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Bioelastic state recovery for haptic sensory 
substitution

Matthew T. Flavin1,2,21, Kyoung-Ho Ha2,21, Zengrong Guo3,21, Shupeng Li4,21, Jin-Tae Kim5,21, 
Tara Saxena4, Dimitrios Simatos2, Fatimah Al-Najjar6, Yuxuan Mao4,7, Shishir Bandapalli4, 
Chengye Fan4, Dongjun Bai8,9,10, Zhuang Zhang3, Yanlin Zhang3, Eunhye Flavin11, 
Kenneth E. Madsen2,12, Yi Huang3, Luoqian Emu3, Jingyang Zhao3, Jae-Young Yoo2,13, 
Minsu Park14, Jaeho Shin2,15, Aaron G. Huang1,4, Hee-Sup Shin2, J. Edward Colgate4, 
Yonggang Huang4,16,17 ✉, Zhaoqian Xie8,9,10 ✉, Hanqing Jiang3,18,19 ✉ & John A. Rogers2,4,6,17,20 ✉

The rich set of mechanoreceptors found in human skin1,2 offers a versatile engineering 
interface for transmitting information and eliciting perceptions3,4, potentially serving 
a broad range of applications in patient care5 and other important industries6,7. 
Targeted multisensory engagement of these afferent units, however, faces persistent 
challenges, especially for wearable, programmable systems that need to operate 
adaptively across the body8–11. 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 
haptic interface, 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.

Human skin has a rich composition of afferent neurons. During physical 
interaction with the skin, cutaneous mechanoreceptors (illustrated 
in Fig. 1a) elicit activity in these neurons and serve as the basis for the 
identification and localization of objects3,4. An exciting recent direction 
in bioelectronics involves the development of systems that can engage 
these afferents in a fast, programmable manner8–11.

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 

entertainment6,7. Particularly compelling opportunities also exist 
in therapeutic biomedical systems that apply these somatosensory 
interfaces towards substituting and augmenting missing sensory  
capabilities5.

Reaching the full potential of these applications will require the 
engagement of both rapidly and slowly adapting (RA and SA, respec-
tively) mechanoreceptors1,2 (Fig. 1a,b). These specialized cells, by 
coordinating with each other12,13 and with natural mechanical struc-
tures distributed throughout the skin14,15, mediate the perceptual 
and emotional qualities of touch16. This paper introduces concepts 
of engineering science that enable targeting of the mechanical response 
profiles associated with these receptors through a wireless, real-time 
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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 electrostatic11,17,18, pneumatic19–22 
and electromagnetic9,10,23–27 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 

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 
in Fig. 1d,e, with functional diversities that greatly exceed previous 
reports9,27. 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. 1 | Multisensory feedback with a battery-powered array of biointegrated, 
bistable transducers. a, Diagram of skin mechanoreceptors and their 
frequency responses. b, Modes of haptic actuation, illustrating targeted 
mechanoreceptors. c, Disassembled view of the bistable transducer, featuring 
skin as an integral mechanical component. The inset shows a photograph  
of the original transducer (left) next to a miniaturized design (relaxed and 
compressed states shown in the middle and right, respectively). Scale bars, 

2 mm. d, Photograph of the transducer array mounted on the shoulder.  
Scale bar, 7 mm. e, Photograph of the encapsulated interface mounted on  
the neck. Scale bar, 2 cm. f, An example of sensory substitution, with a system 
incorporating an array of transducers, accelerometers and 3D scanning 
(smartphone). Each of these components is connected to each other using  
the Bluetooth Low Energy protocol. g, An example of sensory augmentation, 
with a system applied to detect objects outside the field of vision of the user.
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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 

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 Data Fig. 3c). Iron–cobalt also appears as part of the armature 
assembly, along with a neodymium permanent magnet and titanium rod.  
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Fig. 2 | Mechanical features of the transducer and the role of skin in 
maintaining bistability. a, Disassembled view of the bistable transducer, 
illustrating key mechanical components. b, Schematic illustrations, free-body 
diagrams and potential energy associated with each state and transition (Fskin, 
the reactive force of skin; Fhold, the holding force from the permanent magnet; 
Fcontact, the force of contact between the armature and opposing surfaces; Fcoil, 
the force applied by driving the coil with current; ΔEskin, 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. 
c, The minimum applied current required to overcome the energy barrier 
between each state plotted against the total indentation depth for a range  
of Young’s moduli, E. The shaded regions correspond to the boundaries of 

bistability, outside which only one state is attainable (monostable, compressed 
or relaxed). The symbols correspond to experimental evaluation of the 
threshold on skin phantoms (bars show min–max; n = 4). d, Phase diagram  
for Icoil → ∞ showing regions across the parameter space of skin modulus and 
indentation depth for successful bistability. These regions are plotted for 
different layer thicknesses, h. The points correspond to experimental results 
from skin phantoms, for which transitions are observed for Icoil ≤ 500 mA.  
The asterisk indicates conditions (h = 5 mm) at which successful transitions 
occurred over 120,000 consecutive cycles in a 96-h period. e, Mechanical 
bistability evaluation on three skin locations in n = 6 healthy individuals  
(3 male, 3 female, ages 20–36 years; locations indicated on the horizontal  
axis). The indentation depth was adjusted using three harness variants.
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This rod interfaces with the skin as 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 Data Figs. 1 and 2). To reduce mechanical mismatch between 
the rigid 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, form a bistable mechanism, in which energy stored by compress-
ing the skin is returned following transition to relaxed conditions. In the 
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 
attraction induced between these elements exceeds the reactive force 
imposed by the skin, thereby maintaining compression without current 
applied at 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 a slight attraction to the PDMS–MNP diaphragm, prevents 
the armature from reverting 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 remain in any 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 
induces transitions between these states (see potential energy graphs of 
Fig. 2b). Across a range 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).

Figure 2e and Supplementary Tables 1 and 2 show that each skin loca-
tion recovers varying amounts of energy, consistent with the range of 
skin mechanical properties recorded in Extended Data Fig. 4. Consider-
ing that the 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 from the contribution of skin in the locations reported 
in Supplementary Tables 1 and 2 for 2-mm indentations. To accom-
modate these variations, the transducers feature an inductance-based 
self-sensing mechanism, which—as subsequently described—tailors 
input power on demand. Requiring only 58 mJ on average for transitions 
(2-mm indentation; Supplementary Tables 1 and 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-
netic schemes. 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.

Bimodal vibrotactile actuation
The mechanical structure of skin, along with its role in the bistable 
operation of our transducers, helps define a spring–mass system that 
serves as the basis for delivering vibrotactile feedback (Fig. 3a and 
Extended Data Fig. 3f). In the relaxed state, this spring arises from the 
elasticities of the skin and 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 shown in Fig. 3a–c, applying an 
alternating current at sub-transition amplitude vibrates the armature, 
creating a small perturbation around the initial 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. 3c,d, the spatiotemporal profiles of mechanical 
deformation, measured with 3D digital image correlation (DIC) on skin 
phantoms (Extended Data Fig. 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 
states with thresholds reported in Fig. 3e and Extended Data Fig. 7a,b. 
A larger 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 mechanoreceptors28,29.

Our system aims to deliver static indentation and dynamic vibration 
as perceptually distinct channels of information. On this basis, Fig. 3f,g 
demonstrates how integrating these operations allows the transducer 
to deliver information at faster bit rates, given a fixed budget for power 
consumption. Figure 3g also indicates that bistable operation in the 
0–2 bits s−1 regime offers superior power consumption with respect to 
purely vibrational modes. The independent and simultaneous control 
of indentation and vibration also raises the prospect for manipulation 
of a broader range of sensations that incorporate mixed input from SA 
and RA mechanoreceptors28,29.

Kirigami structures deliver shear force
Human tactile perception not only reflects the temporal pattern of 
mechanical stimuli but also the direction of applied forces14,15. Gener-
alizing the contact surface of the transducer beyond a simple indent-
ing rod, Fig. 3h,i illustrates 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-inspired7,30,31  
structure arises from the patterning, bonding and creasing of stiff 
plastic panels into a thin-walled hexagonal tube (Fig. 3j). As illustrated 
in Extended Data Fig. 6, the split-crease design accommodates the 
transducer within the internal volume of the structure itself. On linear 
compression, as simulated in Fig. 3k (Extended Data Fig. 3), the pattern 
twist-buckles into a truss of supporting beams.

Assembled into two counter-rotating tiers, the design shown in 
Fig. 3h–j allows 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. 
The bottom platform couples to the skin as a ring 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 motions in the armature and ring in opposite directions (Sup-
plementary Video 3). These principles similarly define the operation of 
a miniaturized, one-tiered structure described in Extended Data Fig. 8. 
As with normal-force operation, these transducers maintain two stable 
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states balanced by the elastic force of the skin and the holding force of 
the permanent magnet. Also as with normal-force operation, vibratory 
modes are possible in either of these two states.

With the compact, efficient design reported here, the kirigami 
transducer generates a total rotation of up to 14° between the disc and 
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 
this torsion angle. 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 a smaller radius than the ring, 
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 Data Fig. 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 
in the context of a three-unit arrangement 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 
its armature (Fig. 4c). The circuit elements outlined in Fig. 4b capture 
the resonance frequency of each transducer and report to the controller 
whether it exists in the relaxed state or the compressed state (Fig. 4d). 
As the basis for a closed-loop system, self-sensing allows the transducer 
to recover energy stored in skin deformations, which would 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, to 19 transducers through a layer 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 unit is pitched at 1.3 cm, well within the reported spatial acuity 
of most skin areas, including the neck and forearm (5.5 mm and 2.4 mm 
by two-point discrimination population means, respectively)32,33. 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.

A small 500-mAh lithium-ion battery, 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-h intervals 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 Tables 1 and 2). Without 
closed-loop control, each transition towards compressed and each 
transition towards relaxed would consume 6.36 mJ and 323 mJ more 
energy, respectively (285% overall; average across six participants, 
three skin locations), to accommodate the full range of input thresholds 
recorded in Supplementary Tables 1 and 2. With output voltage buffered 
by a supercapacitor (Fig. 4b), the controller can transition all 19 units 
simultaneously and at least 29 units per second on average given 58 mJ 
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.

3D scanning enables sensory substitution
Figure 4a illustrates 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–h illustrates how this single configuration can 
address three separate sensory impairments using different profiles 
of indentation and vibration.

The first sensory substitution system, illustrated in Fig. 4f, aims to 
help individuals with visual impairment detect obstacles in their path. 
As shown in Fig. 4f, Extended Data Fig. 9a and Supplementary Video 6, 
a smartphone held by the participant anchors six virtual detection 
windows to the room using LiDAR at a variable distance (2.5 m in this 
example) from the user. Each window sends a pattern of skin indenta-
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 
in a hands-free configuration.

Another configuration of this system, illustrated in Fig. 4g, provides 
feedback during standing balance as a means of enhancing postural 
stability. As shown in Fig. 4g, a smartphone held against the body of the 
participant tracks its orientation using an IMU. These data serve 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 
Data Fig. 9i). In healthy participants (n = 10), this sensory substitution 
system improves performance on the standard sharpened Romberg 
test. As shown in Fig. 4j and Extended Data Fig. 9, participants maintain 
their balance 20–313% longer on average under guidance from the 
haptic device.

Finally, Fig. 4h illustrates an application that aims to guide foot ori-
entation in individuals with impaired proprioceptive control. Adverse 
foot positioning is often an inciting event for ankle injury34,35. As shown 
in Fig. 4h and Extended Data Fig. 10a, the user wears an external IMU in 
their shoe and holds a smartphone in their 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 
of information 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, shown in 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 1 s, suggesting that this information can be used 
in real 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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standard deviations of the foot unit normal vectors, respectively. The dashed 
arrows indicate unit normal vectors of the target surfaces.
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serve as the foundation for a programmable, skin-conformable array 
that receives and renders patterns of multimodal mechanical stimuli. 
Through its ability to deliver large forces and displacements, it can 
reproduce cutaneous sensations associated with both SA and 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 kirigami transmission structure, it can manipulate the direc-
tion of force. These mechanosensory pathways contribute to a broad 
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-
ism and 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 that improve performance in models of visual, vestibular and 
proprioceptive sensory substitution tasks.
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Methods

Transducer fabrication
The architecture of one transducer is illustrated in Extended Data Fig. 1. 
A soft (low-coercivity) ferromagnetic alloy (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 a 3D-printed bobbin 
(Black Resin V4; Form 3B, Formlabs) and a flexible 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), a cylindrical ring of iron–cobalt and 
a 1.57-mm-diameter titanium pin. An elastomeric ring (Dragon Skin 10 
SLOW, Smooth-On) was sandwiched between the base of the armature 
and the inner core.

The diaphragms were fabricated as caps that could be fitted across 
the top surface of each bobbin assembly. The elastomeric caps were 
cured inside a two-part mould. The top surface of the cap was a compos-
ite of PDMS and MNP. Iron oxide (II,III) 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-kPa pressure; ARV-310P, THINKY) and were then allowed to return to 
room temperature. Part A of Sylgard 184 was then added in a 1:10 ratio 
by mass of part B and mixed using a planetary mixer (2,000 rpm for 
30 s under 0.2-kPa pressure). The PDMS–MNP composite was reverse 
pipetted (12 µl) 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 mm or 2.0 mm.

The lower part of the harness adheres to the elastomeric substrate, 
which—in turn—adheres to the skin of the wearer. To reduce mechanical 
mismatch between the soft substrate and rigid harness, a hexagonal 
ring at the 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) a thin (90-µm) 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 thin layer of silicone. After curing this layer, the silicone–mesh 
composite was patterned by CO2 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 µm 
(1,000 rpm for 2 min). After curing at 75 °C for 3 h, a 260-µm 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 a laminate 
backing and the harnesses were bonded to the non-adhesive surface by 
dip-coating it with single-component silicone (3140 RTV, Dow Corning).

The outer encapsulation (Fig. 1e) of the device comprises a silicone- 
based elastomer (Silbione RTV 4420, Elkem). The encapsulation was 
cured at 75 °C for 3 h between a two-part mould milled from aluminium. 
The resulting encapsulation layer had a thickness of 0.3 mm.

Phantom skin mechanical characterization and bistability 
measurements
The criteria for 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 a rigid cylinder with 
a flat end and an elastic half-space (35:1 PDMS mixing ratio, E = 85 kPa; 
40:1, E = 61 kPa; 45:1, E = 43 kPa; 50:1, E = 31 kPa; 55:1, E = 24 kPa).

The experimental setup and results of the bistability experiments 
can be seen in Supplementary Fig. 1. Before testing, the transducer was 
attached to a phantom skin and transitioned between compressed and 
relaxed modes once to eliminate any unintended friction that may have 
arisen during installation. 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 were recorded. The study involved 
phantoms of thicknesses 2 mm and 5 mm with different moduli (PDMS 
mixing ratios of 35:1, 40:1, 45:1, 50:1 and 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 mm and 1.0 mm). Current-controlled stimuli 
were driven in the range −450 to 450 mA (2602 System SourceMeter, 
Keithley). To account 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
As shown in Extended Data Fig. 4e–g, the compressive moduli of human 
skin were assessed at three distinct locations (dorsal palm on adductor 
pollicis, dorsal palm on metacarpals and ventral forearm) in a cohort 
of six individuals (three male and three female, ages 20–36 years). The 
obtained experimental data were used to calculate the skin moduli 
using a theoretical indentation model, which accounts for the contact 
between a rigid cylinder with a flat end and an elastic half-space.

As shown in Fig. 2e, Extended Data Fig. 4a and 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 six human participants (three male, three female, 
ages 20–36 years) participated in the study. Once attached to the skin, 
the transducer underwent a transition to the compressed and relaxed 
modes to eliminate any unintended friction between the armature 
and holder that may have occurred during installation. Following  
a 1-min break to allow for complete relaxation of the skin, the minimum 
currents required to induce the compressed and relaxed states of the 
transducer were measured using 500-ms pulses. Current-controlled 
stimuli were driven in the range −450 to 450 mA in increments 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 mm and 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 
each transition. To determine minimum input energy, the current mag-
nitude was scanned between −450 and 450 mA in increments 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 Rcoil = 13.39 Ω (mean; 0.384 Ω s.d.; n = 18). 
Supplementary Tables 1 and 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 perception threshold for vibration was measured for n = 12 partici-
pants (6 male, 6 female, ages 20–36 years) using a transducer placed 
on the 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 
sequences36. While ascending, the staircase would reverse when the 
participant reported ‘yes’ and, while descending, the staircase would 
reverse when the participant reported ‘no’. Two interleaved staircases 
were carried out for each condition, one initially descending and the 
other initially ascending. Amplitude step sizes of 10 mA and 25 mA were 
used for the relaxed and compressed vibrations, respectively. Each 
stimulus was played for a 1-s interval. The participants were not given  
any visual or auditory cues from the transducer. Raw data for the 
experi ments can be found plotted in Supplementary Figs. 3–5. For 
the synthesized results shown in Fig. 3e and Extended Data Fig. 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. 
The results of this statistical analysis across n = 12 participants (6 male, 
6 female, ages 20–36 years) are given in Supplementary Tables 5 and 6.  
See Supplementary Methods for further details.

Fabrication of the kirigami structure and its integration with the 
bistable transducer
The kirigami panels have a three-layer structure, as shown in 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. 6l. 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 core is 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
In the study, a total of 14 participants (8 male, 6 female, ages 23–31 years) 
were recruited. 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 
ring and 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 
on deformations evaluated from DIC results (Fig. 3l and Supplementary 
Video 4). Supplementary Table 7 reports outcomes for rotation and 
indentation of the ring (0.33°, 0.66° and 1° rotations; 0.2-mm indenta-
tion). Supplementary Table 8 reports outcomes for rotation of the disc 
(5°, 10° and 15° rotations; 0-mm indentation). Supplementary Table 9 
reports outcomes for rotation and indentation of the disc (5°, 10° and 
15° rotations; −0.4-mm indentation). 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-mm and 
−0.4-mm indentation depths for the ring and disc, respectively. After 
experiencing each rotation angle within each ring–disc configuration 
five times, participants were asked to rate their perceived intensity on 
a seven-point scale, ranging from 1 to 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 in each ring–disc configu-
ration. The mean values across repeat measures for each participant 
were evaluated. The relevant 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 t-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 the results 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 found in Supplementary Tables 14 and 15 and Extended 
Data Fig. 7. For further details, see Supplementary Methods.

Array and controller fabrication
The driving electronics for the haptic device were mounted and sol-
dered to a fPCB (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-in antenna. The device was powered by a rechargeable, 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 a low-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). An independent 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.

Each transducer was configured as a modular unit that could be incor-
porated into a hexagonal tiling of self-similar units. Each element was 
independently addressed from exposed contacts on the exterior tiles of 
the 19-element hexagonal grid. To route the driving signals to interior 
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 
of 120°. The orientation diagram is illustrated in Extended Data Fig. 2d. 
The serpentine interconnects are two-layer fPCBs manufactured from 
35-µm copper traces with a total thickness of 130 µm (PCBWay).

Visual sensory substitution system and task
For the visual sensory substitution system, as shown in Fig. 4f, Extended 
Data Fig. 9a and 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) in their hand. LiDAR and IMU sensors anchor six 
virtual detection windows to the room, which remain fixed in space at a 
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 
bottom right). When an object crosses the boundary of the window, it 
sends a cue to 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 haptic array. To indicate 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 
the respective location. The task was carried out in 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 to indicate 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 the accu-
racy of their answers. In the last phase, in which we recorded answers as 
part of 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 randomly in 
each of the six locations. Each of the locations was repeated six times 
in random order. The significance of the accuracy of each participant 
(n = 7) was evaluated using the Wilcoxon signed-rank test, given the null 
hypothesis that selections were made at random between six choices 
(that is, 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, 
a smartphone (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 a line 
of vibration that follows the postural angle of the user (see Extended 
Data Fig. 9i for feedback patterns).

We evaluated this task on healthy individuals (n = 10, 5 male, 5 female, 
ages 20–36 years). We used the sharpened Romberg test (eyes closed) to 
measure standing stability and postural control. As shown in Fig. 4g, the 
participants were asked to remove their shoes and stand with two feet 
in a line (toe to 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 between rest intervals (Supplementary Table 16). Statisti-
cal significance for the outcomes of these experiments was evaluated 
by modelling the presence and absence of feedback as a factor in a 
repeated-measures ANOVA model (nine degrees of freedom). The bal-
ance duration, acting as the dependent variable, was transformed 
logarithmically to account for its right-skewed distribution. Ultimately, 
the P value 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, as illustrated 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 
21–37 years). As shown in Fig. 4h and Extended Data Fig. 10a, a variable 
surface would be presented in front of the participant at fixed orienta-
tions of (ψ, φ) ∈ {(0°, 0°), (15°, 60°), (15°, −60°), (30°, 0°)}, in which ψ is 
the pitch of the surface and φ is the yaw (Extended Data Fig. 10a for 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 then they were asked to match their foot to the presented surface 
by stepping forward onto the surface. Error was measured as the angle 
between the foot and the surface. The task was carried out in 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. In the 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 cue as part of 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. During each 
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
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this 
published article (and its supplementary information files).
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Extended Data Fig. 1 | Transducer design and fabrication. a, Fabrication  
of the core on a motorized stage. Each coil was wound to eight layers along  
the 2.75-mm shaft of the bobbin to reach approximately 63% fill density. The 
resistance of each coil was measured to verify consistency and all transducers 
described in this article lie within 13–14 Ω (Rcoil = 13.39 ± 0.384 Ω; n = 18).  

b, Assembled transducer. c, Disassembled view of the transducer with key 
mechanical components labelled. d, Scale illustration of bistable transducer 
components and the variable harness system. e, 3D illustration of the three 
harness variants used in this study.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Transducer array design and mechanical testing.  
a, Schematic illustration 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, schematic illustrations and 
photographs. d, Photograph of two transducer units positioned inside the 
controller module and schematic illustrations demonstrating how each 
modular interconnect layer routes signals through the hexagonal array. 
During assembly, the internal contacts fold into the core, in which they can be 
soldered to the coil. e–k, Mechanical response testing for the array. e, Model 
geometry for mechanical simulation of strain under a unit actuator during  
skin bending (50 mm radius). f, Simulated strain using a substrate without 
mesh. g, Simulated strain with a mesh-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)  
of the array during 20% lateral stretching. j, Photograph of the haptic array 
under 50-mm bending radius. k, Numerical simulation of strain within the 
Dragon Skin/mesh adhesive layer, polyimide interconnects and copper traces 
of the array during bending (50 mm radius). l, Transducer resonance measured 
across the array periodically by the embedded inductance measurement  
unit during cyclic deformations of stretching and bending (mean across  
19 transducers; bars, standard deviation). m, Torsion angle induced by a 
kirigami structure (8.5 mm initial height) on a skin phantom (E = 31 kPa) 
measured periodically during cyclical translation of the top panel by 3 mm 
(setup shown in inset).
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Extended Data Fig. 3 | Finite element modelling of electromagnetic and 
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 with a modification of 
Br to 1 T in its B–H curve. b, B–H curve 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 a bulk conductivity of 4 S m−1. c, Example 
quasi-magnetostatic simulation showing the magnetic field strength and 
direction as a colour map and quiver plot (Icoil = 400 mA) for the compressed 
and relaxed states (*||B|| = 7.4 mT, stray magnetic field at 6.6 mm radial distance 
from central axis). d, Model geometry and boundary conditions for solid 

mechanical processes. A downward displacement was applied to the armature 
and the corresponding reaction forces from the skin phantoms were evaluated. 
e, Example simulations showing strain distribution within a skin phantom (45:1, 
E = 43 kPa) for the relaxed and compressed states (2 mm effective indentation). 
f, Schematic of the mass–spring–damper vibration model for the transducer 
and the periodic loading force applied to it. g, Stress distribution within the 
kirigami structure in the relaxed state (PET yield stress, 80 MPa). h, Stress 
distribution within the kirigami structure in the compressed state. i, In-plane 
strain of the skin phantom in the compressed state. A stiff skin phantom was 
used here to evaluate the upper bound of stress in the structure (E = 5.1 MPa).  
j, In-plane deformation of the skin phantom in the compressed state.



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Mechanical characterization of transducers, skin 
phantoms and human skin. a, Mechanical bistability evaluation in healthy 
individuals. Measurements were performed in five skin locations (depicted on 
the left). The absolute value of current required to transition the armature 
between relaxed and compressed states was measured for n = 6 participants 
(three males, three females, ages 20–36 years). The indentation depth was 
adjusted by performing experiments with harnesses of varying heights.  
b–i, Characterization of force as a function of extension was performed using  
a motorized stage (ESM303, Mark-10) and a force gauge (M5-2, Mark-10) with a 
10 N capacity. b, Experimental and simulated forces measured as a function  
of the longitudinal position of the armature for several applied current values 
(excluding PDMS–MNP diaphragm and skin compressive force). We defined  
the origin as where the base of the armature and the core are in contact and we 
determined this using the force meter. For experimental results, the solid  
lines and shaded areas correspond to the means and standard deviations, 
respectively (n = 8). The square markers correspond to the maximum recorded 
force for each current, averaged across all transducers. The inset shows the 
experimental setup. c, Forces measured as a function of the longitudinal 
position of the armature rod (excluding force from core) for 40:1, 45:1, 50:1 and 

55:1 skin phantoms with thicknesses of d = 2 mm (inset shows experimental 
setup). d, Forces measured as a function of the longitudinal position of the 
armature rod for 35:1, 40:1, 45:1, 50:1 and 55:1 skin phantoms with thicknesses 
of d = 5 mm. e, Skin reactive forces measured as a function of the longitudinal 
position of the armature rod (excluding force from core) for the ventral aspect 
of the forearm for n = 6 subjects (three males, three females, ages 20–36 years; 
experimental setup shown in inset). f, Skin reactive forces measured for the 
dorsal aspect of the palm above the adductor pollicis for n = 6 subjects (three 
males, three females, ages 20–36 years; location indicated in inset). g, Skin 
reactive forces measured for the dorsal aspect of the palm above metacarpal  
III for n = 6 subjects (three males, three females, ages 20–36 years; location 
indicated in inset). h, Tensile-peeling-force measurements of the harness 
attached to the silicone–mesh composite adhesive mounted on the forearm  
of n = 4 subjects (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 Ø7 mm disc pre-rotated to 30° and mounted on the forearm of n = 4 subjects 
(two males, two females, ages 26–32 years) with 3M 9699 double-sided 
adhesive. The horizontal line shows the holding force of the torsion actuator.



Extended Data Fig. 5 | 3D DIC evaluation of vibrotactile deformation.  
a, Photograph of the experimental setup. b, Representative photograph of image 
sequence showing speckle pattern. c, 3D-reconstructed points versus true 
points. d, Normal deformation of skin phantoms measured in the relaxed and 
compressed states with DIC. e–g, Temporal profiles (top) and frequency-domain 

transformations (bottom) of skin phantom indentation (45:1 PDMS phantom, 
E = 43 kPa; Icoil-pk = 250 mA) measured at the centre of the contacting rod of the 
transducer with DIC during square-wave perturbation of the coil. e, Relaxed- 
state perturbation. f, Compressed-state perturbation. g, Full-transition 
vibration.
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Extended Data Fig. 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 α and β are discussed in 
the Supplementary Methods. b, Design of a variant cell that uses a combination 
of straight and curved creases, which further increases the internal space.  
c, Curved crease design using the Bézier curve method, in which P1–P5 are 
control points (discussed in the Supplementary Methods). d, Kirigami 
structure with only straight valley creases in the folded state (h = 6.75 mm).  

e, Variant kirigami structure with 2 mm straight crease length (h = 6.75 mm; 
folded state). f, Crease length, 4 mm. g, Two-tiered kirigami structure 
illustrating switchable motion states. h, Bottom view of the contacting 
elements (ring and disc). i, 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, Photograph of the flat kirigami panel used for fabricating the 3D structure.  
l, Photograph of the assembled lower and upper tier kirigami modules.



Extended Data Fig. 7 | Perceptual intensity of vibration and torsion.  
a,b, Vibration current amplitudes of perception thresholds (n = 12, six males, 
six females, ages 20–36 years). a, Compressed-state vibration. b, Relaxed-state 
vibration. c, Relative perception of vibration in the transducer with respect  
to a commercial LRA (dotted line, equivalent perception; n = 12, six males, six 
females, ages 20–36 years). d–g, Perceptual intensity evaluated according  
to its definition in Methods for n = 14 human participants (eight males, six 
females, ages 23–31 years) under four ring–disc configurations. The left 
column shows mean values reported by each subject (n = 5 repeat measurements; 
bars, standard deviation) and the right column reflects all subjects (n = 14; bars, 
1.5 interquartile range; shaded box, range between 25th and 75th percentiles; 
horizontal line, median; ×, mean; ◆, outliers from 1.5 interquartile range). 
According to the Friedman test, a statistically significant difference  
can be seen within each ring–disc configuration (P < 0.0001) and each showed 
a moderate positive correlation between ratings and rotation angles (Spearman 
correlation, ρ ≥ 0.58), which was highly statistically significant (P < 0.0001).  

d, Outcomes reported for rotation and indentation of the ring, in which the ring 
was rotated to angles of 0.33°, 0.66° and 1° with a static indentation of 0.2 mm. 
e, Outcomes reported 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 
for rotation and indentation of the disc, in which the disc was rotated to angles 
of 5°, 10° and 15° with a static indentation of −0.4 mm. g, Outcomes reported 
for rotation and indentation of the ring and disc, in which the ring and disc were 
rotated to angles of (0.33°, 5°), (0.66°, 10°) and (1°, 15°) with a static indentation 
of (0.2 mm, −0.4 mm). h–j, Torsion and indentation array discrimination 
experiments. h, Illustration and photograph of the apparatus setup, which 
includes three torsion actuators (A, D and E) and two indentation actuators  
(B and C). i, Discrimination between indentation and torsion, combined results 
for 15 healthy participants (seven males, eight females, ages 23–31 years). 
Accuracy was averaged over 15 subjects 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 Data Fig. 8 | Miniaturization of indentation and torsional 
transducers. a–e, Miniaturization of the indentation structure. The coil was 
wound to 12 Ω. a, Photograph of the original and miniaturized transducers.  
b, Scale illustration of the miniaturized transducer. c, Experimental and 
simulated forces measured as a function of the longitudinal position of the 
armature for several applied current values. Measurements were performed 
using a motorized stage (ESM303, Mark-10) and a force gauge (M5-2, Mark-10) 
with a 10 N capacity. d, Simulated phase diagram for Icoil → ∞ showing regions 
across the parameter space of skin modulus and indentation depth for successful 
bistability. The shaded regions correspond to the boundaries of bistability, 
outside which only one state is attainable (monostable, compressed or 
relaxed). e, The minimum applied current required to overcome the energy 

barrier between each state plotted against the total indentation depth for a 
range of Young’s moduli, E (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, Volumetric illustration of 
freely moving mechanical elements of the one-tiered structure. i, Photograph 
of a haptic array incorporating units for both indentation and torsion. j, Finite 
element analysis of stress driven by creasing within the kirigami structure  
(PET yield stress, 80 MPa; E = 31 kPa, skin). k, DIC out-of-plane (left) and in-plane 
(right) strains on a skin phantom during the compressed state of the single-tier 
transducer (E = 31 kPa; arrows, direction and magnitude of in-plane deformation). 
The inner disc rotated 7.5° and translated 0.25 mm vertically relative to the 
outer ring.
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Extended Data Fig. 9 | Visual and balance sensory substitution tasks.  
a–h, Visual sensory substitution task. Confusion matrix of participant 
performance on object identification task (n = 7), with the colour map indicating 
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 
(Wilcoxon signed-rank test; n = 7). The effect size was large, r = 0.896, according 
to rank-biserial correlation. a, Experimental setup of the visual sensory 
substitution task. b, Subject 1, female, age 21 years. c, 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 31 years. i–s, Balance sensory substitution task. Participant performance 
on sharpened Romberg task, measured as the time duration before losing 

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.  
The vertical bars indicate standard deviation, shaded boxes indicate the 
interquartile range, the horizontal lines above each box indicate medians and 
filled circles correspond to the means. i, Stimulation patterns superimposed 
on smartphone 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, 
age 35 years. l, Subject 3, female, age 20 years. m, Subject 4, female, age 
29 years. n, Subject 5, female, age 32 years. o, 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.
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Extended Data Fig. 10 | Foot-strike sensory substitution task. Evaluation of 
the foot-strike sensory substitution system. a, Experimental setup depicting 
reference axes. As part of the task, four separate surfaces were presented at 
orientations (ψ, φ) ∈ {(0°, 0°), (15°, 60°), (15°, −60°), (30°, 0°)}. b, Stimulation 
patterns superimposed on smartphone display during rotation around the 
forward axis. The virtual mesh highlights the LiDAR-reconstructed surface.  
c–e, Unit normal vectors of foot and variable surface centred on a common 
origin during task with feedback. The significance of the results for each 
individual was evaluated using the Wilcoxon signed-rank test over repeat trials 

(across all three phases), given the null hypothesis that the median of the data  
is identical to the control. Effect size was characterized according to rank-
biserial correlation. c, Subject 1, 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 21 years (n = 60, P = 0.00027, r = −0.47). f–h, Unit normal 
vectors of foot and variable surface centred on a common origin during task 
without feedback (control). f, Subject 1, male, age 37 years. g, Subject 2, female, 
age 35 years. h, Subject 3, male, age 21 years.
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