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Abstract:

Smart skin is a large-area, flexible array of sensors
with data processing capabilities, which can be used
to cover the entire surface of a machine or even a
part of a human body. Depending on the skin elec-
tronics, it endows its carrier with an ability to sense
its surroundings via the skin’s proximity, touch, pres-
sure, temperature, chemical/biological, or other sen-
sors. Sensitive skin devices will make possible the use
of unsupervised machines operating in unstructured,
unpredictable surroundings among people, among
many obstacles, outdoors on a crowded street, un-
dersea, or on faraway planets.

Sensitive skin will make machines “cautious” and thus
friendly to their environment. This will allow us to build
machine helpers for the disabled and elderly, bring
sensing to human prosthetics, and widen the scale of
machines’ use in service industry. With their ability to
produce and process massive data flow, sensitive skin
devices will make yet another advance in the informa-
tion revolution. This paper surveys the state of the art
and research issues that need to be resolved in order
to make sensitive skin a reality.

Some applications that smart skin devices will make
possible are yet hard to foresee. Flexible semiconduc-
tor films and flexible metal interconnects that will re-
sult from this work will allow us to develop new inex-
pensive consumer electronics products, new types of
displays, printers, new ways to store and share infor-
mation.

Key words: Sensors, Skin electronics, Smart skin
devices & senses.

Introduction:

New device concepts suitable for large area flexible
semiconductor films will lead to new sensors that will
find applications in space exploration and defense,
specifically in mine detection and active camouflage.
An ability of parallel processing of massive amounts
of data from millions of sensors will find applications
in environmental control and power industry. These
areas will be further developed because of the highly
interdisciplinary nature of the work on smart skin,
which lies at the intersection of information technolo-
gy, mechanical engineering, material science, biotech-
nology, and micro- and nano electronics. Availability
of smart skin hardware is likely to spur theoretical and
experimental work in many other disciplines that are
far removed from robotics.
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Skin Materials:

Smart Skin material will hold embedded sensors and
related signal processing hardware. It needs to be
flexible enough for attaching it to the outer surfaces
of machines with moving parts and flexible joints. The
skin must stretch, shrink, and wrinkle the way human
skin does, or to have other compensating features.
Otherwise, some machine parts may become ‘“ex-
posed” due to the machine’s moving parts, and have
no associated sensing. - Wiring must keep its integrity
when Smart Skin is stretched or wrinkled. This require-
ment calls for novel wire materials, e.g. conductive
elastomers or vessels carrying conductive liquid, or
novel ways of wire design with traditional materials,
such as helical, stretchable wires.

Fabricating smart skin is based on a new process of
depositing polycrystalline CdSe (1.75 eV), CdS (2.4
eV), PbS (0.4 eV) [13], PbSe (0.24 eV) and CuS (semi-
conductor/ metal) films on flexible substrates at tem-
peratures close to room temperature (eV here are
electron-volts). Large area surfaces can be covered.
Also, ternary and quaternary compounds as well as
heterostructures can be deposited.

Transparent conductors on flexible substrates (such
as CuS), materials for sensors, with possible combi-
nation with higher mobility polycrystalline materials
(such as laser annealed polycrystalline silicon), amor-
phous (such as a-Si), polycrystalline (such as CdS or
CdSe), and deep submicron crystalline silicon technol-
ogy (for fast data processing). We will also need sen-
sors with multiple sensing capabilities, learning, once
again, from the design of human or animal skin. These
are new and exciting challenges for material science
and device physics.

Stretching and Bending:

A centralissue for smart skin is that the skin be able to
conform to surfaces of arbitrary shape, and be able to
flex, bend, and stretch. Flexing, bending, and stretch-
ing are important not only for applications (e.g. cover-
ing moving arms and joints), but also for initial instal-
lation (like putting on clothes). When a thin planar foil
is deformed into developable surface such as a cylin-
der or a cone, the average strain in the foil is zero, and
there exists a neutral plane within its bulk where the
strain locally is zero. The strain on the surfaces scales
as the thickness over the radius of curvature. There-
fore by making the substrate thin and /or placing in-
terconnects at the neutral plane, bending to thin radii
of curvature appears possible. However, deforming
into arbitrary shapes (e.g. spheres),
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bending in multiple dimensions, and stretching re-
quire a finite strain, and hence may cause failure of
the interconnects (e.g. if the strain is larger than 1%).
Three different models for the substrate/intercon-
nect system evolved. Adding sensors/actuators/intel-
ligence to the substrate will be discussed in the next
major section.

Large-Area Electronics:

Smart Skin will be a form of large-area electronics,
and a large-area electronics industry already does ex-
ist. Flat panel displays, including active matrix liquid
crystal displays and plasma panel displays, are prod-
ucts of this industry.

The medical X-ray sensor panels that are in pilot use
likewise are large-area electronic products. These flat
panel products use glass plates for substrate and en-
capsulation, and are rigid. Flexible, active circuit tech-
nology is just coming out of the research laboratory,
like OLEDs on plastic foil, laser crystallized poly silicon
on polyester, TFTs on polyamide, and OLEDs integrat-
ed with TFTs on steel foil. In other words, the basic
technology for flexible skin electronics is coming to-
gether.

Smart skin technology:

Flexible active electronics:

We have a fabricated variety of active electronic devic-
es and circuits on flexible substrates including organic

circuits

Organic light emitting devices on flexible foil
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Organic Electronics and Optoelectronics on
Flexible Substrates:

Organic thin film transistors (OTFT) are based on a
new class of materials called conjugated polymers.
Organic thin film transistors are considered as a com-
petitive alternative to the traditional inorganic semi-
conductor based thin film transistors. In terms of per-
formance, organic materials are not likely to catch the
inorganic semiconductor based transistors, however,
low cost, large area, and reel-to reel manufacturing
can bring new opportunities where inorganic elec-
tronics cannot obtain. The capability of plastic-based
displays provides broad applications for industrial and
product designers.

The technical venture plans to create flexible organic-
TFT technology, which has the potential to dramati-
cally reduce the cost of display back planes while en-
abling the fabrication of lower cost flexible display
devices.
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Organic materials are poised as never before to trans-
form the world of circuit and display technology. The
future holds tremendous opportunity for the low cost
and sometimes surprisingly high performance offered
by organic electronic and optoelectronic devices. Us-
ing organic light-emitting devices (OLEDs), organic
full color displays may eventually replace liquid-crys-
tal displays (LCDs). Such displays can be deposited on
flexible plastic foils, eliminating the fragile and heavy
glass substrates used in LCDs, and can emit bright
light without the pronounced directionality inherent
in LCD viewing, all with efficiencies higher than can be
obtained with incandescent light bulbs.
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Advantages:

Fault tolerance:

One of the most important characteristics of any sen-
sitive skin system architecture should be the carefully
planned incorporation of fault detection and toler-
ance.

Data reduction:

A second key system characteristic that was discussed
was the need for throwing away as much information
as possible as early as possible. This approach has
been used in order to achieve low power in wireless
sensor systems.

Data processing:

The signal-processing section spent some time dis-
cussing what signal processing meant in the context
of sensitive skin. Clearly, signal processing means tra-
ditional signal processing with all of the associated
transforms and methods for analyzing signals. How-
ever, in the context of sensitive skin, we believe that
signal processing really includes into a deeper set of
tasks.

Applications:

Human skin or wearable skin:

Wearable sensor skins have started to appear in pre-
liminary forms such as the Data Glove, which measures
finger joint positions for human-computer interface
(HCI). These wearable skins for HCI can be expanded
to include body suits which not only measure joint an-
gles, but could also measure and apply contact pres-
sures, to give people a much higher dimensional and
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more natural interaction with computers. Obvious HCI
applications are in training, education, and entertain-
ment. In the biomedical area, wearable sensitive skins
can be used to restore sensory capability to people
who have lost fine sensation in extremities (such as
diabetics), or to people with spinal cord injuries.

A relatively simple sensitive skin garment could be
used to prevent pressure sores in bedridden or wheel
chair bound people. A wearable sensitive skin would
also be useful for overall physiological monitoring,
such as frostbite detection.

If the wearable sensitive skin can also include even a
simple actuation capability, a very wide range of fur-
ther biomedical applications becomes promising. For
example simple distributed actuators could be used
in applications such as thermoregulation, functional
neuromuscular stimulation, smartcompression for
lymphatic system drainage, or controllable damping/
stiffness for tremor reduction. Of course, the sensitive
skin is not limited to the strain, vibration, and temper-
ature senses of human skin.Proximity sensing would
be a useful capability for the visually impaired. For mil-
itary applications, sensors for laser, radar, chemicals,
or puncture would be quite valuable.

Sensitive skins for machines:

If machines are to work nimbly in cluttered environ-
ments or with humans, they need sensitive skins with
proximity and contact sensors. These sensors would
provide information so the machines could protect
both themselves and people they work with. For hu-
man-computer interaction, robot companions could
respond appropriately to human touch. Moving vehi-
cles could have an intelligent skin, which allows easier
navigation in tight spaces, for example maneuvering
automobiles on crowded streets.

Actuated sensitive skin:

There is overlap between applications of passive sen-
sitive skin and the whole area of active surfaces such
as drag reduction in aero- and hydrodynamics. For
example, active surface furniture such as chairs could
increase comfort for people sitting for long periods of
time. Active sensitive skin on walls could be used for
sound and vibration canceling.

Conclusion:

Smart skin is a large array of sensors embedded in a
flexible, stretchable, and/or foldable substrate that
might cover the surface of a moving machine. By
endowing these machines with ability to sense their
surroundings, smart skin will make it possible to have
unsupervised machinery in unstructured, unpredict-
able surroundings. Smart skin will make the machines
cautious and thus friendly to their environment. With
these properties, smart skin will revolutionize im-
portant areas of service industry, make crucial con-
tributions to human prosthetics, and augment hu-
man sensing when fashioned into clothing. . Being
transducers that produce and process information,
smart skin devices will be generating and processing
data flows
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in real time on a massive scale, which will lead to yet
another leap in the information revolution.

Smart skin presents a new paradigm in sensing and
control. It is an enabling technology with far reaching
applications, from medicine and biology to industry
and defense.

The state of the art in the areas that are basic to de-
velopment of the skin technology shows that highly
efficient devices should be feasible, meaning by this
high density of sensors on the skin, and hierarchical
and highly distributed real time sensor data process-

ing.

All this non withstanding the fact that the existing
prototypes are clumsy, have low resolution, accuracy
and reliability, and are not yet ready for commercial-
ization.
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Serious research issues elaborated in this paper have
to be resolved before sensitive skins can become a
ubiquitous presence in our society.

We hope the readers will view this paper as our first
effort to map out the new territory, and as an invita-
tion to join in the exploration.
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