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Skin plays a vital role in shaping our interactions with the world; 
we can effortlessly distinguish between a light breeze, a rough 
fabric and a smooth, hard surface. The ability to restore these 

capabilities to people with skin damage or amputations could pro-
vide an improvement in quality of life1,2. This ultimate scientific and 
engineering challenge motivates the development of a variety of 
new materials, devices and manufacturing methods. Active, robotic 
prosthetics can already mimic many of the mechanical properties 
of biological hands, and adding skin-like sensory capabilities could 
improve their acceptance and utility among amputees1,3 by provid-
ing several key advantages. First, stimulating residual sensory path-
ways with sensory information can alleviate phantom limb pain that 
affects up to 80% of amputees4. Second, providing sensory feedback 
from a prosthetic limb provides the perception that the prosthetic 
is part of the user’s body, promoting a sense of ownership3. Third, 
operating an active prosthetic based on visual and auditory cues 
can be cognitively straining1; providing tactile feedback could allow 
more natural and facile operation2,5 by restoring information about 
body positioning (proprioception) and grip forces6. A lack of sen-
sory feedback is currently a limiting factor for prosthetic devices1,5,7. 
According to consumers, design considerations for prosthetics 
include weight, cost, durability and life-like appearance8, and these 
requirements also apply to future prosthetic electronic skin.

Biological inspiration
To restore a natural sense of touch, it is important to understand 
and mimic the key factors affecting the sensory properties of biolog-
ical skin. The sensory receptors in human skin can be classified into 
seven general types: pain receptors, cold receptors, warm receptors 
and four mechanoreceptors that measure innocuous mechani-
cal stimuli. The receptors encode information as the time between 
voltage spikes, called action potentials (Fig.  1a)9. Innocuous tem-
perature is sensed by different afferents for cold and heat, cover-
ing the range from ~5 to 48 °C (refs 10,11). Each of the four types 
of mechanoreceptors (Fig.  1b) measures forces on different time-
scales and with different receptive field sizes (Fig. 1c). The receptive 
field is the area of skin that elicits a response from the mechano-
receptor12–14. Slow adapting receptors (SA-I and SA-II) respond to 
static pressures; that is, they produce a sustained signal in response 
to a sustained stimulus. Fast adapting receptors (FA-I and FA-II) 
respond to dynamic forces (derivative of force with respect to time) 
and vibrations13,14. SA-I receptors are located near the surface of the 
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skin and respond to skin indentations with high sensitivity. They are 
in high densities in sensitive areas of the skin, such as the fingertips, 
and consequently provide high-resolution force information use-
ful for discriminating object shape and texture15,16. SA-II receptors 
are located deeper within the skin and are primarily responsible for 
measuring skin stretch; therefore, they are important for proprio-
ception13,14. FA-I receptors measure low-frequency (5–50 Hz; ref. 13) 
stimuli typically associated with object manipulation and texture 
discrimination15. They are essential for measuring the changing 
position of objects in a person’s hand and for detecting slip that is 
used to adjust grip force6,13. FA-II receptors measure high-frequency 
vibrations (up to 400 Hz; ref. 13) over large areas, and are important 
for texture discrimination15,17 and slip detection6. The signals from 
receptors are transported through nerve fibres, with each nerve fibre 
containing information from many receptors13. The ensemble out-
put of information from these four receptors is interpreted by the 
brain to give complex information about body position and object 
size, shape, texture and hardness16. The time delay for the signal to 
reach the brain is in the range of several tens of milliseconds13,18.

The mechanical properties of skin have important effects on 
its sensory characteristics. Owing to its softness and compliance, 
skin adapts to the surface of an object, altering the distribution 
of forces on mechanoreceptors16, providing more contact area 
for sensory perception, and improving grasp through friction19. 
Mechanical structures within the skin, called intermediate ridges, 
may function to concentrate forces onto mechanoreceptors12, and 
fingerprint ridges on the surface of the skin are instrumental in 
texture discrimination17,19.

Additional sensing capabilities emerge as a result of the high 
density20 and variety of sensors in the skin. For example, sensing 
large-scale textures is enabled by the large density of SA-I recep-
tors14. The hardness of surfaces can be measured by the combined 
output of cutaneous receptors and proprioceptive receptors21, 
whereas the wetness of a surface is estimated based on sensations 
from both mechanoreceptors and thermal receptors22.

Skin has a unique combination of mechanical and sensory prop-
erties that do not exist in conventional electronics. Consequently, 
mimicking skin inspires the development of new materials and 
processing methods23. The components of skin that need to be 
developed include sensors, signal encoding, signal transmission 
and a method to convey the sensory information into the nervous 
system (Fig. 1d).
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Figure 1 | Skin receptors and transduction process. a, Action potentials produced by cold receptors in human skin9. b, A schematic of the location of 
mechanoreceptors in the skin14. c, Types of mechanoreceptors, their function, temporal response and density in the hand13. RF, receptive field size; SA-I 
and SA-II, slow adapting receptors; FA-II and FA-II, fast adapting receptors. d, A schematic of the steps required for the transduction of sensory stimuli 
from natural (top) or artificial (bottom) receptors in the brain. Signal collection, encoding in electrical signals mimicking action potentials, transmission, 
and neural interfacing are all key issues that need to be addressed to add sensing capabilities to prosthetic devices. Figure adapted with permission from: 
a, ref. 9, Wiley; b, ref. 14, Elsevier; c, ref. 13, Nature Publishing Group.
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Mimicking mechanical properties
The skin’s ability to accommodate the movements of the body by 
bending and stretching sharply contrasts with traditional silicon 
electronics that are rigid and brittle; alternative compliant elec-
tronics able to mimic and adapt to the skin are required for such 
applications23–25. Prosthesis consumers value skin-like coverings for 
their prosthetic devices that have a similar look and feel as real skin 
as well as good durability8. It has been shown that, by tuning the 
modulus, viscoelasticity and temperature of a skin-like coating, the 
touch from a prosthetic hand can be indistinguishable from a real 
hand26. Restoring both sensory feedback and the mechanical prop-
erties of natural skin may allow patients to comfortably use their 
devices during intimate interactions (for example, when interacting 
with children)7.

Flexible electronics27,28 allow devices to be bent over curved 
surfaces such as fingers and provide some additional degrees of 
movement compared with rigid devices. In addition to favourable 
mechanical properties, using flexible substrates can facilitate advan-
tageous processing methods, such as roll-to-roll processing or print-
ing, that could reduce fabrication costs27,29. Considering that skin is 
the largest organ of the body, minimizing the per-area cost of its 
artificial replica will be a priority. Flexible electronics technologies 
such as polymer microelectromechanical systems27,30 and thin-film 
transistor matrices are rapidly being developed31,32. Moreover, many 
traditional electronic devices can be made flexible by reducing the 
thickness of the substrate to reduce strains on the active materials33.

Flexible electronics technologies can satisfy many of the require-
ments for prosthetic electronic skin development24. However, to 
fully mimic the feel and sensory properties of skin, it is important to 
implement materials with low elastic moduli and good stretchabil-
ity26. On average, biological skin is stretchable to 75% strain34, and 
this allows free movement of the joints, which experience surface 
strains up to 55% for the knees35. Furthermore, coverings for pros-
thetics that mimic skin mechanics to make the device appear and feel 
more natural are popular among prosthetics users26. Making elec-
tronics stretchable requires new materials or fabrication approaches 
that provide additional degrees of movement. We will discuss three 
major approaches to stretchable electronics: (1) buckling of flexible 
devices, (2) discontinuous stiff components and (3)  intrinsically 
stretchable materials.

Buckling. In these approaches, a flexible device is attached to a pre-
stretched elastomer substrate. When the substrate strain is released, 
the flexible device buckles out of the plane of the deformation 
(Fig. 2a). The substrate can then be stretched to the value of the orig-
inal pre-strain by changing the radius of curvature of the electronic 
device; in other words, the buckling approach converts substrate 
stretch into bending of the active device. If the flexible device con-
sists of a thin active material on a thicker substrate, the strain in the 
active material can be approximated by t/2r, where t is the thickness 
of the substrate and r is the radius of curvature36. Furthermore, by 
adding an encapsulation layer to the device, the active components 
can be positioned at the neutral mechanical plane25,37, which is the 
location of minimal strain in the device stack. Buckling approaches 
can be applied to any flexible device; hence, in principle, they can 
be used to convert any high-performance flexible electronic device 
into a stretchable one. However, some flexible sensors may change 
their sensing properties when bent38. Additionally, buckling may 
prevent the device from intimate contact with the target object.

Discontinuous stiff components. Stretchable electronics can 
be fabricated by patterning discontinuous stiff components in a 
softer substrate, so that the deformation is accommodated by the 
stretchable regions between the stiff islands (Fig.  2b). Electrical 
connections between stiff device islands can be formed by stiff non-
stretchable materials that are designed to deform out of the plane of 

deformation39 or by intrinsically stretchable conductors40. For exam-
ple, serpentine gold or silicon interconnects have been designed that 
bend in the z direction to accommodate strain applied in the x and 
y directions39. Intrinsically stretchable carbon nanotube-based inks 
have been developed to connect stiff islands made of polyimide40. 
The stiff island approach allows the use of high-performance rigid 
devices. However, the stretchability depends on the surface ratio 
between the stretchable interconnects and the rigid islands; hence, 
a trade-off between stretchability and device density is unavoidable.

Intrinsically stretchable materials. The development of intrinsi-
cally stretchable electronics has been challenging due to the need 
to create new materials with suitable mechanical and electronic 
properties41,42. Examples of such materials include composites in 
which electronic functionality is imparted to insulating elastomers 
by blending them with electronically active components40,43. In 
blended materials, higher filler content increases conductivity but 
reduces the stretchability. High-aspect ratio fillers simultaneously 
improve stretchability and conductivity by reducing the percolation 
threshold43. Two-dimensional networks of 1D materials, such as car-
bon nanotubes (CNTs) and nanowires, have excellent stretchability 
because the 1D materials can slide or deform while maintaining a 
percolating pathway44. The adhesion of the fillers in the network has 
a large effect on stretchability. CNTs tend to slip and buckle under 
strain, resulting in irreversible strain-induced changes that allow 
the device to be preconditioned, using an initial strain cycle, to have 
strain-independent characteristics within the preconditioned strain 
range44,45. In contrast, when nanowires are well adhered in a matrix, 
the electrical behaviour with strain is reversible46.

An alternative approach to adding electronic functionality to 
stretchable and insulating materials is to make electronic materials 
more mechanically compliant. Polymeric electronic materials have 
conjugated structures that typically promote crystal formation and 
brittle mechanical properties. However, by modifying the chemistry 
of the polymers and including additives, materials can be developed 
that have a favourable trade-off between mechanical compliance 
and electronic properties47,48.

Many of the individual components for prosthetic skin, includ-
ing temperature sensors49, tactile sensors35,50–52 and transistors45,53,54, 
have been demonstrated using intrinsically stretchable electronic 
materials (Fig.  2c). However, the fabrication processes and the 
device performance are not yet sufficient for the types of circuits 
required to process biomimetic signals, as discussed in the ‘Methods 
for encoding biomimetic data’ section. For instance, ionic dielec-
trics have dominated the field of stretchable transistors45,53,54 because 
they are robust to thickness variations and are compatible with 
coplanar patterning methods54. However, ionic dielectrics often 
exhibit impaired time response and large hysteresis, limiting their 
applicability in prosthetic electronic skin.

Toughness and durability. Active prosthetics will be used in 
unstructured environments where they will be subjected to unex-
pected mechanical damage. Prosthetics users often find that skin-
like coatings must be replaced regularly because of damage8. It 
is therefore clear that the toughness and durability of prosthetic 
electronic skin, the cost of which is expected to be higher than 
standard passive skin-like coverings, are mandatory conditions to 
enable the routine use of this technology. Elastomeric materials 
can sustain large pressures and impacts while remaining func-
tional54, and choosing materials with high toughness and tear 
strength can ensure functionality despite punctures and tears45 
(Fig. 2d). Among elastomeric materials, there is often a trade-off 
between softness and durability; elastomers with skin-like elastic 
moduli often lack the durability required for prosthetics applica-
tions55. Real skin is both soft and tough because it is composed 
of a network of tough fibres, and these mechanical properties can 
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be mimicked by including a network of high-modulus materials 
within a network of low-modulus materials. The resulting com-
posite has a very low modulus at low strains, whereas the modulus 
increases rapidly at higher strains to prevent rupture under large 
stresses, similar to the properties of real skin56 (Fig. 2e). This allows 
the skin to be soft at low strains to enable a life-like feel and favour-
able grasp characteristics, whereas the toughness at larger strains 
prevents rupture.

Recreating skin sensations
Skin detects a wide range of sensations, including temperature, 
pressure, strain and vibration. Below we describe methods for 
transducing these stimuli into electrical signals. Transduction is the 
first step in creating an artificial system that mimics the electrical 
output of biological receptors. A sensitive transducer and a signal-
processing circuit are the key components of a biomimetic receptor, 
as discussed in ‘Methods for encoding biomimetic data’.

Temperature transduction. Biological thermoreceptors respond 
to static temperatures with relatively low sensitivity in the range of 
1–14 Hz °C–1 (refs 11,57), whereas the dynamic sensitivity is much 

higher57 (up to 70 Hz °C–1; ref. 11). Consequently, humans have lim-
ited ability to discriminate constant temperatures, but can identify 
temperature changes as small as 0.02 °C (ref. 57).

Temperature sensors for electronic skin (e-skin) have been 
demonstrated based on resistance thermometers, p–n junctions 
or composite materials undergoing thermal expansion. Resistance 
thermometers with linear temperature coefficient of resistance 
(TCR) have been used to measure the thermal properties of skin 
with a resolution of 0.014  °C (ref.  58). However, their sensitivity 
is low (<1% °C–1) and the sensing mechanism is strain-sensitive, 
so stretchability must be imparted using buckling or rigid island 
approaches33,58. The thermal sensitivity of p–n junctions is based on 
the thermal activation of charge carriers58,59. Although these devices 
have improved sensitivity compared with TCR sensors, they are also 
sensitive to light60. Highly sensitive devices can be made from com-
posites based on a polymer matrix and a conducting filler49. As the 
temperature changes, thermal expansion causes the fillers to move 
apart, increasing the resistance60,61 by up to six orders of magnitude 
with a resolution of 0.1 °C (ref. 60). These sensors often have large 
electrical hysteresis61, but they can be engineered to have minimal 
strain dependence49.
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Static force transduction. Mimicking the function of SA-I recep-
tors requires sensor arrays that can measure normal force distribu-
tions with a resolution of ~0.5 mm (refs 12,23). SA-I receptors have 
a limit of detection <1 mN (ref. 62), their response includes both 
static and dynamic components63, and the sensing properties are 
highly dependent on strain rate64. SA-I receptors exhibit a sensitivity 
to pressure of 2–10 Hz kPa–1 (ref. 63) or a sensitivity to skin inden-
tation of 30–160 Hz mm–1 (ref. 64). Transducers for static pressure 
stimuli rely most commonly on capacitive and resistive mechanisms.

In capacitive sensors, capacitance is typically modified by chang-
ing the distance or overlap between two parallel plate electrodes 
(Fig.  3a, left, top). Capacitive sensors can have excellent sensitiv-
ity and linearity65,66, but must be shielded to reduce susceptibility to 
electromagnetic interference. The dielectric of a capacitive sensor 
can consist of a solid polymer44, a microstructured elastomer50,65, or 
an air gap66. Compared with a solid polymer film, microstructuring 
the dielectric polymer allows the dielectric to deform freely into 
void space, minimizing viscoelastic effects and therefore improving 
the time response and sensitivity65 (Fig. 3a, right).

Resistive sensors can employ two mechanisms: intrinsic materi-
als piezoresistivity and contact resistance between a rough or struc-
tured conductor and an electrode. In the first mechanism, applied 
pressure modifies the band structure of a semiconductor or the dis-
tribution of conductive fillers in a polymer composite23,67 (Fig. 3a, 
left, middle). Piezoresistive polymer composites exhibit large hys-
teresis, large confounding temperature sensitivity, and poor pressure 
sensitivity23. To overcome these drawbacks, many recent reports on 
resistive sensors rely on contact resistance modulation (Fig. 3a, left,  
bottom). The change in contact resistance is caused by a change 
in contact area between a conductor and an electrode51,68. Contact 
resistance is not inherently sensitive to temperature; consequently, 
confounding temperature effects can be minimized68. Furthermore, 
since contact resistance is a surface effect, devices can be made very 
thin, which can improve flexibility69 and stretchability51 and reduce 
crosstalk between elements.

Many sensors have sensitivities that are comparable or better 
than human skin51,65,68,69. Compared with skin’s detection threshold 
of 1 mN, capacitive and resistive sensors can measure forces smaller 
than 0.05 mN (ref. 70) and 0.08 mN (ref. 68). Compared with skin’s 
time response of ~15  ms, the response time of sensors can vary 
from ~100 ms for bulk piezoresistance29,71 to <10 ms and <20 ms 
for devices based on capacitance38 and resistance69, respectively. 
The future challenges for device development include mimicking 
the adaptive characteristics of biological receptors63 and improving 
integration with readout circuitry.

Static strain transduction. SA-II receptors principally meas-
ure skin strains14, which can be achieved using the same general 
mechanisms as static pressure sensors. Resistive strain sensors are 
typically based on two main mechanisms that are illustrated by the 
equation for resistance: R = ρL / A, where ρ is resistivity, L is length 
and A is the cross-sectional area. The first mechanism is based on a 
change in geometry (L and A). As the device is stretched, the length 
increases, and the area decreases due to the Poisson effect72. The 
second mechanism is based on a change in ρ, which can be caused 
either by a change in the band structure of a semiconductor73, or a 
change in the percolation pathways between conductive particles in 
a composite material23,74. Traditional strain sensors based on geo-
metric piezoresistivity in metals or semiconductor piezoresistance 
in silicon are suitable for measuring small strains (<1%), but can be 
incorporated in stretchable designs to enable large-strain measure-
ment75. Intrinsically stretchable sensors to measure large strains are 
enabled by materials innovations such as microfluidic liquid metal 
channels76 and percolating CNT networks35. Stretchable capacitors 
can measure strain due to the change in dielectric thickness and 
electrode area, and they are often also sensitive to pressure44,52. This 

resembles the multifunctional sensing properties of SA-II receptors, 
which exhibit moderate pressure sensitivity14.

Dynamic force transduction. Piezoelectric and triboelectric sen-
sors (Fig. 3b) produce a voltage in response to mechanical deforma-
tion. Deformation changes the magnitude of dipoles in the active 
layer, which causes a build-up of charge on the electrodes. In piezo-
electric materials, dipoles originate at the molecular level. The appli-
cation of strain to a material with a non-centrosymmetric unit cell 
can change either the magnitude of the dipole in the unit cell or the 
number of dipoles per volume of material77. This can occur in both 
inorganic materials, such as ZnO (ref. 78) and BaTiO3 (ref. 79), and 
organic materials such as polyvinylidene fluoride. In triboelectric 
devices, macroscopic dipoles are induced by a process called contact 
electrification, in which charges are separated because of a differ-
ence in work function between two materials80. These sensors are 
selectively sensitive to dynamic pressures, making them suitable for 
mimicking the properties of FA-I and FA-II receptors12. Piezoelectric 
and triboelectric sensors have the additional advantage of produc-
ing energy during mechanical stimulation, enabling self-powered 
applications80. Forming piezoelectric materials into different struc-
tures can provide added functionality, such as high sensitivity81 or 
stretchability82. Furthermore, vertical pillars can allow arrays78 with 
densities much higher than FA-I receptors in biological skin.

Biomimetic sensor arrays. Several biomimetic strategies have been 
implemented to improve the performance of devices and provide 
more skin-like functionality. In biological skin, intermediate ridges 
act to concentrate forces onto SA-I receptors, and fingerprint ridges 
create friction to enable texture perception using FA receptors12,83. 
The structure of the intermediate ridges has inspired approaches 
to concentrate forces in artificial systems to increase the sensitivity 
(Fig. 3c)83. Structures resembling fingerprint ridges have been used 
to facilitate texture perception by inducing vibrations83 and allow 
the discrimination of shear forces84.

Receptors in biological skin are embedded at different depths to 
tune their sensitivity to stimuli14. Receptors located near the surface 
of the skin (similar to SA-I receptors) are more sensitive to pres-
sure stimuli, whereas receptors located deeper in the skin (similar to 
SA-II receptors) are more selective for stretching stimuli76. Similarly, 
embedding receptors at different depths in artificial skin helps to 
understand complex force distributions (Fig. 3d)85 and to tune the 
sensitivity of receptors to different stimuli76. It is common to add an 
elastomeric coating to pressure sensor arrays86 to increase friction 
for grasping tasks. Like in biological skin, this elastomeric coating 
also affects force distributions and increases hysteresis87.

Sensing the complex range of mechanical and thermal stimuli in 
skin requires multiple types of sensors. These different stimuli should 
be individually resolved88, similar to biological skin in which there 
are selective sensors for skin sensations such as temperature and 
vibration. Multilayer artificial skins have been developed that sense 
multiple sensations (Fig. 3e and Table 1). Measuring multiple stimuli 
using a single transducer can alleviate space constraints. However, to 
distinguish multiple stimuli, the device must include more than two 
terminals and include either comparative calculations50,84 or a bias-
ing scheme that produces multiple measurable outputs79. Artificial 
skins have also incorporated dedicated sensors for properties such as 
humidity75,89 that, in human skin, are instead estimated using combi-
nations of receptors21,22. It is currently unclear how the body would 
interpret information from sensors that are not typically found in skin.

Methods for encoding biomimetic data
For safe and effective stimulation of nerve tissue, pulse-like wave-
forms mimicking action potentials are employed. The amplitude, 
frequency and duration of the stimulus pulses are among the most 
important parameters90. To directly interface electronic skins with 
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nervous systems, the electrical output from sensors need to be mod-
ified in a way that their parameters can be intelligible to nervous 
systems. Recently demonstrated flexible electronics technologies 
include the key components that can be used for this signal modi-
fication process to encode biomimetic signals for further neuron 

modulations. In addition, to restore proprioceptive sensation, high-
density sensor arrays need to be implemented into electronic skin 
to cover a sufficiently large area while maintaining a high spatio
temporal resolution; as a result, flexible readout matrices are also 
important for enabling an efficient data sampling and transmission.
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Circuits for encoding biomimetic output. The magnitude of the 
stimulation pulses controls the sensation and the size of the per-
ception area. To alter the amplitude of stimulation, an amplifier 
could amplify the signal recorded from the sensor array (Fig. 4a,b). 
Flexible amplifiers have been realized by different methods, such 
as transferring a silicon membrane or patterning organic semi
conductors32,37,91 on flexible substrates and connecting them into 
established complementary metal-oxide semiconductor (CMOS) 
architectures. The intensity of sensation is influenced by the fre-
quency of stimulation. To convert the analog signals recorded from 
sensors into digitized frequency signals, the amplified signal from 
the sensor can be used to modulate the frequency of a ring oscil-
lator. Flexible printed complementary organic ring oscillators have 
been used to optogenetically stimulate the brains of mice92.

Additional circuits are required to control the waveform of the 
stimulus. Charge balanced waveforms are important for electrical 
stimulation93, whereas in optical stimulation, which is usually highly 
efficient, it is important to limit the stimulus duration. For exam-
ple, an edge detector can be used to produce a specific pulse width 
compatible with optical stimulation92 (Fig. 4c,d). The key electronic 
components required in these flexible circuits have already been 
demonstrated using silicon membranes37,91 as well as flexible oxide 
and CNT devices31.

Finally, wireless powering and data transmission have been 
achieved through the use of flexible coils or by integrating radio
frequency data transmission modules on flexible and stretchable 
interconnects94,95, which could be adapted to the prosthetic elec-
tronic skin system. Using current flexible technologies, it is now 
possible to assemble the components necessary to produce digital 
signals for neural modulation into a closed-loop system, which 
could record, convert and transmit the signals from sensors into the 
nerve tissue.

Sensor integration with readout electronics. To realize fully bio-
mimetic skins, sensor arrays with multiple functions need to cover 
large areas with high density, enabling high spatiotemporal resolu-
tion. However, reducing the size of sensors reduces the amplitude of 
analog signals such as capacitance or current, and increasing the den-
sity of sensors and interconnect lines results in increased crosstalk. 
These problems can be addressed by combining each sensor with 
a transistor to provide local signal transduction and amplification. 
Furthermore, transistor integration facilitates multiplexing (using an 
active matrix), which can reduce the number of required sampling 

lines40. Compared with passive matrix addressing, there is also sig-
nificant power saving using an active matrix scheme. Capacitive sen-
sors or piezoelectric sensors can be integrated as the gate dielectric 
in a transistor38,79,88 (Fig. 5a) or along a gate electrode that extends 
out from the device. Resistive sensors have often been incorporated 
in the source of a transistor to facilitate multiplexing29,40 (Fig. 5b).

Digitizing the signal at the site of sensation reduces the effects of 
interference along the signal propagation pathway. Integrating the 
sensor with an analog-to-digital (A/D) converter, such as a ring oscil-
lator (Fig. 5c), can enable the direct conversion of a sensory signal 
into a digital signal without the need for an amplifier or external A/D 
converter92. To tune the shape of the stimulus–response curve, the 
sensor and system can be co-optimized96. For example, sensors based 
on the variation of contact resistance of a random interface have 
power-law stimulus–response relationships68, but other shapes can 
be obtained by controlling the contact properties of the interface51. In 
ref. 92, the exponential signal from a resistive sensor was converted to 
a biomimetic frequency output by integrating the sensor as a voltage 
divider with an oscillator (Fig. 5c).

There are a number of strategies to read out information from 
arrays of sensors. An active matrix of sensors could be combined 
with an external A/D converter (Fig. 5d, left). Although this method 
does not facilitate event-driven sensing, it allows a high density of 
sensors and is more compatible with inputting signals into the cen-
tral nervous system (CNS). Alternatively, the analog signal can be 
locally transduced by an A/D converter92 (Fig. 5d, middle), and the 
resulting biomimetic signal could directly stimulate the peripheral 
fibres that connect to the target afferent. This method retains bio
mimetic characteristics such as low power and event-driven sens-
ing. A third option is to connect the digital outputs from multiple 
locally digitized sensors along the same sampling lines (Fig.  5d, 
right). In this case, the signals must be distinguishable to encode the 
location of the stimulus.

Restoring natural touch perception
Delivering the biomimetic signals described above to the nerve 
system is the last, important step to restore natural touch percep-
tions and proprioception with a prosthetic electronic skin; yet, it 
is very difficult due to the limited understanding of neural cod-
ing for perception and the challenge of building a stable and cell-
specific electronics/nervous system interface. Stimulation of central 
and peripheral nervous systems has been achieved by electrodes97, 
optics98, acoustic induction99 and electromagnetic inductions13,100. 

Table 1 | Summary of selected demonstrations of electronic skin compared with human skin.

Technology Sensor density (cm–2) Electrical output Multiplexing Mechanics
 T P S D H    
Human fingertips20 4 70 48 163* - Digital Direct address Stretchable, durable, self-healing, 

biodegradable
Human palm20 4 8 16 34* - - - -
Stretchable carbon nanotubes44 - 25 - - - Analog Passive matrix Stretchable
Self-healing sensor67 - 1 - - - Analog - Self-healing
Biodegradable polymer70 - 13 - - - Analog Passive matrix Biodegradable
Stretchable silicon75 11 44 44 - 1 Analog Passive matrix Stretchable
Piezotronic78 - 8,464 - - - Analog Passive matrix Flexible
All-graphene89 25 25 - - 25 Analog Passive matrix Stretchable
Carbon nanotube active matrix71 - 8.9 - - - Analog Active matrix Flexible
Organic active matrix59 7.3 7.3 - - - Analog Active matrix Flexible
Organic digital92 - 1 - - - Digital - Flexible
POSFET123 - - - 100 - Digital Active matrix Rigid silicon

The types of sensors are indicated by: T, temperature; P, pressure; S, strain; D, dynamic forces, H, humidity. POSFET = piezoelectric oxide semiconductor field-effect transistor126. *Includes the added density of both 
FA-I and FA-II receptors.
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We will mainly survey electrical, optical and magnetic stimulation 
methods, discussing the studies of these methods for restoring touch 
perception and the most advanced examples for implementing 
prosthetic electronic skin. Figure 6a–d illustrates some of the loca-
tions being used for the nerve interface, including somatosensory 
cortex, spinal cord, muscle tissue and peripheral nervous systems. 
Table 2 summarizes different interfacing methods for touch percep-
tion restoration. To fully exploit the advancements in sensors and 
circuits development described above for restoring touch percep-
tion and proprioception with spatiotemporal resolution comparable 
to natural skin, a more advanced bioelectronic interface is required 
to address the challenges of interfacing with a large number of neu-
rons with cell-specific targeting capability. Figure 6e illustrates some 
of the emerging techniques that could be potentially combined with 
prosthetic electronic skins to realize multiplexed, cell-specific and 
long-term stable neural interfaces for perception restoration.

Electrical stimulation. For the CNS, direct intracortical micro
stimulation through the implanted electrode with natural somato
sensory coding patterns could provide sensory feedback to body 
areas where patients still have somatosensation (Fig. 6a(i)). However, 
it is difficult to evoke constructive sensory percepts using this 
method, because of a limited control on the neural activation fields 
triggered by the electrical stimulation and because of the gradual 
degeneration of the interface between the invasive electrodes and the 
targeted brain region over a long period of time75,101,102. Afferent pro-
jections from the spinal grey matter also carry somatosensory and 

proprioceptive information. Imaging studies with genetic labelling103 
have offered better strategies to illustrate the relative pattern between 
the mechanoreceptors and spinal cord, which can further provide 
a map for the somatosensory perception restoration through spinal 
cord stimulation. Therefore, epidural and subdural electrical stimu-
lation could potentially be used for interfacing prosthetic electronic 
skin with the spinal cord (Fig. 6b(i))104.

Non-invasive stimulation of the reinnervated chest region with 
a dense electrode array could provide tactile sensation with precise 
somatotopic organization (Fig. 6c(i)). The challenge of this method 
is the limited spatial resolution of perception and lack of specificity, 
rapid fatigue of muscle fibres in a non-physiological order, and high 
voltage required for actuation due to the resistance of skin105.

Peripheral neurons are stimulated with simpler neuron codes 
and could provide parallel information to the brain5. Peripheral 
nerve interfacing is less risky than direct brain tissue interfacing 
and has the highest chance for success. It is the most conserva-
tive approach for somatosensory interfacing even though it cannot 
benefit spinal cord-injured patients. Current electrical stimulation 
methods mainly exploit extra-fascicular and intra-fascicular elec-
trodes to innervate peripheral nerves (Fig. 6d(i)). Extra-fascicular 
electrodes, such as cuff electrodes106 and flat interface nerve elec-
trodes107, have enabled some degree of specificity in the recruitment 
of peripheral nerve afferents. Since these electrodes do not penetrate 
into the nerve tissue, they cause less chronic damage91,108 and have 
higher stability (versus intra-fascicular electrodes). However, due to 
the isolation from the protective sheath, high stimulation current 
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is required to provoke nerve activities, which cannot produce 
discriminable sensations with high resolution.

For potential applications of prosthetic electronic skin, it is 
expected that highly dense sensor arrays and multiple types of 
sensors will be incorporated to imitate skin sensory functions. 
Therefore, to enhance localization and specification of stimulation 
for precise and discriminable perception restoration, electrodes 
that can target individual fascicles or even individual neurons are 
more attractive (Fig.  6d inset (i)). Recently, the integration of an 
artificial fingertip tactile sensor with transverse intra-fascicular 
multichannel electrodes implanted in a patient has been reported, 
aiming at targeting fewer neurons inside peripheral nerve fasci-
cles109. Sensor outputs were converted into biomimetic signals by an 
external set-up to reflect the different tactile stimuli. Owing to the 
highly specific stimulation, the patient could distinguish the differ-
ent textures touched by the fingertip sensor. To create highly local-
ized and widely distributed percepts with distinct functional input, 
high-density intra-fascicular electrode arrays such as Utah slanted 
electrode arrays110 or even nanowire intracellular electrodes (Fig. 6e, 
top)111 could potentially be used to further localize the stimulated 
region for addressing individual axons within a distinct innervating 
area and function112.

Optogenetic stimulation. By introducing specific opsins (light-
sensitive proteins) in targeted neurons of a primate’s somatosensory 
cortex and triggering localized light stimuli in the brain, a sensation 

can be reliably activated that the animal learns to interpret it as a tac-
tile sensation localized within the hand113–115 (Fig. 6a(ii)). Delivery 
of optical signals could be realized by using fibre-coupled lasers or 
flexible and multi-coloured arrays of light-emitting diodes (Fig. 6e, 
middle). Optogenetic methods are based on opsins that can be 
expressed only in specific types of cells. This is especially impor-
tant in the restoration of touch perception directly into the CNS, in 
view of the complexity of neural coding in the CNS113–115. In addi-
tion, optogenetic stimulation can be more efficient and requires less 
complicated pulse waveforms compared with electrical stimulation, 
and as a result, the waveform conditioning circuitry could be simpli-
fied. Recently, full integration of a digital mechanoreceptor has been 
reported that could detect and convert in situ pressure signals from 
tactile sensors into biomimetic optical signals that stimulate soma-
tosensory neurons with channelrhodopsin in mouse brain slices, 
showing the potential to directly input biomimetic touch signals in 
the brain through optogenetic stimulation92.

It has also recently been demonstrated that a transgenic rat 
expressing opsins in peripheral nerves could show a sensory-
evoked behaviour in response to blue light flashes on the plantar 
skin (Fig. 6d(ii))116. In addition, optical nerve cuffs have been devel-
oped for chronic implantation with periphery nervous systems for 
optical stimulation, allowing cell-specific targeting in the nerve 
bundle (Fig.  6d inset (ii))117,118. However, although optogenetic 
approaches have provided a range of strategies to manipulate the 
activity of specific neural microcircuits and avoid artefacts typical 
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of electrical stimulation, due to the technical and regulatory hurdles 
in using genetic therapies in humans, their translation into clinical 
applications is still non-trivial compared with electrical methods98.

Magnetic stimulation. Transcranial and transcutaneous magnetic 
stimulations have been studied for tactile sensing applications 
(Fig. 6a(iii)). Magnetic stimulation employs coils, which could be 
implemented into the prosthetic electronic skin devices as surface 
magnetic generators in contact with the skin. The coil generates a 
magnetic field that easily penetrates the skin barrier and induces 
an electric current that activates the neurons. These methods are 
advantageous because of their non-invasiveness; yet, they are cur-
rently limited by poor resolution, lack of specificity and low stimula-
tion efficiency13. As an alternative approach, magnetic field energy 
is translated into thermal energy that controls neural excitation in 
a minimally invasive manner, through the activation of the heat-
sensitive capsaicin receptor TRPV1 functionalized with magnetic 
nanoparticles100. This provides a method for remote control of spe-
cific neuron activity; however, the spatiotemporal resolution and 
possibility of clinical application need to be further investigated.

Chronic and wireless interfacing with nerve system. The chronic 
stability and robustness against patient motion of the interface 
between the central or peripheral nervous systems and the implanted 
electrodes or optical devices is a critical aspect for prosthetic skin. 
Currently, soft electronics designs have been demonstrated to pro-
vide a stable chronic interface with nervous systems (Fig. 6e, bot-
tom). These allow the implanted electronics to have mechanical 
properties similar to the nervous system and to reduce both chronic 
damage to neurons and scar tissue formation around the electron-
ics119–121. Soft electronics for both electrical and optical modulation 
of the nervous system have been developed. Alternatively, wire-
less implanted electronics have also been demonstrated for inter-
facing with the central and peripheral nervous systems in freely 
behaving animals118,120,122.

Perspective
The challenge of creating prosthetic electronic skin is multifaceted 
and requires advancements in many fields, including mechanically 
compliant electronics, transducers, neural interfaces and associ-
ated materials and devices. Some technologies, such as transducers, 
flexible electronics and stretchable electronics based on traditional 
electronic materials, have reached sufficient maturity to start produc-
ing integrated prototypes75,92. Several of the key demonstrations are 

highlighted in Table  1. Each technology platform has reached dif-
ferent levels of sophistication. Rigid silicon can provide comparable 
device densities with highly conditioned output123. Silicon electronics 
has further been leveraged to create stretchable prosthetic skin with 
multifunctional capabilities75, but integrated signal processing has not 
yet been implemented. Flexible inorganic devices have been demon-
strated with sensor densities much higher than real skin78, but lacked 
signal-conditioning capabilities. Emerging organic and carbon-based 
circuits have enabled flexible active matrix arrays with suitable sensor 
densities59,71, whereas devices with biomimetic electrical output have 
reached proof-of-concept stage92. Intrinsically stretchable systems 
have demonstrated simple passive matrix sensor arrays without active 
data acquisition89. Work towards improving the density and robust-
ness of flexible devices includes the investigation of short channel 
devices124, complementary circuits31 and the development of pseudo-
CMOS32 strategies for low-power, high-performance devices. One of 
the key issues will be the development of manufacturing techniques 
that enable large-area fabrication with low cost and high yield27, such 
as gravure printing71 and inkjet printing92. Several proof-of-concept 
examples have demonstrated simple coverings for prosthetic hands 
composed of flexible tactile sensors or stretchable multifunctional 
sensor arrays, with an external set-up to convert biomimetic signals. 
Key issues for the design of a fully functional prosthetic electronic 
skin include the development of lightweight and wearable readout 
circuits, integration of circuits and sensors and testing and optimi-
zation of mechanical robustness, life-like feeling as well as aesthetic 
design. These challenges provide major motivation and opportunities 
for materials, devices and processing development. The other limit-
ing factors in the field are currently the scarcity of stable neural inter-
faces, the limited number of input channels that the neural interfaces 
provide, and the limited understanding of neural coding.

An open question in the field is the extent to which sensor arrays 
for prosthetics should be biomimetic. Biological cutaneous sen-
sors have characteristics that are often considered to be non-ideal12, 
because they are often sensitive to more than one stimulus, they have 
time-varying, hysteretic response, and some have limited accuracy. 
The biological sensory system overcomes these limitations through 
complex neural coding mechanisms and by recruiting information 
from a very large number of sensors (17,000  in one hand14) with 
overlapping receptive fields and target stimuli13,18. The use of arti-
ficial receptors with more ideal electrical characteristics may have 
advantages, but it is unclear whether sensors with non-ideal bio
mimetic characteristics such as hysteretic response would provide a 
more natural sensation.

Table 2 | Current methods for interfacing sensors for touch perception with the nervous system.

 Electrical stimulation Optical stimulation Magnetic stimulation
Interface with central 
nervous system

Intracortical electrode101,102

Epidural electrode97,104
Optical fibre113–115

Micro-light-emitting diode118,120
Magnetic generator for transcranial 
magnetic stimulation13,100

Interface with peripheral 
nervous system

Surface electrode105

Extra-fascicular electrode106,107

Intra-fascicular electrode108,109

Surface light pulse116

Optical nerve cuff117
Magnetic generator for transcutaneous 
magnetic stimulation13

Skin barrier Surface electrode stimulating residual skin 
reinnervated by peripheral nerves105

Light pulse can penetrate skin for 
peripheral neuron stimulation

No skin barrier

Current stage for 
integration with sensor

Integration of a tactile sensor with intra-
fascicular electrodes targeting human 
peripheral nerves to enable texture 
discrimination109 

Integration of organic digital 
mechanoreceptor with fibre optics 
targeting somatosensory neurons in 
brain slices of mice92 

N/A

Pros Clinically applicable on human subjects Cell-specific stimulation
High stimulation efficiency

Wireless and non-invasive stimulation

Cons Lack of specificity
Low stimulation efficiency

Regulatory issues for clinical trials with 
human patients

No specificity
Low stimulation resolution and 
efficiency
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Although the number of sensory signals that can be injected into 
the nervous system is currently limited, even a small number of sen-
sors can substantially improve the utility of prosthetic devices90,110. 
To recover the ability to sense more complex stimuli such as surface 
textures and object shape, a large number of receptors is necessary. 
Emerging strategies for making electrical contact to individual neu-
rons, including nanoscale intracellular electrodes and cell-specific 
optogenetic stimulation, provide a promising future to specifically 
inject signals from sensors in a high-density array to the correspond-
ing peripheral nerve fibres (Fig. 6e). In addition, the progress of soft 
electronics shows substantial improvement for building chronically 
stable electrode–neuron interfacing, especially for interfacing with 
tissue subjected to frequent movement. 

In the short term, biomimetic prosthetic electronic skin with 
a large density of sensors could be useful for advanced robotics, 
which can more easily make use of a large number of input sig-
nals. Combining biomimetic sensors123 and neuromorphic sensor 
analysis125 could result in tactile sensor systems with very low power 
consumption, similar to low-power vision systems provided by 
artificial retinas126.
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