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Conformable electronics is an emerging and innovative research field investigating functional materials
and electronic devices capable of adhering and conforming to non-planar surfaces such as human skin.
Conformable devices find applications of high economical and scientific interest in healthcare, human-
machine interfaces, wearable electronics, robotics, and the internet of things. Compared to the more
widely used rigid and bulky electrodes often employed in wearable platforms, the former offers multiple
advantages such as imperceptibility, low cost, and the possibility of continuous use, being able to follow
the multiple deformations of curvilinear living tissues. In recent years, much attention has been paid to
the development of soft and skin-wearable sensors, but an additional area of great interest is certainly
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that of conformable electrodes capable of providing some kind of stimulation. This review provides an
overview of the most attractive and innovative conformable devices developed to stimulate the human
body through thermal, electrical, mechanical, and optical stimuli. In particular, it focuses on the
functional materials employed, the fabrication techniques involved, and the design solutions proposed
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1. Introduction

The growing demand in recent years for miniaturized and
portable electronics has led to the development of numerous
conformable and flexible technologies. This was (and still is)
driven by the revolutionary opportunities offered by a class of
materials and devices able to adhere and conform to nonplanar
surfaces.' These devices find applications of high economical
and scientific interest, such as in healthcare, human-machine
interfaces, wearable electronics, robotics, and the internet of
things. Technological advancements like new lithographic and
microfabrication techniques allow us to reach complex design
and unprecedented resolutions,> and the implementation of
innovative functional materials combined the necessary
mechanical properties with appealing electronic characteristics.®
Compared to the former, most of the electronics employed
in the development of wearable platforms are planar and rigid,
they are incompatible with the curvilinear and deformable
living tissues, they lack conformability, and thus they result
in high-impedance, unreliability, and uncomfortable contacts.
Instead, conformable electronic skin devices, which have the
intrinsic capability to perfectly adhere to surfaces, can follow
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to improve the performance of conformable stimulation devices.

the multiple deformations of the human skin and have
unparalleled advantages like imperceptibility, low cost, and
continuous use.’

In the medical field, the use of conformable electronics
allows the replacement of stiff and bulky devices, which contrast
with the soft body tissues and impose severe restrictions to the
user comfort and mobility, limiting clinical applications and
efficacy. The field of bioelectronics investigates electronic
devices that operate as transducers between the signals and
functions of biological systems and those of electronic processing
systems. Through a myriad of options offered by chemistry, one
can design organic electronic materials and devices that
show the desired flexibility and conformability, the desired
optical properties, and surface characteristics that promote
biocompatibility and stability for long periods of time.®

So, in recent years, particular attention has been devoted to
the development of devices able to monitor human physiological
signals, through recording of the electrical activities of the
human body (such as electrocardiography, ECG,” electromyography,
EMG,"? electroencephalography, and EEG,'®), and measurements
of biological parameters (such as pH, pressure, temperature and
sweat composition).* ¢

However, electronic skin devices can accomplish more than
just sensing. Another class of conformable devices consists of
active platforms, which find use in stimulation, instead of
recording. These kinds of devices can apply a specific stimulus
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on the skin - which could be thermal, electrical, luminous, or
mechanical - in order to activate the numerous receptors
included in the dermis and epidermis. Such platforms can find
diverse applications in different therapies, rehabilitation,
personal thermal management technologies, bone remodeling,
and human-robot interaction.'” ' Because of their design and
characteristics, these devices are particularly promising, in
particular considering that one of their paramount characteristics
is the limited invasiveness. Their use as smart and self-care
treatments is particularly appealing, providing patients that
require frequent treatments or suffer chronic disorders with a
platform they can use at home or in their daily activities without
the need to physically go to the hospital.

As well as this, they also open new channels of communication
between machines and the human body. This concept is central
in applications such as gaining control of prosthetic limbs: the
stimulation of the users is a means to restore tactile feedback and
give them the ability to better control the device and to react faster
to external stimuli coming from the prosthetic limb, overall
resulting in an improvement of the embodiment and acceptability
of the prosthesis itself.

Finally, apart from biomedical applications, the capability to
provide specific environmental sensation (e.g. tactile, kinesthetic,
and temperature feedback), while still maintaining a high level of
comfort, is of paramount importance in applications, which
require virtual reality (VR), like for example remote control,
immersive experiences, and gaming.*>

While applications of recording physiological signals have
already been widely reviewed,>* ° less attention has been paid
to devices able to generate a signal and interact directly with
the human body. In this review we intend to report the
conformable devices, which, according to us, are the most
attractive and innovative in stimulating the human body,
highlighting the functional materials that are employed, the
fabrication techniques involved, and the design solutions that
were proposed to improve their performance. In particular, we
decided to focus our review on three main groups of stimulation
devices, synthesized as follows: (i) devices able to provide
thermal stimuli to the human body, (ii) devices providing
electrical stimulation, and (iii) haptic displays aiming to restore
tactile feedback. For completeness, in the last section, we also
briefly examine innovative conformable photostimulation
devices, a novel technological platform with a very promising
future in healthcare and consumer electronics.

1.1. Requirements for conformable devices

1.1.1. Mechanical properties. The key factor driving
research in conformable electronics is the possibility to deliver
more comfortable, more efficient, and less invasive devices that
can allow continuous, self-applicable, and on-demand monitoring
and treatment. In general, human skin consists of a thin layered
structure (50-600 pm) with a Young’s modulus that can vary in the
order of kPa-MPa, and an elastic behavior of up to about 15%
overall.””*° The actual characteristics of the skin of an individual
can, however, vary very much depending on the person (sex, age,
and conditions) and on the region of the body we refer to
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(e.g there can be up to 4 orders of magnitude difference in the
Young’s moduli of skin on the forearm and the forehead).””*

Conformable electronics need to match these mechanical
properties to ensure mechanical compatibility between the skin
(or an internal tissue) and the device.>**°3* A failure to do so
may result in a misfunction of the device, a shortening of its
lifetime, or, even worse, tissue damage and infections.*® This
last point is particularly relevant in the case of stimulation.
Hence, when designing a new device, one must bear in mind
what its purpose is and how it is going to be applied to the
user.”® The limitations posed by the skin in terms of stiffness
and stretchability may not apply to other kinds of tissues and
organs and implantable devices for the latter may need different
materials (e.g. because of their limited strain, brain and bone
tissues can be addressed with metal electrodes).**

In recent years, researchers have come up with many ways to
match the mechanical properties of the substrate with those of
the electrical components and connectors.>**" A straightforward
method is to use intrinsically stretchable polymers and
composites.*>*® These offer many combinations of softness
and stretchability to meet the device needs and can perform as
stretchable substrates for printing and deposition, encapsulation
materials for more rigid stuff (e.g. regular silicon-based
electronic components), or - in the case of opportune
functional composites - as themselves.*****” Among this class
of materials, silicone-based polymers (like polydimethylsiloxane
(PDMS), Ecoflex, Dragon Skin, and Moldmax; Young’s modulus:
1-7 MPa), poly(styrene-butadiene-styrene) (SBS; 2-33 MPa),
poly(styrene-ethylene-butylene-styrene) (SEBS; 10-35 MPa), polya-
crylates (7-35 MPa), and polyurethanes (PU, 3-51 MPa) are the
more frequently used.**?*> It is worth mentioning that,
just like for the current stimulation technology available on the
market — which relies on bulky instrumentation and wired, stand-
alone electrodes®® —devices obtained by encapsulation are often
thick and require an additional adhesive to conform to the skin.*

Careful geometrical engineering can help in obtaining
stretchable structures even from tough materials.*>*' 2D (but
also 3D) stretchable structures of metallic wires (as also rigid
conductive polymers)*> are common in epidermal electronics
as they allow stretching of the structure as a whole without
straining the material much. Serpentines and spring structures,
often with fractal elements, are the most common, especially to
prepare connectors.”**” The downside of this approach is that
it is seldom applicable to the active components, limiting its
scope. For the latter, a common methodology consists in
preparing the desired element on pre-stressed substrates: if
the former is thin enough (i.e. less than 5 pm), upon releasing it
will buckle (without sensing much strain), and it can stretch
again without compromising its performance.*"****

Just the limited thickness of thin structures allows them to
bend without suffering the strain originating from the differences
in length between the inner and the outer bending arches
(which scales with the third power of the thickness for a film).
Such principles can also support the fabrication of flexible
devices from rigid materials that can work as conformable
systems if they are not subjected to strain. This is the reason

© 2021 The Author(s). Published by the Royal Society of Chemistry
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why it is common to find strong and tough polymers like
polyimide (PI) and poly(ethylene naphtalate) (PEN) as sub-
strates for thin skin electronics.>>*> Moreover, these devices
can perfectly conform and adhere to the skin thanks to van der
Waals forces, without the need of any adhesive or contact
medium. Among these systems, ultrathin-film devices
(<100 nm thick) are particularly interesting. Because of the
negligible difference in bending radii as we discussed above,
and thanks to an incredibly large aspect ratio which favors the
adhesion, such systems can perfectly adhere to any substrate,
even rough ones.>*® This is very appealing for systems like the
human skin whose elasticity is predominantly due to its fractal
wrinkled structure. In particular, the ultra-thin film devices can
elongate with the skin they are adhered to without cracking, no
matter the Young’s moduli of the materials, thus allowing the
use of functional materials that would not be otherwise available
because of their mechanical properties.'”

1.1.2. Biocompatibility. Biocompatibility is of primary
importance when fabricating conformable devices, since they
have to make intimate contact with the skin for an extended
amount of time. Adverse responses of the body - including
dermatitis, hives, and other skin rashes or allergic reactions,
even when mild, may hinder the functioning of the device by
altering the chemical and mechanical properties of the skin-
device interface. In more severe cases, these may also lead to
inflammation, rejection reactions, and infections. Many of the
most employed materials, such as PDMS and PI, have been
certified biocompatible (although this declination is composition-
and application-dependent).*”*® Similarly, conjugated polymers,
like poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(3-
hexylthiophene) (P3HT), and natural polymers are generally
biocompatible.*>*® However, in any case the addition of dopants
and fillers to improve the properties of a material, such as the
use of harmful solvents in the fabrication, may result in non-
biocompatible devices from actually compatible starting
materials.*® One may find a clear example of this in PDMS and
PI nanocomposites comprising silver nanostructures, which are
widely used as conformable electrodes and stretchable connectors
(see Section 2.1). While the matrix is biocompatible (as is bulk
silver), the silver filler tends to oxidize and release cytotoxic
silver(1) ions in the body environment.>® Similar concerns involve
the use of carbon nano-materials:®" their case exemplarily
highlights how, next to the importance of the chemical properties,
the biocompatibility is affected by morphology, size, surface
interactions, and domain distribution. In this sense, studies that
involve novel materials and fabrication methodologies should
investigate extensively their suitability - even beyond their
proposed application - to better evaluate practical use and
encourage technology transfer.

Finally, among the ensemble of biocompatible materials,
one may also find some which are biodegradable. This definition
brings together all those materials, which our body is capable of
decomposing without any harmful consequence or side effect.
Many flexible and stretchable polymers are considered
biodegradable, like polysaccharides, poly(lactic acid) (PLA),
poly(ethylene glycol) (PEG), and poly(vinyl alcohol) (PVA),>* but
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also metals including iron, magnesium, zinc, and gold.>® Devices
obtained from these materials find applications as conformable
implants or practical disposable electronics, which do not need
to be removed.

1.1.3. Safety. Since conformable electronics should form
an interface and interact with the human body, safety is a
mandatory prerequisite in the development of such devices.
In this review we decided to discuss mainly three categories of
devices designed for delivering to the user some kind of
stimulation: thermal - heaters - electrical, and mechanical
stimulation. However, although mainly the electrical and
thermal stimulation devices are those that can cause the most
harm to the user, one should pay relevant attention to the safety
of the user during the development of all the wearable
technologies. Of course, the first fundamental issue concerning
conformable devices is the biocompatibility of the materials,
previously widely discussed. Immunologic and tissue bio-
compatibility represents a key consideration in particular for
implantable devices where long-term stability of the system is
crucial for the safety of implantation and the body’s immune
response.”” However, the attachment of electronic devices to
the skin may cause inflammation even if the materials used
are biocompatible, as the long-term use of the system could
prevent the skin transpiration. Therefore, epidermal electronics
should not only guarantee biocompatibility of the materials but
also skin breathability for long-term biocompatibility in order
to use the devices with long-term treatment perspectives.>®

Commercial skin-mountable devices, widely used in the
clinical practice, generally consist of a metal electrode that
can interface with the skin by different contact methods. In
some cases, the electrode can directly adhere to the skin without
any interposed layer (dry electrodes), while another possibility is
to interpose a gel layer (wet electrode) or a dielectric layer
(capacitive contact electrode) between the electrode and the
skin.>* However, the presence of interposed layers can avoid
skin irritations and air gap formation, thus making the first
configuration not as safe as the others. Air gaps indeed can
degrade the electrical signal recorded®® or, in the case of
stimulation devices, they can generate hot spots and burn the
user as well as damaging the electrode, especially in electrical
stimulations where the current reaches several mA.*>*° Since a
non-uniform and inconsistent adhesion between the device and
the skin during stimulation could damage human tissues,
another key factor is the perfect contact between the former
and the latter and therefore the ability of the device to conform
well to non-planar surfaces.’” Ultra-thin devices, such as dry
electrodes transferred from tattoo paper, can perfectly adhere to
all the imperfections of human skin, safely recording electro-
physiological signals replacing standard electrodes.

Moreover, attention should be paid to the conditioning of
electronic components connected to the skin-mountable
device. An important issue is to remove, orreduce, the possibility
of electrical leakage from the electronics to the body: leakage
currents can pose a health risk to the user by causing severe
burns, muscle spasm, or may damage the nervous system to the
extent that they may provoke cardiac arrests and amnesia.”®

Mater. Adv,, 2021, 2,1787-1820 | 1789
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One should consider that the general standard (IEC 60601-1) for
medical electrical equipment imposes a maximum leakage
current of 0.5 mA for patient safety.>® Electrically safe devices
could consist of capacitive structures made of an insulation layer
that encapsulates the metal electrodes. This design ensures
electrical safety in mounting the device directly on the skin but
also for implantable electronics where the device has to be
mounted on internal organ surfaces. In addition, the device so
developed facilitates its own sterilization and cleaning operations,
making possible its fast and safe reuse also for different subjects
or in different trials.>® The insulation layer also encapsulates the
active parts of the system in order to prevent degradation of the
electrodes and, next to this, to prevent possible consequences of
malfunctions that could damage the user’s tissues.

In recent years, the interest in wearable biochemical sensing
has increased, leading to the development of multiple bioelectronic
systems that allow epidermal electrochemical monitoring of a
variety of metabolites and electrolytes. Enzyme-based devices,
with applications like continuous glucose monitoring in
diabetic patients, alarm against dangerous chemical threats,
or even the detection of alcohol in sweat are just some of the
multiple examples with such applications.®®®' Concerning this
latter application, different skin-worn alcohol monitoring platforms
are integrated with an iontophoretic-biosensing system so as to
locally stimulate sweat secretion by loading the iontophoretic
electrodes with a sweat stimulant (for example, pilocarpine and
carbachol). The Iontophoresis process consists of applying
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short-timed and localized current pulses to improve the drug
diffusion through the skin. Hence, particular attention should be
paid during the design and fabrication of the overall system so as to
avoid possible skin burning and/or irritation caused by too high
currents.”

Finally, another prerequisite for user safety is that wearable
devices should work at a low driving voltage.>® Some applications
still need deeper analysis of this factor. For example, mechanical
stimulation systems require a high voltage supply to work
properly. This aspect makes it difficult to safely integrate them
into skin mountable devices.”* Other examples concern thermal
stimulation: the heating module of heaters must not reach
excessive temperatures. The designer should pay attention to
developing a system capable of continuously remaining within a
comfortable heating range for the user, in order to avoid sudden
increases in temperature with consequent pain perception.®?
Heaters must also have uniform electrical and thermal proper-
ties on their active parts, maintaining electrical stability despite
the deformations of the skin once mounted on it: heating
inhomogeneity can lead to burns on the user’s skin. Similarly,
conformable electrodes used in electrical stimulation devices
must have a homogeneous current density over the entire
electrode; larger electrodes allow more conformable sensations.**

The purpose of this review is to provide an overview of
conformable stimulation devices (Fig. 1), here classified
as (i) devices capable of delivering thermal stimuli to the
human body, (ii) devices that provide electrical stimulation,

Applications & Devices
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Fig.1 Summary of the material solutions and device applications for diverse conformable stimulation technologies (thermic, electric, and haptic)

covered in this review.
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and (iii) tactile displays that aim to restore tactile feedback. In
the last section, we also report recent studies about conform-
able photostimulation devices. In particular, we have only
considered ‘“conformable to the body” technologies, emphasiz-
ing both the enabling materials exploited for their construction
and their working principles.

2. Conformable devices for thermal
stimulation

Conformable thermal stimulation devices consist of conductive
and often transparent sheets capable of heating or, in some

View Article Online
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cases, cooling the surface they are in contact with. Their main
applications concern mainly transport and building industrial
sectors where they find application, for example, as vehicle
defrosters and smart heatretaining windows or solar
panels.®*"®” In recent years heaters have attracted increasing
attention also in the medical field: the use of new materials and
new fabrication techniques allowed the development of
numerous conformable and stretchable heaters to directly
mount onto human skin. Thermal stimulation is important
in personal thermal management (PTM) technologies,®® where
one of the most important applications in this sense is in
physical treatments and, in particular, in thermotherapy. The
latter can be defined as the therapeutic application of heat to

Table 1 Summary of different properties of conductive materials used in conformable heating devices

Resistance/resis-
Resistance/ tivity at max.
System resistivity® strain Max. strain Application Ref.
PEDOT:PSS/rGO in PU 0.05 Q cm 530% Heating pad 17
Evaporated Au film (100 nm) on poly- 188 Qsq — E-skin heater and temperature 45
ethylene naphtalate sensor
3D Au@AgNW network in SBS 24x107°0Q ~3x10°Qcem 265% E-skin heater, monitoring and 56
cm stimulating mesh for hearts
(implantable)
Evaporated Au (70 nm) on PI 550 Q 630 Q Up to 30% E-skin heater 73
P- and n-type Bi2Te3 thermoelectrics Peltier effect Haptic device based on heating and 75
between electrodes cooling
Sputtered Zn/Mg/Ag (500 nm) on 20% E-skin heater for drug delivery 76
poly(glycerol sebacate)-poly(caprolactone)
nanomesh
Electrodeposited metal films (Au, and Pt) 1.2 Q — E-skin heater and temperature 80
on PI sensor
Al(9 pm) on PET 17.2Q E-skin heater and temperature 81
sensor (simultaneous)
R2R continuous plasma-sputtered SiNx/ 5 Qsq 30 Qsq Bending to 2 mm  Wearable heater 82
Cu(12 nm)/[CNTs/polytetrafluor-oethylene] radius
Galinstan/PDMS composite 8.7Q 9.1Q >100% Wearable heater, knee pad 88
EGalIn-Ni composite 22x102Q 24x10%Q 5 mm bend Tattoo heater 90
Oxidated EGaln 2.9x107°Q 180° bending angle Hypertermia element (wireless 91
cm inductive heating)
2D AgNW network (vacuum filtration) in 30 Qsq 180 Qsq 50% Heating pad 97
PDMS
2D AgNW network (vacuum filtration) on PI <5 Qsq <5 Qsq 450% Kirigami heater for articulations 98
2D AgNF network (electrospun) in PDMS  0.05 Qsq 0.06 Qsq 90% (PDMS) Wireless heating pad 99
(or PET) 10 mm bend radius
(PET)
2D CuZr network (evaporated on template) 3.8 Qsq 4.9 Qsq 70% Heating pad 100
in PDMS
2D AgNW network in PDMS 5.4 Qsq ~40 Qsq 200% Heating pad 101
3D AgNW network in SBS 83x107°Q ~10"Qcm 100% E-skin for articular thermotherapy = 102
cm
2D AgNW network (spun coat) between 3.7 Qsq 3.7 Qsq 1 mm bend radius Heating pad 103
PDMS/PVA
2D CuNW (spray coated) between PET/ 17 Qsq 17 Qsq 3 mm bending Heating pad 110
PMMA radius
SWCNT in PVA 475 Qsq 475 Qsq 20 mm bend radius >10 pm-thin heating pad 115
Sintered AgNP on medical tape 12 x 10°° 13 x 10 ° Qsq 8 mm bend radius  3D-printed heating pad 117
Qsq
AgNW on PU sponge 0.05 Q cm 3D compression- Heating pad 118
extension
Au@SiO, in alginate-chitosan matrix Photothermal Ultraconformable Photothermal treatment of tumors 127
Mg in Galn alloy Photothermal Bendable Photothermal treatment of skin 128
tumors
p- And n-type Bi2Te3 thermoelectrics Peltier effect 230% Heating and cooling pad 130
between Cu electrodes
“ Resistance is used where the studies did not specify any form factors of the resistive elements.
© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2021, 2,1787-1820 | 1791
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specific regions of the body resulting in increased temperature
in the tissue,®® often useful for the treatment of musculoskeletal
disorders. The heating of body surfaces provides pain relief
in wrist, shoulder, or lower back injuries,®’® and alleviates
disturbances from arthritis, stiff muscles, injuries to deep skin
tissue, and joint injuries due to aging or obesity."”””* Heat also
increases the distensibility and flexibility of soft tissue:
physiotherapy can exploit heaters to reduce injuries in sports.”>
Furthermore, heaters find their use also in controlled drug
delivery: in this sense, one can control the transdermal diffusion
rate of therapeutic drugs - loaded on micro/nano-particles and
embedded in conformable devices - by controlling the
temperature.”® Since thermal stimulation allows discrimination
between materials with different thermal properties, heaters
integrated into haptic interfaces can activate thermoreceptors of
the user, transferring cold and hot sensations useful to recognize
different virtual objects (e.g. touching wood will give a different
thermal sensation than touching glass). This impacts the sense
of immersion in applications concerning VR.”* Surely, thermal
displays could help blind people to avoid obstacles while walking
or interacting with objects in their surroundings, increasing their
level of independence.”

2.1 Materials

Conformable heaters usually take advantage of Joule heating,
thus making the relatively high resistance of many flexible
conductors (usually between 10~ and 10> Q)'"*> a strength
point. One should pay attention to heat dissipation and the
working voltage, as uncontrolled overheating might damage
both the component and the host matrix.*®*> As we will discuss
in this section, many materials have been proposed as active
elements in heating solutions. However, here we decided to
focus only on those studies, which made explicit reference to
the use of their devices as body-conformable heaters (see
Table 1), and therefore also addressed (at least partially) issues
like biocompatibility and stability.*® As the reader will see, the
latter only covers a small sub-group of all the flexible heaters,
leaving a lot of ideas for improvements in future research.

The simplest, go-to solution for many e-skin systems consists
of metallic wires.”® Usually gold and other noble metals are
employed (see Table 1), yet for many applications it would be
possible to even use bioabsorbable metals that have higher
resistivity and that can be safely degraded by our bodies, like
magnesium and zinc.”®”® Masked evaporation of thin layers of
metal on a flexible substrate (e.g. polyimide (PI), polyurethane
(PU), and polydimethylsiloxane (PDMS) are the most common)
yields precise features that can work as connectors, and electro-
des, as well as a part of a large selection of components.*>”® The
possibility of obtaining entire circuits with few evaporation steps
is very appealing, especially if the aim is to converge many
functions in the same device. Next to metal evaporation, electro-
deposition, cut-and-paste methodologies, sputtering, and roll-to-
roll printing are also widely used techniques, but the level of
resolution is much lower.**°%?

Since the resistance increases as the metallic feature shrinks
in size, it is no surprise that serpentines realized with thin lines
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of metal have been widely used from the beginning of epidermal
electronics to act as local heaters.?*#%#! However, such elements
are usually small and not able to heat large parts of the human
body as often required in thermotherapy. This is because the
mechanical properties of the metals - which do not match with
those of the human skin or the flexible substrates — allow only
limited freedom of movement and thus an increment of the area
would result in an increased chance of failure.” As the lines in a
serpentine need to be dense and tightly packed (in order to
provide uniform heat), one can only adopt limited geometric
solutions to improve their stress resistance (e.g. an array of
elements can be a solution to cover larger areas).””

Liquid metal (LM) alloys have similar conductive characteristics
to metals, but are extremely more flexible thanks to their liquid-
like nature.®® In this regard, the most used materials are Ga-based
alloys, like Ga-In at their eutectic composition (EGaln) or ternary
alloys of Ga-In-Sn (Galinstan), as they offer advantages like low
toxicity,®* negligible vapor tension, and can be printed even in
3D architectures, thanks to their intrinsic non-Newtonian
behavior.®*® Because of these reasons, LM can have a large
number of applications in soft electronics.**®” Anyhow, one can
only find limited use of such materials in fabricating conformable
heaters, perhaps as a result of the limited resolutions achievable
compared to the previously mentioned lithographic techniques, or
because their high conductance makes them more useful to
prepare other circuitry elements.®*® We will discuss LM again in
this review (Sections 3.1 and 5). Concerning conformable heaters,
Wang et al. prepared a Galinstan-uncured PDMS composite ink
that they could use to write thin lines by direct ink writing
(Fig. 2a).%® By successive encapsulation and polymerization, they
printed serpentines that could act as heaters with a minimal
change in performance even when stretched to more than 100%
of their original length. Compared to pure LM, the composite
limited the flow of the LM thus increasing drastically the stability
of the device.*® Guo et al took a different approach for the
fabrication of their devices and realized electronic tattoos based
on the selective adhesion on polymethylacrylate (PMA) glue of a
semi-liquid EGaIn-Ni composite:*® in their study, they used a skin-
friendly PMA glue to draw different designs on skin and then
applied the conductive composite on them with a roller (Fig. 2b).
Conversely, Wang et al. modified the adhesion properties of EGaln
by thorough oxidation.”* After stirring in air, the adhesion between
the LM and the skin increased drastically and the authors were
able to write circuits directly on skin using a brush. They also
demonstrated that these structures could be used for wireless
thermotherapy by inducing a current with an alternating
magnetic field.

As well as the opportunities offered by bare metals, (nano-)
composite materials also combine an adequate compromise
between conductivity and flexibility by relying on percolation
networks of conductive fillers in polymer matrices.***> Their
resistivity is usually higher than that of the aforementioned
systems” and thus, as introduced before, it is no surprise
that in the literature we can find countless examples of their
use as heaters, utilizing both metallic and carbon-based nano-
materials (e.g. nanoparticles, nanowires, nanofibers, and flakes).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Materials and fabrication methods employed for the development of conformable heaters. (a) (i) Fabrication procedure for preparing LM@PDMS
stretchable, and wearable heaters and (i) a prepared sample with a complex fractal structure. (iii) Cross-sectional SEM image of LM@PDMS with its
internal microstructure. Reproduced from ref. 88 with permission from John Wiley & Sons, DOI: 10.1002/admt.201800435. (b) Fabrication of the
Ni-EGaln electronic tattoo: schematic diagrams and corresponding optical photographs of the Ni-EGaln electronic tattoo printing procedure.
Reproduced from ref. 90 with permission from John Wiley & Sons, DOI: 10.1002/admt.201900183. (c) (i) Ag—Au nanocomposite made by combining
a mixture of Ag@Au NWs, SBS, and hexylamine in toluene. (ii) Solvent-drying process under ambient conditions. (iii) Schematic illustration of the initial
solution (left) separated into a Ag@Au NW-rich phase and a SBS-rich phase during dry-casting (middle). Subsequent solvent evaporation (right) forms the
microstructured Ag—Au nanowire nanocomposite. Red dots, hexylamine; yellow wires, Ag@Au nanowires; green wires, SBS. (iv) Schematic illustration of
the microstructured NWs-SBS nanocomposite before and after stretching. (v and vi) Optical camera images of the nanocomposite before (v, inset shows
before stretching) and after (vi) the heat rolling-pressed nanocomposite sandwiched between the elastomeric substrates (VHB film). Scale bars, 10 mm.
Reproduced from ref. 56 with permission from Springer Nature, DOI: 10.1038/s41565-018-0226-8. (d) Illustration of the fabrication process for
PVA/CNTs-HP film: () CNT dispersion and corresponding optical image; (ii) R2R spraying method for pre-constructing CNT network on PC surface;
(iii) quantitative spinning process to introduce ultrathin PVA layer; (iv) hot pressing treatment to prepare PVA/CNTs-HP film. Reproduced from ref. 115
with permission of Elsevier, DOI: 10.1016/j.compscitech.2019.107796.

For application as conformable electronics, it is worth mentioning
that the devices do not necessarily need to have characteristics like
ultra-high strain and high transmittance which are appealing for
other applications as soft-robotics and smart-architecture.”**

© 2021 The Author(s). Published by the Royal Society of Chemistry

One of the most common methodologies to prepare flexible
conductive composites is to make use of percolation networks
of metallic nanowires (NWs) or nanofibers (NFs) on flexible,
and biocompatible substrates. Compared to nanoparticles, the
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use of these nanostructures results in a lower percolation
threshold and thus they influence to a smaller extent the
mechanical properties of the matrix.”> There are several
methodologies to achieve such networks: (i) vacuum filtration
of dilute NW solutions;’”*® (ii) electrospinning;”® (iii) deposition
on a sacrificial 2D-network;' (iv) drop casting;'*" (v) casting of
composite solutions.”®'” In particular in this last case, the
ligands on the NW surface covers an extremely important role
to achieve a good dispersion: Choi et al., for example, by carefully
tuning the amount of hexylamine to function as the ligand of
Au-coated AgNWs in poly(styrene-butadiene-styrene) (SBS), their
composite could reach a remarkable 840% stretch strain without
sacrificing the conductance of their composite (Fig. 2¢).”® As we
show in the entries in Table 2, the most used metal for this kind
of device is silver because it combines good electrical properties
with simple procedures to prepare long NWs.>*!%* Yet, the
resulting networks are prone to the formation of a surface oxide,
which hinders the contact between different wires upon
oxidation.’” One may overcome this issue by coating the NWs
with Au (which does not oxidize),’**® by embedding them in a
suitable material,"® or by adding carbon-based nanomaterials
(e.g. graphene or carbon nanotubes (CNT), which are reported to
increase the stability to mechanical stress and oxidation, in
addition to being better heat conductors)."* % Coating the Ag
NW network with a conductive polymer was reported to increase
the thermal properties of a heater (but not the resistivity).'*”'%®
A valid alternative to silver to prepare similar structures is
copper,'” which has a lower price but is also a worse
conductor.”'® Another possibility is to use nanostructures of a
different material altogether.”>'°%'11"114 gor example, recently
Zhou et al. realized a conformable heating pad by hot pressing a
dispersion of CNT in PVA formed with the help of sodium
dodecylsulfate as a surfactant (Fig. 2d).'"> Remarkably, the
preparation of this composite involved only water-processable
materials.

While many groups employ NWs because the resulting
composites are highly transparent,''® Moon et al used a
conductive ink containing Ag nanoparticles that they sintered
by adding NaCl to prepare a bendable composite that they
could print on different substrates;''” with a different
approach, Weng et al realized a conductive 3D sponge by
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self-assembly of Ag NWs after surface treatment with dopamine:
the resulting material could not only stretch and bend but also
be compressed and could work as a heater, as well among many
other applications.'®

Other interesting candidates for conformable heaters are
intrinsically conductive polymers (CPs).’*'"® Polymers like
polypyrrole, polyaniline, and PEDOT:PSS possess good
conductivity," are considered biocompatible,”* and can be
patterned easily to make circuits.>"**'*" The latter polymer
in particular attracted much attention because it is water-
processable and for its chemical and thermal stability. The
main drawback of these materials is their intrinsic rigidity.
Pristine PEDOT:PSS, for example, can stretch only about 5%
before cracking, limiting its appeal for highly stretchable
electronics applications. However, as mentioned before,
conformable electronic devices do not need to sustain high
strains, and thus one may adopt many solutions to modify both
its mechanical and electric properties."***** Conversely, our
group showed the use of thin films of PEDOT:PSS with a
thickness of a few hundred nanometers as transferable ultra-
conformable electrodes for electrophysiology;"® ultra-thin films
of rigid materials can show extreme flexibility as bending
motions produce only negligible strain (ie. the difference
between the inner and outer bending radii). Such devices can
adhere perfectly to the skin thanks to van der Waals forces,
therefore making them an attractive platform for other skin
electronics applications."® In any case, despite the known
Joule heating properties of PEDOT:PSS,”*'**'?® and its use as
a coating for fabrics to be used in heated clothing (we will not
address these devices here as Lu et al. covered them in detail
in a recent review,®®), one can only find limited examples of
CP-based conformable heaters in the literature. Zhou et al
developed a conductive composite of PEDOT:PSS and water-
borne PU with remarkable stretchability; the addition of in situ
generated rGO (GO reduction with HI), while improving only
slightly the electrical conductivity, increased dramatically the
thermal conductivity of the films."”

While all the examples introduced so far have to do with
Joule heating, there are more mechanisms capable of generating
heat. Our group, for example, investigated the photothermal
performance of a submicrometric ultraconformal polysaccharide

Table 2 Summary of different properties of conductive materials and electrodes employed in conformable electrostimulation devices and their

applications

Electrode materials Circuit materials Impedance Applications Ref.

Au (evaporated) Au evaporated on PI 205 kQ (20 Hz) Electrotactile stim., electrical 55
muscular stimulation

Au@AgNW network in SBS Au@AgNW-SBS composite in SBS 1.6 kQ (1 Hz) 0.7 kQ (10° Hz) ECG, EMG. FES of cardiac 56
muscles

Graphene-SEBS composite Graphene-SEBS composite
Ag/AgCl conductive ink ~ PEDOT:PSS —
Au (evaporated) AgNW-SBS composite
Au (evaporated) Au evaporated on LCP (Vecstar) —
Ti microneedle Ti

PEDOT:PSS-b-PPEGMEA  PEDOT:PSS-b-PPEGMEA

1794 | Mater. Adv., 2021, 2,1787-1820

12 kQ (10° Hz) 4 kQ (10° Hz)

200 Q (1 Hz) 20 Q (10° Hz)

ECG, EMG. Electrical stimulation 64

Electrotactile stimulation 166
FES of cardiac muscles 168
Stimulation of bone cell regrowth 169

Eelctrotactile display, data 185 and 186
transfer
2 x 10* kQ (0.1 Hz) 0.1 kQ (10° Hz) Electrotactile element (surface ~ 187

roughness sensations)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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film containing Au@SiO, particles, which produced a dramatic
temperature increase when exposed to an NIR laser."”” Wang
et al. used a composite of magnesium and Ga-In alloy to
produce LM patches with similar properties.'*® Remarkably,
Lee et al. used p- and n-doped Bi,Te; samples sandwiched
between Cu electrodes incorporated in Ecoflex to prepare a series
of Peltier elements,'*® which are not only capable of acting as
heaters but also as cooling pads just by reversing the applied
bias."*® Kim et al fabricated a device based on the same
technology and showed its possible use as a haptic display for
guidance of blind users.””> While these devices are still relatively
thick compared to those presented above, the possibility of
generating both hot and cold sensation on the skin by the same
device is incredibly fascinating. A possible solution to make
thinner devices could arrive from organic materials, which,
despite having the worst thermoelectric performance achieved
so far, possess several advantages concerning fabrication procedures
(e.g they can be printed, they are flexible, and they are obtained
from abundant resources)."*!

2.2 Devices and applications

Most of the thermal stimulation devices find use in industrial
applications, but in recent years they have also become relevant
in the medical field. One of the main characteristics required
from electrical heaters both for industrial and medical applications
is low sheet resistivity in order to obtain low-voltage and power-
efficient devices, according to Joule’s law. However, medical
heaters require some additional attention. For these specific
applications (i) biocompatibility of the materials is fundamental
so that the device mounted on human skin does not cause
damage to the user or skin irritations also in long-term treat-
ment perspectives; (ii) the heating module must not reach too
high temperatures: the temperature of the human skin should
remain between the safety thresholds of 15 and 45 °C to have
comfortable sensations, otherwise nociceptors respond to thermal
stimuli with consequent pain for the user;"* (iii) heaters should
be flexible and stretchable in order to follow dynamic strains of
the skin, and stable from a mechanical point of view: the inability
to conform well leads to a non-uniform and inconsistent adhesion
between the heater and the skin. This aspect could cause air voids
that generate hot spots®” and could burn the user if the heater is
operating near the 45 °C safety threshold; (iv) heaters must have
uniform electrical and thermal properties: heating inhomogeneity
can lead to burns on the user’s skin;'®' and, finally, to reach the
objective of using heaters in healthcare and in thermotherapy two
main key issues are (v) their portability and (vi) the possibility to
adjust heating temperature in real-time. The latter is important
also to avoid the aforementioned overshoots.

2.2.1 Thermotherapy. Different studies, already widely
described in the previous section, proved the electrical stability
of conformable medical heaters once attached on non-planar
surfaces — i.e. the human body. These devices should endure
deformations of the joints to perform articular thermotherapy:
Choi et al. and Wang et al. demonstrated how resistance and
Joule-heating characteristics of the developed heaters remained
stable under different strains and motion, respectively, once

© 2021 The Author(s). Published by the Royal Society of Chemistry
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attached on a volunteer’s wrist and knee.?*'*>

In the latter case,
the authors embedded the heater in a kneepad so to improve its
electrical stability, while doing sports.*® Moreover, Kang et al.
demonstrated how their A4-size heater mounted on the user’s
arm can reach electrical stability:** larger films are useful in
thermotherapy if there is the need to treat a larger area of the
body. Heaters can become portable thermotherapy devices
because their low working voltage allows using batteries for
power supply: the Cu NW-based stretchable heater developed
by Zhai et al. can elevate its temperature up to 50 °C with 3 VDC
bias and the heater fabricated by Choi et al. made of Ag-NWs on
thermoplastic elastomer reaches 40 °C by applying 1 v."*>'*°

However, most of the studies rely only on the - experimentally
obtained - relationship between the applied voltage and the
corresponding reached temperature to control the heating level
of the device 8%1037105:110,12L,133 Hgwever, this method does not
take into account the inter-subject variability of heat transfer
conditions and provoked sensations, an issue of primary
importance for the healthcare market. For example, changes in
blood flow can cause changes in skin temperature differently
from person to person. Hence, different studies aimed to achieve
more precise control over the heat generated and the temperature
reached. In some stretchable heaters, which also included
temperature sensors, the sensing element was the same as the
heating element (usually a metallic serpentine).”*"** Such a
design does not allow one to measure the temperature and to
generate heat simultaneously; also, it risks measuring its own
temperature instead of the actual skin one. Stier et al. proposed
instead a stretchable aluminum tattoo-like heater on a PET
substrate, which also included a gold resistance temperature
sensor, separated from the heater by an insulation layer in order
to record skin temperature.*’ The overall device included a
proportional-integrative-derivative (PID) control so as to have a
real-time temperature feedback. PID control allowed us to maintain
a target temperature on human skin over a specific time interval,
38.5 °C for 30 minutes in their experiment, automatically adjusting
the DC power applied on the heater (Fig. 3a).

The integration of the heater with electronic circuitries has
been another step forward in reaching both the objective of
portability and real-time wireless temperature control. An et al.,
for example, reported an electronic band accompanying the
heater, which involved different electronic components such as
a Bluetooth module to communicate wirelessly with a smart-
phone from which the user could both decide the heating mode
and control temperature up to 50 °C.*°° The microcontroller
unit (MCU) embedded in the band received the signal and
adjusted the voltage, which determined the amount of electric
current flowing through the heater according to Joule’s law.
With such a device, however, the user shall rely only on their
own thermal cues to regulate the heating mode. Cheng et al.
proposed to use a digital temperature sensor in addition to the
electrical components considered in the previous example.'*
The MCU transmitted wirelessly the value recorded by the
sensor to a smartphone so as to show the real value on the
display. In this way, the user could decide to adjust the output
DC voltage, consequently regulating the temperature as
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Fig. 3 Functioning principles and performance of conformable heaters. (a) Heater conforms to the hand during (i) opening and (i) closing
without changing its temperature. (iii) Temperature stability with time and (iv) voltage steps. Reproduced from ref. 81 under Open Access CC BY
Licence, DOI: 10.3390/mi9040170. (b) Characterization of Ni-EGaln Joule heating electronic tattoo directly printed on the skin at (i and ii) different
voltages and (iii) hand movements. Reproduced from ref. 90 with permission from John Wiley & Sons, DOI: 10.1002/admt.201900183. (c) Thermo-
responsive drug nanocarriers released upon temperature increase induced by the integrated flexible heater. (i) Schematic of working principle.
(i) Photograph of the thermal patch. (iii) Temperature response at different voltages. Reproduced from ref. 76 under Open Access CC BY 4.0 Licence,
DOI: 10.1038/s41598-017-04749-8. (d) Skin-mountable Peltier-based thermo-haptic device with cooling and heating modes. (i) Working principles.
(i) Photograph of the device. (i) Thermal characterization. Reproduced from ref. 130 with permission from John Wiley & Sons, DOI: 10.1002/adfm.
201909171.
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needed. In this study, the heater, MCU, and the temperature
sensor were integrated into the heating fabric and clothes so as
to be almost not visible but still in contact with the skin.
Jang et al demonstrated that the same set-up was used
by Cheng et al. (same components, with a thermistor as a
temperature sensor) can be integrated on a band instead of
clothes, depending on the needs.”®

Another interesting field of research in medical treatments
is personalized care, which aims to develop targeted therapies
for each individual patient."*® In order to obtain custom
devices, Moon et al. proposed to use a 3D scanner to acquire
body information, which enabled them to print very personalized
heaters.'"” In particular, data acquired from a 3D scan could help
in deciding the dimension and shape of the custom heater. The
user could select different points on the scan surface and the
software calculated the length and width of the single 2D heaters
but also how to stitch them together in order to apply the entire
film on the interested body surface. In this way, the final heater
can have various shapes and sizes depending on the injury or
medical condition of the patient. However, low-cost fabrication
techniques are necessary to prepare heaters for disposable use.
Guo et al. exploited a very low-cost fabrication technique in
producing their tattoo-like heater: the device could be directly
fabricated on the user skin with any shape and size, as already
explained in Section 2.1, and as shown in Fig. 3b.°° Another cost-
effective method for heater fabrication is the kirigami technique -
the oriental art of cutting and folding paper, used to cut
the considered substrates in order to obtain more complex
geometries, often with higher stretchability.”®"%”

2.2.2 Drug delivery. In general, in the medical field, treatments
for chronic and deep wounds consist in a systemic administration of
high doses of antibiotics, resulting however in side effects such
as drug resistance or toxicity.”>"*® Transdermal drug delivery
offers advantages in this field because of its non-invasiveness in
drug administration, also avoiding the first-pass effects of
the liver."*® For these reasons, numerous studies concerning
transdermal drug delivery came to the conclusion that the poor
permeability of human skin severely limits this application.'*
Park et al. demonstrated how the permeability of human skin
can improve by locally heating the surface, leading to the
possibility to increase transdermal flux of drugs."*® Hence, in
recent years different studies proposed conformable and flexible
platforms to mount on the skin including a heating module,
aiming to transdermally deliver drugs using thermal stimuli.
These devices allowed continuous control of drug delivery rate
with specific temporal patterns. In these applications flexible
heaters resulted in contact with thermo-responsive drug micro-
carriers encapsulated within a substrate. Different groups used
PEGylated-chitosan,”® poly N-isopropylacrylamide-co-acrylic acid
(PNIPAM),"*" or meso-porous silica (m-silica) particles’ to
encapsulate drugs and, respectively, poly(glycerol sebacate)-
poly(caprolactone) (PGS-PCL) nanofibers, hydrogels or hydro-
colloids as substrate layers. In particular, the heat generated by
the heater degraded the physical bonding between the particles
and the drugs and pharmacological agents loaded in the micro-
particles diffused transdermally. Tamayol et al. demonstrated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that drug release rate is proportional to the voltage applied
on the heater.”® Fig. 3c shows the thermo-responsive device
developed for drug delivery and the effect of the heat generated,
which resulted in an increasing release of the drug, proportional
to the reached temperature. The electroresistive heater proposed
by Son et al. is part of a more complex system, which also
includes a strain sensor, a temperature sensor, and resistive
random access memory (RRAM) - ie. the resistance of a thin
film of electrically switchable material, generally made of oxides,
that can assume different physical states depending on the
electrical excitation.”® In this way they developed a multifunctional
healthcare system able to monitor the health state of the patient,
to store data in the RRAM, and to deliver the corresponding
feedback therapy, thanks to the nanoparticle-assisted drug
delivery. Lee et al. proposed a sweat-based glucose monitoring
device for the transdermal thermally-controlled drug delivery in
diabetic patients."*” In particular, the device mounted multiple
conformable sensors (humidity, glucose, and pH sensors) and a
three-channel stretchable heater with integrated microneedles,
which contained the drugs. Thermal activation in response to
the glucose level measured from sweat, allowed the dispersion of
the drug. Electrically controllable and conformable heaters can
pave the way for on-demand and localized drug delivery.

2.2.3 Thermo-haptic interfaces. One of the major applications
of heaters is in haptic interfaces, where thermal characteristics of
the object can be reproduced to assist users in recognizing a virtual
object in virtual environments or a remote object handled by
teleoperated robotic systems. This led to development of a large
number of thermal displays.’**"** The number of cold receptors in
human skin is higher than the number of heat receptors; hence,
a thermo-haptic device shall have both heating and cooling
functionalities to deliver more information and to restore true
artificial thermal sensations, otherwise the only heating function is
limited to a half function of the artificial thermal feeling."**'** The
most common type of thermoelectric generators are Peltier cells,
which generally consist of many thermocouples (or p-n junctions),
electrically and thermally connected (in series and in parallel,
respectively), inserted between two electrical insulators. The
injection of current heats up one plate of the device, while cooling
down the opposite one, depending on the relative direction
between the current and the p-n junctions.'** These kinds of
devices pave the way for another important role of thermal
stimulation: material recognition based on thermal cues. Recently
Lee et al. proposed a bi-functional thermo-haptic device, already
explained in Section 2.1 capable of both heating up (Joule heating)
and cooling down (Peltier effect) the body surface, depending on
the virtual object the user is in contact with."** The device
consisted of alternating p- and n-type thermoelectric pellets that
induced a rapid thermal response when voltage was applied
(Fig. 3d): thanks to the Peltier effect, heat was generated where
carriers were highly concentrated, cooling down the other side of
the junction. Serpentine-shaped copper electrodes with their
highly deformable structure and low electrical resistance connected
each pellet. The authors demonstrated that the device could
reproduce several thermal properties of objects in virtual reality
with a good level of accuracy and wearability, showing that
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virtual sensations, mainly related now to tactile feedback, could
be further augmented with thermal information. More recently,
Kim et al developed a two-dimensional thermo-haptic
device capable of transferring tactile information to thermally
stimulate thermoreceptors placed in the human skin.” The 2D
array consisted of unit cells each composed of thermoelectric
couples of n-type and p-type elements, in order to both warm
up and cool down the whole device. An H-bridge inserted in
each cell allowed the direction of the current flow to be
changed or to bypass the cell, so as to let the thermoelectric
unit cell work as a heater, as a cooler, or to turn off both.
Moreover, one could access a specific cell so as to control
independently its temperature through an active matrix addres-
sing method based on a field-effect transistor switch, activated
through the column and row selectors. Also, the temperature of
each unit cell could be controlled adjusting the amount of
current applied to it. The authors demonstrated how the
thermal haptic module so implemented could help blind
people if embedded on the handle of their cane. Such a device
could indeed give information to the user about the presence of
an obstacle as well as its size and shape, using additional
electrical components like a depth sensor and a microcomputing
unit to control the unit cells of the device, in order to avoid
obstacles in a more reliable way. For example, the temperature of
the module cooled down proportionally to the distance between
the user and the obstacle, informing the user of the actual
distance only with thermoception.””

3. Conformable devices for electrical
stimulation

Nowadays different fields such as rehabilitation or physiotherapy****>

but also virtual reality (VR)-based applications** often exploit
electrical stimulation of the peripheral or central nervous
system. However, electrical stimulation and the effects it
provides on humans are still a wide field of research. Some
examples concern how an electric field can modify cell
behavior, including orientation, proliferation, cell migration,
and differentiation,'®'” which are the best stimulation
parameters in terms of current amplitude, pulse width, and
frequency of the applied electrical signal and the best electrode
placement to achieve optimal results in electrical stimulation
therapy (ETS);"*® how haptic perception evoked, for example,
on the hand by applying transcutaneous electrical nerve
stimulation (TENS) can vary in terms of the region perceived
and amplitude of the sensation, varying stimulation para-
meters;'*® the optimal current or voltage waveform to apply.
Currently, the most used waveforms for the different applications
of electrical stimulation are the sinusoidal, triangular, and mono/
biphasic square waveform.**'**'*! Moreover, in recent years,
different studies aimed to restore tactile and pain feedback in
amputees by electrically stimulating the subject by applying short
current pulses, developing a so-called neuromorphic model,
which attempts to mimic the behavior of the nervous system,
with the aim of providing more realistic sensations."
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Conformability of the device is a central issue in medical
applications: different studies propose conformable electrodes
that perfectly adhere to soft tissues of the body and are capable
of injecting a small amplitude of current flow. In the medical
field, such devices find their use in the regeneration of neural
networks, in the electrically induced differentiation of osteo-
blasts and therefore in bone remodeling, or in the electrical
stimulation of the heart for smart defibrillation.?**>* Moreover,
as already mentioned, electrical stimulating devices are used in
rehabilitation and sports medicine for neuromuscular electrical
stimulation (NMES) and functional electrical stimulation (FES).
NMES consists of the repeated application of current to produce
contraction of innervated muscle by depolarizing local motor
nerves producing effects that enhance functions such as muscle
strengthening but that do not provide a functional activity. FES,
instead, exploits electrical currents to enable a functional activity
in order to replace a completely lost movement in patients with
neurological impairments, activating the sensory-motor system,
allowing the control of walking or grasping in stroke patients, or,
also, for tremor suppression.'®'*® Furthermore, experiments
have been conducted to demonstrate how targeted spinal cord
stimulation could re-establish adaptive control of paralyzed
muscles during overground walking in patients with spinal cord
injuries.’ Other applications for stimulating devices regarding
human-robot interaction, where artificial components and the
user have to form interface with each other.>' In particular, if a
robot is equipped with some kind of sensor, it will “sense”
different stimuli from the environment. The sensed signal could
then be transferred to the user, stimulated by the wearable
conformal device. This concept is central in applications such
as prosthetic limbs, where stimulating the user is a means to
restore tactile feedback. In this way the users will better control
the prosthetic device and they will react faster to external stimuli
coming toward the artificial limb, as well as enhancing the
embodiment and acceptability of the prosthesis itself.
Furthermore, TENS is a treatment generally used against painful
conditions, including chronic neuropathic pain,"**
method that is being explored to restore tactile feedback on
amputees."”> When designing devices and, in particular, electrodes
for superficial - ie. non-invasive electrical stimulation of the
human body, several factors must be considered, such as skin
impedance, perfect contact between the electrode and the skin, and
the particular frequencies and current amplitude to apply in order
to deliver comfortable stimulation.

as well as a

3.1 Materials

Electro-dermal stimulation requires the electrodes to be in
intimate contact with the skin in order to deliver a reliable
and effective signal. At the same time, the circuitry must be
isolated from it so that the signals can reach only the desired
points. For these reasons, the majority of electrostimulation
devices available today consist of a set of wired electrodes that
one can apply on the interested areas via adhesive pads and
gels designed to lower the impedance of the contact.'>™*¢*
For conformable devices, these limitations translate to a
higher complexity in the fabrication processes when compared

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Materials and design strategies of conformable systems for electrical stimulation. (a) E-skin device capable of both sensing and stimulation.
(i) Planar view of the different features of a representative device with insets for the active regions. (ii) Exploded-view of the multilayer construction.
(iii) Pictures of the device mounted on the forearm with examples under different deformations. Reproduced from ref. 55 with permission from John
Wiley & Sons, DOI: 10.1002/adma.201504155. (b) Elasto-conductive epicardial mesh based on a LE-Ag NWs/SBS composite. (i) Design strategy of the
mesh for electromechanical cardioplasty and composite composition. (i) Scheme of the reaction for LE-AgNW. The ligand of AQNW was exchanged from
PVP to Ham; a scanning electron microscopy image of LEAg NW/SBS nanocomposite is shown. (iii) Impedance and (iv) CV (with conductivity measurement)
of the initial and LE. (v) Schematic illustration of the epicardial mesh fabrication. Reproduced from ref. 168 with permission from the American Association
for the Advancement of Science, DOI: 10.1126/scitranslmed.aad8568. (c) 3D printed, reusable, flexible electrode coated with conductive graphene ink for
electrotactile stimulation. Electrode preparation: (i) the electrode components are 3D printed, (i) coated with graphene ink, and (ii) assembled.
(iv) Demonstration of coated electrode’s flexibility. (v) Surface and (vi) cross-sectional morphology of the pristine 3D printed component; (vii) surface of
the spray coated layer. (viii) Impedeance measurement. Reproduced from ref. 64 under Open Access CC BY Licence, DOI: 10.3389/fbioe.2018.00179.

to the heaters we discussed earlier, requiring distribution of electrodes are in contact with the skin. On top of this, the
the conductive medium on multiple levels so that only the proposed devices must also possess a low impedance at the
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skin electrode interface in order to deliver a reliable signal at
low currents and thus limit the discomfort associated with
electrostimulation, an issue that often requires an accurate
choice of material.’®>'®® Finally, all of these characteristics
must be suitable to stimulate the target receptors, which
respond only to certain electric fields and frequencies.'®* As a
result, most of the research and medical applications concern
wearable devices,*®'®> which are usually powerful enough to
overcome the high impedance of the stratum corneum (i.e. the
outer layer of the epidermis, with an impedance higher than
10° Q).'* We will now examine some of the materials and
architectures recently proposed in the literature to work as
conformable neuromuscular and/or electrotactile stimulators,
with their strength points and shortcomings (the most relevant
devices are summarized in Table 2).

One fabrication solution to prepare these devices, in which
the electrodes require to be in direct contact with the skin, is to
deposit a layer of conductive material on a layer of insulator
bearing holes in places of the electrodes®>'®® as shown in
Fig. 4a (or etch the holes in a sequent step)."®” The difference
in height obtained is not an issue for the contact if the size of
the electrode is large compared to the thickness of the insulating
layer on the skin.”>'%”

An example of this approach is the work of Park et al. where
the authors obtained a stretchable and conformable Ag NW and
SBS composite by mold casting and then covered it with a thin
layer of evaporated gold to make it more biocompatible
(Fig. 4b)."°® Choi et al. used a similar system comprising a
network of Au-coated Ag-NWs in SBS encapsulated between SBS
sheets.>® Thanks to a hot pressing step, the thickness of the
device was much lower, uniform, and the composite electrodes
could already form reliable conformal contact with the skin.
Since both the encapsulation and the conductor shared the SBS,
the resulting device was intrinsically stretchable and less prone
to failure by Young modulus mismatch at the interfaces.>®

Kim et al. realized Au electrodes on a liquid crystal polymer
(LCP) substrate (Vecstar) that they could thermo-mold in con-
formable devices to follow bone structures."®® LCPs are a class
of polymeric material comprising rigid and flexible monomers,
which provides them with mechanical toughness and simple
processability at high temperatures (even to realize curvilinear
manufacts).’””®'”! Moreover, they are chemically inert and
provide an extremely low gas permeation and humidity uptake
(lower than those of polyimmides or parylene), making them an
ideal substrate for implantable devices.'"”’”"”* Although our
review focuses on external applications, it is worth mentioning
that electrical stimulation of cells in the human body with soft
and conformable devices can promote regeneration, proliferation,
and differentiation, and thus may find many potential applica-
tions in therapy.>®’#8716%174175 Notably, the design of some of
these devices included the implementation of implantable
generators relying on triboelectric effects,”**”"'”® piezoelectricity,'””
or wireless powering”®'”® so as to be energetically self-sufficient,
since they would need constant activation. In the future, such
solutions could efficiently be applied also to skin-mounted
stimulation devices."”
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Stepping away from gold, Wang et al. proposed the use of a
liquid Ga-n alloy to prepare an electrode for both muscular
stimulation and recording of physiological signals.*** Ga-Based
LMs have the advantage of being non-toxic (even for implantable
applications)'®*'®! and inherently produce conformable con-
tacts even with the skin;'® however, their properties have a
significant dependence on the thin Ga oxide skin that covers
their surface (less than 1 nm thick)*® and rapidly forms in
contact with oxygen.'?

To reduce the impedance of the contact with the external
layer of the skin (the stratum corneum), most of the electro-
stimulation electrodes require the use of gels or special conductive
glues. However, there are solutions to lower the impedance (and
thus the working voltage), while avoiding the use of these latter
altogether:'®* one may find a lot of research concerning novel dry
electrode materials, and also more extensive systems could take
advantage of some of these ideas to realize functional conformable
devices.

For example, Stephens-Fripp et al. realized a 3D printed
electrode spray-coated with a conductive graphene-SEBS
composite ink (Fig. 4¢).®* The authors claimed it was possible
to reuse indefinitely these devices and that they had an
impedance similar to that of commercial gel-based electrodes.
Wei et al. also reported the functional properties of carbon-
based materials in lowering the skin impedance.'®*

With a different approach, Tezuka et al. avoided the stratum
corneum high impedance by implementing microneedles
for their tactile displays for electrotactile stimulation.'®>"%®
The authors used chemical etching of titanium wires with
the tip protruding from a soft embedding matrix (PI or Ecoflex)
to prepare a matrix of 600 pm tall sharp cones (with a 300 um
diameter at the base). The design of the tips ensured
their insertion into the skin without generating pain
responses. Moreover, bypassing the stratum corneum lowers
drastically the voltage needed to surpass the sensation
threshold.

To summarize this section, the main issue conformable
electronics must overcome to become a reliable platform for
portable, easy-to-use electrostimulation devices is finding
solutions to lower the high impedance of the outer skin. The
high voltages needed by the wired systems comprising metallic
plate electrodes are not compatible with the more delicate
flexible electronics. However, materials science still has a lot
to offer in this respect: materials like polymer composites and
conductive polymers offer a plethora of options - thanks to
chemical functionalization and material engineering - to
optimize material properties and the way they can interact with
the human skin. A recent example of this is the work of
Keef et al. in which the authors prepared a PEDOT blend with
a PSS and poly(polyethylene glycol methyl ether acrylate) block
copolymer (PSS-b-PPEGMEA) to be used as an electrotactile
element in a VR glove.'® The blend showed high flexibility
and low impedance, two ideal qualities for conformable stimulation
devices. However, at the moment, only a limited amount
of research moves in this direction despite its possible tech-
nological and economical values.
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3.2 Devices and applications

One of the most innovative objectives in research is to use
electrical stimulation to restore lost senses, for example, touch
or vision. In recent years numerous studies demonstrated that
tactile stimulation increases tactile acuity and manual dexterity
in patients suffering from sensory loss, maladaptive plasticity
or certain forms of motor impairment, relying on the induction
of plasticity in the somatosensory cortex.'®® The user can
receive a controlled electrotactile stimulation signal properly
modulated in terms of electrical current injected into the skin,
which can excite cutaneous mechanoreceptors because of the
generation of a potential gradient®™'®* resulting in a tingle,
itch, vibration, pinch, or touch sensations.'®® The demand for
such systems is high also for human-robot interaction, as
required by prosthetic users or remote slave-robot control:
adding this feature to a prosthesis can, of course, increase
the sense of embodiment of the device'®® as well as allowing
the amputee to better manipulate and grasp objects.'”*
Moreover, electrotactile stimulation could also substitute the
sense of vision in blind people (tactile vision substitution)
using tactile displays. Particularly, a two-dimensional matrix
of stimulators could give spatial information similarly to the
way eyes present spatial information to the retina.'®>
Transcutaneous electrical stimulation (TES) consists of
activating excitable tissues in the human body from the skin
surface, placing the electrodes over the area of the skin where
one intends to activate underlying tissue (see Fig. 5a).'®*
Electrodes used in TES shall provide optimal performance
without causing permanent skin damage such as burns or
irritation and without producing discomfort. To avoid this
latter aspect, one should consider designing electrodes that
do not allow high current to reach deep into the tissues. An
important issue in TES is skin impedance (i.e. opposition of the
skin to AC flow). It is possible to study physiological operation of
the skin thanks to models that show its electrical characteristics,
going from a simplified R-C circuit model to more complex
models considering the three layers that compose skin - ie.
stratum corneum, dermis and hypodermis, as shown in
Fig. 5a."% Since the skin is an insulator and it stores charges
on its outer surface, it acts as a capacitor, whose resistance is
inversely proportional to frequency: an increase in the AC
frequency results in a decrease of pulse duration, allowing less
time to store charges on the skin and, consequently, effectively
lowering impedance. Hence, when medium- (1000 Hz) or high-
frequency currents are applied, they pass more easily through
the skin layer (than low-frequency ones), allowing more current
to reach the motor nerves."*®'®® Furthermore, the voltage-
current dependence is linear if low currents (in the order of pA)
and low voltages (lower than 1 V) are considered, while for higher
currents the impedance results in a non-linear function of the
current density.'®* The skin presents local inhomogeneities due to
the presence of pores or different water content, leading to
resistance changes also in the same subject, causing higher or
lower current densities.'®* Measurements and models concerning
bioimpedance detection could be of help as a feedback reference
for adjusting stimulation parameters such as current amplitude,
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pulse width, and frequency, promoting methods to reduce
impedance differences in the human body or between
subjects.'®® Moreover, the electrodes should have good contact
with the skin allowing the largest surface at the interface. The
current density should be homogeneous over the entire electrode.
The size of the electrodes depends on the size of the region to
stimulate, for example the size of the muscle.'** Smaller electrodes
allow higher selectivity, but the case of using electrical stimulation
for restoring sensory feedback requires larger electrodes to
produce a comfortable sensation.®*

Regarding muscular activation, especially in FES, multi-
electrode arrays have some advantages with respect to a single
pair of electrodes. Arrays allow the user to try many different
electrode sizes and positions so as to find the best ones for
stimulation, without removing the electrode from the skin."**

For all the applications mentioned above, conformable
devices could be particularly practical as they inherently provide
good contact with the substrate, they are less bulky and more
comfortable than applied electrodes, their application is less
invasive, and the user could wear them when they prefer, even
when not in use, thus making self-use at home possible.'">%3>:3¢

Implantable electrodes for electrical stimulation often rely
on conformable technology so as to adapt to the human body
tissues. Such devices can be implanted (i) in the brain: deep brain
stimulation (DBS) helps patients with epilepsy or Parkinson’s
disease,””® and neuroprosthesis implants (such as auditory
brainstem implants) can provide sound sensations stimulating
neurons;'*” (i) in muscles: functional electrical stimulation (FES)
can restore sensory or motor functionality if applied on a targeted
muscle, against atrophy or for generating limb movements
like walking or grasping;'®*'% (iii) in the spinal cord: epidural
electrical stimulation of the spinal cord enables the use of
functionally silent descending neural pathways in order to
produce movements of paralyzed limbs and also improves the
ability of the spinal cord to translate sensory information into
muscle activities that control standing and walking.'*97'%8

In recent years, the interest in non-invasive techniques has
grown, with the objective of avoiding surgical implantation of
electrodes, thus renouncing the high selectivity provided by
invasive methods. However, studies on the use of conformable
electrodes to mount on the skin are still very few. This could be
due to the difficulty in reaching low impedances in conformable
devices compared to the disposable electrodes generally used in
TES - which usually make use of a suitable gel,** thus resulting
in a higher voltage to maintain the desired current and higher
power consumption. Usually, the conductive gel enhances
contact between the electrode and the skin; however, conformable
electrodes cannot use it.'®® Although we want to remind the
reader that the stimulation parameters used in tactile feedback
are very subjective and can widely vary inter-subject, rarely the
sensation threshold in terms of current amplitude is less than
1 mA, reaching tens of mAs in FES applications."****° Because the
current injected could have significant values to electrically
stimulate the skin, having a consistent and firm electrical contact
with the skin is a central issue in order to avoid sparks that can
damage the electrodes and can burn the skin. Another factor is
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(a) Schematic illustrations of

(i) transcutaneous electrical stimulation (TES) (reproduced from ref. 200 with permission from the American Association for the Advancement of
Science) DOI: 10.1126/SCIROBOTICS.AAP9770 and (i) the skin structure with (i) an equivalent circuit of human skin impedance measurement.
Reproduced from ref. 165 under Open Access CC BY Licence, DOI: 10.3390/bios8020031. (b) Picture of a temporary tattoo electrode interface, named
Tacttoo, providing a feel-through interface for electro-tactile output on the user’s skin. The Tacttoo can be applied on complex body geometries,
including the fingertip. Overall thickness is less than 35 pum. Reproduced from ref. 166 with permission from the authors, DOI: 10.1145/3242587.3242645.
(c) Example of a conformable wireless and bioresorbable implantable device for electrical-stimulation-assisted tissue regeneration: (i) schematic
illustration of the device and (ii) images of the fabricated bioresorbable stimulator, with its dissolution over several days once immersed in PBS, and its
implantation. Reproduced from ref. 78 with permission of Springer Nature, DOI: 10.1038/s41591-018-0196-2. (d) Example of conformable self-powering
implantable device for enhancing osteoblasts proliferation and differentiation. (i) Schematic illustration of the device and (i) of the interdigitated
electrode. (iii) The size of the implantable TENG and (iv) the surface of the mouse femur region where the flexible TENG was implanted. Reproduced from

ref. 20 with permission from Elsevier, DOI: 10.1016/j.nanoen.2019.02.073.

the increased complexity characterizing the manufacturing of
these systems. Some examples of conformable electrical stimulating
devices will follow.

3.2.1. Tactile feedback. Xu et al. designed a multifunctional
and fully conformable platform capable both of recording
(electromyography, temperature, and strain) and stimulating.”
The authors demonstrated how a user controlling the grasping
force of a robot through EMG signal had better performance in
grasping a bottle if provided with tactile feedback. In particular,
the current used for electrical stimulation was directly propor-
tional to the force measured by force sensors on the griper, thus
resulting in a better modulation of the applied force. Without
feedback, the subject could not consistently close the gripper
without causing the bottle to collapse. Tezuka et al. developed a

1802 | Mater. Adv, 2021, 2,1787-1820

thin and flexible electrotactile display on a PDMS substrate
provided with titanium microneedle electrodes that one could
attach on the forearm of the user so as to reproduce tactile
sensation.'® The device consisted in an array of microneedle
electrodes. The activation in sequence of each column and the
variation of the stimulation flow (i.e. the speed in switching
columns) reproduced 2D touch sensation. Moreover, microneedles
with a length of 600 pm allowed penetrating the stratum
corneum resulting in a much lower voltage supply than
superficial electrodes for tactile stimulation. Something less
invasive was proposed by Ying et al. The device consisted of
electrode arrays capable of providing electrotactile stimulation
using silicon nanomembrane diodes directly, wearing the
platform on the finger. The very thin profile and the
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serpentine-shaped interconnections allowed a conformal
contact of the device with human skin. Modulated currents
sent through each pair of electrodes can create a localized
tactile sensation (i.e. tingle or vibration feeling).'®” More
recently, Choi et. al also presented an ultra-conformable tactile
stimulation device, coupled with a heater for thermal stimulation.
Their bipolar stimulation Ag/Au electrodes had a low current
threshold due to a low impedance resulting in a high-power
efficient device.>®

Withana et al. developed a very thin tactile interface (35 pm
thick) consisting of an electronic temporary tattoo able to
provide safe electrical operation of skin-worn electrotactile
devices through a three-layer architecture.'®® To overcome the
challenge of achieving perfect contact with the skin, the
authors selected a combination of elastic and rigid materials
with different thicknesses in order to create a micro-spring
mechanism that pushes electrodes toward the skin. Moreover,
the design of the three layers allowed control of the current
flowing through the skin so as to avoid and prevent over-
currents and leakage currents. Screen printing of PEDOT:PSS
and Ag/AgCl on a substrate of commercially available temporary
tattoo paper allowed fabrication of the tattoos. Thus designed,
the tattoos could be easily used by the subjects themselves
without the intervention of specialized-personal to attach such
devices on the skin (see Fig. 5b).

3.2.2. Vision restoration. Some other applications of electrical
stimulation concern visual substitution methods that aim to
replace vision with touch senses, placing touch stimulation
electrodes on the skin - fingers - or on the tongue.””'>% For
example, one may consider the latter three studies mentioned in
the previous subsection as sensory substitution platforms where
tactile sensations generated from the electrically activated tactile
displays give information to blind people, substituting the sense of
vision with touch.**'**'®” However, such set-ups could be very
uncomfortable for everyday activities. Hence, Zhang et al. proposed
an electrical stimulation device to be directly applied on the cornea
of the blind for visual reconstruction. In particular, the idea is to
use a camera able to acquire image information sent to a controller
that encoded it with the consequent generation of electrical pulses,
and then transmitted to the conformable device so as to stimulate
the cornea. The device, fully conformable and biocompatible,
made of parylene and platinum electrodes, can work with a low
voltage (around 1.7 V) due to the high sensitivity of the cornea.”**

Another innovative field of research is retinal prosthetic
devices that aim to partially restore vision in patients suffering
from retinal degeneration pathologies. Flexible and conformable
materials are perfectly suitable with such application, since the
available space between the eye and orbital rim is limited.
Furthermore, the continuous movement of the eyeball may
impose mechanical stress also on the device, leading to a higher
risk of device failure and discomfort to patients. Jeong et al
proposed an eye conformable structure that can fit the curvature
of the eyeball made of a liquid crystal polymer (LCP). LCPs are
compatible with microfabrication techniques and different LCP
films can be thermally bonded together because of their thermo-
plasticity. The authors used a monolithic fabrication process

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

consisting of a multilayered integration of electrical compo-
nents, thermal deformation of the layers, LCP-power
packaging, and laser-machining. The implanted device so
constructed could generate biphasic current pulses delivering
electrical stimulation."”>

Both the two studies involved in vivo experiments only on
animals: the possibility to restore vision in humans using a
conformable stimulation device, and restoring tactile feedback
in patients suffering from the loss of tactile sensations are still
a broad and innovative field of research.

3.2.3. Medical treatments. Electrically stimulating devices
also find their use in multiple medical or medical-related fields.
In particular such devices can help in solving or ameliorating
some of the major global health problems: conformable and
implantable electronics can help in various therapeutic
applications such as cellular proliferation and differentiation
for tissue regeneration, sweat analysis, drug delivery, tumor
treatments, and smart defibrillation.?*®

All the internal mechanisms of the human body base their
working principle on bioelectricity, which is present also in
almost all cell events. Hence, numerous cell types respond to
electrical stimulation: this aspect can help in tissue repairment
(with cellular proliferation) and in cell differentiation."*® Some
examples are electrical-stimulation-assisted tissue regeneration
(see Fig. 5¢),”® cell cultivation on scaffolds made of conductive
and high biocompatible materials creating substrates for the
attachment, proliferation and neural differentiation of
stem cells,"’**°® and enhancing osteoblast proliferation and
differentiation against osteoporosis and its related fractures
(Fig. 5d).>°

Iontophoresis is a process that makes use of short-timed
and localized current pulses (0.1-1.0 mA cm ™ ?) to improve the
drug diffusion through the skin. One of its major applications
consists of inducing sweat by stimulating sweat glands infusing
pilocarpine. In particular, the measurement of the levels of
sodium and chloride in sweat is useful in the diagnosis of cystic
fibrosis.>®”*°® For example, Heikenfeld et al. fabricated a sweat-
sensing patch that took advantage of iontophoresis to stimulate
sweat production (by releasing pilocarpine) and analyze its
composition, also transmitting wirelessly this information to a
smartphone.?®® In particular, the measurement of the levels of
sodium and chloride in sweat is useful in the diagnosis of cystic
fibrosis.””?°® Since sweat can give additional information
related to glucose monitoring, iontophoresis could also help
in diabetes management: reverse iontophoresis is the passage
of a current over the skin to drive ions from the interstitial fluid
and onto the surface of the skin, where they can be analyzed.>*°
Bandodkar et al. proposed an iontophoretic-biosensing tattoo-
based platform targeting non-invasive glucose extraction and
monitoring:**° thanks to the application of a mild current to
the epidermis, ions move across the skin and toward the
electrodes. The device consisted of a pair of reverse iontophoresis
electrodes (Ag/AgCl ink), a pseudo reference/counter (Ag/AgCl
ink), and working electrodes (Prussian blue ink). In particular,
each tattoo consisted of anodic and cathodic contingents and
an amperometric biosensing module using a glucose oxidase
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(GOx)modified Prussian blue transducer able to work at a
low voltage. Once the tattoos were mounted on subjects, a
0.2 mA cm ? current applied between the two iontophoretic
electrodes for 10 minutes allowed extraction of the interstitial
fluid. Then a voltage of —0.1 V applied for 5 minutes at the GOx
level allowed the amperometric glucose response to be recorded.
Kim et al. reported a conformable device able both to sample and
analyze in a non-invasive way epidermal biofluids such as
glucose and sweat, thanks to the parallel operation of reverse
iontophoresis for fluid extraction and iontophoretic delivery of the
sweat-inducing drug pilocarpine into the skin.*"' In particular,
they developed an epidermal temporary tattoo integrated with a
flexible circuit to drive the iontophoretic electrodes, control the
biosensors, and wirelessly transmit the sensed information to a
smartphone. Thanks to electrorepulsion, the tattoo delivers the
positive charged policarpine from the anode so as to generate
sweat, while glucose moves toward the cathode because of electro-
osmosis and the consequent conductive flow.

In addition, the application of an electric field finds use in
tumor treatments. One of the techniques used in electro-
chemotherapy is the electroporation, ie. the application of
short, millisecond and high-voltage (5-500 V) electrical pulses
on the skin through closely spaced electrodes, so as to help
diffuse the drug into cancer cells by enhancing permeability as
a result of the formation of small pores.”®” To date, most of the
electrodes used in this application are rigid and do not adapt
to soft body tissues. Hence, because of the possibility to
completely wrap the tumoral tissue with the electrode, con-
formable electrodes could be of central importance to increase
the effectiveness of electrochemotherapy in tumor treatments.
Such electrodes should deliver an electric field in the range of
20 and 30 kv m~ " so as to obtain effective electroporation.
Nenzi et al. proposed a polymer-metal-hybrid conformable
flexible electrode realized thanks to the conversion of porous
silicon into nano-porous metals filled by a biocompatible
thermoplastic polymer, able to treat large areas of the human
body (16 cm?).?'*> They demonstrated that the most effective
configuration for this application is the one where an electrode
at a specific potential is encircled by electrodes with opposite
polarity: they developed an electrode made of 40 concentric
square loops 250 um wide, with the outermost 14 loops set at
0V, and the other 25 inner loops at 1000 V. The authors showed
in simulation that this configuration could generate an
effective electric field of 27 kV m™" up to 1 cm depth in
biological tissues.

Another non-invasive regional treatment against tumors
consists of low-intensity, intermediate-frequency, and alternating
electric fields delivered through transducer arrays on the skin
around the region of the body containing the tumor in order to
kill cancer cells. This particular therapy relies on tuning the
frequency of the electric field according to specific types of
cancer.'®® Indeed, the applied pulsed electric fields induce the
formation of nanopores in cell membranes that play a significant
role in destroying cancer cells: cell death occurs by immediate
membrane rupture or by programmed cell death mechanisms like
apoptosis or autophagy.®*® In this application, rigid circuits
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present disadvantages such as poor coupling performance,
discomfort or hurt on the human body. Conformal electrodes
could instead increase the contact area with the skin and enhance
therapeutic effects. To this aim, LM electrodes could be optimal
candidates for flexible electronics in tumor treatments, directly
printing them on the skin in correspondence to the tumor or
injecting them in the body.””'* Li et al conducted in-vivo
experiments on mice and demonstrated how this method slowed
down malignant melanoma growth after 6 days of electrical
stimulation treatment."® A combination of such treatment with
chemotherapy could increase killed cell numbers.

Next to tumor treatment, also other medical applications
use LM because of their capability to perfectly conform to soft
tissues. The study conducted by Wang et al. demonstrated,
through finite element method simulations, the effectiveness
of using conformable LM electrodes for smart defibrillation."?
They modelled a simplified human trunk applying the electrode
on the chest. The results showed that conformal LM electrodes
reached more uniform electric potential and electric field than
rigid electrodes, probably because of their direct and immediate
skin contact, high conformability, and good conductivity. The
growing interest in conformable and flexible devices led to the
development of heart-conformable electrodes, aiming at an
integration of the devices with the epicardial surface. Heart
activity relies on pumping blood thanks its muscle contraction
(myocardium) induced by electrical impulses. A failure in its
conductive system leads to heart impairments. Park et al. intro-
duced a soft, conductive and elastic epicardial mesh designed to
mechanically adapt to the heart thanks to its elasticity, almost
identical to the epicardium one, enabling global pacing to
stimulate the whole ventricle.'® The mesh could detect
abnormal activities such as spontaneously occurring ventricular
tachycardia and ventricular fibrillation and could deliver an
electrical shock to terminate ventricular fibrillation, demonstrating
that the device could serve both for pacing and defibrillation in the
clinical setting.

4. Conformable devices for
mechanical stimulation

Haptic interaction refers to the process by which humans
touch, explore, and manipulate objects, but it is also an
important means for humans to perceive the external world,
receiving stimulation from the environment.>'® The sense of
touch is one the most important senses of the human body,
allowing humans to interact with the world. In particular, two
sub-senses build the sense of touch: kinesthetic and cutaneous
feedback. The first refers to receptors located in muscles,
tendons, and joints, which provide proprioception (i.e. limb
position) and muscle tension. Cutaneous sensing consists of
mechanoreceptors embedded in the skin and is responsible for
pressure and touch sensations: the latter have become the
primary means for haptic interfaces.*'®

Despite most of the modern technologies relying on visual
and audio feedback,?"’ the significance and potential of the
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tactile sense led to the development of numerous applications
concerning virtual or augmented reality that requires tactile
feedback to recreate the mechanical properties of objects -
i.e. mass, stiffness, and temperature - for virtual interaction.
The development of such technology will have a strong impact
on many different aspects of our life, from social media and
communications, to gaming and entertainment, to clinical
medicine, rehabilitation and recovery (Fig. 7c).>'® Haptic
feedback is becoming progressively important to increase
immersion in such applications. Different researchers focus
on non-rigid interfaces between the user and the device and,
also, in using soft materials for interactive applications.”*’
One of the most investigated methods to provide sensory
feedback to users are vibrations,**® although in recent years the
interest related to the possibility to generate displacements and
morphological changes of the haptic device has also grown.>*!
In particular, in the following sections, the term ‘actuator’
refers to specific devices piloted with different driving forces
developed just to exert some pressure on the human skin.
Given that the different types of mechanoreceptors distributed
in the glabrous skin respond to mechanical pressure, vibration,
or deformation,>'® tactile sensations are provided by mechanically
stimulating the skin through pressures/forces applied by
actuators, thus reproducing the true nature of the sense of
touch.'®® The request for soft materials has led to focus on
polymer-based dielectric elastomers because of their cost-
effective fabrication techniques and their flexibility and elastic
properties being similar to those of human skin, allowing
adhesion on body surfaces.”” Also shape memory alloy (SMA)
platforms could be of interest for the development of haptic
devices because of their capability to stretch skin once attached,
creating shear forces similar to light pinches.??* Numerous tactile
displays have been produced, consisting of tactile stimulators that
stimulate human skin.?*® Tactile displays are especially a means
for communication for the visually impaired: new fabrication
techniques allowed very thin, flexible, and lightweight sheet-type
Braille displays to be created.’***! In rehabilitation and, in
particular, neurorehabilitation, studies demonstrated how robotic
therapy provided with haptic interaction with the user improved
performance of subjects following stroke or paralysis.**>**® In
the medical field, haptic feedback has relevant importance in
minimally invasive surgery, in particular in laparoscopic surgery,
where the surgeon loses his own tactile feedback due to the
interposition of long instruments between his hand and the
interested tissue. Haptic feedback devices could help the surgeon
in identifying tissue properties and in handling tissues in a safe

manner.>!%227

4.1 Materials and architectures

Devices capable of providing a tactile sensation to a human
being has to actively perform a displacement in the range
between microns and millimeters. On top of this, by matching
the frequencies of the different mechanoreceptors in our skin,
they can more efficiently provoke a sensation, while limiting
the required power.****® To achieve this, many diverse solutions
have been brought up relying on different actuation
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technologies, some of which have been successfully employed
in conformable devices. However, we must make a distinction
between wearable and actually conformable devices. The former -
as in many examples of gloves for VR applications - can just
serve as a substrate on which one can mount pneumatic and
mechanical actuators. They are very efficient in providing a
sensation, but are also generally bulky, they require external
moduli, and limit the freedom of movement of the
user.”'7??3:229.230 O the other hand, the design of conformable
tactile stimulators allow one to maximize the comfort of the
user and simplify the utilization procedures.>' However, it is
worth mentioning, that there are many technologies from
these formers to be applied to conformable devices with few
modifications (Table 3). Song et al., for instance, realized a soft-
pneumatic actuator, which did not require the use of an
external compressor.>*> To do so, they encapsulated an air
pocket between two silicone sheets, which bared two concentric
electrodes (Fig. 6a): the electrostatic attraction between the
latter would squeeze the side of the pocket thus pushing up
the central part of the element not covered by the electrodes to
keep the volume constant. In another recent example, Yu et al.
prepared an array of Lorentz-type actuators embedded in a
silicone rubber thus resulting in a flexible tactile display
(Fig. 6b).>"® Such actuators work based on the electromagnetic
force generated from a current flowing in a magnetic field.
Remarkably, their device could power wirelessly thanks to a flat
antenna embedded in the same matrix. These two studies point
out that, compared to the thermal and electro stimulation, in
this case the skin contact does not need to be as intimate, and
therefore the devices can be less compliant. However, the latter
are still quite thick. Thinner systems would be preferable to
facilitate their use.

A particularly studied solution involves the use of dielectric
elastomer actuators (DEAs).**** They consist of a layer of
insulating elastomer sandwiched between two electrodes: once
charged, a Coulomb force pushes them together, deforming the
elastomer (which will try to retain its volume).”** Since the
deformation is rapid and reversible, they are capable of
producing a large force and reaching high frequencies. They,
however, require high working voltages (in the order of kV) to
obtain a significant displacement. To improve the performance
of these devices, the elastomers employed should have low
Young and shear moduli (allowing a large strain with a high
frequency), a large dielectric constant, and a high breakdown
threshold (larger than 10°° V m ").*** The most frequently
employed polymers are polyacrylate elastomers, polyurethanes,
and silicones. By rational design of the device architecture and
choice of the materials, these systems can be very versatile with
respect to the type of motion they can provide and their
dimensions, allowing the preparation of wearable and con-
formable devices.>**?*> Mun et al. fabricated a compliant,
500 pm-thick DEA device comprising a flat multilayered
PDMS/AgNW-electrode structure (Fig. 6¢).>*® Thanks to a slight
curvature in the active element in the OFF state that induced
asymmetry, the authors could obtain a vertical displacement
from an otherwise flat geometry.
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Table 3 Examples of materials and architectures employed in conformable haptic devices based on different working principles and their properties

Working principle Material/design Force or displacement Freq. Application Ref.

DEA 8 Elastomer layers between carbon electrodes of Up to 0.9 mm 0-150 Hz Tactile display 203
alternating polarity (200 pm in total)

Lorentz force Moving magnet over metal coil Up to 0.3 mm 0-300 Hz Wireless tactile display 218

Soft pneumatic act Air pocket squeeze by electrostatic attraction between 0.10-0.13 mm 0.2-1 Hz  Elements for VR glove 232
electrodes

DEA 5 PDMS layers between AgNW electrodes of alternating Up to 0.33 mm 1-330 Hz Tactile display 236
polarities (500 um in total)

DEA PDMS between AgNW electrode perpendicular to the  Up to 12 um 20-240 Transparent tactile dis- 238
device (total thickness 50 pm) Hz play and sensor

DEA 25 PVDF layers between Ag electrodes of alternating Up to 4 pm 250 Hz Haptic stimulation and 239
polarity (700 pm in total) sensing

Piezo 500 nm lead zirconate titanate nanoribbon between Au 1 kHz Measurement of 240

and Pt electrodes

mechanical properties
of biological tissues

Note: in this table we reported only conformable devices as discussed in the text, leaving out the wearable options.

Not only the fabrication of these devices can result in thin,
conformable systems, but it can also incorporate other
functionalities.>®” Yun et al. realized a flexible and transparent
tactile display capable of both delivering haptic stimuli and
sense touch.”*® Using an ingenious fabrication involving
masked evaporation on vertical PDMS patterns, they obtained
the Ag/PDMS/Ag actuators perpendicular to the device surface
and thus capable of exerting their force directly on the skin
(Fig. 6d). Yoon et al. used a multistack of PVDF layers between
Ag electrodes to produce tactile sensations, while at the same
time working as a pressure sensor taking advantage of the
piezoelectric properties of PVDF.>*° Piezoelectric materials also
find applications as stimulators; however, despite them reaching
very high frequencies (kHz), the displacement they can achieve is
very limited.>*%**'

Electro-active systems, such as those introduced so far, have
the advantage to reach high frequencies that can improve the
interaction with the skin without increasing the power. Other
electro-responding actuators based on functional materials —
such as ionic conductive polymer metal composites or electro-
adhesive displays - have been employed for tactile stimulation
but never implemented in conformable devices.*** A recent
review specifically about haptics by Biswas et al. introduces
them nicely.® However, there are many more materials that
one could use instead, whose actuating principles do not rely
on electromagnetic forces.

SMAs are deformable alloys which are capable of reforming
their original shape upon heating.>**> A current that flows in a
SMA wire can generate enough Joule heating to trigger the
response in many alloys of specific compositions, making them
suitable for skin-contact applications. SMA-based actuators
make use of the force that accompanies this transformation,
which can be of several N for a mm of wire, and enhanced even
further with shape engineering.>** In the literature, one can
find recent examples of devices relying on this technology for
tactile stimulation.?*****?*° Compared to previous examples,
such systems have longer actuation time (1-2 s) but can provide a
much more realistic sensation when compared to vibro- and elctro-
tactile stimulation by actually stretching and pinching the skin.

1806 | Mater. Adv,, 2021, 2,1787-1820

A different type of functional material often used as
actuators in soft robotics are liquid crystal elastomers (LCEs).
These are polymeric materials obtained via the polymerization
of molecules characterized by liquid crystalline behavior
(i.e. comprising a flat, rigid, and long region and flexible side
chains).”***** While at low temperature most of the molecules
are aligned and stacked together in a well ordered nematic
phase, upon application of suitable stimuli, the order is lost
and the material changes shape, shortening along what was the
alignment direction and broadening in the other directions.
Such movement is reversible and can be triggered by different
stimuli such as heat, light, and electric fields, thus providing
actuation in different systems, often with tensile strengths of
several kPa.>**>* While LCEs have found application in soft
electronics, deeper studies should better explore their potential
in conformable devices. Similar remarks can be made on
conductive polymers (CPs), one of the go-to choices for actuators
in soft robotics, as they require low voltages to work (but
relatively high currents).”***** However, both CPs and LCEs,
usually require longer actuation time than DEAs.*>'*®

4.2. Devices and applications

Mechanical stimulation is the most commonly used method to
restore tactile sensations of the user: mechanoreceptors are
very sensitive to vibrations, forces, deformations, and skin
stretching. Numerous mechanoreceptors are distributed across
the skin, in particular in the dermis. In general, the speed of
their adaptation to changes in the pressure applied to some
points on the skin classify the type of tactile receptors.*®?
Hence, mechanoreceptors respond to stimuli coming from
the world generating an electrical signal, transmitted to the
brain. This incoming signal defines the mechanical sense of
our surrounding.*'® In particular, the changes in the firing rate
of action potentials on the corresponding afferent nerve could
be a way for measuring mechanoreceptor response. Four types
of mechanoreceptors exist in the glabrous skin (Merkel cells,
Ruffini endings, Meissner corpuscles, and Pacinian corpuscles),
which respond to mechanical pressure, vibration or
deformation.>*° Since mechanoreceptors are sensitive to
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Fig. 6 Fabrication strategies and materials employed for the development of conformable haptic interfaces. (a) Soft pneumatic actuator with internal air pressure
generated by an electrostatic force for providing tactile feedback. (i) Structure schematic and (i) operation mechanism. Adapted from ref. 232 under Open Access
Attribution License CC BY, DOI: 10.1038/s41598-019-45422-6. (b) Wireless and battery-free platform composed of electronic systems and haptic interfaces
capable of communicating information via programmable patterns using mechanical vibrations. (i) Exploded-view of the device and (i) schematic illustration of the
electronics and circuit. (il and iv) Optical images of an NFC coil; (iii) before and (iv) after integrating the electronic components. (v) Exploded-view schematic diagram
of a haptic actuator with the schematic diagram of an actuator viewed from (vi) above and (vii) below, and (viii-ix) their respective optical images. (x—xii) Qualitative
mechanical tests of the device under (x) bending, (xi) folding, and (xii) twisting. Reproduced from ref. 218 with permission from Springer Nature, DOI: 10.1038/
s41586-019-1687-0. (c) Soft actuator for tactile stimulation interfaces prepared by multilayered accumulation of thin electro-active polymer (EAP) films. (i) Cross-
sectional view of the multilayered DE and (i) a picture of the fabricated device. (iii) Schematic illustration of the operating principle of the DE actuator. (iv) Induced
displacement profile as a function of the input voltage at 1 Hz. Reproduced from ref. 236 with permission from IEEE, DOI: 10.1109/TOH.2018.2805901.
(d) Preparation of a visuo-haptic interface composed of a touch-sensitive visual display based on polymer waveguides and a dielectric elastomer microactuators
(DEMA) array. (i) Schematic illustration of the fabrication process. (i) SEM images of PDMS protrusions peeled off from a photoresist mold on a Si wafer and (iii)
AgNWs patterns on the 3-D structure, respectively. (iv) Optical microscope images of the AgNW-coated protrusions (top) and its change after eliminating the AQNW
coating eliminated from the top surface of the protrusions (bottom). (v) Picture of tactile-actuator array with the AgNW electrode patterns and their 3-D geometry
(inset). (vi) Transparency and flexibility of the tactile-actuator array. Reproduced from ref. 238 with permission form IEEE, DOI: 10.1109/TIE.2019.2898620.
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mechanical stimuli, the tactile sensation can arise stimulating
the skin in a mechanical way, reproducing the real nature of the
sense of touch.'®® However, each of the four aforementioned
mechanoreceptors respond to different stimuli and can there-
fore be classified on the basis of the different frequencies and
displacements of the stimuli to which they respond: (i) Merkel
Cells are stimulated at 0.3-3 Hz and need 8 pm displacements;
(ii) Meissner Corpuscles respond to 3-40 Hz frequency and
3 pm displacements; (iii) Pacinian corpuscles 40-500 Hz with
lower displacements, 0.01 pm; (iv) Ruffini Corpuscles (located
deeply) 40-500 Hz and 40 um.**” Hence, a mechanotactile
device should have high bandwidth and generate relatively
high displacements, as we will discuss later.

4.2.1 Tactile displays. The most common means to provide
mechanical stimuli to the user’s skin is vibration. Vibrotactile
displays are considered safer in comparison to electrotactile
systems, which can more easily cause pain and fatigue to the
skin. Vibrotactile feedback systems are currently used in sports,
rehabilitation, and information tactile display, as well as for
providing tactile feedback to upper limb amputees through
vibrotactile sensory substitution systems.>'®>*'"2>* The increas-
ing demand for wearable electronics led to the development of
conformable devices to directly attach to the skin. Conformable
and thin devices allow a more efficient contact with the skin
and therefore a more effective mechanical coupling. Many
recent examples of vibrotactile displays aimed to provide tactile
feedback basing their operation principle on soft actuators.
One notable example is the use of soft pneumatic actuators
made of flexible and compliant polymers to develop devices
capable of generating internal air pressure by electrostatic
forces.>*> Sonar et al. proposed a fluidic haptic display that
consisted of silicone layers, aiming to artificially reproduce
skin. The artificial skin consisted of piezoceramic sensors
for detecting normal forces in order to create a close-loop
controlled device, capable of responding to external forces by
adjusting vibration amplitude (Fig. 7a). In particular, the device
embedded soft pneumatic components activated thanks to air
passing through one of the layers, resulting in inflation for
reaching the desired shape.””® The work from Yoon et al.
proposed a dual functionalities device, both for force sensing
and vibrotactile actuation for feedback.>** The authors utilized
PVDF piezoelectric polymer films that deformed with an
applied electrical potential. The driving voltage, in this case,
was less than 300 V, however reaching output forces lower
than 7 mN.

Multiple studies used polymer-based systems that respond
to electrical stimulation with shape or size change, called
electroactive polymers, which are flexible, lightweight,
fracture-tolerant, and easy to mould.’® Their mechanical
properties are comparable to those of the human skin, making
these actuators attractive for haptic devices.**®

Conformable and wearable platforms for haptics can effi-
ciently employ DEAs. Thanks to their lightweight, flexibility,
cost-effectiveness, and fast response, DEAs have opened many
opportunities in applications such as tactile or Braille displays
(Section 4.2.2).>2* The aim is to provide tactile sensations using
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a localized tuneable mechanical pressure applied to the skin
through a soft interface. For example, Carpi et al. demonstrated
the possibility to employ an acrylic elastomeric film to create a
VHB-based DEA wearable tactile interface for use in portable
and more cost-effective virtual reality (VR) or augmented reality
(AR) systems.”>****> Some other recent studies demonstrated
the possibility of using DEAs for developing conformable
devices. Mun et al. designed a tactile display to embed into
clothes, integrating flexible soft actuators onto the inside
fingertip surface of a rubber glove or a patched display that
could give vibrotactile feedback to the forearm (Fig. 7b).>*® The
soft actuator consisted of a multilayer dielectric elastomer with
compliant electrodes made of AgNWs, stacked to obtain six
layers. They demonstrated that the device could exert up to
255 mN at the maximum driving voltage of 4 kV when working
at the resonance frequency of the membrane structure, con-
sidering, however, that the force perception threshold at the
human fingertip is much lower (~2.2 mN at 240 Hz
frequency).>®® Such a high range of forces could be useful to
provide different sensations, for example distinguishing
“hard” touch from ‘soft” touch. The device presented a
response delay of actuation below 1 ms and the actuators
produced outputs that covered a wide frequency range.

Fingertips have a very high sensitivity; hence, most of the
studies concerning haptic feedback aim at designing devices
that fit this region of the body. However, this configuration
leads to difficulties in using the hands for everyday activities,
such as grasping or manipulating objects.”>® For this reason,
Zhao et al. proposed a soft device to wear on the arm instead of
fingertips, with the drawback that the arm is less sensitive than
fingers, requiring higher forces and displacements for
stimulation.*”> The devices consisted of a 2-by-2 array of
actuators: the authors demonstrated how an array of such
components could create an illusion of motion, allowing them
to reproduce a moving touch sensation through sequential
activation of two actuators. This latter aspect could be of
importance in applications concerning VR or AR for more
realistic feedback of tactile sensations, as well as for prosthetic
users who could detect movements of the grasped object
avoiding its slippage. Yun et al. designed a perfectly skin-
mountable interface based on DEAs arranged in arrays with
AgNW-compliant electrodes. The device was able to reach an
output force of 130 mN with, however, a very high driving
electric field (20 MV m™").>*®

The great issue related to the devices that base their operating
principle on DEAs is the charge and discharge cycle time. In
particular, slow charging time led to the slow response of the
device because of the limited current flowing into the actuators.
This aspect affected frequency response, resulting in high
driving voltage requirement and low bandwidth. The devices
needed driving voltages of several kVs (electric fields in the order
of tens of MV m ™~ ')**® resulting in severe limitations for wearable
purposes. A step forward in this sense could be the development
of flexible, stretchable, lightweight, and wearable devices
consisting in wirelessly powered actuators so as to use haptic
display in numerous applications. Moreover, the device should

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Examples of conformable devices for haptic interfaces and their applications. (a) Piezoelectric haptic conformable devices. (i) Exploded view of
the device. (ii) Optical image of the fabricated device (front and back). (iii) Schematic of the closed-loop control of the actuation mechanism for adjusting
vibration amplitude. Adapted from ref. 225 under Open Access Attribution License CC BY, DOI: 10.3389/frobt.2015.00038. (b) Haptic devices based on
DEA embedded into a patched display. Reproduced from ref. 236 with permission from IEEE, DOI: 10.1109/TOH.2018.2805901. (c) Examples of VR
applications of a battery-free epidermal system used as a haptic interface capable of communicating information via mechanical vibrations. Reproduced
from ref. 218 with permission from Springer Nature, DOI: 10.1038/s41586-019-1687-0.

include a proper insulation layer because of high-operating
voltage, thus leading to higher fabrication costs and output force
degradation.>” Another technical challenge of DEA is the
relatively low vertical force they are able to provide and small
displacements, despite high driving voltages:*****® an ideal

© 2021 The Author(s). Published by the Royal Society of Chemistry

tactile display should provide a 4 mm stroke.”>” By causing the
device to work at its resonant frequency, it is possible to reach
higher forces and displacements.

4.2.2 Braille displays. The possibility to develop conformable
devices paves the way for new types of Braille displays, enabling

Mater. Adv., 2021, 2,1787-1820 | 1809


http://10.3389/frobt.2015.00038
http://10.1109/TOH.2018.2805901
http://10.1038/s41586-019-1687-0
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00817f

Open Access Article. Published on 15 February 2021. Downloaded on 12/4/2025 11:07:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

people with visual impairments to carry their own display
wherever they go. Kato et al. presented one of the first examples
of Braille display based on soft actuators demonstrating that
recent developments in materials and fabrication techniques
allowed the creation of cost-effective devices using, for example
printing machines to fabricate electronics - such as organic field
transistors — directly on plastic films.*** Koo et al. proposed an
example of a conformable Braille display based on DEA:>* the
application of the voltage to the DEA resulted in a curvature of the
elastomer. This mechanism generated displacement and an
effective mechanical pressure along the thickness direction
proportional to the square of the applied voltage: keeping material
properties constant, a higher electric field led to a larger inter-
action force, which was a driving force to generate deformations.
The whole device consisted of multiple stimulation cells (a 4 x 5
array) and fit on the fingertip of the user because of its flexibility due
to a very small thickness (~210 um), despite it consisting of eight
layers of stacked dielectric elastomer. The device exerted a force
output of 14 mN at the maximum driving voltage (3.5 kV).

4.2.3 Non-vibrating mechanotactile interfaces. Some inter-
esting devices exploit elasticity of the skin to provide haptic
feedback, designing super-cutaneous wearable tactile devices that
gently stretch and squeeze the surface of the skin.”* In fact,
vibrations cannot convey a large range of tactile gestures that
mimic real-world experiences.”*® An example is proposed by
Hamdan et al. who developed a tactile interface based on a shape
memory alloy (SMA) spring, exploiting it as a mechanotactile
actuator: when current flowed into the spring, it heated up, and
generated silent-movements, contracting to shorten. SMAs have a
very high force-to-weight ratio, thus allowing their use as smart
actuators.”*” In this way, when the SMA spring is attached to the
skin, the mechanotactile actuator stretched the skin itself. The
contraction stopped when the spring reached its shortest length, or
when a counteracting force - ie. the skin resistance - became
higher than the spring’s contraction force. The latter is also
provided to restore the initial shape of the spring, once the power
is removed. However, the device could provide multiple touch
sensations, depending on how the spring is mounted on the skin,
for example, press, pull, drag, and expand on the skin surface. The
control over the amount and the duration of the current flow
allowed to adjust actuation displacement, actuation force, and
actuation speed. Nevertheless, SMAs show some drawbacks related
to their low controllability due to hysteresis behaviour, low band-
width and low energy-efficiency (slow heating and cooling rates).”*

In general, all the interfaces considered above still present
some challenges related to adaptation (loss of sensitiveness) and
habituation (getting used to certain stimuli) of the user to the
provided sensations due to the continuous sensory stimuli. These
aspects could result in not completely effective transmission of
sensory information in the long-term use of haptic interfaces.>®

5. Photostimulation devices

In modern medicine, light and optical techniques are pro-
foundly impacting clinical practice in the health assessment
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and disease treatments.>*’

When photons interact with bio-
logical tissues, they can either scatter the photons (used to
monitor diverse body parameters)**>*®° or absorb them,
activating photochemical and biological reactions of the tissues
themselves, as well as generating heat.>®'>%* New therapeutic
strategies exploit these phenomena, leading to an increasing
interest in light-based therapies, such as (i) photodynamic
therapy, in which a light source with a specific wavelength
activates a photosensitizing agent located in a tumor, which
causes irreversible photodamage to its tissues;**' (ii) photo-
thermal therapy, that is a minimally-invasive therapy in which
photon energy produces heat (also used in cancer treat-
ment);*** (iii) optogenetic therapies, which provide initial
genetic modifications of cells in order to express photosensitive
traits, subsequently utilized for directly irradiating cells with
visible light enabling users to photocontrol molecules,
proteins, and cells in vitro and in vivo.>****> Most of these
kinds of therapies base their working principle on synthetic
chromophores that undergo light-dependent structural or
electronic changes and can target unique cellular traits, notably
proteins. They have been proven useful in the treatment of
diabetes, peripheral nerves, pain, and bladder diseases, as well
as in regulating cardiac pacing when applied to cardiomyo-
cytes;>>2692%¢ (jy) photobiomodulation exploits visible and
near-infrared portions of the light spectrum in order to induce
chemical changes within the cells, provoking biological reactions
that benefit the body in triggering neuroprotective responses,
improvements in metabolism, blood flow, and neurogenesis.
The relatively low power density ensures no burn damage to the
tissues;**® (v) photochemotherapy depends on the connection
of drug and light: the drug exerts locally an antiproliferative
effect only after interaction with suitable light, being otherwise
ineffective and unable to target more cells than desired;*®” (vi) in
photopharmacology light influences the biological activity of
synthetic molecules by changing their pharmacokinetic or phar-
macodynamic properties: light precisely controls the bioactivity of
smart drugs with incorporated molecular photoswitches, which
change the molecular structure.**®

All these therapies can benefit from the use of dermal and
transdermal opto-devices as the skin can let through several
wavelengths. For example, light with a wavelength of 400-500 nm
will stop at the epidermal layer, while light with a wavelength
longer than 700 nm can reach deeper tissues beyond
the dermis.”®® Hence, one must select the light with a
proper wavelength depending on the specific objective of the
application (Fig. 8a).

Recent research led to the development of new materials
and new techniques to manufacture conformable and stretchable
devices. In particular, the possibility of fabricating LEDs with
micrometric dimensions (ULEDs) and preparing inherently
flexible OLEDs based on polymeric emitters propelled this
field forward.*#****”' Bioelectronic medicine aims to develop
engineered systems that can relieve clinical conditions by photo-
stimulating the body of the patient.>’>*”® Hence, while in past
years pain relief relied largely on electrical stimulation, now
bio-optoelectronic devices can overcome some limits of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Examples of photostimulation devices. (a) Schematic depicting how light can interact with human skin. Reproduced from ref. 260 with permission
from Springer Nature, DOI: 10.1038/s41578-019-0167-3. (b) Implantable pLEDs embedded in PDMS provided with wireless communication for cancer
treatments. Reproduced from ref. 275 with permission from Springer Nature, DOI: 10.1038/s41551-018-0261-7. (c) Flexible OLED for wound treatments.
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and (i) exploded device. (iii) Working principle and circuit schematics. Reproduced from ref. 270 with permission from Elsevier, DOI: 10.1016/j.nanoen.
2018.11.017. (e) Schematic illustration of monolithic fabrication process of red nLEDs on a polymer substrate and application of the wearable device on a
mouse to test treatments against alopecia. Adapted with permission from ref. 279. Copyright 2018 American Chemical Society, DOI: 10.1021/acsnano.

8b05568.

former. Some of these limits are possible discomfort and pain
caused by a continuous stimulation protocol, direct physical
contact between the electrodes and the nerve, which can lead to
injuries and inflammations, and lack of organ specificity.>”
Most of the conformable photonic healthcare devices found
in the literature consist of implantable devices, developed in

© 2021 The Author(s). Published by the Royal Society of Chemistry

particular for optogenetic and photodynamic therapies.>*° The
most attractive systems consist of PLEDs transferred on a
flexible substrate so as to be directly implanted in the body,
without the necessity of using an external light source for the
specifically considered therapy. Moreover, studies developed
devices with LEDs mounted on microneedles, with the ability to
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operate at wavelengths ranging from UV to blue, green-yellow,
and red.**>*”* Their use is particularly growing in biomedical
applications that include biosensors, healthcare devices, and
optogenetic stimulators, because of their high biocompatibility,
low heating property, and excellent stability.””*”" Indeed,
implantable photonic devices must be highly biocompatible
and fixed inside the body for continuous local light delivery
without causing any damage to other tissues or organs.>*® For
this reason, photostimulation implantable devices widely use
PDMS as substrates or encapsulation material. Moreover, many
are also provided with a wireless power supply system. For
example, Yamagishi et al. used pLEDs embedded in PDMS for
developing an implantable photodynamic device against cancer
(Fig. 8b).*”® Similarly, Mickle et al. used pLEDs on a PDMS
substrate to fabricate a closed-loop device that exploited bio-
physical sensors for continuously monitoring and controlling
bladder function through a smart device in order to eliminate
pathological behaviours as they occur in real-time.>”* Some other
applications in which implantable photonic devices can offer
benefits concern the stimulation of the spinal cord and
peripheral nerves, against chronic pain, itch, and other neuro-
logical disorders.>”®

Wearable photonic healthcare devices are currently part of
several applications including skin rejuvenation, wound
treatment, mental healthcare and brain-disease therapy.>®°
Current rigid and bulky conventional light sources are,
however, difficult to transport and use for regular irradiation
treatments.””” Skin-mountable conformable devices — comprising
WLEDs, flexible OLEDs, quantum dot displays and other thin
technologies - can overcome these limitations, paving the
way for developing lightweight, portable, and comfortable
devices capable of providing on-demand, and continuous
treat1,nent‘43,2.60,277,278

However, to the best of our knowledge, only a few examples
of skin-mountable photonic devices exist. One application
concerns the management of surgical wounds in order to
ensure quick skin regeneration, pain relief, and scar prevention.
Surgical wounds typically require periodic light treatment: Jeon
et al. recently proposed a very thin flexible photonic skin,
comprising a iridium(m) OLED, having a total thickness of
6 um, that they developed for skin attachable phototherapy
(Fig. 8c).>”” The authors studied the regeneration effects on an
artificial skin model composed of fibroblasts and keratinocytes:
OLED light could have beneficial effects in cell metabolism,
hence regeneration improved control of the peak wavelengths
(600-700 nm) and irradiation interval of the flexible OLED. The
authors designed the OLED with a bottom-emitting structure so
that light could safely spread out through the substrate without
exposing organic materials to the skin, so avoiding possible
harm to the user. Moreover, they demonstrated that it is possible
to mount the photonic skin on commercial dressing film and
successfully applied it to patients with surgical wounds.
Stretchability is surely important in wearable devices, so that the
platforms can follow all the skin movements and deformations,
without degrading. Yin et al proposed another example of a
wearable and flexible device composed of highly stretchable
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iridium(m) OLEDs that could exhibit 100% strain without a
decrease in performance.** In particular, the authors proposed a
laser-programmable buckling process in order to create ordered
buckles on the OLEDs, which permitted controllable stretch-
release cycles and enhanced stretchability and mechanical robust-
ness of the devices. In general, such platforms work through
wireless power-transfer systems.””> Lee et al. proposed a method
to supply electrical power to nLEDs using a wearable wireless
power transmission/reception system consisting of flexible
antennas, a peak rectifier, and a voltage regulator (Fig. 8d).>”° An
AC power supply source supplied radio frequency power to the
wearable transmitter antenna wirelessly, which was collected by
the wearable receiver antenna and then transmitted to the peak
rectifier for converting AC to DC power. The converted DC power
hence powered pLEDs through the voltage regulator. Another
interesting application of the skin-mountable photostimulation
devices concerns the acceleration of hair growth against alopecia.
Lee et al. developed a methodology to prepare flexible microscale
red LEDs fabricated through a simple monolithic fabrication
process, and successfully used these elements to stimulate hair
follicles in a rat, which are located 2 mm under the epidermis
(Fig. 8e).””° The 650 nm radiation could penetrate deep into the
skin compared to green and blue ones. This method aims to
replace the use of laser stimulation, generally used in the clinical
practice against alopecia, which has numerous drawbacks
(e.g high-power consumption, large size, and restrictive use in
daily life due to its low controllability).

In conclusion, photostimulation conformable devices can
surely bring benefits in numerous health areas. However, this
field has been developed only in recent years, when technological
breakthrough allowed the preparation of microscale and flexible
light sources, and the research on wearable opto-stimulating
devices is still in its infancy.

6. Conclusions and future outlook

The skin has a fundamental role in the human body: it is not
only the largest organ of the human body, but it also allows
humans to interact with the external world, thanks to the
continuous exchange of information with the environment. In
recent years, skin has been the base to develop new platforms
and devices, creating new generations of technologies now
recognized as conformable devices. Such devices perfectly
adhere to non-planar surfaces such as the human body, paving
the way for substituting the rigid and bulk devices now used
especially in clinical practice with flexible and stretchable
platforms. Such devices have advantages concerning: the
possibility to follow strains and movements of the human body
because of their similar mechanical properties to those of
the skin; their imperceptibility; low cost due to innovative
fabrication technologies; the possibility of a continuous use
of such devices. Hence, many of them found their use in
healthcare or as human-machine interfaces. In particular, we
extensively reviewed conformable devices able to provide some
kind of stimulation to the human body, their working

© 2021 The Author(s). Published by the Royal Society of Chemistry
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principles, the materials they comprise, and their fabrication.
We decided to focus on three categories based on the method
used to generate feedback - thermal, electrical, or mechanical
stimulation - since these three categories require different
design approaches due to their different purposes. In the last
section, we also reviewed the most innovative conformable
photostimulation devices and discussed their promising
application in healthcare. We highlighted the recent steps
forward research has made in new material explorations,
fabrication techniques for the production of increasingly
cost-effective devices, and innovative powering systems: all
these factors contribute to creating more and more wearable,
comfortable, conformable, and disposable devices. We also
outlined the most important parameters (Tables) to consider
and to assess during the investigations concerning new materials
for developing more and more effective devices.

What has emerged from the reviewed devices is that for the
three categories the number of conformable devices already
developed is high and, in particular, we have found that the
demand for such devices is particularly growing in the medical
field. Thermal stimulation provided by conformable heaters
find use in personal treatment management and, so, in
thermotherapy applications against muscular disorders or in
controlled therapeutic drug delivery. At the same time, electrical
stimulation can help patients with neurological impairments or
for tremor suppression. Also, haptic feedback provided through
mechanical stimulation could help in developing tactile displays
for blind people. In addition, in this review, we discussed
many other applications of conformable stimulating devices.
Conformable devices capable of providing transcutaneous
electrical stimulation through electrodes applied on the surface
of the skin, which are the ones that present more difficulties in
their development. So far, such conformable devices are mainly
implantable. We think this aspect correlates with the difficulties
concerning the development of conformable devices that have
low impedance at the interface but also concerning the generation
of a uniform electric field. Conformable devices used in electrical
stimulation must have only the electrodes in contact with the skin
in order to stimulate just the interested point: this translates in a
complex fabrication process to manufacture multilevel inter-
connected layers.

In particular for the medical field, we have noticed the
importance of developing portable, disposable, but also
customizable devices. One of the main problems is that most
of the devices considered required high driving voltage and, so,
high power-consumption. This leads to the addition of multiple
electronic components on the platform, necessary for the
operating principle of such devices, but also brings severe
limitations for wearability. Hence, further investigations are
necessary aiming to obtain less bulky platforms: basing device
power supply on wireless technologies could be a disruptive
strategy, as already proposed by some of the studies here
reviewed. Also, one can investigate and exploit technologies
and materials concerning energy storage and energy harvesting:
triboelectric generators added to the platform can constitute
self-powered devices, transducing mechanical signals such as
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movements of the human body into electrical energy. However,
conformable stimulation devices could benefit from wireless
communication, in addition to miniaturization of electronic
components, also because it could guarantee a continuous
exchange of data between the device mounted on the skin, and
the user. The latter could indeed directly control the temperature
reached on the skin using the heating module or the stimulation
parameters for transcutaneous electrical stimulation, simply
from his smartphone. A more complete vision of such platforms
could be to develop a closed-loop control based on feedback
signals provided directly from the mounted device, in order to
have a system capable of auto-regulating thermal, electrical, or
mechanical stimulation parameters on the basis of the data
transmitted.

The long-term perspective concerns the use of these devices
in clinical practice, in order to replace rigid and bulk electrodes
and to reach a level of complexity in controlling these devices,
which also suits the capabilities of non-specialized users. More
in-depth studies concerning both the materials and fabrication
techniques, which allow simplifying the application of the
device on the skin, are necessary. Materials investigation and
materials engineering are of paramount importance to achieve
thinner stimulating systems (in the order of microns), and thus
develop bendable and flexible devices that perfectly adhere to
all the pores and imperfections of the human skin. Moreover,
the miniaturization of different components such as sensors or
communication modules for wireless connections and power
supply is of crucial importance. This would allow all the
electronic components in the stimulating device to be directly
embeded so as to transfer all the electronics to the device. This
aspect is important for such platforms to be used by individuals
themselves at home, making their use in a non-clinical environment
also possible.

In conclusion, we presented numerous systems capable of
delivering thermal, electrical, mechanical, or optical stimulation,
which could be valid platforms to exploit in practical usage.
However, all the considered studies were conducted on bench-
scale experiments: their use by individuals at home can only be
achieved after careful clinical tests, in order to assess the efficacy
and effectiveness of the stimulating systems. In doing so,
collaborations between specialists like engineers, medical
specialists, and chemists will be fundamental to improve the
field of soft and conformable electronics.
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