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Traditional technologies for virtual reality (VR) 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 inisolation or as
overlays onactual scenery.Incomparisonto the eyes and the ears, the skinis 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 medicine'. 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 thebody, as demonstrated through applications in social media and personal
engagement, prosthetic control and feedback, and gaming and entertainment.

Animportant future for VR/ARliesin the development of a full,immer-
sive experience thatincludes not only interactive images and sounds,
but also sensations of touch. The consequences of technologies with
multi-sensory capabilities of this type will be far reaching, across fields
ranging from social media and communications, to gaming and enter-
tainment, and to clinical medicine, rehabilitation and recovery'’. The
skinis the largest organ of the body, and mechanoreceptors distrib-
uted across the skin, within the dermis, form the basis of our physical
interactions with the world. Specifically, responses to spatio-temporal
patterns of force on the skin transmit to the brain as signals that define
amechanical sense of our surroundings®>. Efforts to integrate elec-
tronically programmable interfaces to mechanoreceptors within a
comprehensive VR/AR platformare, however, in their infancy compared

tothose associated with video and audio interfaces. Some approaches
rely on collections of wired electrodes pressed against the skintoinduce
artificial, vibration-like sensations via electrostimulation, known as
electrotactile effects**”. Variability of theimpedance of the skin across
the body and between individuals, along with time dependent drifts
in this quantity due to changes in the properties of the skin or the
electrode surfaces, represent confounding challenges in selecting
appropriate combinations of voltages and currents that create desired
responses without pain or electrically induced lesions®. A promising
alternative relies on mechanical forces, in the form of vibratory actua-
tionimparted to the skin by electrical motors or piezoelectric devices,
where relays, bulk wires and battery packs couple loosely to the body
through textiles, tapes and straps to provide the necessary control
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Fig.1|Designand architecture ofanepidermal VRsystem. a, Exploded-view
schematicillustration of adevice with 32 independently controlled haptic
actuators. b, Schematicillustration of the NFC electronics and circuit; the main
circuitcomponents arelabelled1-6. ¢, d, Opticalimages of an NFC coil before
(c) and after (d) integrating the electroniccomponents. e, Exploded-view
schematic diagram of a haptic actuator. f, g, Schematic diagram of anactuator

systems and power supplies*’. As with related supporting hardware for
electrotactile interfaces, the cumbersome nature of this type of tech-
nology and the limited ability to scale to monolithic, manufacturable
platforms with large numbers of independently controlled actuators
represent disadvantages that will hinder widespread adoption.

Here we introduce a set of materials, device designs, integration
schemes and system layouts for wirelessly controlled and wirelessly
powered, battery-free, hapticinterfaces thatincorporatelarge arrays
of millimetre-scale vibratory actuators in soft, conformal sheets of
electronics that laminate directly onto the skininasimple, non-invasive
and reversible manner. Multiple systems of this type, interfaced onto
desired locations on the body with full, programmable control via a
remote computer system, establish means to extend VR/AR experiences
beyond visual and auditory sensations, with broad application possi-
bilities. Figure 1a presents schematic illustrations of a representative
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viewed fromabove (f) and below (g). h, i, Opticalimages of anactuator viewed
fromabove (h) and below (i). j-0, Optical images (top row) and FEA results
(bottomrow) of an epidermal VR device under bending (j, m), folding (k, n) and
twisting (I, 0). The colourinm-o represents the equivalent strain, and the
insets show the areas withrelatively high strainlevels. See Methods for details.

platform, which we refer to as an epidermal VR interface. The con-
struction takes the form of a multilayer stack that includes (1) a thin
elastomeric layer as a reversible, soft, adhesive interface to the skin,
(2) asilicone-encapsulated functional layer that supports a wireless
control system, ameans for receiving wirelessly transmitted power, and
aninterconnected array of actuators with associated drive electron-
ics,and (3) abreathable, stretchable fabric coated with an thin film of
silicone, asaphysically tough but skin-conformal supporting substrate
with strain-limiting mechanics to prevent damage to the functional
materials and components. For aesthetics, a coating of silicone that
incorporates skin-tone colouration and/or graphics can beincluded on
the outward facing side of the fabric, or such features canbe incorpo-
rated directly into the fabricitself. The electronics part of the functional
layer consists of a collection of copper (Cu) traces encapsulatedin poly-
imide (PI) and formed in narrow, filamentary serpentine geometries
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Fig.2|Optimized operation of key electrical and mechanical components of
anepidermal VRsystem. a, Normalized amplitude-frequency response of a
hapticactuatorin contact withaskin phantom.b, Travel amplitude of the
magnetasafunctionoftheinput power (data points) for an actuatorin contact
with skin phantoms with elastic moduliof 130 kPa. Here, and in ¢, the symbols
andlines correspond to experimental and mechanics-simulated theoretical
results, respectively.c, Dependence of the resonance frequency on the
elasticmodulus of the skin phantom (data points), over arange relevant for
humanskin.d, Schematicillustration ofanepidermal VR device withan

according to quantitative design rules in stretchable electronics®™.
These traces interconnect a collection of small, chip-scale integrated
circuit components and passive elements, including magnetic radio
frequency (RF) loop antennastructures, resistors, capacitors, rectifiers
and integrated circuit (IC) switches. System-on-a-chip (SoC) ICs that
include microcontrollers with capabilities in near-field communication
(NFC) and general input/output functionality (Fig.1b—d) serve as con-
trolinterfaces to a distributed set of mechanical vibratory actuators,
referred to in the following as haptic actuators.

Supplementary Fig. le-i shows schematic diagrams and opti-
calimages of these actuators. Here, time-dependent Lorenz forces
(Extended DataFig.1) follow from the passage of atime-varying current
through a coil that surrounds a permanent magnet. The shell of the
actuator consists of aring-shaped elastomeric structure that provides
space for the magnet to travel freely in the out-of-plane direction. A
thin disk of Pl mounted on top of the PDMS ring and laser-cut with
asemicircular slit serves as a bonding location for the magnet. This

SAR (W kg™")
- . .
0 0.006

intermediate coil above atransmissionantenna. e, Power harvested fromthe
primary coil ofanepidermal VR device with and without anintegrated
intermediate (‘inter.’) coil, asafunction of distance in the Zdirection. Here, and
inf, thelinesare guidestothe eye.f, Power harvested from the primary coil of
anepidermal VR device with anintermediate coil after power regulation, for
various RF powers applied to the transmission antenna (4-12 W; see key).

g, h,Schematicillustration of arepresentative epidermal VR system mounted
onthebody (g), and the SAR distribution (h).Inb, ¢, e, f,error bars correspond
tothe calculated standard deviation.

construct forms a cantilever-like platform, capable of actuation via
interactions between the magnet and current flowing through the
coil at the base of the ring. These basic designs can, in principle, be
extended to length scales that characterize the separation of mecha-
noreceptorsinthe skin of the arms, chest, back and legs (Supplemen-
tary Fig. 2). Moreover, miniaturization of this type of actuator by an
order of magnitude increases the acceleration of the magnet during
vibrationby more thanafactor of three for the same electrical power,
such that the same contact pressure can be achieved by reducing the
radial and thickness dimensions of the magnet by a factor of 10 and
3, respectively. As aresult, further decreases in power consumption
mightbe achievable by reducing the sizes of the actuators. (See details
of scaling simulations in Methods.)

Careful optimization of the materials and designs of these actuators,
guided by computational modelling, allows for power efficient opera-
tion as skin-coupled hapticinterfaces. The diameter and thickness of
the Pl disk and the layout of the slit, the geometry of the PDMS ring,
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Fig.3|Wireless control strategies for epidermal VR systems. a, b, Circuit
diagramforanepidermal VRdevice, including alarge primary coil for power
harvesting (a) and several control modules (b), each of which consists of asmall
antennaandanSoC, alongwith eight haptic actuators controlled by eight IC
switches, independently. GND, ground; A, actuator; S, IC switch; C,SoC.c,
Schematic diagram (left) and working principle (right) of an IC switch. The ON/
OFF of the output voltage of the IC switchis controlled by GP /O ports on the
SoC.d, Diagram of the command interface that supportsindependent control
overevery actuator in the system. Each of the eight GPI/O portsineachSoCis

the type and size of the magnet, and the configuration of the coil can
beselected tosatisfy requirements relevant to body-interfaced opera-
tion, across many mounting locations and body types, as outlined in
quantitative detail in Extended Data Figs.1-4. Frequencies in the range
between 100 Hzand 300 Hz are of greatest interest because they pro-
vide the strongest sensations on human skin, owing to the intrinsic
nature of the responses of the mechanoreceptors™2, Here, amplitudes
as small as several micrometres can yield distinct tactile responses™.
Adjusting the angular extent of the slitin the Pl disk presents asimple
means to tune the resonant frequency of the actuator (Extended Data
Figs. 2,3) to a value of 200 Hz for operation on a skin phantom with
an elastic modulus of 130 kPa. With optimized designs, these types of
hapticactuators require only about 1.75 mW toinduce anotable sensory
responses on the fingertips and hands, with a corresponding amplitude
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defined by aone-byte command, such that 8 x nactuators canbe initiated in
any form by a portfolio of nbytes. The dashed coloured boxes represent
differentSoCs. e, Response time of actuators controlled by four SoCs. The
coloured plots represent different output signals of the actuators. f, A
magnified view of the time required to switch from one actuator to another.
g, Softwareinterface of the control system. h, Three representative working
frequencies for hapticactuatorsinanepidermal VR platform:100 Hz,200 Hz
and300Hz.

of approximately 35 um (Supplementary Videos 1, 2; Fig. 2b), without
parasitic heating effects (Supplementary Fig. 3) and with the option of
full system operation with small batteries. By comparison, widely used
commercially available vibration actuators/motors (eccentric rotating
massactuators, linear resonant actuators and piezoelectric actuators)
inconsumer gadgets typically require >100 mW. Figure 2c and Extended
DataFigs. 3,4 summarize the dependence of the resonance frequency
on the modulus of the phantom, from 60 kPa to 200 kPa. The results
suggest a weak, almost negligible, variation in frequency over modu-
lus values that span those characteristic of skin at different ages and
across different regions of the body. The amplitude increases linearly
with input power for all modulus values (Extended Data Figs. 3e, 4e).
The motion of theactuator involves a vibrational deflection along the
cantilever beam in a way that directly, and indirectly through inertial
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Fig.4|Examples of applications of epidermal VR systems. A, Social media
application:a,agirltouchesascreenthat displaysavideo feed of her
grandmother, whois wearing an epidermal VR device on her hand and herarm
(inset photograph); b, adynamicillustration of the pattern of ‘virtual touch
process’and ‘sense of virtual touch’. B, Prosthetics application: a,amanwitha
lower-arm amputation wears a prostheticarmwitharobotichand and an
epidermal VR device on his upper arm; b, ¢, the device produces a haptic

effects, couples to the skin. Careful optimization minimizes mechani-
cal cross-talk between adjacent actuators (Extended Data Figs. 4f, 5).

These actuators connect to associated antenna structures and
electronic components through conductive traces with designs that
minimize strains and resistive losses and, at the same time, operate
without failure under afull range of bending and twisting motions. As
withactuator design, 3D finite-element analysis (FEA) techniques guide
selection of the interconnect geometries and the overall system layouts
(see Methods for details). The result is a soft, deformable platform
capable of establishing a comfortable, non-irritating interface to the

Person on the screen wears

VR device

} Sense of virtual touch

pattern of sensation (‘think and feel’) that reproduces the shape characteristics
of objects (‘feedback’) held in the robotic hand (‘sensing’). C, Gaming
application:a,amanwears several epidermal VR devices on different parts of
hisbody; b-f, devices activate when astrike occurs on the corresponding body
partofthe game character, namely, the hand (b), elbow (c), arm (d), chest (e)
and back (f).

skin, across nearly any region of the body™ . Computed distributions
of strainin the copper and corresponding optical images in Fig. 1j-o
show results for bending, folding and twisting. The equivalent strains
remain below the elastic limit (0.3%) for a bend of about 145° (with a
bending radius of approximately 5.1cm), afold of about 150° (folding
radius approximately 5 cm) and a twist of about 50° (ref. '°). (Fig. 11
shows a ‘bend’, Fig. 1k shows a ‘fold’.) The overall shapes of the plat-
forms canbe designed to harmonize with anatomical features; exam-
plesinclude ‘flower’, ‘oval’, ‘peanut’, ‘triangle’ and ‘butterfly’ shapes
(Supplementary Fig. 2).
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NFC protocols serve as the basis for operation and coordinated con-
trol, with modes that are difficult or impossible to reproduce with
battery-free far-field techniques”. Power delivery and datacommunica-
tionuse different antennas, designed to allow independent operation
without interference (Extended Data Fig. 6a, b)*®. A large primary coil
that exploits the full perimeter of the device platform harvests the
power needed to operate the entire collection of actuators. Separate
small antennas serve as wireless interfaces and power sources for each
ofthe SoCs, each one of which supportsindependent control over eight
actuators. Means for efficient harvesting and utilization of power are
critical aspects of system design'®'°. Most envisioned applications
require wireless power transfer over distances of at least tens of cen-
timetres, to allow integration of the RF power transmission antenna
into the base of a chair, desk or bed™. As summarized in Extended Data
Fig. 6¢-i, the operating distance (2) of aVR device (usingal2cmx12cm
square serpentine coil as the primary coil with a Qfactor of 20, and 32
actuators all working at a set power of 1.75 mW) oriented parallel to
the antennais about 30 cm and 45 cm for transmission antennas with
respective dimensions of 31.8 cm x 33.8 cm and 85.2 cm x 62.0 cm,
and aninput power of 12 W to the transmission antenna. The distance
Zcanbeincreased by increasing the power, optimizing the size of the
transmission antenna and/or by decreasing the power consumption
of the system by reducing the sizes of the actuators.

Addition of an intermediate, single-loop coil (20 x 20 cm; tuned
to 13.56 MHz) incorporated directly into the device (Fig. 2d, Supple-
mentary Fig. 4) further improves this range by locally increasing the
strength of the magnetic field by a factor of about 10 (Extended Data
Fig. 7). Figure 2d compares the power harvested by the primary coil
as a function of position Zfor cases with and without the intermedi-
ate coil, using a transmission antenna (85.2 cm x 62.0 cm) powered
at12 W. The intermediate coil increases the magnetic field strength
by about 16 times for Z=30 c¢cm, and by about 11 times for Z=50 cm.
The correspondingincreasesinreceived power are approximately 2.5
times for Z=30 cm, and 4.5 times for Z=50 cm, influenced by the load
(resistance) of the device?. The working range can reach 80 cm. An
active power regulation system enabled by a linear voltage regulator
ensures consistent operation throughout this full range of distances.
Figure 2f highlights the ability to deliver a fixed output power from
the primary coil of the device into aload resistor (2 kQ) for operation
of the transmission antenna at powers between 4 W and 12 W across a
range of distances. The power output is stable for tilt angles up to 60°
and after more than 10,000 cycles of bending to a radius of 2.8 cm
(Extended DataFig. 8, Supplementary Fig.5). Asshownin Fig. 2g,hand
Supplementary Fig. 4, the mode of operation complies with guidelines
outlined by the Federal Communications Commission (47 CFR Part
1.1310 and 15) and the Federal Drug Administration in terms of both
the specific absorbed radiation (SAR) and the maximum permissible
exposure (MPE). The maximum value of the SAR is 0.006 W kg™ (Fig. 2h),
substantially less than the exposure limit* of 0.08 W kg™. The maxi-
mum computed equivalent power density of electromagnetic fields
is 0.8 mW cm™ (Supplementary Fig. 6), which is below the MPE limit®
of approximately 4.9 mW cm™.

Theblock diagraminFig.3a, bsummarizes the system architecture
and overall operation. The first part harvests power through a primary
coil (Fig. 3a) via the transmission antenna. This power passes througha
linear voltage regulator to provide afixed, direct-current voltage (V,
where CC indicates common collector) to all of the haptic actuators.
The second part provides control and communication via an array
of interconnected SoCs, each with a separate small control antenna,
and with operational control over eight haptic actuators through its
general purpose input/output (GP I/O) ports (Fig. 3b). These ports
generate square-wave signals by alternating the output of each GP
1/0 between its high and low settings, at programmable frequencies
between 100 Hzand 300 Hz. AnIC switch associated with each actuator
(Fig.3c) transforms V. into asquare wave defined by the corresponding
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GP1/0, and this signal serves as input to the actuator. In this way, one
SoC/IC switch combination allows for control/operation of eight actua-
tors, simultaneously and independently. Scaling this architecture to
include multiple unit cells of this type yields systems with arbitrarily
large numbers of actuators, without limitation.

Wirelessly writing the necessary NFC Data Exchange Format (NDEF)
messages into each SoC via the transmission antenna, which serves
simultaneously as an RF reader, defines the output frequency to each
haptic actuator, thus programming the entire system for operation.
Unlike conventional multiplexing approaches to controlling actuators,
acomputer interfaced to the reader collects information on the iden-
tification codes for each of the SoCs inthe system, thereby identifying
every GP1/O portand hapticactuator. Aone-byte message sets the ON/
OFF command for each of the eight GP I/O ports on each SoC. All GP
1/0 portsare controlled independently. Anentire system with 32 haptic
actuators (4 SoCs, each with 8 GP 1/0s) can be controlled in a single
communication of four bytes—for example, acommand of ‘FF FF FF FF’
sets all of the actuators to ON (Fig. 3d), and acommand ‘0100 00 00’
sets to ON the actuator connected to the first GP I/O of the first SoC.

The time required to change from one system configuration to
another isin the millisecond regime, asshowninFig. 3e, f, whichis about
50 times faster than the reaction time to tactile stimulation®. A graphi-
calinterface withatouchscreen, asinFig.3g and SupplementaryFig.7,
allows a user to change patterns of actuation rapidly and, separately,
to select the amplitudes and frequencies of the vibratory responses.
An array of 32 lasers provides a means to visualize operation at the
system level, via projection of individual beams reflected from each
of the haptic actuators and onto a monitoring screen (Extended Data
Figs.9,10 and Supplementary Video 3). Recordings from a high-speed
camerareplayed at16.7x and133x slow motion reveal the time dynam-
ics of the vibratory motions of the actuators and their programmed
control (Supplementary Video 4).

Thetransmission antennas and devices can be configured in various
ways for different use scenarios (Supplementary Fig. 8). Replacing the
IC switches with high-power compliance transistors and modifying the
cantilever designs improves the power delivery to the actuators and
increases their vibratory bandwidths and amplitudes, for enhanced
sensation across differentbody types and anatomical locations.A sin-
gle-stage voltage regulation scheme conditions the power-harvesting
efficiencies of receiving antennas with different form factors. Figure 4A
summarizes a possibility in virtual interactions via social media. Here,
agirl virtually touches her grandmother’s hand through an interface
on the screen of alaptop that simultaneously displays a video/audio
feed. In this example, two epidermal VR devices are mounted on the
grandmother, who experiences a haptic sensationin the formof a con-
tinuous wave of vibratory excitation extending sequentially down
fromher forearmto her hand in a spatio-temporal pattern of touch to
match that of the granddaughter’s fingertips on theimage on the touch
screen. A second representative application is in tactile feedback for
use of robotic prosthetic devices. Figure 4B shows aman, whose lower
arm has been amputated, with an epidermal VR device on his residual
limb as he uses a prostheticarmto grasp objects. Here, sensors on the
prosthetic detect the shape of the object and this information serves
as input to create a virtual haptic representation of the shape on his
upper arm. The third application is in haptic engagement in gaming.
Inthe example of Fig.4C, agamer wears several epidermal VR devices
across differentlocations of the body. As a strike occurs in this combat
game, haptic actuation reproduces the pattern of theimpactata cor-
responding location.

The epidermal VR systems introduced here exploit thin, soft archi-
tectures capable of laminating directly onto the skin as a platform for
programmable control of large arrays of miniaturized haptic actua-
torsinwireless modes of operation and with lightweight, battery-free
designs. This class of technology is qualitatively distinguished in form
and function over previous attempts at programmable haptic interfaces



to the body. Comprehensive experimental and computational stud-
ies of the various subsystems in these platforms yield a basic under-
standing of their operation and a set of guidelines for design choices.
Demonstrationsin social mediainteractions, prosthetic feedback and
video gaming are representative of abroad spectrum of potential appli-
cations, which also include systems for personalized rehabilitation,
surgical training, educational feedback, and multimedia entertainment
experiences. Many opportunities exist toimprove the performance of
these systems by increasing the strength of mechanical actuation at
the skininterface.
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Methods

Fabrication of the system of electronics

Asheet of polyimide (PI,12.5 pum) coated with a thin layer of copper (Cu,
50-200 pmwide and 18 um thick) served as the substrate for the antenna
structures and the electricalinterconnects. Photolithography and etching
yielded patterns of Cuinthe desired geometries. For systems smaller than
4inches x 4 inches, the process used a positive photoresist (AZ P4620,
AZ Electronic Materials) spin-cast at 3,000 r.p.m. for 30 s, soft baked on
ahot plate at 110 °C for 4 min, exposed to ultraviolet (UV, wavelength
350-400 nm) light toadose of 500 mj cm ™, and developed for-70sina
basic solution (AZ 400K/deionized (DI) water in a1:3 volume ratio). For
systemslargerthan4inches x4 inches, the process used dry film photore-
sist (Dupont, 38 pm thick), bonded onto the Cu foil by aroll laminator at
110 °C, soft baked on a hot plate at 110 °C for 4 min, exposed to UV light
toadose of 500 mJcm™, postbaked onahot plateat 110 °C for2 minand
developed for~180 s in abasic solution (MIF 917/DIwater inal:1 volume
ratio), and wet etched (CE-100 copper etchant, Transene) for -2 min with
frequentrinsing with Dlwater. Inboth cases, the photoresist was removed
by acetone and the substrates were then rinsed with DI water.

Fabrication of the haptic actuators

The first step involved placing a Cu coil (wire diameter of 50 pm, with
300 turns to form a coil with an inner diameter of 3 mm and an outer
diameter of 14 mm (Yisu Electronics, Inc.)) in the centre of an acrylic
mould (mould 1) with asilicone release reagent (Clearco Product Co.,
Inc.). Pouring a prepolymer to poly(dimethylsiloxane) (PDMS; Sylgard
184, Dow-Corning; 10:1 weight ratio of prepolymer to crosslinker) into
mould1submerged the Cu coilunderalayer of PDMS with modulus of
~1MPaand thickness of 0.2 mm. Baking inan ovenat 70 °Cfor1lhcured
the materialinto asolid, elastomeric form. Next, filling with additional
PDMS prepolymer, and mountingin asecond, matching mould (mould
2) heldin place with set screws prepared the assembly for asecond cur-
ing step (overnightinanovenat 70 °C) to seal the coil structure in PDMS
(-1MPa; inner and outer diameters of 18 mm and 12 mm, respectively;
thickness of 2.5 mm), shaped to meet the design requirements. The
dimensions of the resulting PDMS ring with coil in its base, formed by
release from moulds1and 2, were: 2.4 mm in thickness and 18 mm in
diameter, with an inner cavity of 2.2 mm depth and 12 mm diameter
(Extended Data Fig. 2). The second part of the actuator consisted of a
permanent magnet (nickel-plated neodymium magnet, diameter of
8 mm, thickness of1.6 mm) mounted ona Pl disk. Laser cutting formed
circular shapes with diameters of 18 mm from sheets of PI (125 pm thick,
DuPont) and semicircular slits with diameters of 8 mm and central
angles of 217° (Extended Data Fig. 2). A strong double-sided adhesive
(Kapton, DuPont) attached adisk-shaped magnet (nickel-coated neo-
dymiummagnet, diameter of 8 mm, thickness of 1.6 mm, weight 0.6 g,
Bunting Magnetics Co.) on the cantilever part of the Pl disk (18 mm
diameter, 125 pm thick). The final step involved bonding the Pl disk,
with the magnet mounted on the back side, on top of the PDMS ring
with asilicone adhesive (Kwik-Sil, WPl Inc.). Each completed actuator
weighs1.4g. The frequency of the currentinput to the coil defined the
frequency of vibration of the magnet. The magnitude of the current
was controlled at a set point (-5 mA for experiments reported here).

Scaling simulation of the haptic actuators

Careful selection and optimization of various parameters of the actua-
torsandtheentire VR system focused partly on generating a sufficiently
strong alternating magnetic field with the Cu coil to excite suitable
vibrations of the magnet. According to the magnetic field distribution
around the Cu coil®, the acceleration a of the magnet can be expressed as

a A lPinputSNn Dhlsltel’

(Dguter + dz)l.s

where P, is theinput power, Sis the cross-sectional area of the cop-
perwire, Nisthe layer number, nis the turnnumber of each layer, D,
is the outer diameter of the Cu coil, and dis the distance between the
Cu coil and the magnet (Extended Data Fig. 2). Further, the contact
pressure p can be expressed as

p=aph

where p and hare the mass density and the thickness of the cylindrical
magnet, respectively. The pressure distribution on the skin associ-
ated with operation of the actuator can be calculated by FEA, as in
Supplementary Fig. 9. These results suggest that the force fapplied
on the skin for an actuator with input power of 1.75 mW is 135 mN,
from f = [,pds. To examine the effects of miniaturization, we fix
Pipu» Nand S, and reduce D, and d by 10 times. An example of
miniaturization involves decreasing n by 10 times with S fixed.
As aresult, the acceleration of the magnet increases by ~3.6 times
for the same power input, such that the same contact pressure
can be achieved by reducing the radial and thickness dimensions
of the magnet by a factor of 10 and 3, respectively. The size of other
components in the actuator can be adjusted according to the size of
the Cu coil.

Device integration and assembly

Low temperature solder joints bonded and electrically connected all
of the components, including the SoCs (RF430FRL15xH NFC, Texas
Instruments), jumper wires (resistors, O Q, Stackpole Electronics,
Inc.), capacitors (10 nF to 2.2 puF, Murata Electronics North America),
diodes (SMP1345, Skyworks Solutions, Inc.), power regulator (L78L,
STMicroelectronics), IC switches (74LVC1G384, Nexperia BV), jump
wires and haptic actuators to corresponding contact pads on the Cu/
Plsubstrate. A thin (~0.2 mm) coating of an ultra-low-modulus silicone
material (0.1 mm Silicone C, Silbione, ~3.0 kPa, llkem Silicones) on a
stretchable fabric substrate (Spandex) served as an adhesive between
the cloth and the electronic/haptic platform. Casting and curing alow
modulus formulation of PDMS (Silicone B, PDMS, ~60 kPa, Sylgard 184,
Dow-Corning) formed a uniform encapsulation layer (2.5 mm thick)
over the electrical connections. A layer of skin-coloured PDMS (Sili-
cone A, PDMS, ~0.2 mm, ~60 kPa, Sylgard 184, Dow-Corning) aligned
and bonded on top of the device acted as the top encapsulation layer.
These soft silicone coatings provided reversible adhesion to the skin,
with an adhesion energy of ~90 N m™ for hairless areas and ~-80 N m™
for hairy areas (Supplementary Fig. 10). Thin PI (12.5 pm) layers with
the same dimensions as the cantilever beams in the haptic actuators
were aligned and placed on top of the actuators before covering the top
encapsulation layer, enabling the magnets to have freedom for vibra-
tory motions. The total weight is 130 g for a system with 32 actuators
inasquare array, 40 g for the flower shaped device, 38 g for the oval
shaped device, 81gfor the peanut shaped device, 99 g for the triangle
shaped deviceand 120 g for the butterfly shaped device. Supplementary
Fig. 11 shows that the water vapour transmission rate (WVTR) of the
silicone/fabric sampleis ~0.55g h™ m™. The WVTR of a similar sam-
ple, but with perforating holes (1 mm diameter and 8 mm pitchina
square lattice, with a hole area fraction a of ~-1.2%) is -3.69 gh " m,
whichis comparable to that of a conventional breathable waterproof
bandage (5.72gh™ m™) and somewhat smaller than that of a standard
cloth bandage g (9.15 g h™ m™) (Mannings, Hong Kong). We estimate
that the complete epidermal VR device, with all of the impermeable
active components and interconnects, canaccommodate perforations
at an overall areal density of a =1.2%, comparable to that of the test
structure. Asaresult, the WVTR for a system with perforations at this
density should alsobeintherange of 3-4 gh™m=. These epidermal VR
devices can be worn on the skin (including hairy areas) for extended
periods, with various levels of physical activity, withoutirritation (Sup-
plementary Fig.12).



Mechanics simulation of the epidermal VR device

The commercial software ABAQUS (v6.10) was used to study the
mechanics of the devices. The layouts of the chips and the shapes of
the interconnects were optimized to decrease the strain/stress level
andtoavoid entanglements in the interconnects under different types
of externalloads (bending, folding and twisting) (Fig. Im-o0). The reso-
nance frequency of the actuator was tuned to 200 Hz (the frequency to
which humans are most sensitive) by designing the central angle 8 of
thePllayerintheactuator (Fig.le, Extended Data Fig.2) toincrease the
vibrationintensity. The arrangement of the actuators was optimized to
decrease the mutual interference between them by adjusting their rela-
tive angles (Extended DataFig. 5). The fabric cloth, Silicone A, Silicone
B and Silicone C, PDMS, phantom skin and magnet were modelled by
hexahedron elements (C3D8R) while the thin copper and PI film were
modelled by composite shell elements (S4R). The number of elements
in the model was ~3 x 107, and the minimal element size was 1/6 of the
width of the narrowest interconnects (50 im). The mesh convergence
of the simulation was guaranteed for all cases. The elastic modulus
(E), Poisson’s ratio (v) and density (p) are as follows: E ., =391 kPa,
Veloth = 0'4' Pcioth = 0.96 x 103 kg m—3; ESiIicone_A =60 kPa' vSi[icone_A = O'Srp
Silicone_A =0.96 x 103 kg m_3; ESi]icone_B =60 kPa' vSilicone_B = 05' pSiIicone_B =0
96 x10° kg M™; Egjicone c = 3 kPa, Vsjicone ¢ = 0.5, Psiticone.c = 0.96 x 10° kg
m3; Eppus = 1 MPa, Vppys = 0.5, Prpus = 0.96 X 10° kg m3; E,;, =130 kPa,
Vakin = 0.5, Psin = 1.05 X 10° Kg M} Epagner = 113 GPA, Vyyugnee = 0.34,
Prmagne: = 8.08 x10° kg m™>; Ep, = 2.5GPa, vy, = 0.34, pp = 0.91x10° kg m™;
and E., =119 GPa, v, =0.32, p,=8.96 x 10 kg m™>.

Electromagnetic simulation of the epidermal VR device

The finite-element method was used in the electromagnetic simula-
tions to study the magnetic field around the transmission antenna,
primary coil, NFC coil, Cu coil (in actuators) and intermediate coil.
The simulations were performed using commercial software Ansys
HFSS 15 (Ansys Inc.), where the lumped port was used, and the port
impedance was set according to the matching capacitor (see below).
An adaptive mesh (tetrahedron elements), together with a spherical
surface (2,000 mminradius) as the radiation boundary, were adopted
toensure computational accuracy. The electromagnetic parametersin
the material library of Ansys HFSS were used in the simulation.

Characterization of the intermediate coil

Theresistance R and inductance L of an intermediate coil (using cop-
per wire 0.7 mm in diameter) with dimensions 20 cm x 20 cm were
measured with animpedance analyser. The results agree with simu-
lations (Extended Data Fig. 7e, f). Addition of a matching capacitor
with C=168 pF yields aresonant frequency fof ~13.56 MHz (usingf=1/
[2r(LC)°*]). The Qfactor of the intermediate coil, defined by Q=2mfL/R,
is~200 at afrequency of 13.56 MHz (Extended Data Fig. 7g).

Electromagnetic simulations for SAR and MPE

The system utilizes RF at 13.56 MHz, a frequency where biological
tissues exhibit negligible absorption. The position of the body, there-
fore, has little effect on the operation, and the system functions well
with a variety of obstacles in the environment, even including metal
features, owingto the magnetic nature of the wireless link. FEA (using
Ansys HFSS 15) was used to determine whether the epidermal VR
platform operates within the specific absorbed radiation (SAR) and
maximum permissible exposure (MPE) requirements outlined by the
Federal Communications Commission (FCC) CFR Part 1.1310. The
maximum transmitting power (12 W) of the transmission antenna
(852 mm x 620 mm) was adopted in the simulation. The impedance
of the circuit part is equivalent to a170-Q (the minimal load of the
VR system) resistor, measured in the experiments, in series with the
primary coil. The distance between the body and the coils/antennas
of the epidermal VR system is 3 mm, which is the distance when the

epidermal VR system is mounted onthe body. The density of the body
is taken as 1,000 kg m™.

NFC protocols, software control and system operation
Programming each SoC (RF430FRL15xH, Texas Instruments) with the
Code Composer Studio (CCS) enabled the generation of square wave
signals by alternating the output of the GP I/O port between its HIGH
(high voltage output) and LOW (zero voltage output) settings. The
frequency of the resulting square waves can be adjusted from 100 Hz
to 300 Hz in a user-definable way through the software interface
through changes in the SoC program. Each SoC controls eight sepa-
rate GP 1/0 ports, and each of these can be controlled independently.
The programincorporated an interrupt mechanism as the control on
and off for the square wave. Writing a specific hexadecimal value into
a particular register on the SoC activated the GP I/O port to gener-
ate the square wave signal. Writing any other hexadecimal value into
this same register deactivated the port. As such, the interrupt acts as
the control mechanism for the square wave. Other hexadecimal com-
mands initiated data transfer via NFC Data Exchange Format (NDEF)
messages. The necessary NDEF messages can be written into the SoC
with a transmission antenna that operates at 13.56 MHz (FEIG, ID ISC.
LRM2500-A), with an output power between1W and12 W and the abil-
ity to interface to a computer/laptop via a USB port. The reader, con-
nected toa computer/laptop, in this manner served as aninterface to
control the writing process using a custom graphical user interface.
The software interface displays the connection status of the reader
with the computer. Each virtual button (pixel) on the touch panel is
associated with a 4-byte command. Control of each actuator can, in
this way, be achieved without any interference or cross-talk. To avoid
time delay, sequential operation was programmed into the SoC, lead-
ing tomillisecond response times. SoCs can be differentiated from one
another by their unique ID numbers (Supplementary Fig. 5). In this way,
control of multiple SoCs can be accomplished without uncertainties
indirectionality in RF transmission.

Visualization of system level operation using an array of 32
lasers

The measurements relied on a custom-built system with an array of
32 lasers. Each laser beam (635 nm, 2 mW continuous wave) reflects
from asmallreflective disk (0.15-mm-thick pieces of glass of diameter
8 mm, coated with10 nm Crand 100 nm Au) mounted ona correspond-
ing haptic actuator in the epidermal VR system. The full collection of
reflectedbeams projects onto amonitoring screen to allow direct visu-
alization of the spatial patterns of activation, as well as the amplitudes
and orientations of the vibratory motions of the cantilevers associated
with the actuators. The long light path geometrically converts the
small amplitude vibrations of the actuators into large motions of the
reflected spots, for easy visualization. An optical system of mounting
stages allowed adjustment of each laser beam, including its incident
angle, tilt angle and distance from the actuators. Each of the 32 laser
modules was held by an angle post clamp, enabling an independently
adjustable laser pattern to be configured. Once a laser module was
adjusted to the proper position, the angle post clamps were fixed.

In this customized system, six horizontal posts supported the 32
laser modules: two of the posts supported four modules, the rest each
supported six modules. The six posts were arranged one above the
other, and this array was mounted on two vertical posts by angle post
clamps. The two vertical posts were fixed on a solid aluminium optical
breadboard (Extended Data Fig. 9a). Careful adjustments yielded a
pattern of laser beams that were aligned with all the haptic actuators
across the device.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Data availability

All data are contained within the manuscript. Raw data are available
from the corresponding authors upon reasonable request.

Code availability

Custom code used in this study is available from the corresponding
authors upon reasonable request.
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Extended DataFig.1|Study of the magneticfield strengthinanactuator. a,
Distribution of the normalized magnetic field strength (H) around the Cu coil
(300 turns) used inthe actuator, where dis the distance between the Cu coil and
themagnet. The dashed white circles correspond to the holesinthe Cucoil.b,
Normalized magnetic flux (®/®,_,) through the haptic actuator versus the
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Extended DataFig.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.b-d, Opticalimages and normalized amplitude-frequency curves of
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Extended DataFig.3|Optimization ofthe actuator. a, Cross-sectional
schematicillustration of anactuator in contact with skin. b, Theoretical results
oftheresonance frequency of actuators showninaversus the central angle 6 of
thePlhandlinglayer. The dashed linesindicate the resonance frequency of
200Hzat6=217°.c, Comparison of experimental (E; datasymbols) and
simulation (theory, T; lines) results. d, Experimental results of the normalized

amplitude-frequency curves of the actuator (§=217°) in contact with skin, for
different values of skin elastic modulus: 60 kPa, 130 kPaand 200 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 60 kPa,
130kPaand200kPa.Inc, e, error barscorrespond to the calculated standard
deviation.
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Extended DataFig.5|See next page for caption.
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Extended DataFig. 5| Mutual interference study of anactuator array. a,
Mutualinterference of two actuators at different relative angles @ at 200 Hz.
Tworepresentative 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 actuator1was actuated. Theamplitude ratio, thatis, the amplitude
ofactuator 2 over the amplitude (induced by mutual interference) of actuatorl,
showninthe table demonstrates that a=45°,90°and 270° resultin relatively
small mutualinterference for both representative cases simultaneously.

b, Mutualinterference of two small actuators at different relative angles a at
theirresonant frequency of 200 Hz. The size of the actuators and the distance
betweenthemwere scaled to1/10 of the original designasshownina, thatis,
the distance betweentwoactuatorswas 2.1mmrather than21mm. Here the
thickness of the Pldisk was setat1.8 pmto enable the resonant frequency for

the smallactuator tobe 200 Hz. Two representative cases were studied, with
oneactuator (no.1) positioned along (left) or perpendicular to (right) the
bisector of the other actuator (no.2). Here only actuator 1was actuated. The
amplitude ratios (actuator 2 toactuator 1) due to mutualinterference are
showninthetable.c, Optimization of the actuators’ arrangement. The mutual
interference amongactuators was studied for = 0°, a=45° and acombination
of90°/270° referring to the simulation resultsin a, and for representative cases
whenactuators A (around the centre), B (near the boundary) and C (near the
corner) are actuated separately. Theresults show thata=90°/270°yields the
smallest mutual interference (see tables under). The number gives the
amplitude ratio due to the mutual interference among the actuators—thatis,
theamplitude of all actuators over the amplitude of the activated actuator—
wherelrepresentstheactivated actuator.
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Extended DataFig. 6| Study of the key electrical components of the
epidermal VRsystem. a, Interference between the primary coiland NFC
antennas. Shown are schematicillustrations of a primary coil with (left) or
without (right) four NFC antennas along the Zdirection of the transmission
antenna.b, Comparison of experimental (E) and theoretical (T) results of
voltage induced by asingle primary coil versus a primary coil with four NFC
antennas. ¢, d, Transmission antennas used for operating the VR devices: c,
smallsize, 318 mm x 338 mm; and d, large size, 620 mm x 852 mm. e, An

o

anh NFC coﬂslvwnhout NFC coils
o -
© o
©
k |

o
[

e
3

10 20 30 40 50 60 70
Z (cm)

e Z)

N\ J
S/

9 ¢
2 1.0
o —— Small RF reader
%08 Large RF reader
°
o 0.6
|
2 0.4+
S
T 0.2
N
g o0l
5 0O 20 40 60 80 100 120
z Z (cm)
I 500
Large RF Reader |
400+ 3
g [
c 300+ ?
> a
[
5200 -]
o 2
100+ °
9
0 . S a a

0 20 40 60 80
Distance Z (cm)

transmission antenna placedinthe X-Yplane. f, The magnetic field strength (H)
inthe Z-Xplane (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 (<24 cm) and long

(>24 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 the calculated standard deviation.
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a, Configuration of anintermediate coil (20 cm x 20 cm, wound with Cuwire
withadiameter of 0.2 mm) oriented parallel to the X-Yplane, atadistance Z
fromthe transmission antenna.b, Computational results for the magnetic field
distributioninduced by an RF transmission antenna tuned to resonance witha
receiver antennawith and withoutanintermediate coil. ¢, Comparison of the
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magnetic field strength along the Zdirection of the transmission antenna with
(W) and without (W/O) the intermediate coil. d, Amplification factor nalong
the Zdirection of the transmission antennawith and without the intermediate
coil.e-g, Simulationand experimental results for theinductance (e), resistance
(f) and Qfactor (g) asafunction of frequency.
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Extended DataFig. 8 | Mechanical characterization of the epidermal VR
system. a-d, Output power from the primary coil ofanepidermal VR device as
afunction of tilt angle x (a, geometry; b, data), bending radius, R (c) and
bendingcyclestoanRof2.8 cm(d). The distance between the device and the
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antennawas fixed at 20 cm for all measurements. e, Measured phase responses
oftheantennas used for wireless control over the SoCs as afunction of radius of
curvature. Theresonance frequency is13.56 MHz before bending. Bending

inducesonly very slight shiftsin these curves.
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Extended DataFig. 9| Visualization of system level operation using an array
of32lasers. a, Schematicillustration of acustom-builtlaser array system for
real-time visualization of the operation of acomplete epidermal VR system.
b-d, Thearray of lasers (b), the corresponding array of beams reflecting from
the hapticactuators, each mounted with areflective disk (diameter of 8 mm),
across anentire system (c), and their arrival at amonitoring screen (d).

e, Representative frames extracted from video recorded using a high-speed
camerato capture oscillatory motions of each of the laser spots. These motions
directly determine the motions of the cantilever-based actuators. f, Schematic
illustration ofalaser spot produced by projection of areflected beamontoa
screenduring the operation of theactuator. g, Representative frames
extracted fromvideo recorded using a high-speed camerashowing the
oscillatory motion oflaserspot1. h, Pictures of alaser spot on areflector that
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mountsonahapticactuator (left) and on the monitoringscreen (right). The
diameter of the laser spotis~3 mm. i, Calculated displacements of four
actuators determined from the measurement setup geometry and the
amplitude of motion of the laser spotsing, eand Supplementary Video 4. The
tracesareoffsetin the ydirection 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
ofthelasers andto shiftsin the resonance frequencies due toabsence of the
PDMS encapsulation layer for the devices measured using the laser technique.
Theresultsallow direct visualization and measurementof the vibration
amplitudes, direction and frequency of the cantilever beams associated with
eachactuator across the full array.
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Extended DataFig.10 | Pictures of the operation of an epidermal VR system, actuation, includingnumbers 0 to 9 and letters‘N’,‘A’,‘T’,‘U’, ‘R’ and ‘E’. We note

visualized with areflected array of 32 laser beams. Activation of agiven thatthe detailed shapes of the laser spots onthe screen depend critically on the
hapticactuator causes the correspondingreflected spot to transform froma positioning of each of thebeams across the corresponding reflectors mounted
circulartoanelliptical shape, owing to the vibratory motions (top row). The onthe cantilevered actuator structures.

resultsinthe lower three rows show representative spatial patterns of
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