogel cooling principle. Reproduced with
permission144. Copyright 2023, National Academy of Sciences.
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issue, an effective solution is tofix rigidP/N-type semiconductors onflexible
substrates135,136, utilizing the flexibility of the substrate to enable better
attachment of the temperature-rendering device to the skin surface, thus
enhancing the user’s interactive experience.

The working principle of thermo-resistive heaters is based on Joule’s
law, where the generated heat is related to the resistance, current, and
heating time. By adjusting the applied current/voltage, the surface tem-
perature of the thermo-resistive heater can be precisely controlled. More-
over, this method can deliver a large amount of heat to the skin, achieving
and maintaining a high output temperature131. With the continuous
development and progress of materials and technologies, a large number of
conductive materials have been developed, such as metal nanowires137,138,
carbon nanomaterials139,140, and conductive polymers141. The flexibility of
thermo-resistive heaters has been realized by embedding conductive
materials into an elastic matrix. Additionally, some researchers have
employed structures such as serpentine-mesh structures142, wrinkled
structures140, and weaving structures143 to achieve the flexibility and
stretchability of thermo-resistive heaters. Compared to Peltier devices,
thermo-resistive heaters cannot provide cooling feedback to users during
the interaction process. To address this issue, Rogers et al.144 proposed a
closed-loop temperature control device, which consists of a thermo-resistive
heater based on a copper wire serpentine mesh structure, a passive cooling
hydrogel, and an actively switched thermal barrier interface. In the cooling
mode, the hydrogel efficiently couples heat with the thin thermal barrier
interface, and the evaporation ofmoisture in the hydrogel lowers the surface
temperature of the skin, providing a cold sensation to the user (27 °C). In the
heating mode, the heat generated by the thermo-resistive heater causes the
liquid inside the thermal barrier interface to undergo a phase change from
liquid to vapor. This results in an expansion of the thermal barrier interface
and isolates the hydrogel from the heater, effectively reducing heat dis-
sipation from the heater and enabling the heater to reach 35 °C within 5 s.

Vibration rendering technology for AE-Skin
Vibrationperceptionmechanism. The human skin is highly sensitive to
vibration stimuli, and even weak mechanical vibrations can activate
superficial tactile receptors, enabling individuals to perceive vibrotactile
information. The perception process of vibrotactile information by
receptors involves transduction and vibration encoding. When
mechanoreceptors are stimulated by mechanical vibrations, they convert
the vibration signals into action potentials through transduction.
Simultaneously, the receptors encode the vibration information, such as
vibration amplitude, frequency, and duration, into sequences of action
potentials. The encoded action potentials are then transmitted through
the ascending neural pathway to the cerebral cortex, enabling the per-
ception of vibration signals145.

The density of mechanoreceptors varies across different body parts146.
For example, in hairless skin areas such as the hands and feet, both Pacinian
andMeissner corpuscles exhibit high densities, making it easier to perceive
vibration stimuli146,147. However, in areas with hairy skin, the spatial density
of Pacinian corpuscles significantly decreases, and Meissner corpuscles are
completely absent148,149. Furthermore, each type of mechanoreceptor has a
different perceptual range. Meissner corpuscles are sensitive to relatively
high-frequency skin deformation150,151 and have a frequency perception
range of 5–50Hz vibration146,152. On the other hand, Pacinian corpuscles
respond to a wider range of high-frequency vibrations and can perceive
transient interactive information153,154, with a frequency perception range of
40–400Hz vibration146,152. Additionally, when a vibration rendering device
provides vibrotactile feedback to the user, it is essential to consider whether
the presented vibration information can be perceived by the user. In psy-
chophysical experiments, the absolute detection threshold and the relative
discrimination threshold are often used to represent the perceptual ability of
the human body in relation to external stimuli155,156. The sensory detection
threshold for a particular individual depends on various factors, including
the vibration display device, testing procedure (e.g. vibration frequency,
amplitude, and stimulus location), subject’s characteristics (e.g. age, gender,T
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skin temperature, and stratum corneum thickness), and psychophysical
testing protocols. Further comprehensive and in-depth reviews on this topic
are available in the references157,158.

Vibration presentation techniques. Mechanical vibration stimulation,
as the most mature tactile feedback technology, is widely used in various
aspects of our daily lives, such as rendering object properties, perceiving
interactive positions, and conveying abstract information. During the
interaction between humans and objects, mechanoreceptors perceive a
significant amount of vibration information, and the surface properties of
objects can be recognized by processing and analyzing these vibration
signals. Based on this characteristic, vibrational stimuli applied to the
contact surface can be used to modulate the perception of texture
roughness159 and friction sensation160, thus rendering different surface
properties of objects. Additionally, some researchers have employed the
arrangement of vibration actuators on different parts of the body to
simulate the perception of interactive positions. For example, in virtual
military training, vibration stimulation is utilized to simulate the collision
between a soldier’s body and virtual objects to enhance the soldier’s
situational awareness of interactive scenarios161. In the realm of gaming
and entertainment, the vibration actuators on various body parts are used
to simulate different attack positions, greatly enhancing the interactivity
and immersion of the game. In terms of conveying abstract information,
vibration stimulation can be used for tactile communication for visually
impaired people162,163, navigation aids164,165, emotional transmission166,
and vehicle warning167,168. The details of some representative vibration
rendering devices are presented in Fig. 11 and Table 3.

Mechanical vibration stimuli are applied directly to the human skin
and are typically implemented through back-and-forth motion perpendi-
cular to the skin surface155,169. The most traditional way is to use

electromagnetic-based motors to provide vibration feedback. Over the past
few decades, many researchers have developed various tactile devices based
on rigid motors to provide users with tactile feedback, such as vibration
jackets170,171, vibration belts172,173, and vibration gloves174,175. To ensure a
satisfactory interaction experience, it is often necessary to use tapes, straps,
or other tools to ensure close contact between the tactile device/motor and
the skin, which significantly reduces the comfort and convenience of the
interaction169. To address this issue, some research teams have improved
existing rigid motors by embedding key components (e.g. coils and per-
manent magnets) into elastic materials and using elastomeric materials as
support structures to create flexible vibrotactile devices176–178. Thanks to the
intrinsic properties of the elasticmaterial, the aforementioned tactile devices
exhibit good flexibility and stretchability, enabling them to adapt to the
curvature of different skin surfaces. Moreover, the elastic modulus of the
silicone material is close to that of the human skin, which allows the
vibrotactile device to fit closely to the skin surface and provide stable and
reliable vibrotactile feedback to the user.

In addition to electromagnetic-based actuators, pneumatic actuators
can also providemechanical vibration stimulation179–181. The frequency and
amplitude of mechanical vibrations can be regulated by controlling the
opening and closing period of the pneumatic valve and the amount of air
pressure182. Compared to electromagnetic-based actuators, pneumatic
actuators have a lowerdriving frequency (generally below260Hz181), but can
cover most of the perceptual range of the mechanoreceptors and basically
meet the needs of vibrotactile interaction. At the same time, pneumatic
actuators have the advantage of being simple, easy to prepare, soft, and
wearable, which allows them to be easily attached to the skin surface to
provide stable mechanical stimulation. However, pneumatic actuators
require bulky auxiliary devices such as air pumps and valves, making it
difficult to meet the demand for miniaturization and lightweight of the

Fig. 11 | Examples of vibration feedback devices. a Tactile belt based on rigid
vibrationmotor. Reproducedwith permission172. Copyright 2011, IEEE.bElectronic
skin based on flexible vibration motor. Reproduced with permission176. Copyright

2019, Springer Nature. c Vibrotactile device based on the dielectric actuator.
Reproduced with permission186. Copyright 2021, John Wiley & Sons. d pneumatic
actuator. Reproduced with permission179. Copyright 2021, John Wiley & Sons.

Table 3 | Summary of performance of representative vibration display devices reported in the literature

Actuation principle Actuator size Spatial
resolution

Array Vibration
frequency

Vibration
amplitude

Output
force

Flexibility Stretchability Thickness Consumption Ref

Electromagnetic 18mm diameter 21 mm 6*6 300 Hz 280um 135 mN Y Y 2.5 mm 1.75mW/14W 176

3mm * 3mm 14mm 4*4 200 Hz 200um 12.1mN Y Y 4.2 mm 115mW 178

5mm diameter / 1*5 250 Hz 300um / Y Y 5.8 mm 150mW 177

Pneumatic 10mm diameter / 1*1 100 Hz 3.2 mm 1N Y Y 500um 40kPa 182

8mm diameter / 1*1 90 Hz 300um 0.3 N Y Y 900um / 179

DEA 3mm * 15mm / 1*1 1–500 Hz 6um 9mN Y Y 18um 450 V 186

2mm diameter / 10*10 200 Hz 1.8 mm 21 mN Y N 400um 3000 V 187
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AE-Skin. In addition, some researchers have experimentedwith other types
of actuators to present mechanical vibration stimuli. Among them, EAP
actuators have received a lot of attention because of their combination of
flexibility, large displacement, miniaturization, high response frequency,
and low power consumption183–185. Some researchers have developed
vibrotactile devices basedonEAPactuators that provide rich feedback to the
user by controlling the frequency and amplitude of the excitation
voltage186,187. However, EAP actuators have problems such as high drive
voltage, poor safety, and limited wearability, making them difficult to apply
on a large scale.

Tactile sensors for AE-Skin
Transduction mechanisms of tactile sensors. Since the 1970s,
researchers have been exploring sensors with tactile sensing capabilities
and attempting to apply them in potential human-computer interaction
scenarios such as prosthetics188 and computer screens189, laying a solid
foundation for the further development and application of tactile sensors.
However,most of these sensors were composed of rigidmaterialswith low
spatial resolution, limited to performing preliminary interactive opera-
tions. With the continuous progress of materials and fabrication pro-
cesses, flexible and stretchable electronic devices have made significant
breakthroughs and advancements in the following two decades, propel-
ling the rapid development of flexible tactile sensing and its wide appli-
cations in fields such as robotics190,191, healthcare192,193, and human-
computer interaction194,195. Since the 21st century, various research
institutions have successively developed large-area, low-cost, and high-
performance flexible tactile sensors based on different conduction
mechanisms. According to different conduction mechanisms, existing
flexible tactile sensors can bemainly categorized into four types: resistive-
based, capacitive-based, piezoelectric-based, and electromagnetic-based
tactile sensors. This classification is helpful for researchers compre-
hending the fundamental working principles of tactile sensors. The details
of some representative tactile sensors are presented in Fig. 12 and Table 4.

Piezoresistive sensors: Piezoresistive sensors measure interactive
information based on the resistive effect. Under external stress, the

resistance of the resistive material changes, and the applied force can be
measured based on the resistance variation. Piezoresistive sensors have been
extensively researched due to their advantages of simple structure, low
power consumption, and wide detection range196–198. However, they suffer
from non-linear response, fatigue, and significant sensing hysteresis.
Existing studies have shown that materials such as silicon, carbon nano-
tubes, carbon black, and graphene199–203 undergo changes in their energy
band structures and carrier mobility under external stress, leading to
changes in resistance. In addition to the energy band structure, the shape
change of the sensingmaterial can also alter the sensor’s resistance204–206. For
example, piezoresistive sensors composed of silicone rubber tubes and
liquid alloys can monitor various deformations such as compression,
bending, stretching, and torsion by changing the cross-sectional area of the
silicone rubber tubes, exhibiting features of flexibility, stretchability, high
sensitivity, high stability, and ultra-high resolution (5mN)206. Furthermore,
the resistance variation is also related to the contact area between compo-
nents, enabling the detection of weak pressures207–209. Bao et al.196 developed
a high-precision tactile sensor based on an elastic microstructure thin film
with hollow spheres. This sensor can achieve ultra-high sensitivity pressure
detection bymonitoring the resistance variation between the structural film
and the electrodes.

Capacitive sensors: Capacitive sensors consist of twoparallel electrodes
and a dielectric layer sandwiched between them.Under externalmechanical
stimuli, the storage capacitance changes, realizing the detection of normal
force210, shear force211, and strain212. Capacitive sensors offer advantages
such as high sensitivity, high spatial resolution, large dynamic detection
range, and low power consumption3,213,214. However, capacitive sensors are
susceptible to noise interference and have parasitic capacitance, so they are
not suitable for operation in strong electromagnetic field environments215.
In 2012, Wong et al.216 developed a capacitive sensor based on flexible
electrodes. These electrodes are made by soft lithography, and the internal
microfluidic channels of the electrodes are filled with liquid alloys. Com-
pared with rigid electrodes, flexible electrodes have the advantages of anti-
fatigue, large curvature deformation, and anti-bending. In addition to
flexible electrodes, the introduction of dielectric materials has gradually

Fig. 12 | Tactile sensors with different transduction mechanisms. a Resistive
Sensor. Reproduced with permission204. Copyright 2014, American Chemical
Society. b Capacitive Sensor. Reproduced with permission196. Copyright 2014,
Springer Nature. c Piezoelectric Sensor. Reproduced with permission225. Copyright
2018, IOP Publishing. d Electromagnetic Sensor. Reproduced with permission237.

Copyright 2021, AAAS. e Temperature Sensor. Reproduced with permission251.
Copyright 2015, Springer Nature. f Optoelectronic Sensor. Reproduced with
permission253. Copyright 2019, AAAS. g Triboelectric Sensor. Reproduced with
permission257. Copyright 2012, American Chemical Society.
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become an important direction for the development of capacitive
sensors210,217. In 2020, Sharma et al.218 used composite nanofibermaterials as
the dielectric layer to create a sensitive, low-cost, and reliable ultra-low-
pressureflexible capacitive sensor.This sensor achieved linearmeasurement
within a wide pressure range of 0–400 kPa, with a sensitivity of 0.51 kPa-1
and a minimum detectable pressure of 1.5 Pa. It can be used to monitor
weakphysiological signals such as pulse, respiration,musclemovement, and
eyemovement. The dielectric materials lay the technological foundation for
the research and development of next-generation high-performance
human-machine interaction devices.

Piezoelectric sensors: Piezoelectric sensors utilize the piezoelectric
effect of materials to measure external stimuli. Under external mechanical
stress, polarization occurs within the piezoelectric material, generating
opposite charges on its upper and lower surfaces. The measurement of this
potential difference enables the monitoring of external stress. Piezoelectric
tactile sensors offer the advantages of high sensitivity, fast response, good
dynamic performance, and low power consumption. They are widely used
in the measurement of dynamic signals, such as vibration and slip219–221.
However, they face challenges related to sensitivity to temperature and
humidity environments, and the inability to measure static signals. The
piezoelectric constant is an important parameter for evaluating the energy
conversion of piezoelectric materials. The higher the piezoelectric constant,
the better the performance of the flexible tactile sensor. Inorganic materials
have higher piezoelectric constants but limited flexibility, making them
unsuitable for being deployed on curved surfaces. In recent years,
researchers have developed piezoelectric polymer materials with high pie-
zoelectric constants and constructed microstructures to fabricate high-
performance piezoelectric sensors222–224. For instance, Chen et al.225 pro-
posed a piezoelectric-enhanced tactile sensor based on polyvinylidene
fluoride-trifluoroethylene microcolumns. Vertically aligned microcolumns
are fixed between four bottom electrodes and one top electrode, and elastic
protrusions are fixed on the surface of the top electrode. The microcolumn
structure significantly enhances the sensitivity of the piezoelectric sensor,
allowing for precisemeasurement of various interactive forces such as shear
force, normal force, and tensile force.

Electromagnetic sensors: In contrast to other types of tactile sensors,
electromagnetic sensors present various advantages, including high sensi-
tivity, lowpower consumption, high reliability, robustness, and the ability to
achieve three-dimensional detection226–228. They are widely applied in fields
of robotics229,230, texture discrimination231–233, and healthcare234,235. Electro-
magnetic sensors typically consist of a sensing element and an excitation
magnetic field, and the detection of external stimuli is achieved by varying
the intensity and direction of the excitationmagnetic field236. Depending on
the sensing element, magnetic sensors can be classified into various types,
including Hall sensors237–239, anisotropic magnetoresistive (AMR)
sensors240,241, giant magnetoresistive (GMR) sensors242–244, and more. For
example, Hall sensors are based on the Hall effect, where the carriers in a
metal conductor or semiconductor produce a transverse potential difference
under the influence of a magnetic field. The changes in the magnetic field
can be calculated bymeasuring this potential difference. Hall sensors have a
large magnetic field detection range and can be used for detecting strong
magnetic fields. The excitation magnetic field is typically provided by rigid
permanent magnets245,246, flexible magnetic units247,248, and electromagnetic
coils249,250. Compared to rigid permanentmagnets,flexiblemagnetic units or
electromagnetic coils can provide variable excitation magnetic fields by
changing the proportion of magnetic particles or the magnitude of the
current, thus further enlarging the measurement range of electromagnetic
sensors. Additionally, flexible electromagnetic units have the advantages of
miniaturization and ease of fabrication. They can be prepared in different
shapes and sizes to meet various application requirements. Moreover, their
inherentmechanical characteristics providemagnetic sensorswith excellent
flexibility.

Other transduction techniques: In addition to the aforementioned
four methods, other transduction methods have been explored for the
development of flexible tactile sensors. Temperature sensors based onT
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thermoelectric materials consist of P-type and N-type semiconductors.
Under the effect of a temperature gradient, thermoelectric sensors gen-
erate a thermoelectric potential on both sides, directly converting the
thermal signal into an electrical signal for temperature measurement.
They can be widely applied in wearable devices and the healthcare
field251,252. Optical sensors, on the other hand, consist of a light source, a
transmission medium, and a detector. When subjected to external tactile
stimuli, the intensity and wavelength of light in the transmission medium
change, and the detector converts the collected light signal into an
electrical signal, enabling the measurement of tactile information253–256. In
the operation of these sensors, an external power source is required,
which may not only increase the size and mass of the sensor but also
reduce its flexibility and stretchability. A promising solution is self-
powered tactile sensors, which are based on the principles of triboelec-
tricity or electrostatic induction257–259. Since these sensors can scene
interactive information without the external power source, self-powered
tactile sensors that utilize triboelectrification or electrostatic induction
have great potential to improve the integration and application feasibility
of tactile devices.

Typical interaction signal of tactile sensors. During the interaction
between humans and the external environment, various tactile infor-
mation can be perceived through the skin, enabling the effortless
accomplishment of complex tasks. To meet the diverse interaction
requirements between users and the physical/digital worlds, AE-Skin
needs to possess sensing capabilities akin to human skin, capable of
detecting and recognizing multiple physical stimuli, including contact
pressure, contact location, sliding velocity, tensile strain, contact tem-
perature, etc. Based on the interaction signals, the tactile sensors can also
be divided into pressure sensors, strain sensors, temperature sensors, and
other types. This classification is beneficial for engineers to select the
appropriate tactile sensor for their specific application scenarios.

Flexible Pressure Sensors: Compared to sensors based on other
transduction mechanisms, piezoresistive and capacitive sensors not only
enable the measurement of dynamic forces but also facilitate the measure-
ment of static forces, and possess the advantages of simple structure and low
fabrication cost260. An ideal pressure sensor should exhibit both high sen-
sitivity and a large measurement range while maintaining the same sensi-
tivity under different pressures. However, for highly sensitive sensors, their
measurement range is usually limited, making it challenging to measure
higher pressures. One feasible solution is to introduce microstructures (e.g.
hemispheres, pyramids, and interlocking mechanisms261–263) on the surface
of the sensing layer. These microstructures can effectively enhance the
sensitivity of the sensor while fulfilling a widemeasurement range and high
linearity264,265. Additionally, due to the viscoelastic properties of the flexible
sensingmaterial, its deformation and recovery rates are different during the
loading and unloading processes, resulting in measurement discrepancies
(hysteresis) of the sensor under the same external load.Microstructures and
porous sensing materials can effectively reduce the viscoelasticity of the
material, thereby improving the sensitivity and reducing thehysteresis of the
pressure sensor210,266.

Flexible Strain Sensors: Similar to pressure sensors, strain sensors are
typically fabricated based on resistive and capacitive sensing principles.
Strain sensors are usually attached to the surface of the object. When the
surface of the object is stretched or bent, the strain sensors will produce
corresponding deformation. Traditional resistive strain sensors are com-
posed of metal or semiconductor materials, and they are only suitable for
small strain conditions (<1%) due to their mechanical properties267. To
measure larger tensile and bending deformations, strain sensors need to
possess flexible and stretchable characteristics, with their own deformation
exceeding that of the object being measured. To achieve significant defor-
mation, an effective solution is to embed conductive materials (e.g. gra-
phene, carbon nanotubes, and silver nanowires268–270) into elastic materials
to enhance the stretchability of resistive strain sensors. However, due to the
viscoelastic properties of the materials, there are significant issues of

hysteresis and overshoot. Another effective solution is to inject conductive
fluids (e.g. liquid alloys and ionic liquids271,272) into silicone tubing or
microchannels, utilizing the fluidic nature and high deformability of the
conductive fluid. This allows the strain sensor to maintain excellent con-
ductivity, low hysteresis, high durability, and high sensitivity under large
strains.

Flexible Temperature Sensors: Existing temperature sensors can be
categorized into three types based on the sensitive materials: resistive
material-based temperature sensor, composite material-based temperature
sensor, and thermoelectric material-based temperature sensor273. Among
them, temperature sensors based on resistivematerials are typicallymade of
pure metals (e.g. platinum, gold, silver, and copper). The resistance of the
metalmaterial varies at different temperatures, and the external temperature
can be determined by measuring the resistance variation. However, the
inherent rigidity of metal materials makes it difficult to meet the require-
ments for flexibility and stretchability260. To address this challenge,
researchers have adopted stretchable structures (e.g. buckling and rigid
islands) to enhance the stretchability of thermal resistive sensors274,275.
Similar to resistivematerial-based temperature sensors, compositematerial-
based temperature sensors also operate on the principle of thermal resis-
tance. Such sensors are made of a composite material consisting of a
polymer matrix and conductive fillers. Under external excitation, the sub-
strate material undergoes expansion and separation, resulting in an
increased distance between the conductive fillers and a change in the
resistance variation of the sensor276,277. Temperature sensors based on
thermal expansion materials exhibit significant hysteresis and are not sui-
table for applications with high response requirements. In contrast, ther-
moelectric materials generate an electric current in the circuit connection
between p-type and n-type semiconductors under different temperature
conditions, directly converting thermal energy into electrical energy for
temperature measurement275,278. Compared to the other two types of tem-
perature sensors, thermoelectric temperature sensors do not require an
external power supply, facilitating miniaturization and lightweight design.

OtherTypes of Sensors: In addition to sensing the pressure and tension
in the normal direction, it is also crucial to measure forces in other direc-
tions. For example, in object grasping control and friction force detection, it
is essential to accurately perceive shear forces to ensure accurate and safe
interaction279,280. To sense both the magnitude and direction of contact
forces, a viable solution is to combine multiple sensing units. Under the
influence of forces in different directions, both the individual sensing units
and the gaps between multiple sensing units undergo deformation, and
multidimensional force sensing can be achieved by measuring electrical
signals frommultiple sensing units simultaneously281–283. Different from the
above multiple sensing units, Yan et al.237 designed a self-decoupled flexible
tactile sensor based on amagnetic thin filmwith a sinusoidal magnetization
direction. This sensor utilizes a single sensing unit to measure both normal
and shear forces. Moreover, based on deep learning algorithms, this sensor
can achieve super-high-resolutionmeasurement of interactive information,
and its sensing resolution is 60 times higher than that of the sensing unit’s
resolution. Fine-textured surfaces exhibit spatial resolution and vertical
height differences at the micrometer level, which makes it difficult for tra-
ditional sensors to accurately sense these topography features. Inspired by
animal cilia, some researchers have developed cilia-inspired tactile
sensors284,285. By configuring parameters such as the height and diameter of
the cilia, the cilia-inspired tactile sensor canachieveultra-highmeasurement
accuracy. For example, it candistinguish different roughnesses of sandpaper
ranging from 9.2 um to 213 um, with a minimum detectable vertical height
difference of 7 um232. It can detect tiny contact forces as low as 1mN,with a
minimum sensing accuracy of 31 uN247.

Materials and fabrication methods for AE-Skin
In order to improve the performance of tactile devices, researchers have
expanded the direction of exploration from conventional rigid materials to
realize intelligent functional materials. This extension effectively addresses
the limitations of conventional rigid materials, and increases the

https://doi.org/10.1038/s41528-024-00311-5 Review article

npj Flexible Electronics |            (2024) 8:25 15



functionalities required for tactile devices such as richness, interactivity and
invisibility that are not possible with conventional rigid materials.

Polymers are extensively utilized due to their numerous advantages,
including softness, stretchability, non-toxicity, high stability, affordability,
and ease of preparation. These properties have captured the interest of
researchers and made polymers a preferred choice for flexible tactile device
fabrication. By incorporating fillers, cross-linkers, and additives, the mate-
rial properties of polymers can be tailored to meet specific requirements.
Smart materials can respond to external stimuli, such as voltage, magnetic
field, temperature, light, etc., and these materials have been widely used in
the preparation of actuators and sensors for tactile devices. For example,
electronic polymer provides functionalities through conversion between
electrical and mechanical energy. Under an electric field, the large strain
producedby the electronic polymer actuators can be used to provide texture
patterns and vibration feedback for users. At the same time, electronic
polymer can be used to prepare sensors for sensing user interaction
information.

Similarly, magnetically responsive materials can convert between
magnetic and electric fields according to Faraday’s laws of electromagnetic
induction. According to this property, magnetic actuators and magnetic
sensors can be prepared to provide tactile feedback (e.g. texture display and
vibration) and sense interactive information. Another smart material
category includes phase change materials, such as thermal responsive
materials (e.g. SMA, SMP, and artificial muscles) and optical responsive
materials. When the actuators are heated or exposed to light, the phase
transitionsof thesematerials occur, resulting in a large amount of elongation
or contraction. Based on this deformation characteristic, researchers have
developed different texture display devices to formulate patterns. Nano-
materials have good mechanical properties, electrical properties, and low
cost advantages, and are widely used in flexible and stretchable tactile
sensors. The commonnanomaterials used forflexible tactile sensors include
nanowire-basedmaterials, CNT-basedmaterials, graphene-basedmaterials,
conductive polymers, etc. Based on Joule’s law, nanomaterials can be also
used to prepare soft thermo-resistive heaters for temperature-rendering
devices. In addition, we also recommend several recent reviews that cover
materials for tactile actuators and tactile sensors in greater detail3,286–288.

Besides the selection of the abovementioned functional materials, the
proper fabrication methods are also important in preparing the tactile
actuators and sensors for AE-Skin286,288. In the preparation of tactile
actuators and tactile sensors, soft lithography and molding processes are
widely used for creating large-area patterns with microscale resolution on
flexible substrates. One advantage of these techniques is their versatility in
creating patterns with different geometries and dimensions. They can be
used to fabricate microscale features, such as lines, dots, or holes, as well as
more complex structures, including channels, pillars, and patterns with
varying heights or depths. This flexibility makes them suitable for a wide
range of applications, including soft tactile displays, tactile sensors, and
electronic circuits. Another advantage is the ability to create large-area
patterns with high resolution. These techniques can be used to fabricate
patterns over areas ranging from a few micrometers to several centimeters,
depending on the size of the master mold or stamp. This enables the pro-
duction of devices and systems that require both microscale resolution and
large surface coverage. In addition, soft lithography andmolding techniques
offer advantages in terms of cost, simplicity, and scalability. The materials
and equipment required for these techniques are relatively inexpensive and
readily available. The process itself is relatively simple and can be performed
in a standard laboratory environment without the need for specialized
facilities.

In recent years, 3D printing technology has experienced significant
advancements and has been widely applied in soft tactile devices. This
technology, also knownas additivemanufacturing, allows for the creation of
three-dimensional objects by layering materials based on digital designs.
The application of 3D printing has revolutionized the way these devices are
designed andmanufactured. Traditionalmanufacturingmethods often face
challenges in producing complex geometries and intricate structures,

especially when it comes to flexible and stretchable materials. However, 3D
printing enables the production of customized and intricate designs with
high precision and accuracy. This has opened doors for the development of
innovative flexible tactile actuators, and soft sensors. In addition to the
techniques described above, several other methods have been utilized to
develop soft tactile devices, including microfabrication, laser processing,
transfer printing, and so on. The combination of these fabrication tech-
nologies offers great potential for the development of the next generation of
haptic devices in the field of human-computer interaction.

Research gaps and future topics
With the continuous development and progress of functional materials,
sensing and actuating technologies, and fabrication processes, various skin-
like prototypes for displaying textures, vibrations, and temperature, as well
as skins for sensing pressure, strain, and temperature, have been developed.
Although these advancements are exciting, several important challenges
need to be overcome on the path to realizing the goal of ambient haptic
interaction using AE-Skin.

Perception mechanisms of human skin
To develop multifunctional and high-performance AE-Skin, it is necessary
to deepen our understanding on the physiological and perceptual
mechanisms of human skin, including skin biomechanical models, per-
ception thresholds, and haptic illusions. These studies are expected to
establish a solid theoretical foundation for the design and performance
evaluation of AE-Skin.

The process of bare-finger interaction involves contact, friction, and
force transmission between the fingers and objects. Due to individual dif-
ferences and different object characteristics, the biomechanical model of
bare-finger interaction needs to consider geometric parameters (e.g. surface
curvature and contact area), surface characteristics (e.g. roughness and
friction coefficient), mechanical properties (e.g. anisotropy, Young’s mod-
ulus, and Poisson’s ratio), and the contact state (e.g. static contact or sliding
contact). The mechanical model will be helpful in simulating the contact
conditions during finger-object interactions and accurately predicting the
real skin response. It might provide an important reference for the selection
of actuation principles, the design of mechanical structures and perfor-
mance evaluation. In addition, this mechanical model might provide
guidelines for optimizing and characterizing the relationship between var-
ious parameters of the AE-Skin, such as the spatial resolution of tactile
devices, holding force, deformation height, thickness, stretchability, power
consumption, etc. Furthermore, in-depth research is needed to reveal the
perceptual mechanisms of mechanoreceptors and the biochemical
mechanisms of neural signal transmission. Although existing research has
explored the functions and signal transduction of individual mechan-
oreceptors, it remains unclear how different types of mechanoreceptors
work together and encode multiple mechanical stimuli at different levels to
express complexmechanical behaviors.Additionally, how thebraindecodes
this multi-level information for accurate perception is another area of
investigation. These studies will provide insights into the design of multi-
modal tactile sensors and signal processing algorithms.

Regarding perceptualmechanisms, the perceptual thresholds of single-
modal tactile perception (absolute threshold and relative threshold) have
been widely studied. However, it is still unclear how the perceptual
thresholds change when multiple tactile stimuli simultaneously act on the
human body. Some researchers have explored the coupling effect between
temperature and vibration289,290, or between temperature and texture291,
providing guidance for the development of temperature-vibration and
temperature-texture feedback devices. However, the coupling effects of
othermodalities combined with texture, vibration, and temperature are still
not well understood. In addition, due to the flexibility and stretchability of
AE-Skin, the effect of its softness on texture, vibration, temperature and
other perception thresholds needs tobe further studied.This not only relates
to the design of multidimensional sensor arrays but also to the integration
strategies of multiple actuators.
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Haptic illusions are another aspect of perceptual mechanisms that
require research. Existing studies have shown that the temperature per-
ception of the human body is related to the presentation mode of tem-
perature stimuli292,293. When harmless heat stimuli (36–42 °C) and cold
stimuli (18–24 °C) alternate on the human hand, a burning sensation is
perceived by the human skin. This temperature haptic illusion is highly
stable and robust, with research indicating that 70 to 90% of subjects
experience this haptic illusion phenomenon. Furthermore, haptic illusions
based on texture, vibration, and multimodal stimulation have also been
demonstrated294,295. However, it is necessary to effectively utilize these tactile
illusions to develop innovative interactions. On the other aspect, it is an
intriguing topic to explore how to prevent misinterpretation of tactile
information caused by tactile illusions.

Spatial-temporal registration among multimodal haptic stimuli
As mentioned above, many skin-like tactile devices have been developed,
providing users with a single-modal interactive experience. To further
enhance interaction realism, some researchers have integrated multiple
actuators to achieve a synchronized presentation of multi-modal tactile
information such as texture, temperature, and vibration67,296–302.

Gallo et al.67 integrated electromagnetic andpiezoelectric actuators into
a flexible silicone substrate to design a flexible tactile device, which can
provide temperature and texture feedback. In contrast to the integration of
multiple actuators, Kurogi et al.297 employed a single EAP actuator to
achieve both temperature and vibration feedback. Under low-frequency
voltage excitation, the EAP actuator generates vibrational stimuli, while
under high-frequency voltage excitation (>20 kHz), the actuator generates
heat based on the dielectric heating effect. The reuse of the actuator reduced
the volume and structural complexity of the tactile device. However, only a
singlemodality can be presented at any givenmoment, andmultiple stimuli
cannot be rendered simultaneously. As shown in Fig. 13, although a few
studies have achieved multimodal tactile presentation, the number and the
fidelityofmultimodal presentation still differ from the ideal goal ofAE-Skin,
requiring further research in structural design, mode registration, and
power supply.

In terms of structural design, careful consideration should be given to
the spatial arrangement of different actuators to ensure that they do not
interfere with each other and ensure the simultaneous presentation of
multimodal stimuli. For example,whenPaltier and shapememory actuators
are used for temperature and texture rendering, insulation measures are
needed to prevent the heat generated by Paltier from affecting the

performance of the shape memory actuators. In addition, the layout of
different actuators also needs to meet the requirements of spatial registra-
tion, ensuring that users canperceivemultiple tactile stimuli within a certain
contact area (a small contact area on the fingertip). For example, when
simulating the tactile experience of a marble surface, it is important to
consider the spacing between the actuators that are responsible for ren-
dering temperature and texture, ensuring that the user experiences the
sensation of coldness while also perceiving the texture of themarble surface.

In addition to spatial registration, multimodal tactile stimuli also need
to meet the requirements of temporal and even semantic registration to
provide users with more natural and realistic tactile experiences. In the
temporal dimension, different actuators have different response times, such
as the slow response of Pertier and the faster response of electromagnetic
actuators. The control system of AE-Skin needs to control different actua-
tors to achieve temporal alignment of different tactile stimuli. Furthermore,
different tactile stimuli represent different semantic information. Tem-
perature represents the degreeof hotness or coldness, and texture represents
the roughness of an object’s surface. In the interaction process, different
tactile stimuli need to be reasonablymatchedwith the interaction context to
enhance the realism and naturalness of the interaction, so as to ensure that
the user’s interaction experience is close to the real world.

Furthermore, energy consumption needs to be considered during the
design process of AE-Skin. First, in the selecting of the actuating methods,
low-energy consumption actuators should be adopted while meeting the
performance requirements. Second, in terms of power supply, reasonable
power supply methods should be chosen based on different interaction
contexts. For example, when AE-Skin is applied to wearable devices or
mobile devices, ultra-thin batteries or wireless power supply technologies
can be selected176.WhenAE-Skin is attached to fixed surfaces such as touch
screens in electronic cars, external power supply methods can be adopted.
Thanks to high energy density, high power density, and long cycle life,
Lithiumion batteries are adopted as one of the most conventional power
sources, and arewidely used for tactile devices177,178,303,304. Despite theirmany
advantages, the inflexible nature of Lithiumion batteries can restrict the
flexibility and stretchability of tactile devices305. It is desirable to develop a
promising power method for realizing thin and stretchable tactile devices.
Near-field communication is a highly promising solution for power deliv-
ery, as it enableswireless power transfer over short distances. This eliminates
the need for traditional wired power delivery methods, providing greater
flexibility andportability for tactile devices176. Another alternative solution is
the stretchable batteries with excellent flexibility, mechanical stability and
electrochemical performance. In the last decade, stretchable batteries have
shown great potential for haptics and have integrated into various wearable
electronics and tactile devices306–309.

Integration between sensing and actuating units
To achieve the natural interaction between users and objects, AE-Skin
needed tobe able to simultaneously sense the user’s interactive behavior and
provide multimodal tactile stimuli. To achieve this goal, the sensing and
actuating units need to be integrated within the confined contact area
covered by a fingertip. Different from the single-mode tactile sensor or
tactile rendering device, the design and fabrication of the actuating-sensing
integrated AE-Skin require careful consideration of the following issues:
spatial layout, spatial registration, and functional compatibility to avoid
mutual interference of sensing and actuating components at the spatial and
signal levels. Fig. 14 illustrates the functions and spatial resolutions of some
existing tactile devices.

For actuating-sensing integrated AE-Skin, the first challenge lies in the
spatial layout of the actuators and sensors to ensure that the actuating signals
and sensing signals do not interfere with each other. A widely used layout is
to place the sensors above the drivers182,310–313, which allows the sensors to
directly contact users’ fingertips, facilitating reliable tactile sensing. How-
ever, the overhead sensor might obstruct the movement of the actuators,
thus impairing the performance of the tactile actuators. Conversely, when
the actuators are positioned above the sensors, the actuators can provide the

Fig. 13 | Development status of multimodal haptic display devices.
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userwith sufficient tactile stimuli314.However, thepresence of actuatorsmay
also impede the transmission of the user’s interactive information. When
the force or temperature is transferred from the user’s fingertip to the tactile
sensor, the interactive information may be attenuated, which can increase
themeasurement difficulty and reduce themeasurement accuracy. To avoid
mutual interference between the actuators and sensors, an effective solution
is to alternately distribute the driver and the sensor on the same horizontal
plane315,316. Compared to the first two layouts, the alternating horizontal
layout requires a larger area for arranging the actuators and sensors, which
might reduce the spatial resolution of the tactile device, inducing a challenge
for the spatial registration of the actuators and sensors. To achieve spatial
registration, it is necessary to ensure that the contact area between the
fingertip and the AE-Skin can cover at least one actuator and one sensor
under any interaction positions. In this case, when the fingertip interacts
with the AE-Skin, the user can not only perceive the tactile stimuli from the
actuators but also trigger the sensing signals of the sensors. Therefore, the
size of the actuators and sensor needs to be small enough to improve the
spatial resolution of the tactile device to meet the requirements of spatial
registration.

In addition to spatial registration, it is also necessary to consider the
compatibility of different components’ performance to avoid mutual
interference when they work simultaneously. For example, when the
electromagnetic actuator is used for texture display, the use of magnetic
sensors, piezoelectric sensors, and capacitive sensors should be avoided
to ensure that the electromagnetic field generated by the electromagnetic
actuators does not interfere with the sensing signal, thereby affecting the
accuracy and sensitivity of the tactile sensors. Furthermore, to achieve a
large-sized and high-spatial-resolution AE-Skin, efficient and real-time
control of high-density large-scale arrays of actuators and sensors,
ranging from thousands tomillions or evenmore, needs to be addressed.
To meet the large-scale control requirements, it is necessary to study the
flexible and even stretchable circuit, signal line routing design, and high-
performance control board.

Spatial-temporal registration between visual and haptic display
Unlike the physical world, whenAE-Skin is applied to the digital world such
as providing dynamic tactile feedback on a touch screen, it needs to be
matched with the digital environment to provide consistent visual-tactile
experiences tousers,which imposesmore requirements on theperformance
of AE-Skin. Therefore, it is necessary to consider the transparency, thick-
ness, stretchability and virtual-real registration to ensure that the AE-Skin
does not affect the visual information and touch-sensing functionality of the

screens. Fig. 15 depicts the current state of existing tactile devices with
respect to transparency, stretchability, and thickness.

When AE-Skin is attached to screens such as smartphones, iPads, in-
car displays, and large-sized LED screens, it needs to have high transparency
to ensure that it does not obstruct or affect the visual information presented
on the screens, thus avoiding any negative impact on the user’s interaction
experience. Therefore, it is necessary to select high transparency of the
substrate material, actuators and sensors in the design of AE-Skin. For
example, transparent and stretchable polydimethylsiloxane (PDMS) can be
chosen as the substrate material, pneumatic actuators can provide tactile
feedback to users, and transparent sensors based onmaterials such as silver
nanowires127, graphene317, and carbon nanotubes318 can be used to capture
user’s interaction behavior. Additionally, the AE-Skin should be as thin as
possible to avoid compromising the touch-sensing functionality of the
screen. Otherwise, thicker AE-Skin may prevent the formation of coupling
capacitance between the finger and the touch screen, making it difficult to
generate induced currents for detecting the finger’s contact position.

In virtual interactive scenes, visual-tactile fusion is one of the key
technologies for achieving immersive experiences. Due to significant dif-
ferences between virtual environments and real environments, there are still
some challenges to be addressed in visual-tactile fusion. Firstly, there is a
certain time delay in the generation and transmission of virtual visual and
tactile signals, whichmay result in amismatch between the perceived visual
and tactile information in the temporal dimension, causing discomfort or
even adverse reactions such as dizziness and nausea. Secondly, both the
user’s and the virtual avatar’s positions are constantly changing during the
interaction process. The sensors of the AE-Skin need to dynamically and
accuratelymeasure theuser’s pose changes to ensure theprecisematchingof
visual and tactile information regarding the positions andorientations of the
virtual avatar and the real finger, ensuring the interaction experience con-
sistency of the virtual and real space. Additionally, AE-Skin also needs to
possess flexibility and stretchability to ensure its suitability for simulating
objects with different shapes and curvatures, ensuring a good fit with the
surface of the object without affecting its shape, size, and other attributes.
For example, one important application scenario is to attach theAE-Skin on
the surface of a shape display device to formulate “digital clay”19, which can
provide multi-modal tactile stimuli for supporting bare-hand interaction
with virtual objects.

Considering the technological maturity, potential application value,
and societal impact, these future topics have been further refined into short-
term and long-term goals. In the short term, significant advancements are
required in the following aspects. First, user studies should be conducted to

Fig. 14 | Functions and spatial resolutions of some
existing haptic devices. The values represent the
spatial resolution of different tactile devices.
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explore the effect of the multi-modal tactile stimuli on the perceptual
thresholds and haptic illusion. Second, the minimization and performance
improvement should be carried out by fully exploiting the potential of the
existing actuators and sensors. Third, it is essential to take into account the
spatial arrangement of various actuators, as well as the layout among
actuators and sensors, to avoid mutual interference. Fourth, the temporal
and semantic registration of multi-modal tactile stimuli should be con-
sidered to ensure that the representation of different tactile stimuli is con-
sistent with the actual interaction scenarios. Based on these short-term
studies, it is possible to develop a preliminary version of AE-Skin to provide
users with a more immersive, realistic interactive experience.

In the long term, more time and effort need to be invested to make a
breakthrough in the following aspects. In the perception mechanism, a
biomechanics model needs to be constructed to simulate and analyze the
force transmission and skin deformation when the finger is in contact with
the object. Further, a comprehensive investigation is required to reveal the
underlying perceptual mechanisms of mechanoreceptors and the bio-
chemical mechanisms of neural signal transmission. In terms of advanced
materials, it is necessary to explore other functional materials with high
transparency, ultra-thin, and large stretchability. In addition, the develop-
ment of ultra-thin, flexible, and high-capacity energy storage materials is a
significant advancement toward addressing the challenge of energy con-
sumption. In VR applications, it is crucial to conduct in-depth studies on
visual-tactile registration to minimize mismatch between the visual and
tactile information and prevent adverse reactions during prolonged usage.
The solutions to these long-term challenges will propel the development of
human-computer interaction, ushering human beings into an ambient
haptic world.

Data availability
All the data are available within the article or available from the authors
upon reasonable request.
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