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substitution
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Therich set of mechanoreceptors found in human skin'? offers a versatile engineering
interface for transmitting information and eliciting perceptions**, potentially serving
abroad range of applications in patient care’ and otherimportant industries®’.
Targeted multisensory engagement of these afferent units, however, faces persistent
challenges, especially for wearable, programmable systems that need to operate
adaptively across the body® ™. Here we present a miniaturized electromechanical
structure that, when combined with skin as an elastic, energy-storing element,
supports bistable, self-sensing modes of deformation. Targeting specific classes of
mechanoreceptors as the basis for distinct, programmed sensory responses, this
haptic unit can deliver both dynamic and static stimuli, directed as either normal or
shear forces. Systematic experimental and theoretical studies establish foundational
principles and practical criteria for low-energy operation across natural anatomical
variations in the mechanical properties of human skin. A wireless, skin-conformable
hapticinterface, integrating an array of these bistable transducers, serves as a
high-density channel capable of rendering input from smartphone-based 3D scanning
and inertial sensors. Demonstrations of this system include sensory substitution
designed to improve the quality of life for patients with visual and proprioceptive
impairments.

t6,7

Human skin has arich composition of afferent neurons. During physical ~ entertainment®’. Particularly compelling opportunities also exist

interaction with the skin, cutaneous mechanoreceptors (illustrated
inFig. 1a) elicit activity in these neurons and serve as the basis for the
identificationandlocalization of objects®*. An exciting recent direction
inbioelectronicsinvolves the development of systems that can engage
these afferents in a fast, programmable manner®™.,

In contrast with other peripheral nerves, somatosensory affer-
ents can be selectively and noninvasively activated through direct
interaction with the surface of the skin. As suggested by the emer-
gence of systems for virtual and augmented reality, capabilities
for fast, programmable manipulation of human sensory percep-
tion have wide-ranging applications in social media, gaming and

in therapeutic biomedical systems that apply these somatosensory
interfaces towards substituting and augmenting missing sensory
capabilities®.

Reaching the full potential of these applications will require the
engagement of both rapidly and slowly adapting (RA and SA, respec-
tively) mechanoreceptors'? (Fig. 1a,b). These specialized cells, by
coordinating with each other?" and with natural mechanical struc-
tures distributed throughout the skin****, mediate the perceptual
and emotional qualities of touch'. This paper introduces concepts
ofengineeringscience that enable targeting of the mechanical response
profiles associated with these receptors through a wireless, real-time
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Fig.1|Multisensory feedback withabattery-powered array of biointegrated,
bistable transducers. a, Diagram of skin mechanoreceptors and their
frequency responses. b, Modes of hapticactuation, illustrating targeted
mechanoreceptors. ¢, Disassembled view of the bistable transducer, featuring
skinasanintegral mechanical component. Theinset shows a photograph
ofthe original transducer (left) next toaminiaturized design (relaxed and
compressed states showninthe middle and right, respectively). Scale bars,

interface. Figure 1b illustrates the transmission of indentation, shear
and vibrotactile stimuli through different contacting elements that
include kirigami structures and cylindrical probes. The diversity in
modes of engagement, density of power delivery and efficiency in
operation of our small-scale mechanical transducers represent key,
enabling advances over alternative electrostatic'”'®, pneumatic'
and electromagnetic®'®*% approaches.

The foundational concept of this transducer, illustrated in Fig. 1c, is
the integration of skin as a central mechanical component, yielding a
bistable mechanism that recovers energy stored under compressive
loading. Detailed biomechanical studies establish principles for further
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2mm.d, Photograph of the transducer array mounted on the shoulder.
Scalebar,7mm. e, Photograph of the encapsulated interface mounted on
the neck.Scalebar,2 cm. f, An example of sensory substitution, with asystem
incorporatinganarray of transducers, accelerometers and 3D scanning
(smartphone). Each of these componentsis connected to each other using
the Bluetooth Low Energy protocol. g, Anexample of sensory augmentation,
withasystemapplied to detect objects outside the field of vision of the user.

miniaturization, as shown in the inset to Fig. 1c. Inductance-based
self-sensing operations also lead to greater efficiency as part of a
closed-loop control strategy. These features make it possible to
assemble flexible, lightweight, interconnected arrays, as pictured
inFig. 1d,e, with functional diversities that greatly exceed previous
reports®”, In demonstrations of this untethered, skin-conformable
array as a haptic interface for sensory substitution (examples shown
in Fig. 1f,g), smartphone-based sensory cues derived from 3D scan-
ning and inertial measurements yield perceptions that improve
performance in models of visual and proprioceptive sensory
impairments.
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Fig.2|Mechanical features of the transducer and therole of skinin
maintaining bistability. a, Disassembled view of the bistable transducer,
illustrating key mechanical components. b, Schematicillustrations, free-body
diagrams and potential energy associated with each state and transition (F,,
thereactive force of skin; 4, the holding force from the permanent magnet;
F.onwaco the force of contact between the armature and opposing surfaces; F;,
theforce applied by driving the coil with current; AE,;,, energy stored as skin
compression). The solid and faint traces correspond to operations with
negative and positive (or zero) currents, respectively. The potential energy is
calculated from simulations as the integral of force over the indentation depth.
¢, Theminimumapplied currentrequired to overcome the energy barrier
between each state plotted against the total indentation depth for arange
of Young’s moduli, £. The shaded regions correspond to the boundaries of

Bioelastic, bistable operation

The ability to store and release mechanical energy in skin arises from
three mechanically distinct components—the core, armature and
diaphragm (Fig. 2a and Extended Data Fig. 1). The core contains an

!
Forearm

Uppelr arm Nelck

bistability, outside which only one stateisattainable (monostable, compressed
orrelaxed). The symbols correspond to experimental evaluation of the
threshold on skin phantoms (bars show min-max; n =4).d, Phase diagram
forl.,; > «showingregionsacross the parameter space of skin modulus and
indentation depth for successful bistability. These regions are plotted for
differentlayer thicknesses, h. The points correspond to experimental results
from skin phantoms, for which transitions are observed for/.,; < 500 mA.
Theasterisk indicates conditions (A = 5mm) at which successful transitions
occurred over120,000 consecutive cyclesina96-h period. e, Mechanical
bistability evaluation onthree skinlocationsin n = 6 healthy individuals
(3male, 3female, ages 20-36 years; locations indicated on the horizontal
axis). Theindentation depth was adjusted using three harness variants.

electromagnetic coil embedded in a soft ferromagnetic (iron-cobalt)
cylinder, which serves to focus magnetic fields along its central longi-
tudinal axis and to reduce interference between closely spaced units
(Extended DataFig.3c).Iron-cobalt also appears as part of the armature
assembly, along withaneodymium permanent magnetand titaniumrod.
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This rodinterfaces with the skinas a linear shaft that translates through
the core. An elastomeric diaphragm, a composite of polydimethylsi-
loxane (PDMS) and magnetic nanopowder (MNP), encloses the top of
the structure. Each transducer couples to the skin through an adhe-
sive layer with rigid, twist-locking harnesses whose heights can be
adjusted to change the effective indentation depth of the armature
(Extended DataFigs.1and 2). To reduce mechanical mismatch between
therigid actuators and the soft, elastomeric adhesive layer, the bond-
ing areas of the harnesses are reinforced with composites of patterned
fibreglass mesh.

The core, armature and diaphragm, on mechanical coupling with the
skin, formabistable mechanism, inwhich energy stored by compress-
ingthe skinisreturned following transition to relaxed conditions. Inthe
compressed state (illustrated in Fig. 2b and Supplementary Video 1), the
magnetic field imposed by the permanent magnet, channelled through
the armature, magnetizes the soft ferromagnetic core. The strong
attractioninduced between these elements exceeds the reactive force
imposed by the skin, thereby maintaining compression without current
appliedat the coil. From this state, driving the coil with opposite polar-
ity to the permanent magnet substantially weakens its effect on the
core, thus allowing the skin to push the armature into the relaxed state.

In the relaxed state (illustrated in Fig. 2b), the elasticity of the skin,
along with aslight attraction to the PDMS-MNP diaphragm, prevents
the armature fromreverting without applied current. From the relaxed
state, driving the coil in alignment with the permanent magnet polar-
izes the armature and core, overcomes the compressive force of the
skin and drives the armature to transition back into the compressed
state. Using this bistable operation, the power unit dissipates energy to
transition between each state but not to persistently remaininany state.

Mechanical integration of the skin and bistable operation of the
transducer requires that: (1) local energetic minima exist at the com-
pressed and relaxed states and (2) polarization of the coil transiently
inducestransitions between these states (see potential energy graphs of
Fig.2b). Across arange of mechanical properties and input parameters,
systematically examined through numerical modelling (Extended Data
Fig.3) and direct evaluation on skin phantoms (Supplementary Fig. 1),
the shaded regions in Fig. 2d and Fig. 2c bound conditions satisfying
the first and second criteria, respectively. Figure 2c shows that a suc-
cessful transition from relaxed to compressed requires larger driving
currents for stiffer skin, whereas the transition from compressed to
relaxed follows the opposite trend. Furthermore, transitions were
highly consistent (asterisk in Fig. 2d). As shown in Fig. 2e, the trans-
ducer operates successfully across three skin locations on six human
participants with applied currents of at most 400 mA (see Extended
Data Fig. 4 and Supplementary Fig. 2 for more skin locations).

Figure2e and Supplementary Tables1and 2 show that each skin loca-
tionrecovers varying amounts of energy, consistent with the range of
skin mechanical propertiesrecorded in Extended Data Fig. 4. Consider-
ingthatthe transducer requires 1.17 J of input work to transition to the
relaxed state without skin being present, the transducer saves between
742 and 1,169 mJ fromthe contribution of skininthe locations reported
in Supplementary Tables 1 and 2 for 2-mm indentations. To accom-
modate these variations, the transducers feature aninductance-based
self-sensing mechanism, which—as subsequently described—tailors
input power ondemand. Requiring only 58 mj onaverage for transitions
(2-mm indentation; Supplementary Tables 1and 2), the transducers
lead to linear displacements greater than 2 mm and forces of up to
1.4 N (Extended Data Fig. 4b). As outlined in Supplementary Table 3,
this device, although compact and untethered, exceeds benchmark
performances of alternatives based on electrostatic and electromag-
neticschemes. These systematic investigations also yield principles for
optimization—as shown in Extended Data Fig. 8, mechanical charac-
terization reveals that an optimized unit of height of 2.1 mm (4.1 mm,
relaxed state), operating over a narrower range of indentations, has
performance matching the original design for 2-mm indentations.
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Bimodal vibrotactile actuation

The mechanical structure of skin, along with its role in the bistable
operation of our transducers, helps define aspring-mass system that
serves as the basis for delivering vibrotactile feedback (Fig. 3a and
Extended DataFig. 3f). In the relaxed state, this spring arises from the
elasticities of the skinand PDMS-MNP diaphragm, which interact with
the armature on opposing ends. To allow a similar effect in the com-
pressed state, the transducer contains an elastomeric disc layered
between the core and the armature. As shownin Fig. 3a-c, applying an
alternating currentat sub-transition amplitude vibrates the armature,
creating asmall perturbation around theinitial state of the transducer.
Following the hysteresis curve shown in Fig. 3b, the transducer can
bias its modes of vibration to the static position of either the relaxed
or compressed states, depending on its history.

As shown in Fig. 3¢,d, the spatiotemporal profiles of mechanical
deformation, measured with 3D digitalimage correlation (DIC) on skin
phantoms (Extended DataFig. 5), clearly distinguish these two modes
of vibration. For each frequency tested, human participants (n=12)
perceive vibrotactile stimulus in both the relaxed and compressed
stateswith thresholdsreported in Fig. 3e and Extended DataFig. 7a,b.
Alarger threshold emerges for the compressed state, following the
underlying trend in deformation amplitude shown in Fig. 3c,d. The
thresholds reported in Fig. 3e may also be influenced by the relative
engagement of SA and RA mechanoreceptors®?,

Our systemaims to deliver staticindentation and dynamic vibration
as perceptually distinct channels of information. On this basis, Fig. 3f,g
demonstrates how integrating these operations allows the transducer
todeliverinformation at faster bit rates, given a fixed budget for power
consumption. Figure 3g also indicates that bistable operation in the
0-2bits s™ regime offers superior power consumption with respect to
purely vibrational modes. Theindependent and simultaneous control
ofindentationand vibration also raises the prospect for manipulation
of abroaderrange of sensations thatincorporate mixed input from SA
and RA mechanoreceptors??,

Kirigami structures deliver shear force

Human tactile perception not only reflects the temporal pattern of
mechanical stimuli but also the direction of applied forces'". Gener-
alizing the contact surface of the transducer beyond a simple indent-
ing rod, Fig. 3h,iillustrates a kirigami structure that transmits the
normal-directed force of the armature into tangential forces applied
parallel to the surface of the skin. This Kresling-pattern-inspired”**
structure arises from the patterning, bonding and creasing of stiff
plastic panelsinto a thin-walled hexagonal tube (Fig. 3j). Asillustrated
in Extended Data Fig. 6, the split-crease design accommodates the
transducer within the internal volume of the structure itself. Onlinear
compression, assimulated in Fig. 3k (Extended DataFig. 3), the pattern
twist-buckles into a truss of supporting beams.

Assembled into two counter-rotating tiers, the design shown in
Fig.3h-jallows low-friction rotational coupling between two contact-
ing elements adhered to the skin. The neodymium magnet within the
armature, one of the adhering elements, pulls the core of the transducer
towards it under its permanent magnetic field. Because the two tiers
have opposite chiralities, longitudinal motion of the middle platform
drives the top and bottom platforms to rotate in opposite directions.
Thebottom platform couples to the skinas aring positioned concentri-
cally around the armature. The top platform, fixed to the shaft of the
armature, couples to the skin through its adhesion with the neodymium
magnet of the armature. Therefore, operation of the transducer renders
twisting motionsin the armature and ring in opposite directions (Sup-
plementary Video 3). These principles similarly define the operation of
aminiaturized, one-tiered structure described in Extended DataFig. 8.
Aswith normal-force operation, these transducers maintain two stable
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deformation measured with DIC during vibrationin eachstate (/... = 250 mA; kirigami structure (PET yield stress, 80 MPa).Scalebars,3 mm. 1, DICin-plane
f=50Hz; E=43 kPaphantom).d, Frequency profile of vibrotactile deformations  strainonaskin phantom (£ =31kPa; arrows, direction and magnitude of
(DICand spring-mass simulation). e, Vibration-currentamplitudes of perception  in-plane deformation). Scale bar,2 mm. m, Perceptual intensity reported by
thresholds (n =12, 6 male, 6 female, ages 20-36 years). f, State diagram showing  human participants for contacting elements matching that of theintegrated

thetransition energies and continuous power consumptions associated with transducer and deformations matching DIC results (n =14, 8 male, 6 female,
eachstate. g, Energy cost to transmitinformation to the skinas a function of ages23-3lyears; P<0.0001, Friedman test; whiskers, 5th-95th percentiles;
informationrate, given different subsets of states (Methods). h, Schematic boxes, interquartile range; horizontal lines, medians; open circles, means;
illustration of the torsion modality of the transducer (Fy,, skin reactive force; square markers, 5th-95th percentile outliers).

states balanced by the elastic force of the skinand the holding force of With the compact, efficient design reported here, the kirigami
the permanent magnet. Also as with normal-force operation, vibratory  transducer generates a total rotation of up to 14° between the disc and
modes are possible in either of these two states. ring elements, as measured by 3D DIC on a skin phantom (E = 31 kPa).
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Furthermore, only 0.4 mm of normal deformation is generated for
thistorsionangle. Figure 3l and Supplementary Video 4 demonstrate
that the maximal tangential strain, focused on the edges of the disc,
reaches more than 75%. The disc, having asmaller radius than thering,
accounts for the largest deformation. The one-tiered structure, mean-
while, yields a rotation of 7.5° and a normal deformation of 0.25 mm
(Extended DataFig. 8).

Human participants (n =14), as shown in Fig. 3m (Extended Data
Fig.7d-g), report a clear increase in perceptual intensity as the angle
of torsion increases from 5° to 15°. Extended Data Fig. 7h,i shows that
participants (n =15) can clearly distinguish this torsional mode from
indentation with an accuracy of 97.5% (mean; 0.060% s.d.). Similarly,
participants (n =12) can clearly distinguish between simultaneous pat-
terns of torsion with an overall mean accuracy of 80.6%, as evaluated
inthe context of athree-unitarrangement reported in Extended Data
Fig. 7j. These outcomes support the potential of multimodal arrays,
such as the one pictured in Extended Data Fig. 8i, and they pave the
way for deeper understandings about the perception of shear forces
generated from such arrays.

Self-sensing from a wireless array

Both normal and shear modes of actuation rely critically on mechanical
coupling to the skin to support bistable operation. Spatial and tem-
poral variability in the mechanical behaviour of skin, as documented
in Fig. 2e, motivate the use of the self-sensing control strategy sum-
marized in Fig. 4a,b. Through inductance-based measurements, the
transducer itself can serve as a sensor for the longitudinal position of
itsarmature (Fig. 4c). The circuit elements outlined in Fig. 4b capture
theresonance frequency of each transducer and report to the controller
whether it existsin the relaxed state or the compressed state (Fig. 4d).
Asthebasis foraclosed-loop system, self-sensing allows the transducer
torecover energy stored in skin deformations, whichwould otherwise
dissipate under mismatched transition currents.

Integrated as part of the hexagonal array described in Fig. 4a,b, a
Bluetooth controller routes this sensor input, along with output from
drivers, to19 transducers through alayer of serpentine interconnects.
The modular design of each identical transducer unit, illustrated in
Extended Data Fig. 2d, enables flexible reconfiguration of the array
while tolerating repeated mechanical bending and stretching (1,000
cycles; Supplementary Methods and Extended Data Fig. 2h-m). Each
haptic unitis pitched at 1.3 cm, well within the reported spatial acuity
of most skinareas, including the neck and forearm (5.5 mmand 2.4 mm
by two-point discrimination population means, respectively)***. Con-
sidering these principles, Extended Data Fig. 8i shows an array with
units for both torsion and indentation that can be used as sub-pixels
within these areas.

Asmall 500-mAh lithium-ionbattery, integrated within the control-
ling circuit, supplies power to the entire system. In system-level dem-
onstrations—described in the following section—the battery regularly
sustains operation over 3-hintervals without losing performance. Put-
ting aside power losses from the controller, the 500-mAh capacity of
the battery would, in principle, allow the transducer to transition twice
per second over 16 h, given an average input energy of 58 mJ across
both transitions (derived from Supplementary Tables1and 2). Without
closed-loop control, each transition towards compressed and each
transition towards relaxed would consume 6.36 mJ and 323 m) more
energy, respectively (285% overall; average across six participants,
three skinlocations), to accommodate the full range of input thresholds
recordedin Supplementary Tables1and 2. With output voltage buffered
by a supercapacitor (Fig. 4b), the controller can transition all 19 units
simultaneously and atleast 29 units per second on average given 58 m}J
per transition. As shown in Supplementary Video 5, the peak array
temperature remains under 40 °C during characteristic conditions
for the system-level demonstrations outlined in the following section.
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3D scanning enables sensory substitution

Figure 4aillustrates the operation of a system that draws real-time
information from an advanced suite of sensors offered in modern
smartphones. With respect to an internal reconstruction of the sur-
rounding environment, as visualized in Fig. 4e, inertial measurement
units (IMUs) and light detection and ranging (LiDAR) 3D scanners track
the position and orientation of the user. Our haptic device receives
this sensory information over a Bluetooth connection and renders
feedback to the user as replacement or augmentation of their sensory
abilities. In our demonstrations, the user wears the haptic device on
the back of their neck (as shown in Fig. 1e), which provides an intui-
tive frame of reference for virtual objects that follow the orientation
of the body. Figure 4f-hiillustrates how this single configuration can
address three separate sensory impairments using different profiles
ofindentation and vibration.

The first sensory substitution system, illustrated in Fig. 4f, aims to
help individuals with visualimpairment detect obstacles in their path.
AsshowninFig. 4f, Extended DataFig.9aand Supplementary Video 6,
asmartphone held by the participant anchors six virtual detection
windows to the room using LiDAR at a variable distance (2.5 min this
example) from the user. Each window sends a pattern of skinindenta-
tion to the haptic device when a physical object crosses its respective
boundary at the prescribed distance. In healthy, blindfolded partici-
pants (n=7), this sensory substitution system yields an accuracy of
81.8% across all participants and cues (Fig. 4i). As shown in Extended
Data Fig. 9, participants perform best when distinguishing the hori-
zontal position of cues. Finally, Supplementary Videos 7 and 8 provide
examples of participants navigating around obstacles with this system
inahands-free configuration.

Another configuration of this system, illustrated in Fig. 4g, provides
feedback during standing balance as a means of enhancing postural
stability. Asshownin Fig. 4g, asmartphone held against the body of the
participant tracksits orientation using an IMU. These dataserve feed-
back to the haptic device, which—analogous to a spirit level-renders a
line of vibration that follows the postural angle of the user (Extended
DataFig. 9i). In healthy participants (n =10), this sensory substitution
system improves performance on the standard sharpened Romberg
test. Asshownin Fig.4jand Extended DataFig. 9, participants maintain
their balance 20-313% longer on average under guidance from the
haptic device.

Finally, Fig. 4hillustrates an application that aims to guide foot ori-
entationinindividuals withimpaired proprioceptive control. Adverse
foot positioning is often aninciting event for ankle injury***. As shown
inFig.4h and Extended Data Fig. 10a, the user wears an external IMU in
their shoeand holdsasmartphoneintheir hand. The smartphone uses
LiDAR to track the orientation of an adjacent surface and the external
IMU to track foot orientation. The haptic device receives these streams
ofinformation and renders vibration in the direction of error between
the foot and surface (Extended Data Fig. 10b). With their eyes closed,
this sensory substitution system allows healthy participants (n=3) to
match their foot-strike orientation to a target surface positioned at
varying combinations of pitch and yaw. The magnitude of error for each
participant, shownin Fig. 4k and Extended Data Fig. 10, is 8.82° (mean;
5.33°s.d.; n=172, three participants). As demonstrated in Extended
Data Fig. 10, each participant produces consistent results, even with
step intervals under 1s, suggesting that this information can be used
inreal time to help them adjust their motion.

Conclusions

Interfacing with the skin through an energy-recovering mechanism,
the bistable, self-sensing transducer introduced here offers new
operational modes and associated haptic sensations that substan-
tially exceed the performance of other approaches. These concepts
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serve as the foundation for a programmable, skin-conformable array
thatreceives and renders patterns of multimodal mechanical stimuli.
Through its ability to deliver large forces and displacements, it can
reproduce cutaneous sensations associated withboth SAand RA classes
of mechanoreceptors. It can also blend static and dynamic deforma-
tions, addressing sensations that require coordinated and simulta-
neous engagement between these classes. Finally, using a compact,
efficient kirigamitransmission structure, it can manipulate the direc-
tion of force. These mechanosensory pathways contribute to abroad
range of important human sensory perceptions, including the origin,
direction and textural quality of skin contact made with its physical
environment. Thus, the ability to simultaneously deliver indentation,
torsion and vibration offers a strong basis for immersive haptic real-
ismand improved intuitiveness of its applications. This multisensory
operation is especially well suited for biomedical applications that
require integration of complex streams of somatosensory informa-
tion, such as those examined herein. In demonstrations of a wireless,
skin-conformable haptic interface, smartphone-based sensory cues
derived from 3D scanning and inertial measurements yield percep-
tions thatimprove performance in models of visual, vestibular and
proprioceptive sensory substitution tasks.
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Methods

Transducer fabrication

Thearchitecture of one transducerisillustrated in Extended Data Fig. 1.
Asoft (low-coercivity) ferromagneticalloy (iron-cobalt 1:1; VACOFLUX
50, Vacuumschmelze) was used for the inner core of the solenoid, the
base of the armature and the cylindrical encasement. Each of these parts
was machined by CNC lathe and wire electrical discharge machining
(EDM). The magnetic components, together with a3D-printed bobbin
(Black Resin V4; Form 3B, Formlabs) and aflexible printed circuit board
(fPCB) interconnect layer (PCBWay), were assembled on the stage of
the coil winder pictured in Extended Data Fig. 1a. The lead wires of the
coil were then soldered to the fPCB interconnects, which wrapped
from the bottom surface of the inner core to the opposing face of the
bobbin. The armature was fabricated from an N48 nickel-plated neo-
dymium magnet (Apex Magnets), acylindrical ring of iron-cobalt and
al.57-mm-diameter titanium pin. An elastomeric ring (Dragon Skin 10
SLOW, Smooth-On) was sandwiched between the base of the armature
and theinner core.

The diaphragms were fabricated as caps that could be fitted across
the top surface of each bobbin assembly. The elastomeric caps were
curedinside atwo-part mould. The top surface of the cap was acompos-
ite of PDMS and MNP. Iron oxide (ILIII) MNP (50-100-nm particle size;
Sigma-Aldrich) and part B of Sylgard 184 (Dow Corning) were mixed
15:100 by mass using a planetary mixer (2,000 rpm for 5 min under
0.2-kPapressure; ARV-310P, THINKY) and were then allowed to returnto
roomtemperature. Part A of Sylgard 184 wasthenaddedinal:10ratio
by mass of part B and mixed using a planetary mixer (2,000 rpm for
30 sunder 0.2-kPa pressure). The PDMS-MNP composite was reverse
pipetted (12 pl) into the outer half of the mould and cured before fill-
ing the rest of the mould with unmodified PDMS (parts A and B, 1:10
by mass). The diaphragms were cured at 75 °C for 3 h.

Modular twist-locking harnesses, consumable adhesive layer
and encapsulation

The harness consists of two parts that lock the vertical translation of
the device on rotation (Extended Data Fig. 1). They were 3D-printed
with Black Resin V4 (Form 3B, Formlabs). As shown in Extended Data
Fig.1d,e, harnesses were fabricated with spacers so that the effective
indentation depth could be set to 1.0 mm, 1.5 mmor 2.0 mm.

The lower part of the harness adheres to the elastomeric substrate,
which—inturn—adheres to the skin of the wearer. To reduce mechanical
mismatch between the soft substrate and rigid harness, a hexagonal
ring atthe base of the harness was reinforced with a fibreglass mesh as
a composite within the elastomeric substrate. As shown in Extended
Data Fig. 2c, the adhesive layer started with a copper-clad fibreglass
disc. On top of this substrate, we spin-coated (2,000 rpm for 2 min;
WS-650-23 Spin Coater, Laurell) athin (90-um) layer of silicone-based
elastomer (Dragon Skin 10 SLOW, Smooth-On). Before this layer was
allowed to cure, fibreglass mesh (Fiberglass Warehouse) was layered
into the thinlayer of silicone. After curing this layer, the silicone-mesh
composite was patterned by CO, laser (VLS3.50DT) into a hexagonal til-
ing. Then, another layer of silicone (Dragon Skin 10 SLOW, Smooth-On)
was spin-coated onto the substrate at the full thickness of 140 pm
(1,000 rpm for 2 min). After curing at 75 °Cfor 3 h,a260-pum adhesive
layer of silicone gel (Silbione RT Gel 4717, Elkem) was spun onto the
substrate (1,000 rpm for 30 s). This was cured at room temperature
for 24 h and then the pattern was removed by laser-cutting the outer
shape. The elastomeric adhesive was then transferred onto alaminate
backing and the harnesses were bonded to the non-adhesive surface by
dip-coatingit with single-componentsilicone (3140 RTV, Dow Corning).

Theouter encapsulation (Fig. 1e) of the device comprises asilicone-
based elastomer (Silbione RTV 4420, Elkem). The encapsulation was
curedat 75 °C for 3 hbetween atwo-part mould milled from aluminium.
The resulting encapsulation layer had a thickness of 0.3 mm.

Phantom skin mechanical characterization and bistability
measurements

The criteriafor bistability and minimum transition currents were evalu-
ated using skin phantoms with varying compressive moduli. Using
the setup described in Extended Data Fig. 4c,d, the force—extension
characteristics were determined and fitted to a theoretical indentation
model, which accounts for the contact between arigid cylinder with
aflatend and anelastic half-space (35:1PDMS mixing ratio, £ = 85 kPa;
40:1, £ = 61kPa; 45:1, E=43 kPa; 50:1, £ = 31 kPa; 55:1, E = 24 kPa).

The experimental setup and results of the bistability experiments
canbeseeninSupplementary Fig. 1. Before testing, the transducer was
attachedtoaphantomskinandtransitioned between compressed and
relaxed modes once to eliminate any unintended friction that may have
arisenduringinstallation. A 2-s pulse was then applied to the transducer
to discount viscous effects and the minimum transition currents for
both compressed and relaxed states wererecorded. The study involved
phantoms of thicknesses 2 mmand 5 mm with different moduli (PDMS
mixing ratios of 35:1,40:1,45:1,50:1and 55:1) and three effective inden-
tations (2.0 mm, 1.5 mm and 1.0 mm) adjusted with variations in the
harness spacer (0 mm, 0.5 mmand 1.0 mm). Current-controlled stimuli
were driven in the range —450 to 450 mA (2602 System SourceMeter,
Keithley). Toaccount for performance variation, three to four different
transducers were used for each experimental condition.

Human participants

All participation was fully voluntary, with informed consent obtained
before the experiments. Research protocols were approved by the
Institutional Review Board at Northwestern University (STU00214800)
and the Ethics Committee of Westlake University (20230731JHQ001).

Human skin mechanical characterization and bistability
measurements

AsshowninExtended DataFig.4e-g, the compressive moduliof human
skinwere assessed at three distinct locations (dorsal palm onadductor
pollicis, dorsal palm on metacarpals and ventral forearm) in a cohort
of sixindividuals (three male and three female, ages 20-36 years). The
obtained experimental data were used to calculate the skin moduli
using atheoreticalindentation model, which accounts for the contact
between arigid cylinder with a flat end and an elastic half-space.

AsshowninFig. 2e, Extended Data Fig. 4aand Supplementary Fig.2,
the bistability and minimum transition current of the transducer were
evaluated on five different locations of human skin: dorsal palm on
adductor pollicis, dorsal palm on metacarpals, ventral forearm, dorsal
aspect of upper arm and dorsal aspect of the neck near the C6 and C7
vertebrae. A total of sixhuman participants (three male, three female,
ages20-36 years) participated in the study. Once attached to the skin,
the transducer underwentatransition to the compressed and relaxed
modes to eliminate any unintended friction between the armature
and holder that may have occurred during installation. Following
al-minbreakto allow for complete relaxation of the skin, the minimum
currents required toinduce the compressed and relaxed states of the
transducer were measured using 500-ms pulses. Current-controlled
stimuliwere driveninthe range —450 to 450 mA inincrements of 50 mA
(2602 System SourceMeter, Keithley). Two different harness heights
(0 mm and 0.5 mm) were used during the testing process, providing
effective indentations of 2.1 mmand 1.6 mm, respectively.

Using a similar protocol, the minimum input energy for transitions
was evaluated for a subset of skin locations on the same six partici-
pants (dorsal palm on adductor pollicis, dorsal palm on metacarpals
and ventral forearm). To determine the upper bound for a given skin
location, the skin was preconditioned by indenting it for 30 s before
eachtransition. To determine minimum inputenergy, the current mag-
nitude was scanned between —450 and 450 mAinincrements of 50 mA.
For each current, the pulse duration was sequentially incremented by
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100 ms (starting with 50 ms) until the transducer transitioned or until
the pulse duration reached 2,000 ms. The input work was calculated
assuming ohmic losses and R.,; =13.39 Q (mean; 0.384 Qs.d.; n =18).
Supplementary Tables1and 2 report the current amplitude and pulse
duration combinations that yielded the minimum input energy for
each condition.

Evaluating perception of vibrotactile stimulus on human
participants
The perceptionthreshold for vibration was measured for n =12 partici-
pants (6 male, 6 female, ages 20-36 years) using a transducer placed
onthe dorsal aspect of the palm of each participant, above the adduc-
tor pollicis. Both the relaxed and compressed states were tested for
four different frequencies (50,100, 150 or 200 Hz). Each participant
was instructed to provide a ‘yes’ or ‘no’ judgement with no repeats
(two-alternative forced choice). For each condition, an adaptive stair-
case was carried out in eight alternating ascending and descending
sequences>®. While ascending, the staircase would reverse when the
participant reported ‘yes’ and, while descending, the staircase would
reverse whenthe participantreported ‘no’. Two interleaved staircases
were carried out for each condition, one initially descending and the
otherinitially ascending. Amplitude step sizes of 10 mA and 25 mA were
used for the relaxed and compressed vibrations, respectively. Each
stimulus was played for al-sinterval. The participants were not given
any visual or auditory cues from the transducer. Raw data for the
experiments can be found plotted in Supplementary Figs. 3-5. For
the synthesized results showninFig.3e and Extended DataFig.7a,b, the
thresholds of the last four sequences for each staircase were averaged.
Also, the perceived vibration of our device was evaluated by compar-
ing it with a commercially available linear resonance actuator (LRA;
VG0840001D, Vybronics) using a methodology adapted from ref. 37.
Theresults of this statistical analysis across n =12 participants (6 male,
6 female, ages20-36 years) are givenin Supplementary Tables 5and 6.
See Supplementary Methods for further details.

Fabrication of the kirigami structure and its integration with the
bistable transducer

Thekirigami panels have athree-layer structure, asshownin Extended
Data Fig. 6i,j. These layers consist of a central polyethylene tereph-
thalate (PET) plastic sheet (0.2 mm thick), as well as upper and lower
layers of polyurethane (PU) thin-film adhesive tape (0.1 mm thick).
A commercial cutting machine (Silhouette Cameo 4) was used to cut the
PET plastic sheet according to the designated pattern. Subsequently,
PU thin-film adhesive tape was applied to the surfaces of the cut plastic
units, obtaining the required flat kirigami panels for constructing the
3D kirigami structure, as illustrated in Extended Data Fig. 6k. Finally,
oily glue was used to attach the taped panels to the hexagonal panels,
completing the fabrication of the 3D kirigami structures, as shown in
Extended Data Fig. 61. For an overview of the design process, see Sup-
plementary Methods.

For a Kresling module to transmit the linear motion of the bistable
transducer into rotation of the hexagonal panels, rotation between
the core and armature needs to be coupled. Extended Data Fig. 8f-k
discusses how this can be achieved in a one-tiered structure using a
physical limiter. Meanwhile, as depicted in Extended Data Fig. 6g, the
two-tiered counter-rotating structure couples rotation of the core
and armature without the need for such a limiter. In this design, the
middle panel is created by attaching the bottom panel of the upper
module to the top panel of the lower module. The flat surface of the
solenoidal coreis affixed to the middle panel and the upper surface of
the armature is bonded to the top panel. In this structure, the perma-
nent magnetic field of the armature was enhanced by adding a larger
neodymium magnet (7 mm diameter, 1 mm thickness). Controlled
by the transducer, this integrated device enables transition between
the relaxed and compressed states. The contacting elements of the

integrated device (as shown in Extended Data Fig. 6h) can be attached
to the skin surface using double-sided tape (3M 55236).

Evaluation of the perception of skin torsion on human
participants

Inthe study, atotal of 14 participants (8 male, 6 female, ages 23-31 years)
wererecruited. The experimental setup featured an adjustable device
capable of simultaneous and independent adjustment of both height
and two nested angles. This apparatus was complemented by an arm
support, a wrist support and a laptop used for controlling the adjust-
able device. The ends of the double-layer stepper-motor shafts of the
adjustable device were affixed with a ring and a disc, both of which
matched in sizes and materials with the bottom ring and disc of the
integrated transducer. Throughout the experimental procedure, the
ringand disc were securely attached to the forearm of each participant
using double-sided adhesive (3M 55236). The participants were not
given any visual or auditory cues from the transducer.

We executed this study with a set of four ring—-disc configurations
(Supplementary Tables 7-10), each featuring three possible rotation
angles. All participants were exposed to each configuration and set of
rotation angles. The ranges for rotations and indentations were based
ondeformations evaluated from DIC results (Fig. 3l and Supplementary
Video 4). Supplementary Table 7 reports outcomes for rotation and
indentation of thering (0.33°,0.66° and 1° rotations; 0.2-mm indenta-
tion). Supplementary Table 8 reports outcomes for rotation of the disc
(5°,10°and15° rotations; 0-mm indentation). Supplementary Table 9
reports outcomes for rotation and indentation of the disc (5°,10°and
15°rotations; —0.4-mmindentation). Supplementary Table 10 reports
outcomes for rotation and indentation of the ring and disc in angle
combinations of (0.33°, 5°), (0.66°,10°) and (1°, 15°), with 0.2-mmand
-0.4-mm indentation depths for the ring and disc, respectively. After
experiencing eachrotationangle within each ring-disc configuration
five times, participants were asked to rate their perceived intensity on
aseven-point scale, ranging from1to 7. Along with Supplementary
Tables 7-10, the results are summarized in Fig. 3m, Extended Data
Fig.7d-g and Supplementary Fig. 6.

A non-parametric analysis method, the Friedman test, was used to
assess differences among the rotation angles ineach ring-disc configu-
ration. The mean values across repeat measures for each participant
were evaluated. Therelevant test results are presented in Supplemen-
tary Table 11. Also, we conducted a post-hoc analysis among the same
rotation angles using Dunn’s test. This analysis method allowed us
to determine which specific pairwise comparisons among the rota-
tion angles exhibited marked differences (Supplementary Table 11).
To control the type 1 error rate, the P-values were adjusted using the
Bonferroni method. To assess the difference in indentation at two
distinct levels (0 mm and —0.4 mm) across three different rotation
angles (5°,10° and 15°), a paired ¢-test was conducted to compare the
means from rotation angles of the disc with and without indentation.
The statistical results are detailed in Supplementary Table 12. Finally,
we adopted the Spearman rank correlation coefficient to evaluate
monotonicity, with theresults summarized in Supplementary Table 13.

Also, experiments comparing the perception of torsion at different
locations (n=12;7 male, 5 female; ages 23-31 years) and experiments
comparing the perceptions of skin torsion and indentation (n =15;
7 male, 8 female; ages 23-31 years) were carried out. Raw data and
results can be foundin Supplementary Tables 14 and 15 and Extended
DataFig. 7. For further details, see Supplementary Methods.

Array and controller fabrication

The driving electronics for the haptic device were mounted and sol-
dered to afPCB (PCBWay). The operation of the board was controlled
with a Bluetooth 5.0 controller (ISP1807, Insight SiP) integrated
with the nRF52840 System-on-Chip (Nordic Semiconductor) and a
built-inantenna. The device was powered by arechargeable, 500-mAh



lithium-ion battery (LP802036JU, Jauch Quartz). The power manage-
ment comprises a 5.1-V DC-DC boost converter (TPS61235, Texas
Instruments) for driving the transducers and alow-dropout regulator
(TPS7A0231, Texas Instruments) for logic-level power. A 500-mF super-
capacitor was used to buffer the output of the 5.1-V boost converter
(EDLC371420, TDK). Anindependent H-bridge (DRV8837, Texas Instru-
ments) was used to drive each transducer with the 5.1-V power supply.
The logic input for each H-bridge was delivered from GPIO expand-
ers (TCA9555, Texas Instruments), which—in turn—communicated
with the controller with a serial two-wire interface line. Inductance
measurements were performed using a dedicated integrated circuit
(LDC1101, Texas Instruments), which communicated with the control-
ler with a serial peripheral interface line. Analogue demultiplexers
(MAX4691EGE+, Analog Devices) were used to demultiplex the input
from each transducer into the inductance measurement unit.
Eachtransducer was configured as a modular unit that could beincor-
porated into a hexagonal tiling of self-similar units. Each element was
independently addressed from exposed contacts on the exterior tiles of
the19-element hexagonal grid. Toroute the driving signals tointerior
elements of the array, the embedded interconnects of each element
were configured so that traversing signals would reach the correct
elements by soldering each identical element at prescribed rotations
of120°. The orientation diagramisillustrated in Extended Data Fig. 2d.
The serpentine interconnects are two-layer fPCBs manufactured from
35-pm copper traces with a total thickness of 130 pm (PCBWay).

Visual sensory substitution system and task
For the visual sensory substitution system, as shownin Fig. 4f, Extended
DataFig.9aand Supplementary Video 6, the user has the haptic device
mounted on the back of their neck and they hold the smartphone
(iPhone 12 Pro, Apple) intheir hand. LiDAR and IMU sensors anchor six
virtual detection windows to the room, which remain fixed inspace ata
distance defined by the user (2.5 m for this task), even when the phone
moves (top left, top middle, top right, bottom left, bottom middle and
bottomright). When an object crosses the boundary of the window, it
sends a cueto the haptic device corresponding to the location of that
window. The haptic cues render as a wave of indentation that travels
between the bottom and top in the left, middle or right columns of
the hapticarray. Toindicate the bottom row, the wave starts at the top
and ends at the bottom. To indicate the top row, the wave starts at the
bottom and ends at the top (Supplementary Video 6).

We evaluated this task on healthy individuals with blindfolds (n =7,
4 male, 3 female, ages 19-37 years). In the experiment, each window
was triggered manually by the investigator presenting a ball through
therespective location. The task was carried outin three phases, with
the first two being part of the training. The first part of the training,
which lasted 5-10 min, included an introduction to the system and a
short period of exploration, during which time the participant could
direct cues. In the second phase of training, the participants were
asked toindicate the location of perceived cues while closing their eyes
(10-20 min). Four repeats of each cue were presented randomly. During
this phase, the participants were given verbal feedback about theaccu-
racy of their answers. Inthe last phase, inwhich we recorded answers as
partof our experiment, we asked the participants to close their eyes and
wear a blindfold. Along with the participants being blindfolded, they
were given earplugs (SA-7-5, Lysian) and noise-cancelling headphones
(WH-CH720N, Sony). The headphones continuously played pink noise
during the experiments. The participants were given cues randomlyin
each of the six locations. Each of the locations was repeated six times
inrandom order. The significance of the accuracy of each participant
(n="7)wasevaluated using the Wilcoxon signed-rank test, given the null
hypothesis that selections were made at random between six choices
(thatis, accuracy arose from a distribution with median 16.7%). Also,
the effect size was characterized according to rank-biserial correlation,
calculated from the z-statistic of the signed-rank test.

Balance sensory substitution system and task

For the balance sensory substitution system, as illustrated in Fig. 4g,
asmartphone (iPhone 12 Pro, Apple) held against the body of the par-
ticipant tracks its orientation using an IMU. These data serve feedback
to the haptic device, which—analogous to a spirit level-renders aline
of vibration that follows the postural angle of the user (see Extended
DataFig. 9i for feedback patterns).

We evaluated this task on healthy individuals (n =10, 5male, 5 female,
ages20-36 years). We used the sharpened Romberg test (eyes closed) to
measure standing stability and postural control. AsshowninFig. 4g, the
participants were asked to remove their shoes and stand with two feet
inaline (toeto heel). Their arms were crossed in front of the body and
their eyes were closed. Each patient would try to maintain their balance
and they were evaluated on the time they could stand without opening
their eyes, shifting their feet or moving their arms. After instruction
on the task and devices, the participants would be allowed one trial
with and without feedback. During the experiment, 20 repeated trials
were recorded for each participant. To reduce fatigue, the participants
were asked to sit and rest for 2 min between every four attempts. The
sequence of attempts with feedback and without feedback were coun-
terbalanced betweenrest intervals (Supplementary Table 16). Statisti-
calsignificance for the outcomes of these experiments was evaluated
by modelling the presence and absence of feedback as a factorin a
repeated-measures ANOVA model (nine degrees of freedom). The bal-
ance duration, acting as the dependent variable, was transformed
logarithmically to account forits right-skewed distribution. Ultimately,
the Pvalue was determined under the null hypothesis that no differ-
ences exist in group means (Extended Data Fig. 9).

Foot-strike sensory substitution system and task

For the foot-strike sensory substitution system, asillustrated in Fig. 4h,
the user wears an external IMU (AirPods, Apple) in their right shoe
and holds a smartphone (iPhone 12 Pro, Apple) in their hand. The
smartphone uses LiDAR to track the orientation of an adjacent sur-
face and the external IMU to track foot orientation. The haptic device
receives these streams of information and renders vibration in the
direction of error between the foot and the surface (Extended Data
Fig.10a).

The foot-strike task aimed to testing whether the system could be
used to help a participant match their foot-strike orientation with-
out receiving any other external feedback. We tested the system on
healthy individuals with their eyes closed (n = 3,2 male, 1 female, ages
21-37years). AsshowninFig.4h and Extended DataFig.10a, a variable
surface would be presented in front of the participant at fixed orienta-
tions of (¢, ) € {(0°, 0°), (15°, 60°), (15°,-60°), (30°, 0°)},in which ¢is
the pitchofthe surfaceand @ isthe yaw (Extended DataFig.10afor the
reference frame for pitch and yaw). During the experiment, the LiDAR
modality on the smartphone was used to evaluate the orientation of the
surface and send feedback to the haptic device. Feedback in the form
of vibration would be provided to the haptic device and the location of
vibration would indicate where error exists between the orientations
of the surface and foot (Extended Data Fig. 10b). On contact with the
surface, the haptic device would deliver indentation in the pattern
detected. The participants were trained on the system for 25-40 min
and thenthey were asked to match their foot to the presented surface
by stepping forward onto the surface. Error was measured asthe angle
betweenthe footand the surface. The task was carried outin five phases,
with the first two being part of the training. The first part of the train-
ing, which lasted 5-10 min, included an introduction to the system
and a short period of exploration, during which time the participant
could direct cues. Inthe second phase of training, the participants were
asked to match the location of perceived cues while closing their eyes
(20-30 min). Repeats of each cue were presented randomly. During
this phase, the participants were given feedback about the accuracy
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of their answers. In the last three phases, we recorded the error for
each cueas partof 60 trials (20 trials per phase). In each experimental
phase, the participant was presented with each of the fixed orientations
randomly until they completed five trials for each surface. Duringeach
phase, the participant was asked to attempt to complete the motion
within designated time intervals, 1.5 s,1.0 s and <1.0 s progressively.

Control experiments without the haptic device were performed in
subsequent sessions for each participant. The structure of these ses-
sions, including training parameters, mirrored the feedback group.
Control conditions were tested for 20 repeat trials, including five
presentations of each surface orientation (Supplementary Table 18).

The actual step intervals are reported for each participant in Sup-
plementary Table 17. The significance of these results was evaluated
for each participant using the Wilcoxon signed-rank test, given the
null hypothesis that the median of the population of differences with
and without feedback are zero, n = 3. The effect size was characterized
according to rank-biserial correlation, calculated from the z-statistic
of the signed-rank test. See Extended Data Fig. 10c-e for individual
statistical results.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.2 | Transducer array design and mechanical testing.

a, Schematicillustration of the mesh-reinforced regions of the adhesive
layer. b, Integration of the array with skin using the adhesive layer. c, Layer-
by-layer fabrication of the adhesive coupling, schematicillustrations and
photographs.d, Photograph of two transducer units positioned inside the
controller module and schematicillustrations demonstrating how each
modularinterconnect layer routes signals through the hexagonal array.
During assembly, the internal contacts fold into the core, in which they canbe
solderedto the coil. e-k, Mechanical response testing for the array. e, Model
geometry for mechanical simulation of strain under a unit actuator during
skinbending (50 mm radius). f, Simulated strain using a substrate without
mesh. g, Simulated strainwith amesh-reinforced substrate. h, Photograph of
the haptic array under 20% lateral stretching. i, Numerical simulation of strain

within the Dragon Skin/mesh adhesive layer, polyimide interconnects
(fracture strain, >7%; ref. 38) and copper traces (fracture strain, >1%; ref. 39)
ofthe array during 20% lateral stretching. j, Photograph of the haptic array
under 50-mmbending radius. k, Numerical simulation of strain within the
Dragon Skin/mesh adhesive layer, polyimide interconnects and copper traces
ofthe array during bending (50 mmradius).l, Transducer resonance measured
acrossthearray periodically by theembedded inductance measurement
unitduring cyclic deformations of stretching and bending (mean across

19 transducers; bars, standard deviation). m, Torsion angle induced by a
kirigamistructure (8.5 mminitial height) on askin phantom (£ = 31kPa)
measured periodically during cyclical translation of the top panel by 3 mm
(setup shownininset).
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Extended DataFig. 3 |Finite element modelling of electromagneticand
solid mechanical processes. a, Demagnetization curve of an N48 neodymium
magnet. Arnold Magnetic Technologies N48 from the ANSYS material library
was used for the permanent magnet part of the armature witha modification of
B,to1Tinits B-Hcurve.b, B-Hcurve of iron-cobalt (VACOFLUX 50 Solid) and
PDMS-MNP. The PDMS-MNP diaphragm used a self-defined material with a
relative permeability of 1.04 and abulk conductivity of 4 Sm™. ¢, Example
quasi-magnetostatic simulation showing the magnetic field strength and
directionasacolour map and quiver plot (/.; =400 mA) for the compressed
andrelaxed states (*||B|| = 7.4 mT, stray magnetic field at 6.6 mmradial distance
from central axis). d, Model geometry and boundary conditions for solid
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mechanical processes. Adownward displacement was applied to the armature
andthe corresponding reaction forces from the skin phantoms were evaluated.
e, Example simulations showing strain distribution within a skin phantom (45:1,
E=43kPa) for therelaxed and compressed states (2 mm effective indentation).
f,Schematic of the mass—-spring-damper vibration model for the transducer
andthe periodicloading force applied toit. g, Stress distribution within the
kirigamistructureinthe relaxed state (PET yield stress, 80 MPa). h, Stress
distribution within the kirigamistructurein the compressed state.i, In-plane
strain of the skin phantomin the compressed state. A stiff skin phantom was
used hereto evaluate the upper bound of stress in the structure (E=5.1 MPa).
j.In-plane deformation of the skin phantomin the compressed state.
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Extended DataFig. 4 |Mechanical characterization of transducers, skin
phantoms and humanskin. a, Mechanical bistability evaluationin healthy
individuals. Measurements were performed in five skin locations (depicted on
theleft). The absolute value of current required to transition the armature
betweenrelaxed and compressed states was measured for n = 6 participants
(three males, three females, ages 20-36 years). Theindentation depth was
adjusted by performing experiments with harnesses of varying heights.

b-i, Characterization of force as a function of extension was performed using
amotorized stage (ESM303, Mark-10) and aforce gauge (M5-2, Mark-10) with a
10 N capacity. b, Experimental and simulated forces measured as a function
ofthelongitudinal position of the armature for several applied current values
(excluding PDMS-MNP diaphragm and skin compressive force). We defined
theoriginaswhere the base of the armature and the core arein contactand we
determined this using the force meter. For experimental results, the solid
linesand shaded areas correspond to the means and standard deviations,
respectively (n=8). The square markers correspond to the maximumrecorded
force for each current, averaged across all transducers. The inset shows the
experimental setup. ¢, Forces measured as a function of the longitudinal
position of thearmature rod (excluding force from core) for40:1,45:1,50:1and

55:1skin phantoms with thicknesses of d =2 mm (inset shows experimental
setup).d, Forces measured as afunction of the longitudinal position of the
armature rod for 35:1,40:1,45:1,50:1and 55:1skin phantoms with thicknesses
ofd=5mm. e, Skinreactive forces measured as afunction of the longitudinal
positionof the armature rod (excluding force from core) for the ventral aspect
ofthe forearm for n = 6 subjects (three males, three females, ages 20-36 years;
experimental setup shownininset). f, Skin reactive forces measured for the
dorsalaspect of the palm above the adductor pollicis for n = 6 subjects (three
males, three females, ages 20-36 years; locationindicated ininset). g, Skin
reactive forces measured for the dorsal aspect of the palm above metacarpal
1l for n = 6 subjects (three males, three females, ages 20-36 years; location
indicated ininset). h, Tensile-peeling-force measurements of the harness
attachedto thessilicone-mesh composite adhesive mounted on the forearm
of n=4subjects (two males, two females, ages 26-32 years). The horizontal line
shows the holding force of the indentation actuator.i, Tensile peeling force for
a@7 mmdisc pre-rotated to 30° and mounted on the forearm of n =4 subjects
(two males, two females, ages 26-32 years) with3M 9699 double-sided
adhesive. The horizontal line shows the holding force of the torsion actuator.
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Extended DataFig. 6 | Design and fabrication of the kirigami transmission
structure. a, Basic split-crease unit cell design and fully folded Kresling-
pattern-inspired kirigami structure. Parameters aand Sare discussed in

the Supplementary Methods. b, Design of a variant cell that uses acombination
of straight and curved creases, which furtherincreases the internal space.

¢, Curved crease design using the Bézier curve method, in which P1-P5are
control points (discussed in the Supplementary Methods). d, Kirigami
structure with only straight valley creasesin the folded state (h = 6.75 mm).

Folded state (h = 6.75 mm) Folded state (h = 6.75 mm)
Unit cell Top view with simplified actuator

e, Variantkirigamistructure with2 mm straight creaselength (h = 6.75 mm;
folded state). f, Creaselength, 4 mm. g, Two-tiered kirigami structure
illustrating switchable motion states. h, Bottom view of the contacting
elements (ring and disc)., 2D patterns of the lower and upper tier kirigami
modules for fabrication. j, Panels used to make the kirigami structure,
consisting of one layer of PET plastic sheet and two layers of PU thin-film tape.
k, Photographofthe flat kirigami panel used for fabricating the 3D structure.
1, Photograph ofthe assembled lower and upper tier kirigami modules.
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Extended DataFig.7|Perceptual intensity of vibration and torsion.

a,b, Vibration currentamplitudes of perception thresholds (n =12, six males,
six females, ages 20-36 years).a, Compressed-state vibration. b, Relaxed-state
vibration. ¢, Relative perception of vibrationin the transducer with respect
toacommercial LRA (dotted line, equivalent perception; n =12, six males, six
females, ages 20-36 years). d-g, Perceptual intensity evaluated according
toitsdefinitionin Methods for n =14 human participants (eight males, six
females, ages 23-31years) under four ring-disc configurations. The left
columnshows mean values reported by each subject (n =5 repeat measurements;
bars, standard deviation) and the right columnreflects all subjects (n = 14; bars,
1.5interquartile range; shaded box, range between 25th and 75th percentiles;
horizontal line, median; x, mean; ¢, outliers from 1.5 interquartile range).
According to the Friedman test, a statistically significant difference
canbeseenwithineachring-disc configuration (P< 0.0001) and each showed
amoderate positive correlation betweenratings and rotation angles (Spearman
correlation, p > 0.58), which was highly statistically significant (P < 0.0001).

d, Outcomesreported for rotation and indentation of the ring, in which the ring
wasrotated toanglesof 0.33°,0.66° and 1° with astaticindentation of 0.2 mm.
e, Outcomesreported for rotation of the disc, in which the disc was rotated to
angles of 5°,10°and 15° with a static indentation of 0 mm. f, Outcomes reported
forrotationandindentation of thedisc, in which the disc was rotated to angles
of5°,10°and 15° with astaticindentation of -0.4 mm. g, Outcomes reported
forrotationandindentation of thering and disc, in which the ring and disc were
rotated to angles of (0.33°, 5°), (0.66°,10°) and (1°,15°) with a staticindentation
of (0.2 mm, -0.4 mm). h-j, Torsion and indentation array discrimination
experiments. h, Illustration and photograph of the apparatus setup, which
includesthreetorsionactuators (A, D and E) and two indentation actuators
(Band C).1i, Discrimination between indentation and torsion, combined results
for 15 healthy participants (seven males, eight females, ages 23-31 years).
Accuracywas averaged over 15subjects with ten repeated trials (n =150).

j, Discrimination between patterns of torsion, combined results for 12 healthy
participants (seven males, five females, ages 23-31 years).
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Extended DataFig. 8 | Miniaturization ofindentation and torsional
transducers. a-e, Miniaturization of the indentation structure. The coil was
woundto12 Q.a,Photographofthe original and miniaturized transducers.
b, Scaleillustration of the miniaturized transducer. ¢, Experimental and
simulated forces measured as afunction of the longitudinal position of the
armature for several applied current values. Measurements were performed
using amotorized stage (ESM303, Mark-10) and a force gauge (M5-2, Mark-10)
withal0 N capacity. d, Simulated phase diagram for /., > = showing regions
acrossthe parameter space of skin modulus and indentation depth for successful
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outside which only one state is attainable (monostable, compressed or
relaxed). e, Theminimum applied current required to overcome the energy
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range of Young’s moduli, £ (simulated). f-k, Miniaturization of the torsion
structure. f, Photograph of the single-tiered kirigami structure. g, Scale
illustration of the one-tiered kirigami structure. h, Volumetricillustration of
freely moving mechanical elements of the one-tiered structure. i, Photograph
ofahapticarrayincorporating units for bothindentationand torsion. j, Finite
element analysis of stress driven by creasing within the kirigami structure
(PETyield stress, 80 MPa; E = 31 kPa, skin). k, DIC out-of-plane (left) and in-plane
(right) strains on askin phantom during the compressed state of the single-tier
transducer (£ =31kPa; arrows, directionand magnitude of in-plane deformation).
Theinnerdiscrotated 7.5° and translated 0.25 mm vertically relative to the
outerring.
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Extended DataFig. 9 |See next page for caption.
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Extended DataFig.9|Visual and balance sensory substitution tasks.

a-h, Visual sensory substitution task. Confusion matrix of participant
performance onobjectidentification task (n=7), withthe colour mapindicating
the frequency of occurrence. The P-value was P= 0.0178, testing the null
hypothesis that selections were made at random between six possible choices
(Wilcoxonsigned-rank test; n=7). The effect size waslarge, r=0.896, according
torank-biserial correlation. a, Experimental setup of the visual sensory
substitution task. b, Subject 1, female, age 21 years. ¢, Subject 2, female, age

23 years.d, Subject 3, female, age 19 years. e, Subject 4, male, age 37 years.
f,Subject 5, male, age 32 years. g, Subject 6, male, age 30 years. h, Subject 7,
male, age 31years. i-s, Balance sensory substitution task. Participant performance
onsharpened Rombergtask, measured as the time duration beforelosing

balance. The P-value across repeated trials and subjects was P=0.00103,
testing the null hypothesis that that no differences exist in group means.
Thevertical barsindicate standard deviation, shaded boxesindicate the
interquartilerange, the horizontalllines above each box indicate medians and
filled circles correspond to the means. i, Stimulation patterns superimposed
onsmartphone display during rotation around the forward axis for the
balance sensory substitution task. The virtual mesh highlights the LiDAR-
reconstructed surface.j, Subject 1, female, age 35 years. k, Subject 2, female,
age35years.l,Subject 3, female, age 20 years.m, Subject 4, female, age

29 years.n,Subject 5, female, age 32 years. 0, Subject 6, male, age 36 years.

p, Subject 7, male, age 20 years. q, Subject 8, male, age 34 years.r, Subject 9,
male, age 33 years.s, Subject 10, male, age 24 years.



Vibrating units

f g h
14.55°
y y = y ;
, , ! .:,-'\14.39
; X ¥ X |4
Surface normal vector Foot normal vector Foot normal vector Foot normal vector Surface
(group mean) (group SD) (trials) orientation
-——————— S  — — ®,9)=(0°,0)
D  — | E— — (W.¢) = (15",60)
. — e _ -— (p,9) = (15°,-607)
———————- — [ — $)=(300)

Extended DataFig.10|See next page for caption.



Article

Extended DataFig.10|Foot-strike sensory substitution task. Evaluation of
the foot-strike sensory substitution system. a, Experimental setup depicting
reference axes. As partof the task, four separate surfaces were presented at
orientations (¢, @) € {(0°, 0°), (15°, 60°), (15°,-60°), (30°, 0°)}. b, Stimulation
patterns superimposed onsmartphone display during rotation around the
forward axis. The virtual mesh highlights the LiDAR-reconstructed surface.
c-e, Unitnormal vectors of foot and variable surface centred on acommon
originduring task with feedback. The significance of the results for each
individual was evaluated using the Wilcoxon signed-rank test over repeat trials

(across allthree phases), given the null hypothesis that the median of the data
isidentical to the control. Effect size was characterized according to rank-
biserial correlation.c, Subject1, male, age 37 years (n=57,P< 0.0001,
r=-0.59).d, Subject 2, female, age 35 years (n=55,P<0.0001,r=-0.75).

e, Subject 3, male, age 21years (n=60,P=0.00027,r=-0.47).f-h, Unit normal
vectors of foot and variable surface centred onacommon origin during task
without feedback (control). f, Subject 1, male, age 37 years. g, Subject 2, female,
age35years. h,Subject 3, male, age 21 years.
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Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.
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Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research
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Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.
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gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
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Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.
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Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
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Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.q. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based | | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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