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            Abstract
Traditional technologies for virtual reality (VR)Â and augmented reality (AR) create human experiences through visual and auditory stimuli that replicate sensations associated with the physical world. The most widespread VR and AR systems use head-mounted displays, accelerometers and loudspeakers as the basis for three-dimensional, computer-generated environments that can exist in isolation or as overlays on actual scenery. In comparison to the eyes and the ears, the skin is a relatively underexplored sensory interface for VR and AR technology that could, nevertheless, greatly enhance experiences at a qualitative level, with direct relevance in areas such as communications, entertainment and medicine1,2. Here we present a wireless, battery-free platform of electronic systems and haptic (that is, touch-based) interfaces capable of softly laminating onto the curved surfaces of the skin to communicate information via spatio-temporally programmable patterns of localized mechanical vibrations. We describe the materials, device structures, power delivery strategies and communication schemes that serve as the foundations for such platforms. The resulting technology creates many opportunities for use where the skin provides an electronically programmable communication and sensory input channel to the body, as demonstrated through applications in social media and personal engagement, prosthetic control and feedback, and gaming and entertainment.
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                    Fig. 1: Design and architecture of an epidermal VR system.[image: ]


Fig. 2: Optimized operation of key electrical and mechanical components of an epidermal VR system.[image: ]


Fig. 3: Wireless control strategies for epidermal VR systems.[image: ]


Fig. 4: Examples of applications of epidermal VR systems.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Study of the magnetic field strength in an actuator.
a, Distribution of the normalized magnetic field strength (H) around the Cu coil (300 turns) used in the actuator, where d is the distance between the Cu coil and the magnet. The dashed white circles correspond to the holes in the Cu coil. b, Normalized magnetic flux (Î¦/Î¦d=0) through the haptic actuator versus the distance to the Cu coil (300 turns) of the actuator. c, Schematic illustration of the distance between a haptic actuator and a Cu coil in the actuator. d, The normalized magnetic flux (Î¦/Î¦Max) through the magnet versus turn number and outer diameter (Douter) of the Cu coil.


Extended Data Fig. 2 Resonant frequency tuning of the actuator.
a, Top view and cross-sectional view of the actuator design. The parameters presented here are optimized for tuning the resonance frequency to the skin-sensitive range. bâ€“d, Optical images and normalized amplitudeâ€“frequency curves of three actuators with different central angles (Î¸) of 150Â° (b), 186Â° (c) and 217Â° (d), working without any contact. The actuators shown in b and c are 18Â mm in diameter and 2.5Â mm thick.


Extended Data Fig. 3 Optimization of the actuator.
a, Cross-sectional schematic illustration of an actuator in contact with skin. b, Theoretical results of the resonance frequency of actuators shown in a versus the central angle Î¸ of the PI handling layer. The dashed lines indicate the resonance frequency of 200Â Hz at Î¸Â =Â 217Â°. c, Comparison of experimental (E; data symbols) and simulation (theory, T; lines) results. d, Experimental results of the normalized amplitudeâ€“frequency curves of the actuatorÂ (Î¸ = 217Â°) in contact with skin, for different values of skin elastic modulus: 60Â kPa, 130Â kPa and 200Â kPa. e, Travel amplitude of the magnet as a function of the input power (data points) for an actuator in contact with artificial skin samples with elastic moduli of 60Â kPa, 130Â kPa and 200Â kPa. In c, e, error bars correspond to the calculated standard deviation.


Extended Data Fig. 4 Study of the mechanical behaviour of the actuator when in contact with skin.
a, b, Cross-sectional schematic illustration (a) and optical image (b) of an actuator in contact with artificial skin. Here PDMS, serving as artificial skin, had three different values of elastic modulus, and glass was used for artificial bone. c, Comparison of the experimental (E) and simulation (theory, T) results of the resonance frequency of the actuator in contact with different moduli and thicknesses of artificial skin. The error bars correspond to theÂ calculated standard deviation. d, Optical images captured using a high-speed camera and a working actuator travelling up and down, when in contact with 130-kPa artificial skin. e, FEA results for the amplitude of an actuator: left, when separated from skin; right, when in contact with skin. f, Schematic illustration and FEA results (colour-coded amplitude) for mechanical coupling between an array of haptic actuators, with activation in an â€˜Nâ€™ pattern.


Extended Data Fig. 5 Mutual interference study of an actuator array.
a, Mutual interference of two actuators at different relative angles Î± at 200Â Hz. Two representative cases were studied, with one actuator (no. 1) positioned along (left) or perpendicular to (right) the bisector of the other actuator (no. 2). Here, only actuator 1 was actuated. The amplitude ratio, that is, the amplitude of actuator 2 over the amplitude (induced by mutual interference) of actuator 1, shown in the table demonstrates that Î±Â =Â 45Â°, 90Â° and 270Â° result in relatively small mutual interference for both representative cases simultaneously. b,Â Mutual interference of two small actuators at different relative angles Î± at their resonant frequency of 200Â Hz. The size of the actuators and the distance between them were scaled to 1/10 of the original design as shown in a, that is, the distance between two actuators was 2.1Â mm rather than 21Â mm. Here the thickness of the PI disk was set at 1.8Â Î¼m to enable the resonant frequency for the small actuator to be 200Â Hz. Two representative cases were studied, with one actuator (no. 1) positioned along (left) or perpendicular to (right) the bisector of the other actuator (no. 2). Here only actuator 1 was actuated. The amplitude ratios (actuator 2 to actuator 1) due to mutual interference are shown in the table. c, Optimization of the actuatorsâ€™ arrangement. The mutual interference among actuators was studied for Î±Â =Â 0Â°, Î±Â =Â 45Â° and a combination of 90Â°/270Â° referring to the simulation results in a, and for representative cases when actuators A (around the centre), B (near the boundary) and C (near the corner) are actuated separately. The results show that Î±Â =Â 90Â°/270Â° yields the smallest mutual interference (see tables under). The number gives the amplitude ratio due to the mutual interference among the actuatorsâ€”that is, the amplitude of all actuators over the amplitude of the activated actuatorâ€”where 1 represents the activated actuator.


Extended Data Fig. 6 Study of the key electrical components of the epidermal VR system.
a, Interference between the primary coil and NFC antennas. Shown are schematic illustrations of a primary coil with (left) or without (right) four NFC antennas along the Z direction of the transmission antenna. b, Comparison of experimental (E) and theoretical (T) results of voltage induced by a single primary coil versus a primary coil with four NFC antennas. c, d, Transmission antennas used for operating the VR devices: c, small size, 318Â mmÂ Ã—Â 338Â mm; and d, large size, 620Â mmÂ Ã—Â 852Â mm. e, An transmission antenna placed in the Xâ€“Y plane. f, The magnetic field strength (H) in the Zâ€“X plane (the middle plane of the coil) for the small (left) and large (right) transmission antennas (RF readers). g, Theoretical results show that the small and large transmission antennas are suitable for short (<24Â cm) and long (>24Â cm) working distances, respectively. h, i, Output power of the serpentine primary coil of the epidermal VR device as a function of distance to the small transmission antenna (h), and the large transmission antenna (i). The error bars correspond to theÂ calculated standard deviation.


Extended Data Fig. 7 Electrical properties of the intermediate coil.
a,Â Configuration of an intermediate coil (20Â cmÂ Ã—Â 20Â cm, wound with Cu wire with a diameter of 0.2Â mm) oriented parallel to the Xâ€“Y plane, at a distance Z from the transmission antenna. b, Computational results for the magnetic field distribution induced by an RF transmission antenna tuned to resonance with a receiver antenna with and without an intermediate coil. c, Comparison of the magnetic field strength along the Z direction of the transmission antenna with (W) and without (W/O) the intermediate coil. d, Amplification factor Î· along the Z direction of the transmission antenna with and without the intermediate coil. eâ€“g, Simulation and experimental results for the inductance (e), resistance (f) and Q factor (g) as a function of frequency.


Extended Data Fig. 8 Mechanical characterization of the epidermal VR system.
aâ€“d, Output power from the primary coil of an epidermal VR device as a function of tilt angle Ï‡ (a, geometry; b, data), bending radius, R (c) and bending cycles to an R of 2.8Â cm (d). The distance between the device and the antenna was fixed at 20Â cm for all measurements. e, Measured phase responses of the antennas used for wireless control over the SoCs as a function of radius of curvature. The resonance frequency is 13.56Â MHz before bending. Bending induces only very slight shifts in these curves.


Extended Data Fig. 9 Visualization of system level operation using an array of 32 lasers.
a, Schematic illustration of a custom-built laser array system for real-time visualization of the operation of a complete epidermal VR system. bâ€“d, The array of lasers (b), the corresponding array of beams reflecting from the haptic actuators, each mounted with a reflective disk (diameter of 8Â mm), across an entire system (c), and their arrival at a monitoring screen (d). e, Representative frames extracted from video recorded using a high-speed camera to capture oscillatory motions of each of the laser spots. These motions directly determine the motions of the cantilever-based actuators. f, Schematic illustration of a laser spot produced by projection of a reflected beam onto a screen during the operation of the actuator. g, Representative frames extracted from video recorded using a high-speed camera showing the oscillatory motion of laser spot 1. h, Pictures of a laser spot on a reflector that mounts on a haptic actuator (left) and on the monitoring screen (right). The diameter of the laser spot is ~3Â mm. i, Calculated displacements of four actuators determined from the measurement setup geometry and the amplitude of motion of the laser spots in g, e and Supplementary VideoÂ 4. The traces are offset in the y direction to facilitate visual inspection. The calculated displacements are somewhat smaller than those measured directly from individual actuators using high-speed cameras owing to slight misalignments of the lasers and to shifts in the resonance frequencies due to absence of the PDMS encapsulation layer for the devices measured using the laser technique. The results allow direct visualization and measurement of the vibration amplitudes, direction and frequency of the cantilever beams associated with each actuator across the full array.


Extended Data Fig. 10 Pictures of the operation of an epidermal VR system, visualized with a reflected array of 32 laser beams.
Activation of a given haptic actuator causes the corresponding reflected spot to transform from a circular to an elliptical shape, owing to the vibratory motions (top row). The results in the lower three rows show representative spatial patterns of actuation, including numbers 0 to 9 and letters â€˜Nâ€™, â€˜Aâ€™, â€˜Tâ€™, â€˜Uâ€™, â€˜Râ€™ and â€˜Eâ€™. We note that the detailed shapes of the laser spots on the screen depend critically on the positioning of each of the beams across the corresponding reflectors mounted on the cantilevered actuator structures.
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Supplementary Figures
This file contains Supplementary Figures S1-S12 with full legends.


Reporting Summary

Video 1
High-speed-camera recordings of an actuator during operation at a power of 1.75 mW.


Video 2
FEA of the key vibrational mode for an actuator mounted on the skin, where U represents the displacement (unit: mm) and U3 represents the displacement (unit: mm) in the normal direction of the skin.


Video 3
Real-time control and visualization of theÂ operation of an epidermal VR system, enabled by the reflection of an array of 32 laser beams off of the device and onto a screen.


Video 4
Visualization of the vibratory motions of the haptic actuators in an epidermal VR system recorded by using reflected laser beams and a high-speed digital camera.
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