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1. Introduction

Sensor devices are critical to the development of tools that
can enhance or replace human intervention. Sensors interface
with the environment, similar to the five human senses of
hearing, smell, touch, vision, and taste, to stimulate a suitable
response or action. Among the first four senses, touch remains
the most challenging sense to emulate, where capabilities on a
par with a human finger are required. The difficulty lies in
designing a high-resolution device that can be mounted on a
curved surface and also sense a distribution of stimuli at high
spatial resolution over a large area of contact. For example, a
human finger—the most sensitive touch sensor known—can
feel texture by detecting surface roughness at a spatial
resolution of about 40 mm[1] over a contact-area of approx-
imately 1 cm2 and at stress levels of 10–40 KPa;[2] in contrast,
current sensor devices have a resolution of 2 mm for a similar
contact area.[3]

Despite their limitations, the importance of touch or
tactile sensors is well recognized. The lack of the sensation of
touch has been a common frustration for surgeons during
minimally invasive surgery (MIS), where it becomes difficult
to discern the pathology of tissue, for example, cancer versus
healthy, or vascular versus connective tissue, by vision
alone.[4–8] Touch is a critical sense that provides unique
information to augment other senses in the perception of
contact, motion, shape, and texture.[9] Although the human
skin senses the distribution of pressure (or stress) over the
area of contact to discern shapes and texture,[10] it also
measures other stimuli, such as temperature and wetness. In
this Review, we will focus only on the sensing of the pressure
distribution over the area of contact. Furthermore, this
discussion will be focused on the transduction aspect of the
device for converting the local contact force into a measur-
able signal. As the typical contact area by a human finger is
about 1 cm2, we will further limit our discussion to tactile
sensing devices with a comparable area of contact. Special
emphasis is given to new possibilities emerging from current
research on nanomaterials and nanodevices. We will not

discuss single-point sensors,[11] which
determine the occurrence of contact,
or one-dimensional row-of-point sen-
sors, which measure the dynamic pres-

sure for determination of motion or slip relative to the sensor
surface.[12]

Robotics and minimally invasive surgery are among the
primary driving forces for the development of devices that
emulate the sense of touch (also referred to as electronic
skin). In robotics, the emphasis is on building humanlike
robots (humanoids) that can perform in an unstructured
environment, such as in a house or in rescue operations.
Humanoids capable of performing household chores are
considered the next revolution after personal computers.[13]

However, without a high-resolution touch sensation on the
hands of the humanoids, simple tasks, such as pouring and
serving a glass of water or folding laundry, become very
complex and lengthy.[14–19] Theoretical models have been
developed to optimize the contact configuration for holding
objects as well as the dynamics of grasping;[20] however, a
significant barrier to developing a practical system is the lack
of high-resolution and large-area touch sensation, which
makes optimizing a difficult task. MIS is one of the fastest
growing developments in medicine which improves the
patients post-surgery prognosis and reduces hospital costs. It
could potentially enable surgeons to provide care in remote
areas by remote control or by robotic surgery, with the
physical presence of the surgeon not required.[21] While
significant progress has been made over the last three decades
in these areas, the lack of high-performance tactile sensors has
been recognized as one of the critical bottlenecks.[22] For
example, today a surgeon operating by MIS is primarily
dependent on his/her vision, thus making it difficult to
decipher cancerous tissue from normal tissue, because it is
not possible to “feel” the texture[5] or distinguish between

Our sense of touch enables us to recognize texture and shape and to
grasp objects. The challenge in making an electronic skin which can
emulate touch for applications such as a humanoid robot or minimally
invasive and remote surgery is both in mimicking the (passive)
mechanical properties of the dermis and the characteristics of the
sensing mechanism, especially the intrinsic digital nature of neurons.
Significant progress has been made towards developing an electronic
skin by using a variety of materials and physical concepts, but the
challenge of emulating the sense of touch remains. Recently, a nano-
device was developed that has achieved the resolution to decipher
touch on a par with the human finger; this resolution is over an order
of magnitude improvement on previous devices with a sensing area
larger than 1 cm2. With its robust mechanical properties, this new
system represents an important step towards the realization of artificial
touch.
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stones and air bubbles during a laparoscopy.[7] Thus, if tools,
ranging from a simple catheter to a microrobot could be
covered with an electronic skin, the sophistication of MIS and
its potential applications could be greatly improved, thereby
reducing patient recovery time and cost.

The underlining premise or hypothesis of this Review is
that if it is possible to develop a tactile sensor with a form
similar to skin and a performance close to a human finger, it
will produce high quality data (input) which will significantly
enhance MIS and robotics for operations such as in vivo
assessment of tissue pathology and those requiring grasping.[1]

Furthermore, analogous to human memory, high quality
tactile information can be stored to “teach” the robot to learn
to work in an unstructured environment such as a home.

This Review is not a critical comparison of the various
devices/ideas, but rather an effort to stress the multidiscipli-
nary nature of the problem in the hope of generating new
ideas among the readers. The development of an electronic
skin will require high-performance tactile sensors that mimic
human skin in terms of touch sensation over a large area (over
1 cm2), high flexibility, resolution, and sensitivity comparable
to a human finger, as well as ease of signal extraction for
speed and implementation.

We begin with an overview of the human skin (Section 2),
which is the inspiration and benchmark in developing a
robotic hand and designing tools for MIS. We are interested
foremost in the tactile (device) aspect of the human skin, thus
we will emphasize the device characteristics rather than
discuss the physiology of the neural sensors. There are several
excellent descriptions in the literature of the neural physiol-
ogy to sense touch.[23–26] Two aspects of the skin are high-
lighted in Section 2: the natural sensor is intrinsically digital
and the viscoelastic ability of the skin to transmit mechanical
strain enhances the sensitivity for dynamic sensing. We
illustrate the connection between the viscoelastic nature of
skin and dynamic sensing, an area that is not well studied or
represented in the literature and which today remains one of
the key limitations in sensors.[14]

Two possible approaches to designing a tactile-sensitive
transducer have emerged: 1) building a micrometer-scale
structure that produces a well-behaved response when
perturbed by strain arising from physical contact, or 2) tailor-
ing the chemistry at the molecular level to design a material
that intrinsically converts strain (on touch) into a signal
(usually electrical or optical). In Section 3, we briefly outline

the most common current designs for each of the two
approaches. Each of the subsections concludes with (spec-
ulative) ideas based on recent research and developments in
molecular electronics, one-dimensional nanomaterials, such
as nanowires and nanotubes, and self-assembled nanostruc-
tures that may have the potential for making higher resolution
devices based on the (current) microscopic structures. In
Section 4 (based primarily on our work) we describe a device
made by the self-assembly of nanoparticles. Although the
device is based on the highly nonlinear (quantummechanical)
principle of electron tunneling, the response is linear, as
shown experimentally and modeled theoretically. The spatial
resolution for touch perception and sensitivity of the device is
on a par with a human finger. In principle, because the
fabrication consists of simple sequential dip coating, the
device can be made on large surfaces of high curvature, a
feature none of the current tactile devices can duplicate to our
knowledge. In Section 5 we highlight the current challenges
that need to be met to emulate human skin in terms of both
performance and physical form.

2. The Natural Tactile Device: The Skin

The skin is the largest organ in the human body. It covers
the entire body and provides a variable degree of sensitivity to
perceive touch. Fingertips, the most sensitive tactile sensor,
have the shape and agility to sense texture and hardness, as
well as to grasp objects based on the sensation of touch. The
goal of this section is to describe this most sophisticated of
tactile sensors in terms of overall performance, which will
serve both as a benchmark and the inspiration for new ideas.
As a tactile device, skin can be considered a hybrid system
composed of the active sensor—the neuron—imbedded in a
viscoelastic media—the dermis—which transmits strain from
the mechanical contact to the neuron. The dermis serves as a
packaging material to hold the network of neurons, and plays
a critical role in achieving dynamic sensing. Therefore, to
build a successful tactile device, it is critical to analyze the
problem at a “system” level rather than just consider the
performance of the sensor alone. In Section 2.1 we discuss the
mechanical properties of the dermis followed by the charac-
teristics of the imbedded neurons.
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2.1. Viscoelastic Properties of the Dermis

Human skin consists of an outer epidermis layer which is
0.06 to 0.12 mm thick. It simply protects the 1 to 4 mm thick
dermis layer containing the tactile sensors.[27,28] When skin is
subjected to external stress upon touch, the strain is trans-
mitted through the dermis to the neurons, which send a signal
to the brain.[10,23,28] Since the response is to the local
deformation[10] of the skin, the sensitivity and performance
of the sensors intrinsically depends on the mechanical
properties of the dermis.[29–32]

The dermis is viscoelastic in nature, which causes the
mechanical (strain) signal transmitted to the imbedded
neurons to be sensitive to both the magnitude of the external
stress (local) and its rate of change on touch.[33] The primary
component that imparts the viscoelastic nature to the dermis
is the extracellular matrix (ECM), which is composed of a
network of elastic and collagen fibrils.[34,35] Collagen consti-
tutes between 66–69% of the volume fraction in dermis.[31,34]

The modulus of collagen fibers is pH-dependent as the charge
of their constituent carboxylic and amine groups varies with
the pH value.[36,37] The elastic fibers are composed of elastin
and microfibrillar-associated glycoprotein. The fibers vary in
diameter from 1 to 2 mm in different layers of the dermis and
contain varying amounts of elastin. The elastin regions also
exhibit different levels of ordering, depending on their
location in the dermis. The relative amount of elastic fibers
increases in the dermis from 1.7% in the upper layer to 2.5%
in the lower layer.[28,38] Thus, the mechanical property of the
dermis is non-uniform as a function of depth. The viscoelastic
nature of the ECM arises from a combination of the elasticity
from the stretching of the elastic and collagen fibril networks,
and the viscosity is due to the interfibril slippage at the
network junctions.[25,38–41]

The viscoelastic behavior of skin is illustrated by applying
stress-relaxation cycles (Figure 1).[28] The stress is monitored
continuously as the skin is strained incrementally in steps.
Each step increase in strain is followed by a holding time
where the strain is held constant and the relaxation in stress
from the instantaneous maximum values is noted until
equilibrium is reached (Figure 1a). The final equilibrium
stress is the elastic component, as it is the stored elastic
energy, and the dissipated stress (the difference between the
maximum and equilibrium value) is the viscous component
(Figure 1b). This behavior is analogous to a highly entangled,
high-molecular-weight polymer melt, where polymer chains
form a network because of entanglements. The stretching of
the chains between the entanglement junctions makes the
melt elastic while the slippage between the chains at the
entanglement junctions causes a viscous dissipation during
deformation.[33]

Although the viscoelastic nature of the dermis is reported
in the literature, its link with the ability of skin to conserve
energy and sense dynamic strain caused by, for example,
moving a finger over a surface is not appreciated. We
illustrate this concept by considering the dermis to be a
simple, viscoelastic material that can be modeled as a linear
superposition of viscous liquid and elastic solid (Figure 2a).[33]

The viscous component is a dashpot that emulates a liquid of

viscosity h, and the elastic nature is represented by a (perfect)
spring of modulus E1 and E2. In response to an arbitrary
compressive strain e(t) (caused by external stress on touch),
the reactive stress generated in the two parallel elements is
s1(t) and s2(t). As the pure elastic and viscoelastic elements in
the model are in parallel, the total strain in the two elements is
the same. The total stress s1 + s2 = s felt by the neuron can be
calculated by solving Equation (1).

Figure 1. The viscoelastic response of skin to stress/relaxation cycles;
e : stress, s : relaxation. a) Incremental straining of the skin with a
holding period shows the stress relaxation from instantaneous max-
imum values to the final elastic stress.[28] b) Total stress and elastic
and viscous stress components from the stress relaxation cycles of
(a).[28] Reprinted with permission from Ref. [28]. Copyright Blackwell
Munksgaard.

Figure 2. Viscoelastic response from a model element consisting of
pure elastic and viscous elements. a) A parallel combination of a
spring (elastic element) and a dashpot (viscous element) in series
with a spring is used to simulate the viscoelastic response of skin.
b) Viscoelastic response to a step strain (e0) applied to the model
element. The stress relaxes from maximum values (because of the
viscous nature) to a constant level determined by the elastic element
(E2) at a rate determined by the viscous element (h/E1).
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¼ 1
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dt
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tE1
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ð1Þ

Figure 2b shows the stress generated when a surface is
suddenly brought into contact with skin (simulated by the
viscoelastic model of Figure 2a) to strain the skin (in
compression) by e0 at time t= 0. The total stress s increases
suddenly to e0(E1+E2), because of the elastic nature of the
model. However, unlike elastic material, the stress relaxes
exponentially to e0E2 because of the viscous nature of the
material (emulated by the dashpot). The relaxation time t of
the exponential decay is h/E1. In other words, the skin will
send a signal on contact that will ultimately subside to a lower
constant value. Thus, the viscoelasticity allows a high signal to
register the contact, but the stress generated in response to
the contact gradually lowers by the factor jE2 j /(E2+E1)
(similar to the observation in Figure 1). As a result, even
though the contact is maintained, the firing of neurons is
reduced due to stress relaxation, thereby conserving energy.

Dynamic sensing as a result of the viscoelastic nature of
the dermis is illustrated by quantifying the stress produced in
the dermis by periodic external stimuli, for example, when a
finger is caressed at a constant (initial) force over a periodic
textured surface. Figure 3a idealizes a textured surface as a

periodic square wave. Ignoring the distribution of stress over
the contact area because of the texture, the (average) strain
e(t) will modulate over some constant strain ec. The constant
strain ec is proportional to the constant initial force applied by
the finger on the surface to gauge the texture. For a texture
not too deeply etched, the strain arising from texture is a
periodic modulation of amplitude e0, which is above ec, and
ec @ e0 (Figure 3b). The time period of the strain modulation
T is inversely proportional to the scanning speed of the finger.
By solving Equation (1) with the Laplace transform, the
resulting stress arising from the input strain from the texture,
that is, e(t), is given by a periodic function where the first
period for 0� t�T is given by Equation 2 (Figure 3c), where,
uaT(t) is a unit step function with a step at t= aT. As the
human body is composed of a significant amount of fluids
(such as blood), the relaxation time is reasonably short
compared to T, that is, T/t @ 1. Figure 3c shows the total stress
response.

sðtÞ ¼ s1ðtÞ þ s2ðtÞ ¼ e0E1½e�t=t�e�ðt�TÞ=tuaTðtÞ	 þ e0E2 ð2Þ

Two related features in Figure 3c,d demonstrate the
enhancement effect arising from the viscoelastic nature of
the finger: 1) If the ECM was completely elastic, the stress
response would be similar to s2(t), with an amplitude of E2e0
instead of (E1 +E2)e0 (Figure 3c). The fast relaxation results
in the edges being enhanced as “stress spikes”. 2) Further-
more, from Equation (2), the relaxation enhances the contrast
between the two edges of the square function (Figure 3c)
from D = (E1 +E2)e0 for pure elastic ECM to D = (2E1 +

E2)e0�E1e0e
�aT/t
 (2E1 +E2)e0 for viscoelastic ECM with

fast relaxation, namely, T/t @ 1. For typical modulii of the
dermis, the enhancementE1/(E1+E2) is 40–50%.[28] The faster
the relaxation and slower the scan rate, the better is the
enhancement in the contrast. As will be discussed in
Section 2.2, the skin has specialized sensors (Pacinian cor-
puscles) that do not have good spatial resolution but respond
to high speed vibration and will sense the periodic spikes to
discern the texture. As a person ages, skin loses its elasticity
(E1 and E2), thereby reducing both the elastic response E2e0
and the contrast E1e0 arising from the viscoelastic behav-
ior.[35,42]

2.2. Digital Behavior and Specialization of Neurons

The stress generated in the dermis in response to external
stimuli on touch is sensed by touch receptors, namely, neurons
(Figure 4),[24–26] which send a signal, in the form of electrical
pulses, to the brain. The inner (resting) potential of the
neuron at no stimulus is approximately �70 mV relative to
the surrounding dermis. The inner region of the neuron has
excess K+ ions, and the extracellular dermis region is rich in
Na+ ions. In response to a stimuli, the Na channels of the
neural membrane open, causing Na+ ions to diffuse in the
neuron, thereby leading to an increase in potential (relative to
the dermis) to about + 30 V; at this point the K channel is
triggered to let the K+ ions diffuse, which causes the potential
to drop to about �90 mV. Thus, a pulse of about 100 mV

Figure 3. Stress response of the model viscoelastic element in Fig-
ure 2a from a periodic strain stimulus generated by, for example,
scanning the finger across a periodic textured surface. a) Cross-section
of a periodic textured surface made of lines of equal width. b) On
rubbing a finger on the textured surface at a constant velocity, the
base strain of ec, arising from the constant average pressure applied
by the finger, will modulate as a square wave in strain with a peak
strain of e0. c) The stress response from the periodic modulation alone
shows a typical viscoelastic behavior with sharp stress maxima at the
rising and falling edges of the square strain modulation. The visco-
elastic behavior (stress relaxation) results in the strain being negative
at the falling edges, which corresponds to extension, and the stress
maxima at the edges are more conspicuous than for a pure elastic
material. d) The total stress response showing the added relaxation of
the stress as a consequence of the constant strain ec.
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relative to the resting potential is generated and transmitted
to the brain. The system (relatively slowly) relaxes back to
�70 mV by active transport of the ions.[43] The frequency of
the pulses created is proportional to the magnitude and rate
of the stimuli.[44–48] Figure 5 shows the measured rate of pulses

for a typical receptor as a function of strain at various strain
rates.[46] The digital response, that is, frequency of pulses, is
linear with respect to the strain magnitude. Furthermore,
Figure 5b shows that the change in the slope of the line in
Figure 5a increases linearly with the strain rate.[46] Hence, the
response to the stimuli is intrinsically digital and linear. Nerve
activity or pulse generation from touch receptors is observed
when strains as low as 0.5% are applied to the epidermis.[46,49]

The second interesting aspect of the natural tactile device
is the variety of sensors in terms of response speed and the
relative depth of the active sites of the sensors from the skin
surface. The dermis has two primary classes of touch

receptors: the slow acting (SA) ones, which respond to
sustained strains, and the fast acting (FA) ones, which respond
to strain rates.[45,49,50] For example, FA receptors can send
neural pulses at frequencies as high as 1000 pulses per second
as the strain rates change rapidly during the initiation of
touch, while SA receptors can respond at frequencies as low
as 2 pulses in 5 seconds, which conserves energy on prolonged
touch (Table 1).

The FA and SA receptors are further differentiated on the
basis of their receptive fields. The FA I and SA I receptors are
closer to the skin surface and respond to highly local external
stress (Table 1, Figure 4) and are, therefore, called “near-
field” receptors. The “far-field” receptors SA II and FA II are
imbedded deeper in the dermis and have broad receptor fields
of touch sensitivity.[46,50] Receptors with broad receptor fields
can respond to “remote strains,” namely, strains far from their
physical locations. For example, a highly localized strain,
generated by a sharp pinpoint, will even be detected by
remote, large receptor field sensors but only by near-field
sensors in the vicinity.

Another important feature in regard to the human finger
as a tactile device is the distribution of the sensors in the
hand.[51] The near-field devices are located close to the surface
of the skin and have well-defined receptive fields; hence they
are linked to sensing texture and are present in high density at
fingertips. The far-field receptors, which are more evenly
distributed over the palm and fingertips and have large
receptive fields, are thought to play a role in perceiving the
motion of joints and maintaining grip while also providing a
sensation when objects slip.[44–46,49,50,52–54] Tactile information
is also deciphered from the latency of receptors in firing the
first impulse to a tactile stimulation, thus relating the
threshold of receptors in sensing touch to a tactile neural
signal.[55]

The presence of two polymer networks in the skin, one
with lowmodulus (elastic fibers) and one with higher modulus
(collagen fibers) results in both the compliance of the skin in

Figure 4. Schematic representation of the skin showing the receptors
(marked in yellow) for sensing touch as well as the epidermis and
dermis layers. Receptor classification: Near field: Merkel corpuscle
(SA I, the receptor without a label in the figure), Meissner corpuscle
(FA I). Far field: Ruffini corpuscle (SA II) Pacinian corpuscle (FA II).
Figure reprinted with permission from 3Dscience.com.

Figure 5. The discharge rate measured as the impulse rate discharged
from the nerve (impulse per second, imp s�1) for SA receptors
increases linearly with strain amplitude e0 and strain rate e’0. a) The
SA III receptors show a linear increase in discharge rate with strain
amplitude.[46] b) The discharge rate increases linearly with the strain
rate, measured as the strain velocity for SA I unit.[46] Reprinted with
permission from Ref. [46]. Copyright American Physiological Society.

Table 1: Response characteristics of the four primary receptors, SA I,
FA I, SA II, and FA II.

Type of receptor Response
characteristics

Merkel (SA I)
(near field with multiple sensitive points; con-
tinuous, irregular discharge)

slow, fine details,
0.4–100 Hz

Meissner (FA I)
(near field; ON-OFF discharge)

slightly faster, grip
control,
10–200 Hz

Ruffini (SA II)
(far field; continuous, regular discharge)

slow speed,
stretching,
0.4–100 Hz

Pacinian (FA II)
(far field; ON-OFF discharge)

fast, vibration,
dynamic texture,
70–1000 Hz
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deforming to the surface features and their detection at high
strains. The viscoelastic character is also important for
absorbing the energy during viscous deformation because of
surface features and providing a reversible mechanical
deformation to detect the features. Artificial systems have
not emulated two aspects of the active components of the
natural tactile device: 1) the sensing system is completely
digital, making the system prone to less error, a low noise
level, and high sensitivity. The intensity of the signal is
registered as the number and frequency of pulses generated
by the neural activity, and 2) the variety of receptors and their
characteristics of neural activity result in an intricate signal-
generation pattern to applied strain and strain-rate distribu-
tion. Both the static and dynamic distribution of the strain on
the area of contact is measured with (nominally) an inde-
pendent set of sensor devices.

3. Tactile Devices: Current State and Outlook

Generically, tactile devices are composed of a tactile-
sensitive element that produces a signal in response to a
mechanical contact and a data-acquisition system that collects
the signals for analysis. Two strategies have emerged for the
development of the tactile-sensitive element: 1) development
of a structural unit that generates a signal on touch
(Section 3.1) or 2) the use of materials that, at the molecular
level, intrinsically convert the mechanical strain on touch into
an optical or electrical signal (Section 3.2). Although the
emphasis of the Review is on a tactile-sensitive element, it is
critical to consider the complete system of signal generation
and extraction to make a (potentially) successful tactile
device.

3.1. Tactile Devices Based on Micro- and Nanoscale Structures

Tactile sensors in which a structure is designed to produce
a signal in response to the local strain are termed “active
structure” tactile sensors. Section 3.1 is divided into three
parts. In the first two, we discuss two common configurations
of the active structure used for making tactile devices, and in
the third section we speculate on potential high-performance
devices based on recent research (especially in nanomateri-
als).

3.1.1. Tactile Devices with an Array of Capacitors

A capacitance-based tactile device consists of an array of
capacitor cells where each cell or pixel consists of two
identical parallel metal plates or electrodes of area A
separated by a distance D with a flexible spacer of relative
dielectric constant er (Figure 6). The capacitance of this
parallel-plate capacitor is given by Equation (3), where e0 is
the (electric) permittivity of a vacuum and Cf is the
contribution from edges of the electrode (which would tend
to store more charge than the rest of the electrode). Typically,
A@D2 in all designs for tactile sensors, therefore, the Cf term
is negligible.[56]

C ¼ 4pere0
A
D
þ Cf ð3Þ

In a typical tactile device an array of such capacitor
elements (or pixels) are fabricated by using micro-electro-
mechanical systems[57–60] (MEMS) technology.[61,62] The top
electrode, where the contact pressure is applied, is deposited
on a flexible filler (Figure 7a) and, therefore, it is mobile in

the verical direction with respect to the fixed, bottom
electrode.[63–66] The contact pressure causes a change in
thickness DD=FD/AE, where F is the applied compressive
force on the pixel, namely, the top electrode surface, and E is
the compressive modulus of the flexible filler. For a non-
ferroelectric material, er is independent of stress. As D2 !A,
A is nominally constant on deformation. Thus, from Equa-
tion (3), the change in capacitance DC is given by Equa-
tion (4), where G is the bulk modulus.[67]

DC ¼ C
F
AG
¼ 4pere0

GD
F ð4Þ

Figure 8 shows a linear relationship between the relative
change in capacitance DC/C and the load (stress, s, F/A),
which is consistent with Equation (4).[67] Furthermore, from
Equation (4), the sensitivity of the device increases when the
filler is more compliant (E is low), the separation between the

Figure 6. A parallel plate capacitor consisting of two parallel plates of
area A separated by a flexible insulator of relative dielectric constant er.
The thickness of the dielectric film is D. F : force, V : bias.

Figure 7. a) A cross-sectional schematic representation of a capacitor
element made by MEMS technology. The protrusion is the pixel where
F was applied, which pushes the upper electrode toward the lower
electrode.[65] CMOS: complementary metal oxide semiconductor, LSI:
large-scale integrated circuits. b) The change in capacitance between
the electrodes is measured on each pixel and mapped to form an
image, for example, a human fingerprint.[65] Reprinted with permission
from Ref. [65]. Copyright IEEE.
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electrode is as small as possible (D is small), and the dielectric
constant is as high as possible (er is large). For most polymers
that are ideal fillers because of a low E value, er is small—
typically less than four. Therefore, ferroelectric polymers that
have large er values (ca. 15–20) are the ideal choice, as will be
discussed in Section 3.2.

For a typical capacitor element without a sophisticated
on-chip signal-conditioning circuit, the limit of capacitance
for achieving a feasible signal-to-noise ratio is on the order of
1 pF.[67] This limit translates to an area of 0.1 mm2 for a
separation distance of 1 mm between the capacitor plates or a
square capacitive element with a size of about 350 mm.
However, capacitor elements, that is, pixels, as small as 50 mm
squares have been fabricated with an on-chip signal-condi-
tioning circuit to observe fine texture, such as a fingerprint
(Figure 7b).[65]

3.1.2. Flexible Tactile Devices with Conductive Polymer
Composites

The use of conductive polymer composite films in the
generation of tactile sensors is perhaps the most successful
transduction principle for building large-area devices span-
ning over tens of cm2. Such films are used in a variety of
configurations to make some of the simplest and the most
sophisticated tactile sensors. Sensors based on conductive
composites is, to our knowledge, the only approach (other
than the recently reported device discussed in Section 4) that
can be used to make flexible tactile devices that can be
wrapped around curved surfaces.[3]

A composite consisting of conductive filler particles in an
insulating polymer matrix becomes conductive when the
volume fraction of the particles is above a certain value, the
percolation threshold. The threshold is defined as the volume
fraction of the conducting particles where there is at least one
channel spanning the sample to form a conducting (percolat-
ing) pathway. Theoretically, the percolation threshold for
uniformly dispersed particles, that is, random distribution, is
about 16% by volume.[68,69] In practice, even if the dispersion

of the conducting filler is close to uniform in the matrix, the
system is not “mathematically” random, thereby resulting in a
threshold that may be well below 1% to above 30%. The
primary reason for such a wide range in the percolation
threshold is the shape of the filler, which affects its spatial
distribution. For example, if the filler is fiberlike with a large
radius of gyration, the threshold can be over two orders of
magnitude lower than for spherical particles. Therefore, high
aspect ratio fillers, such as conductive surfactants and carbon
nanotubes, result in composites that are conducting even with
a volume fraction of fillers below 1%.[68,70,71] In contrast, the
threshold is above 16% with Ag flakes and carbon-black
particles, which tend to cluster into more dense structures.[68]

When this type of composite film is compressed, the
polymer matrix deforms, thereby bringing the particles closer.
This effect increases the number of percolating channels,
which causes an increase in conductivity. If the relationship
between the compressive strain, conductivity, and the
mechanical properties of the composite film is known, the
local strain (and stress) can be obtained by measuring the
local conductivity through the film.[72,73] Figure 9 shows a

passive and an active configuration used to measure the
modulation in the local resistance resulting from strain caused
by stress distribution on contact. In the passive design, the
composite film is sandwiched between an orthogonal set of
electrode lines (Figure 9a). As the device is compressed, the
electrodes come closer and the increase in current (at some
fixed bias) is recorded to determine the local stress on the
pixel (defined as the “intersection” of the two lines). As the
applied external bias is scanned over the individual top and
bottom electrode line, the current density over each inter-
section is registered to obtain the tactile image. The dynamic
range of a passive device is limited, because of nonlinear and
hysteresis effects, which mean that large deformations are not

Figure 8. Comparisons of the relative change in capacitance DC with
load s for air-filled and polymer-filled capacitors; Dow 2103: air ^,
polymer ^; polyester: air *, polymer *. A linear relationship consistent
with Equation (4) is observed.[67] Reprinted with permission from
Ref. [67]. Copyright IEEE.

Figure 9. Active and passive device configuration. a) A passive device
where an orthogonal electrode assembly is used to sandwich a
composite filler film. b) An active device where the film is coupled with
the source electrode of an organic transistor; S: source electrode, D:
drain electrode. The inset is an image of a flexible tactile sensor made
from an organic semiconductor.[3] Reprinted with permission from
Ref. [3]. Copyright National Academy of Science, USA.
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possible. When the loading is increased to 60 KPa in passive
devices, resistance declines by a factor of 30; however, the
spatial resolution is limited to 5 mm.[73]

In the active configuration the composite film is coupled
to a transistor (Figure 9b). In these devices, the current can
increase over threefold for a threefold increase in the stress
and can be controlled by the gate voltage (Figure 10a).[3] In a

typical design, where each pixel is an organic thin film
transistor, the devices are fabricated such that the flexible
composite is in series with the source-drain electrode
(Figure 10a). For a fixed gating voltage (VGS), the resistance
decreases as the composite is compressed, thus leading to an
increase in the source-drain current (IDS). Highly flexible
tactile sensors, which can be wrapped around cylindrical
surfaces, have been demonstrated with this design (see the
inset in Figure 9b).[3] The salient advantage of the active
device is its higher sensitivity and significantly lower power
consumption compared to the passive device.

Although the resolution for the device is approximately
1 mm (Figure 10b),[3] which is the highest for tactile devices
with an active area above 1 cm2 (except for the device
described in Section 4), it is intrinsically limited because the
conductivity of the composite is nominally isotropic. The
resolution will significantly improve if the in-plane conduc-
tivity z? is significantly smaller than the conductivity along
the orthogonal direction zk. Although no systematic studies
have been performed to maximize the ratio X= zk/z?, the
shape of the particles should play an important role in

optimizing X. A strategy to maximize X (a subject of future
research) may be as follows: For an ideal random system, the
percolation threshold in two and three dimensions is approx-
imately 16% and 45% by volume.[69,74] Thus, the goal should
be to make an “anisotropic composite” where the particles
form a percolating channel in the direction orthogonal to the
plane, but are well below the 2D threshold in the in-plane
direction. A possible solution, discussed in Section 4, is to
make a “structured composite” where the fillers (any shape)
are deposited layer-by-layer such that X is very large.

3.1.3. More Sensitive, High-Resolution Tactile Devices Based on
Nanostructured Materials

The use of conductive films for transduction (Sec-
tion 3.1.2) has immense potential for making highly flexible
films with high sensitivity. However, the current technology
has two challenges: the dynamic range is small, that is, the
composite responds to a limited range of strain, and the
resolution is poor, because the composite has conductivity in
the in-plane direction (X= zk/z? is large). The nanocomposite
system in Figure 11a with aligned carbon nanotubes (CNTs)

Figure 10. a) The drain current IDS, the measured response of an active
device, increases with stress. The sensitivity can be modulated by the
gate voltage VGS (the sensor control).

[3] VBL: bit line voltage, VWL:
supply line voltage, VDD: supply voltage. b) Left: the image generated
by the active tactile sensor (of (a)) on touching with a rubber replica
of lips; the picture is constructed by mapping the current I in each
pixel. Right: Imprint from the rubber lips on paper.[3] Reprinted with
permission from Ref. [3]. Copyright National Academy of Science,
USA.

Figure 11. a) Schematic representation of a tactile pixel made using a
composite of aligned CNTs and a gel matrix. b) The percolation
threshold of the composite made with carbon black and CNTs as a
filler in an epoxy matrix; & carbon black, ~ entangled CNTs, * aligned
CNTs. The threshold, as measured by a rise in the specific conductivity,
x (seimens per meter, Sm�1) as a function of filler content, is at least
three orders of magnitude lower for aligned CNTs than carbon black.[68]

c) The loading characteristic of a gel made from tetraalkoxysilane and
star silane shows low hysteresis and large displacement. The inset
shows the molecular structure of the star silane.[77] Figure 11b
reprinted with permission from Ref. [68]. Copyright Elsevier Ltd.
Figure 11c reprinted with permission from Ref. [77]. Copyright The
Royal Society of Chemistry.
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should meet both the challenges. The CNTs were dispersed in
a gel by tethering the CNTs to an appropriate surfactant[75,76]

to improve compatibility.
The resulting composite will have the following character-

istics which are different from the currently used materials
based on carbon-black particles in elastomers: 1) The perco-
lation threshold with aligned CNTs is significantly small;
more importantly, however, the rise in conductivity is
significantly slower with a filler fraction just above the
percolation threshold. This finding implies that there will be a
large range of strain where the conductivity will rise
monotonically before saturation (Figure 11b).[68] 2) As the
percolation threshold with aligned CNT composites is three
orders of magnitude lower than with the conventional
particulate carbon-black filler (for example, used for the
study in Ref. [68]), the conductive composite will have
mechanical properties similar to the gel, namely, large
deformation with low hysteresis in loading, as shown in
Figure 11c for a gel of tetraalkoxysilane with a star silane.[77]

The combination of properties (1) and (2) will lead to a
large dynamic range where the composite can be reversibly
deformed over large strains with a monotonic increase in
conductivity. Lastly, the alignment of the CNT orthogonal to
the plane will reduce the ratio X, thus leading to better
resolution (see Section 3.1.2). The strength of the method is
that it uses an established fabrication process and signal
processing method, similar to previous studies (Section 3.1.1).
As the film is a gel rather than an elastomer, the background
signal arising from bending stress may be significantly lower.
This property is critical for applications in surgery and
robotics, where the tactile sensor (thin film) will most likely
be on a curved surface, such as a robot finger.

Advances in fabrication techniques (such as self-assembly
of molecular monolayers over large areas and the robust
interconnection of electrodes at a molecular level) in
molecular electronics and nanomaterials have made it
possible to design new devices. The sensitivity of the
energy-band structure of CNTs and nanowires to the presence
of surface charges and electric fields[78,79] has been used in the
fabrication of molecular sensors. For example, interfacing a
network of CNTs between two electrodes coated with the
bacterial cell membrane protein rhodopsin results in a sharp
shift of the gating voltage (Vg) threshold (Figure 12a).

[80] The
shift occurs because of modulation of the Fermi energy level
of the CNTs by the dipole of rhodopsin (see inset in
Figure 12a). A similar effect has also been shown with silicon
nanowires, where binding of a specific antigen to an antibody-
functionalized silicon nanowire modulates the current across
the wire (Figure 12b).[81,82] The change in current occurs
because of the local polarization caused by the charge of the
antigen (see inset in Figure 12b).[81] Figure 12c shows a
conceptual design of a tactile device pixel based on a similar
system. A network of nanomaterial, such as CNTs or silicon
nanowires, bridges the gap between two fixed electrodes.[83]

The network is interfaced with a thin, flexible, pressure-
sensitive layer of ferroelectric polymer (such as poly(vinyli-
dene fluoride), PVDF) that exhibits high polarization.[84,85] A
tactile force F modulates the polarization of the ferroelectric
layer, which in turn modulates the Fermi level of the

nanonetwork and registers a signal in the form of a change
in current I between the two electrodes. Thus, a a plot of the
I values of the individual pixels should generate the surface
profile of F. The proposed tactile device will have low power
consumption, and its resolution will be decided by the spacing
between the electrodes.

The capacitance devices (Section 3.1.1) can be signifi-
cantly improved by the self-assembly of molecules with large
(permanent) dipole moments that orient on deformation. The
induced dipole orientation tends to dominate (by a factor of
ca. 100) over the capacitance change caused by small defor-
mation [given by Eq. (4)]. A monolayer of aligned poly(g-
benzyl-l-glutamate) (PBLG) polarizes as a result of dipole
orientation because of accordion-like deformation of the
a helix.[86] Although its piezoelectric effect, that is, polar-
ization on deformation, is 30 and 300 times lower than
conventionally used materials such as PVDF and lead
zirconate titanate (PZT), respectively, its effectiveness of
response at low voltages (because of a low er value) compen-
sates for the poor polarization compared to PZT and PVDF.

Highly flexible elastomers with ferroelectric liquid-crys-
talline polymers is another class of materials that can be
reversibly deformed with high strains above 10%, with the
change in the polarization caused by a change in the tilt of the

Figure 12. a) Transistor characteristics of uncoated CNTs (black curve)
and of CNTs coated with the bacterial cell membrane protein rhodop-
sin (blue curve). The coating results in a shift in the gate threshold
voltage VGS (see arrow in marked area). The inset shows the gating of
a CNT by the dipole of rhodopsin.[80] b) Change in conductance G of
an antibody-modified silicon nanowire on exposure to different con-
centrations of an antigen solution. The inset shows a schematic
representation of how the binding of the antigen to antibodies results
in a change in the current from I to I’.[81] c) Schematic representation
of a tactile pixel with a nanonetwork of CNTs or nanowires between
two electrodes gated by the polarization of a ferroelectric film. The
touch force F modulates the polarization, and thus altering the gating
potential, and is registered as the change in current I. Figure 12a
reprinted with permission from Ref. [80]. Copyright American Chemical
Society. Figure 12b reprinted with permission from Ref. [81]. Copyright
Nature Publishing Group.
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ferroelectric liquid-crystalline molecules.[87] The advantage of
a ferroelectric elastomer is the ease of making (and deposit-
ing) freestanding thin films (on the scale of tens of nm)
compared to ceramic piezoelectric materials.

3.2. Tactile Devices from Materials with Special Chemical
Structure

We define “active material” tactile sensors as systems
where the transduction is performed by a material with a
special molecular or crystalline structure that responds to the
local strain by generating a measurable electrical or optical
signal. Section 3.2 is divided into three parts: in the first two
parts we discuss the commonly used materials, and in the third
we speculate on potential high-performance devices based on
new findings.

3.2.1. Piezoelectric Materials

Piezoelectric materials are insulators that develop a
potential gradient when they are mechanically deformed
(strained).[88–90] The property can arise in two ways: 1) From
the crystal structure of the material (such as ZnO), where
deformation causes the cations and anions to move asym-
metrically, thus leading to a high polarization[91] and 2) align-
ment of the (large) permanent dipole moment of the
molecules forming the crystal.[84] The piezoelectric effect
arising from the crystal structure usually occurs in inorganic
materials, such as BaTiO3, the lead zirconate titanate class of
ceramics (Pb(ZrxTi1�x)O3, PZT), ZnO, and CdS.[60,92,93] The
molecular effect is observed for macromolecules that have
intrinsic permanent dipole moments, such as PVDF, nylon,
and PBLG.[84,86]

A typical tactile sensor element or pixel has the same
construction as the capacitance-based system (Figure 6),
where the dielectric material is a piezoelectric film of
thicknessD and area A. The film deforms by DD on touching
with contact force F to generate charges +Q and �Q at the
two electrodes.[63,94–96] As the element is also a capacitor, the
induced charge leads to a potential Vacross the pixel, as given
by Equation (5), where d is the piezoelectric constant of the
material. Strictly speaking, d is a tensor, and the relative
orientation of the crystal in the film must be considered. For
the simple uniaxial case considered above (and most often
used) the tensor notation of d would be d33.

[60,97] Similar to the
capacitance-based device [Eq. (4)], the sensitivity of response
to the applied contact force F is proportional to the signal V.
However, in contrast to the capacitance device, the value ofD
should be large and that of er should be low. In other words, to
achieve high sensitivity, the d/er ratio of the piezoelectric
material must be as large as possible.

V ¼ dD
4pere0A

F ð5Þ

A wide variety of materials, including polycrystalline
materials (for example, PZT, ZnO, and PVDF), have been
used to make tactile devices. As the material is not perfectly

oriented in most fabrication processes to achieve maximum
polarization (because of strain) in the direction orthogonal to
the film plane, it is “poled; in this way the value of d is
increased to the maximum that is practically feasible. The
orientation of the dipoles is accomplished in the poling
process by applying a strong electric field or by a mechanical
process, such as solution casting and shearing.[60]

PZT and PVDF are the materials of choice for tactile
sensing because of the requirements for high sensitivity, ease
of fabrication, and mechanical properties. In particular, PZT
has a higher piezoelectric constant (d33 = 117 pCN�1) than
single-crystalline materials such as quartz (d11 = 2.3 pCN�1)
and zinc oxide (d33 = 12 pCN�1), and additives can be used to
alter its electrical and mechanical properties.[60] PVDF has a
lower piezoelectric constant (d33 = 30 pCN�1), but its much
lower er value (100-fold lower than PZT) makes it an ideal
material to make tactile devices.[84] The low cost and ease of
processing the polymer (compared to ceramics) has also led to
its wide use as a piezoelectric material. A resolution (defined
from pixel size) of 0.7 mm has been demonstrated by using
PVDFas the filler with sensing forces in excess of 100 KPa.[95]

Furthermore, by cross-linking with electron radiation, PVDF-
based copolymers have been tailored to operate reversibly up
to strains as large as 4%, while in ceramics the strains are
limited to well below 0.5%.[98]

Similar to ultrasound imaging in medicine, where local
pressure is measured as the damping of the amplitude of
oscillations produced by a piezoelectric crystal, tactile devices
have been designed as an array of piezoelectric crystal
oscillators. The schematic construction of a pixel is similar to
that shown in Figure 6. The oscillation of the top electrode
relative to the stationary bottom electrode is at maximum at
the resonance frequency f0 of the AC bias. The resonance
frequency shifts linearly on application of F. These devices
are, in general, less noisy and more sensitive than static
devices; however, they are more prone to hysteresis.[92]

3.2.2. Piezoresistive Materials

One of the first ideas on how to measure local strain and
stress is based on strain gauges that rely on the change in the
electrical conductivity on deformation.[99] Piezoresistive
materials are metals and semiconductors where the resistivity
of the material 1 modulates on deformation. For semi-
conductors, the strain modulates the energy of the band gap
and the mobility of the charge carriers (electrons and holes).
As conductivity (and resistivity) is proportional to the
mobility and the density of the charge carriers (which depends
exponentially on the band gap), it modulates significantly
because of the strain. The dominant effect in semiconductors
is the modulation of the band gap between the valence and
conduction bands. In metals, the effect is not as dramatic,
because the change in the mobility of the electrons with strain
is not as significant.[99,100] Although metals (as gauges of metal
strain) are commonly used in tactile devices, semiconductor
materials are more sensitive to deformation.[99,101–103]

By using the same construction as shown in Figure 6, the
relative change in resistance with compressive strain DD/D in
the direction perpendicular to the film plane as a consequence
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of force F is a linear relationship described by Equa-
tion (6).[99,104] Here P is the effective piezoresistance coef-
ficient perpendicular to the plane of the film, Y is the
modulus, and Ks = PY is the gauge factor that quantifies the
sensitivity of the device. Similar to the piezoelectric constant
d, P is a tensor and depends on the orientation of the strain
tensor relative to the crystallographic planes of the mate-
rial.[99] The larger the value of P (or KS), the higher is the
sensitivity. Metals have Ks values of 2–5, while the values are
greater than 150 along the 111 direction for germanium and
silicon; thus semiconductor-based devices are significantly
more sensitive.[100,101,103–105]

D1

1
ð
 DR

R
Þ ¼ P

A
F ¼ ðPYÞDD

D
ð6Þ

A high sensitivity to deformation is the key to building
potential tactile sensors (and other systems) based on
piezoresistive elements. Tactile devices are fabricated by
making an array of piezoresistive elements, where each
element (pixel) senses the local load. The piezoresistive
elements are usually embedded in a soft polymer layer for
protection and to make the element compliant to loading. A
plot of the change in resistance over the array generates the
touch (pressure) image.[101,103]

Figure 13a shows a tactile scanner consisting of a piezo-
resistive array with a resolution of 1.5 mm that is used for
imaging malignant tumors in breasts (Figure 13b). The device
is more accurate than ultrasonography in quantifying the
tumor size (Figure 13c).[106]

3.2.3. Construction of Highly Sensitive Tactile Devices with
Nanostructured Materials and Single-Molecule Properties

CNTs are interesting materials for designing sensitive
tactile devices, not only because of their electrical properties
but also because of their electromechanical characteristics.[107]

CNTs aligned perpendicular to substrate surfaces are well
known for their super compressibility and have now been
demonstrated to be highly pressure-sensitive materials (Fig-
ure 14a).[108,109] The axial conductivity of an aligned CNT on
applying a load parallel to the CNTwall increases monotoni-
cally and reversibly up to a compressive strain of 50%
(Figure 14b).[109] Thus, a simple device (Figure 14d) can be
made by placing an approximately 3.5 mm thick film of well-
aligned CNTs between two electrodes (by using a well-
established fabrication process[108]). At a fixed bias V the
current will modulate as a function of the applied contact
force F. A high-resolution, high-sensitivity tactile device can
be built, where the current for each pixel is mapped, similar to
previous devices (Section 3.1.1).

As indicated earlier, although the piezoelectric constant
for ceramic ferroelectric materials is large, their two orders of
magnitude higher dielectric constant and modulus compared
to PVDF make them less attractive for tactile devices. An
interesting possibility may be the use of ZnO nanowires
perpendicular to the electrode surface.[110,111] The nanostruc-
ture results in the d33 value being enhanced by about 50%
(from 13 to 20 pCN�1);[112] however, more interestingly, the

modulus is reduced from 140 GPa for bulk ZnO to about
35 GPa for ZnO.[111] A typical design may be similar to a CNT-
based device (Figure 14d), where the nanowires perpendic-
ular to the electrode surface (Figure 14e) are sandwiched
between the electrodes. The application of a contact force F
will cause a potential difference V between the two electro-
des[113] that can be analyzed, similar to piezoelectric devices
(Section 3.2.1), by imaging the contact force distribution over
an array of pixels.

A further miniaturization is possible when the nano-
structure materials, such as CNTs and ZnO nanowires, are
replaced, for example, by a molecular device composed of a
molecular monolayer of pressure-sensitive molecules (Fig-
ure 15a). Recently, it has been shown what has long been
conjectured, that conductivity along the main axis of the
molecules is sensitive to the conformation of the molecule.[114]

Since this first demonstration, modulation of (single mole-
cule) conductanceG by deformation has been reported.[115,116]

A study of a series of alternating (benzene-furan)n oligomers
(where n= 1–4; Figure 15b) that are flexible and contain 6–18
conjugated double bonds to allow conduction has demon-
strated a 40–75% change in conductance as a result of
deformation.[115] Although the change in conductance for n=

2 (see Figure 15c) because of deformation is about 25%, the

Figure 13. a) A piezoresistive tactile head for scanning across the
breast surface to decipher and quantify tumor mass.[106] b) Tactile
image of a cancerous tumor mass (infiltrating ductal carcinomas)
generated by scanning the breast with the piezoresistive tactile head;
the tumor is stiffer than surrounding breast tissue.[106] c) A comparison
of the accuracy of tactile imaging and ultrasonography in estimating
tumor size.[106] Top: Plot showing the tumor size estimated from
ultrasonography and the actual size (from ex vivo measurements);
bottom: similar plot but using tactile imaging; c : identical value.
The lower spread of data illustrates the more accurate measurement
by tactile imaging. Reprinted with permission from Ref. [106]. Copy-
right American Medical Association.
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change is less abrupt than for n= 3, which has a change of
about 75% (Figure 15d).[115]

A reliable method to place the top electrode (Figure 15a)
in order to form a robust electrical interconnection is required
to enable large-area molecular-electronic devices to be built
on this principle. Although the molecular electronic devices
are far from commercialization, an interesting method, in
which a conducting polymer is used as the top electrode
(followed by deposition of a metallic electrode), recently
demonstrated the possibility of making large-area robust
(electrical) junctions between single molecules and the
electrode.[117]

Optical devices, which use interference phenomena, may
offer an alternative strategy to electrical transduction. Tactile
devices based on the modulation of Bragg grating have been

demonstrated;[118] however, the possible routes to improve
resolution below 1 mm and to make large-area devices are
difficult. Nanostructure photonic materials made from self-
assembled block copolymers may be attractive alternatives.
Recently, it was demonstrated that block copolymer gels from
styrene and 2-vinylpyridine form (self-assembled) stacks of
lamella parallel to a film surface and that these were effective
materials for determining the local strain as seen by mea-
surement of the optical interference.[119] These one-dimen-
sional photonic crystals show an approximately 575% change
in the peak position wavelength (namely, the stop band),
namely, from the UV/Vis to infrared region at nominal strain.
Directly recording the color interference pattern on a digital
camera as a function of wavelength to image the strain
distribution on touch may lead to a high-resolution device
with a large array. A resolution of about 1 mm in the visible
range may be possible, depending on the strength of the light
source used to achieve the interference pattern. The advant-
age of this approach is that the optical signal can be acquired
directly on a digital camera, whereas fiberoptics-based
systems may become complex and expensive for imaging
over a large area of contact.

Furthermore, the over 50-fold enhancement in the
piezoresistive coefficient of silicon nanowires compared to
bulk silicon may be explored to make a clever design for
tactile devices.[120]

Figure 14. a) CNTs aligned perpendicular to the substrate are
deformed on applying a load parallel to the CNT walls, as seen by the
undulations in the CNT in the scanning electron micrograph.[108]

b) The conductivity of the CNT structure increases monotonically with
strain, and a higher sensitivity is observed for compressive loading
parallel to the CNT walls (*) compared to perpendicular loading
(&).[109] c) The CNT structure of both parallel (*) and perpendicular
loading strains (&) compresses rapidly on application of stress; the
low modulus leads to a higher sensitivity than bulk polymer films.[109]

d) Schematic representation of a tactile pixel made with vertically
aligned CNTs or ZnO nanowires of length D. The current I modulates
on application of tactile force F to the device. A map of change in I
over all the pixels will generate the tactile image of F. e) An SEM
image of vertically aligned ZnO nanowires grown on an aluminum
oxide substrate.[111] Figure 14a–c reprinted with permission from
Ref. [108]. Copyright American Institute of Physics. Figure 14d
reprinted with permission from Ref. [111]. Copyright American
Chemical Society.

Figure 15. a) Schematic representation of a molecular electronic based
tactile pixel. The tactile force F changes the conformation of molecules
in the pixel, thereby modulating the current I through the molecules
and, hence, the device. b) Chemical structure of a (benzene-furan)n

oligomer (n =2).[115] The inset shows the conductance measurement
setup where an oligomer molecule bridges the gap between a scanning
tunneling electron microscope (STM) tip and the substrate. The tip is
pulled away from the substrate, thereby stretching the oligomer, and
the change in conductance is measured with the stretching distance.
c) The change in conductance G (measured in units of the fundamen-
tal conductance unit G0 =2e2h, ca. 77.4 mS) of the n =2 oligomer as a
function of the distance between the gold substrate and the STM
tip.[115] The circles highlight the change in conductance observed for
the oligomer on stretching. The picture shows four conductivity traces
for the oligomer. d) Similar conductivity traces for the n =3 oligo-
mer.[115] The relative change in conductance G is higher than for the
n =2 oligomer but is more abrupt. Figure 15b–d reprinted with
permission from Ref. [115]. Copyright The Royal Society of Chemistry.
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4. High-Resolution Tactile Sensor

The current tactile devices based on the principles
described in Section 3 have two main limitations to make a
significant impact in robotics, surgery, and cancer detection
(Section 1): 1) The resolution for a device with a contact area
greater than 1 cm2 is about 1 mm[3] compared to 40 mm[1] for a
human finger, and 2) the devices are made on a flat substrate,
and thus there will be a significant non-uniform background
signal arising from (residual) stress caused when bending
them over a curved surface to emulate a finger of a robot or a
surgical device. In this section, we describe a recently
developed device that has a resolution on a par with a
human finger and can be directly fabricated on a curved
surface to avoid the large background signal caused by
residual stress.[121]

A five nanoparticle monolayer structure separated by
dielectric layers has been constructed on a transparent
indium-tin-oxide (ITO) electrode by using the well known
layer-by-layer self-assembly technique[121] (Figure 16).[122] The

dielectric layer is approximately 5–6 nm thick film composed
of a total of four alternating monolayers of poly(allylamine
hydrochloride) (PAH) and poly(styrene sulfonate) (PSS). The
nanoparticles are well below the percolation threshold in the
in-plane direction and, therefore, are not conducting; while
the film is conducting in the direction perpendicular to the
plane because the electrons can tunnel through the dielectric
barrier. Electric current flows through the film on application
of a bias V across the film, and the CdS nanoparticles emit
visible light at a wavelength of 580 nm (the electrolumines-
cence light). The application of load L to the top of the Au/
plastic electrode (see Figure 17) causes the dielectric layer to
become compressed and the particles to get closer together,
thus causing an increase in both the local current density Jand
the electroluminescent light IEL. The local stress distribution
obtained by pressing, for example, an Indian 5 Rupee coin
(Figure 17), on the surface can be directly recorded on a
digital camera as a “stress image” (Figure 17). Further
analysis of the device using a grid with lines about 40 mm
wide indicates that the resolution is higher than 20 mm.[122]

To measure the device characteristics, an optically smooth
quartz disk 2.5 cm in diameter was pressed on the device such

that the average load L was constant over the area of contact,
thereby leading to uniform IEL (Figure 18a).

[122] The current
density J is obtained by dividing the current by the area of
contact. The load and bias conditions are below 100 KPa to
avoid current enhancement from the edges caused by the
hole-punch effect[123] (Figure 18b). The J–V characteristics

are consistent with the expectation that as L increases, the
particles will be pushed closer together to cause an increase in
the J value (Figure 19). At a given value of V, J is given by a
combination of the ionic current JI, which follows OhmJs law,
and the tunneling current JT, which is given by the Fowler–
Nordheim equation. The ionic current is attributed to the ions
in the polyelectrolyte that will migrate because of the applied
field. The tunneling current between the adjacent nano-
particles is due to electron transport through the polymer
barrier. Thus, the total current density is given by Equa-
tion (7).[122] The ionic resistance R is inversely proportional to
ion mobility, P(V)
V2 is proportional to the number density

Figure 16. Multilayer structure of an electrooptical device. a) Sche-
matic representation of the tactile device showing the nanoparticle
monolayers spaced by the organic dielectric layers that are made of
four monolayers each of PSS and PAH.[122] b) AFM topography image
after subsequent deposition of the first Au layer and the first CdS layer.
Scale bar: 100 nm.

Figure 17. Pressing a coin on the surface of the device generates its
electroluminescence image on the CCD, from the stress image (as a
result of embossing on the coin). The intensity of the image increases
with load. The images were taken at a bias of 18 V.

Figure 18. The hole punch effect observed at high biases/stresses.
a) Stress image of an optically flat quartz disk of diameter 2.5 cm at
V =18 V and 40 KPa loading.[122] b) The same stress image at 100 KPa,
indicating enhancement of electroluminescence at the edges as a
result of the hole-punch effect.[122]
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of free electrons, a is the (vertical) distance between particles,
and K is the critical field for activated electron tunneling.

J ¼ J1 þ JT ¼
V
R
þ PðVÞexpð� aK

V
Þ ð7Þ

Equation (7) gives an excellent description of the J–V
results from the device (Figure 19a). The device character-
istics can be divided into two regions: a) Low bias: a straight
line is obtained at low bias where the field-assisted tunneling
is insignificant because the electric field is low. The current is
dominated by ionic transport JI. The value of R can be
estimated from the slope of the fitted line in Figure 19a for
the J–V curve at each value of L [Eq. (7)]. b) High bias: As
the bias increases, the field-assisted tunneling begins to
dominate, which makes the relationship between J and V
nonlinear. The aK and P values are obtained from the fitting
results at different values of L. The device shows a threshold
in electroluminescence (Figure 19b) that corresponds to the
initiation of electron tunneling at a bias above 8 V (Fig-
ure 19b).

Figure 20a shows the estimated value of R as a function of
L from the fits in Figure 19.[122] As R~ thickness of the film at
a constant area, defined by the quartz disk, the compressive
strain of the film can be estimated as eF(L)= [R-

(L=0)�R(L)]/R(L=0). Both R and eF are a linear function
of L, and the deformation of the film is reversible. The
linearity is observed up to 80% strain, thus indicating that the
range of deformation in the experiments is reasonably broad.

The front factor P for JT in Equation (7) is proportional to
the number of charge carriers in the conducting media. The
value of P is a constant for a slab of conductor at a constant
temperature. Not all particles in a composite are involved in
electron transport and, thus, P is proportional to the number
of particles participating in the conduction. In other words, P
can be considered as the effective number of channels that
percolate the electrons between the two electrodes. Fig-
ure 20b shows, as expected, that the number of percolating
channels increases with load because the particles come closer
together to make more contact in the direction perpendicular
to the film.[122] If the linear, ionic component is then
subtracted from Equation (7), ln[JT/V

2]
 1/V, which is con-
sistent with the Fowler–Nordheim model on field-assisted
tunneling that states P
V2. The linearity of the plot in
Figure 20c confirms the validity of the transport by field-
assisted electron tunneling.

Figure 20d shows the behavior of the tunneling barrier
parameter aK as a function of L.[122] As the load increases, the
particles are expected to come closer together and result in a
decrease in the tunneling barrier because the same (inter-
particle) potential is applied over a shorter distance, thus
causing a higher electric field through the dielectric layer.
Thus, similar to the value of R, it is possible to calculate “local
compressive strain” of the dielectric film, eL = [aK-
(L=0)�aK(L)]/aK(L=0) from the change in the interparticle
distance a. Similar to the film (Figure 20a), the local strain is

Figure 19. Electrooptical characteristics of the device and electron-
transport mechanism. The device is compressed using an optically flat
quartz disk on the flexible Au electrode. The J–V and IEL–V character-
istics are measured at a fixed load L. a) The fitted line is based on a
model combining charge transport by electron tunneling (JT) and ions
(JI) given [Eq. (7)]. The straight line corresponds to JI. Rectangle:
Electron tunneling begins.[122] b) The start of electroluminescence IEL
from the device matches the bias where J begins to deviate from
linearity, that is, the value of JT becomes significant.

[122]

Figure 20. The electrical characteristics of the device from fitting the J–
V characteristics based on Equation (7). a) The ionic resistance R (*)
decreases linearly with load, and the calculated strain (&) shows an
elastic response from the film.[122] b) The number of tunneling chan-
nels P increases linearly with load. c) Confirmation of field-assisted
electron tunneling as P
V2. d) The tunneling barrier aK decreases
linearly with load, signifying deformation of the dielectric films
between the nanoparticles on local compression (&).[122]
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linear with respect to L. However, the strain is significantly
lower.

Figure 21 compares the local (eL), that is, compression of
the dielectric layer, and overall (eF) mechanical deformation

of the film. There are three characteristics: 1) The overall
modulus of the film is very low; 2) the total strain is very large,
well over 10% for local and 50% for total deformation
(namely, the film); and 3) the local (namely, dielectric)
modulus is significantly larger than the overall modulus of
the film. The deformation is counterintuitive because squeez-
ing thinner polymer film requires significantly (exponentially)
larger force than a thicker film.[124] This observation can be
explained by considering the film to be a nanofoam as a result
of the non-uniform deposition of the polymer on the nano-
particles leaving voids in the interparticle region. The low
modulus and large observed strains can be attributed to the
easy deformation of the voids. The non-affine deformation is
attributed to the well-known property of foams in which two
types of strain occur: the deformation of the voids and
bending/stretching of the matrix.[125] Furthermore, because
the polyelectrolytes are hygroscopic with a large water
content (consistent with high JI), the matrix may be a gel
and sustain large strains. The low modulus of the film and
reversibility up to 80% strains makes the device highly
sensitive to touch, with a resolution on a par with a human
finger.

Instead of measuring the electroluminescent light, the
stress distribution can be obtained by measuring the local
current density distribution in a configuration similar to a
liquid-crystal display (Figure 22). Typically, at a bias of 25 V
for a load of 10 KPa, a current density of at least J=

0.1 mAcm�2 is generated that is fairly stable.[122] Based on a
conservative estimate of 1 nA as a minimum measurable
current, the area of the intersection would be, 32 mm2. Thus, a
resolution of 40 mm, comparable to a human finger, can be
achieved with this electrical device with no optical compo-
nents.

Finally, as mentioned in Section 2, the viscoelasticity of
skin improves the characteristics of tactile sensing by
enhancing the response to load and reducing the energy
requirement. We have investigated the dynamic response of
the tactile device by observing the transient responses in IEL
and J to step modulation in stress. Preliminary results show a

viscoelastic type response in J and IEL on application of a
square-wave modulation in stress to the device (Figure 23).
The response is similar to that of the stress response

(Figure 1a) of the viscoelastic element (Figure 1a and 3c).
A sharp offshoot in both J and IEL is observed at the edge of
the square stress waves. The offshoot decays on the time scale
of seconds to a stable response. The viscoelastic-type response
is promising in providing information on the rate of strain,
hence, mimicking human skin unlike any other reported
tactile sensor.

5. Summary and Outlook

Emulating touch on a par with a human finger will play a
key role in the development of humanoid robots and
significantly improving the sophistication and performance
of minimally invasive surgery. Although highly successful and

Figure 21. The mechanical properties of the device. The local strain eL
(compression of the dielectric barrier) and overall strain eF (compres-
sion of the whole film) is obtained from the electrical properties.

Figure 22. An electronic tactile sensor device. Instead of measuring the
IEL value, the current density distribution can be measured by having
the electrodes as strips, as shown above. The current at the “inter-
section” defined by the strip geometry can be obtained by sequentially
biasing the top and bottom set of strips.[122]

Figure 23. Application of a square-wave stress modulation to the
device results in a) J and b) IEL showing a response characteristic of a
viscoelastic material. A sharp increase in the J and IEL values at the
edges of the stress waves is followed by an exponential decay to a
stable value.
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effective tactile devices have been designed and made over
the last three decades, they differ from the natural device in
two aspects that, in our opinion, are critical challenges to
overcome prior to making a quantum jump in performance
and solving some of the basic limitations (such as high
curvature devices and very large area devices).

1. The tactile device element: A fundamental difference
(and perhaps the hardest materials-related challenge)
between all of the current device elements and neurons is
that the natural device is intrinsically digital, with the
frequency of neural firing (pulse) being proportional to the
intensity of the stimuli, while the current artificial devices are
analogue. The development of a novel material that will allow
an intrinsic digital response to stimuli will significantly
improve device sensitivity and the signal-to-noise ratio.
Furthermore, similar to nature, a tactile device with a variety
of sensors that specialize in terms of speed, sensitivity, and
resolution (Table 1) will significantly improve the quality of
tactile information. For example, instead of the single type of
sensor element currently used in tactile devices, a combina-
tion of near- and far-field sensors with slow and fast responses
would solve some of the limitations, such as dynamic sensing
and discerning texture.

2. Viscoelasticity and dynamic sensing: Similar to the
dermis, integrating the viscoelastic property of a material into
the tactile device may significantly enhance our currently
poor capability of “feeling” motion during touch or using
relative velocity between the sensor and the body surface to
enhance the quality of (texture) sensation. A viscoelastic
matrix that transmits the signal to the imbedded sensor,
although passive, can “translate” a dynamic response to
physical features (Figure 3), such as when the boundaries of
the texture are significantly enhanced because of stress
relaxation. A straightforward mimicry would require designs
where the stimuli reaching the sensor element transmits
through a viscoelastic medium. Another possible route may
be to make the active device element itself viscoelastic
(Figure 23).

The recent developments in materials chemistry, nano-
structures, nanodevices, and single-molecule devices have
great potential in improving the current technology signifi-
cantly. Some potential developments are discussed in Sec-
tions 3.1.3 and 3.2.3. Current methods using a pressure-
sensitive elastomer can be significantly improved by replacing
the conventional carbon-black filler with CNTs to improve
the sensitivity, resolution, and dynamic range of the device,
because the very large length/diameter ratio of the CNTs
changes the percolation behavior of the composite signifi-
cantly (Figure 11). The electronic properties of CNTs and
semiconducting nanowires as stand-alone transistors (where
the current can be gated by small modulations in the voltage
over the length of the wire or tube) opens up the possibility of
designing high-resolution, low-energy tactile devices inte-
grated with self-assembled piezoelectric films (Figure 12a).
Pressure-sensitive nanomaterials, such as piezoresistive CNTs
and piezoelectric ZnO, can be used to design nanodevices and
molecular devices (Figure 14). Molecular devices using defor-
mation-induced modulation of single-molecule conductance
in certain molecules can be used to build tactile devices by

self-assembly processes (Figure 15). An interesting aspect of
some nanomaterials-based devices (not possible for current
micrometer-scale devices) is their relatively inexpensive
processing under ambient conditions and the ability to
directly make large-area devices on curved surfaces. This
advantage is explicitly demonstrated in the nanodevice
discussed in Section 4, where an improvement in the reso-
lution by two orders of magnitude over current technology is
achieved. The device is built at ambient conditions using wet
chemistry.
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