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technology was recognized in the 1980s, along with a realization of the importance of computers and
robotics. Despite this awareness, tactile sensors failed to be strongly adopted in industrial or consumer
markets. In this paper, previous expectations of tactile sensors have been reviewed and the reasons for
their failure to meet these expectations are discussed. The evolution of different tactile transduction
principles, state of art designs and fabrication methods, and their pros and cons, are analyzed. From
current development trends, new application areas for tactile sensors have been proposed. Literature
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Shear-stress sensors from the last few decades has been revisited, and areas which are not appropriate for the use of tactile
Review of technology sensors have been identified. Similarly, the challenges that this technology needs to overcome in order
Advancements and challenges to find its place in the market have been highlighted.
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1. Introduction

As humans, we utilize our vision, touch, taste, smell and sound
sensory receptors as a means to experience and interact with the
surrounding environment. Exploiting one or a combination of these
senses, humans discover new and unstructured environments. For
example, as humans, the ease with which we perform dexterous
tasks, such as manipulating an egg, is taken for granted. When
manipulating an egg, the shape, size, temperature, color and tex-
ture are transmitted to the brain from the sensory receptors. If the
applied forceis too little, the egg slips. Contrarily, if the force applied
is too great, the egg will break. A precise force is applied and con-
stant feedback of the measured applied forces keeps the egg intact.
In addition, a priori knowledge of the egg’s physical attributes, such
as its weight and fragility are also integrated into the cortical pro-
cessing used for the manipulation task. If the same task is to be
achieved using a robotic manipulator, sensory inputs similar to
those possessed by humans are essential to provide the necessary
feedback to explore and interact with objects. Given that a robotic
manipulator is unlikely to possess contextual a priori information
about the object being manipulated, accurate sensory feedback is
even more critical.

1.1. What is tactile sensing?

This paper reviews artificial research in the field of tactile sen-
sor design. Tactile sensors are a category of sensors that acquire
tactile information through physical touch. The measured charac-
teristics can be properties such as temperature, vibration, softness,
texture, shape, composition and shear and normal forces. A tac-
tile sensor may measure one or more of these properties. Although
pressure and torque sensing is often not included in the definition
of tactile sensing, pressure and torque are important properties,
typically acquired by physical touch, and can be included as tactile
parameters.

1.2. Scope of tactile sensing technology

The maturation of tactile sensing technology has been antici-
pated for over 30 years. Early researchers such as Harmon, saw
huge potential and application of tactile sensing in areas of robotics
[1-3]. It is interesting to mention that Harmon considered tactile
sensing unfit for areas such as medicine and agriculture because
of technical difficulties and low return on investment [4]. In the
same time, other researchers such as Nevins and Whitney argued
that passive monitoring will eliminate the need of tactile sensing
[5]. Around the start of the 21st century, it was envisioned that
this technology would have the potential to support the develop-
ment of more intelligent products and systems and hence improve
the quality of human life [6,4]. At the top of this list of applica-
tions were medical robotics and industrial automation [6]. It is
the belief of the authors that the scope of this technology is much
wider and spans across many other disciplines, as discussed later
in Section 4.5 of this review and summarized in Table 6. This survey
will show, however, that this technology failed to gain significant
entry into many of its target markets, either industrial or commer-
cial, until the 1990s. The importance of tactile systems becomes
apparent in applications where other sensing modalities, such as
vision for example, may not be the best sensing modality; espe-
cially in unstructured or space-limited scenarios, as discussed later.
Although particular importance and effort has been put into the
development of tactile sensors over the past three decades, a satis-
factory artificial tactile sensor that can provide feedback matching
the human sense of touch has not yet been realized and in turn
limits progress in fields such as robotics and minimally invasive
surgery [7-12].

1.3. Earlier technological reviews

Force and tactile feedback research is currently a multidisci-
plinary enterprise [13]. Comprehensive surveys of tactile sensor
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technologies have been performed in the past and are available
in the literature. Some of the earliest surveys were carried out by
Harmon in 1980 [3], 1982 [1] and 1984 [2]. Tactile sensing for
robotics and mechatronics applications have also been reviewed
and reported in the literature [6,14-19]. In 2000, Lee published
a short, yet comprehensive, review on tactile sensing technology
and analyzed the causes of delayed acceptance of this technol-
ogy among industrial and consumer markets [4]. In 2003, Eltaib
and Hewit examined tactile sensing systems for minimally inva-
sive surgery and reasserted the importance of the technology for
this particular field [20].

Although a number of books written on robotics and sensors
cover tactile sensors, not many books have been written on tac-
tile sensors alone [21-25]. A few noteworthy books have also been
published on tactile sensing. Wettels in his book [26], demonstrated
how sensor can mimic human skin. One of the most comprehensive
book on tactile sensing for biomedical applications was published
in 2009 by Najarian and Dargahi [27]. The book encompasses the
basics of human tactile sensing, intrinsic sensing technologies and
applications in areas of biomedical engineering.

In comparison to previous reviews of tactile sensing technol-
ogy, this paper extends previous reviews by focusing on the current
state-of-the-art in the discipline, trends in tactile sensor research,
outstanding challenges which must be overcome, principles of
operation and advantages and deficits of different tactile sensor
designs are also discussed. We also propose additional applications
of this technology, in the fields of recreational sport, aerospace engi-
neering, automotive manufacture and rehabilitation medicine, in
addition to the previously explored fields.

We start with a overview of some common tactile sensing trans-
duction techniques.

2. Tactile transduction techniques

Some commonly researched tactile transduction techniques
are based on capacitive, piezoresistive, thermoresistive, inductive,
piezoelectric, magnetic and optical methods. The intrinsic princi-
ples associated with these techniques have their own advantages
and disadvantages, which are well established [27,28]. In gen-
eral, capacitive, piezoresistive, piezoelectric, inductive and optical
methods show a potentially superior performance and usefulness
and are often the preferred choice of sensor designers. In this
section, we give a brief review of these methods and their rela-
tive advantages and disadvantages; these are also summarized in
Table 1.

2.1. Capacitive tactile sensors

A capacitive sensor consists of two conductive plates with a
dielectric material sandwiched between them. For parallel plate
capacitors, capacitance can be expressed as, C=(Agpér)/d. Where C
is the capacitance, A is the overlapping area of the two plates, &g is
the permittivity of free space, ¢, is the relative permittivity of the
dielectric material and d is distance between the plates. Capacitive
tactile sensors generally exhibit a good frequency response, high
spatial resolution, and have a large dynamic range. These sensors
are more susceptible to noise, especially in a mesh configurations
because of crosstalk noise, field interactions and fringing capaci-
tance and require relatively complex electronics to filter out this
noise.

2.2. Piezoresistive tactile sensors
These sensors typically consist of a pressure sensitive ele-

ment which changes its resistance upon application of force. The
voltage—current characteristic of a simple resistive element can be

expressed as, V=IR; where V is the voltage, I is the current and
R is the electric resistance of the material. Usually some property
of the voltage (or current) is fixed and a change in resistance is
observed by a change in the current (or voltage). This resistive ele-
ment generally takes the form of a conductive rubber, elastomer, or
conductive ink which is pressure sensitive. They generally require
less electronics as change in resistance can easily be quantified and
are therefore easy to manufacture and integrate. They are less sus-
ceptible to noise and therefore work well in mesh configurations
as there is no cross talk or field interactions. Resistive tactile sen-
sors suffer from hysteresis and therefore have a lower frequency
response when compared to capacitive tactile sensors.

2.3. Piezoelectric tactile sensors

Various materials, especially certain crystals and some ceram-
ics, generate a voltage potential when the crystal lattice is deformed
[10,11]. The sensitivity of the crystal depends on its cut/structure,
allowing it to distinguish between transverse, longitudinal and
shear forces. The voltage, V, generated is directly proportional to
the applied force, pressure or strain. These sensors exhibit a very
good high-frequency response, which makes them an ideal choice
for measuring vibrations; however, they are limited to measur-
ing dynamic forces and are unable to measure static forces due to
their large internal resistance. The charge developed decays with a
time constant which is determined by the internal impedance and
dielectric constant of the piezoelectric film. During sensor design,
the inputimpedance of the interface electronics must be considered
as it significantly effects the response of the device.

2.4. Inductive tactile sensors

A primary coil induces a magnetic field which is sensed in a
secondary sense coil. Modulating the mutual inductance between
the coils, for example by changing the length of an iron core in the
case of a linear variable differential transformers, in turn modulates
the amplitude and phase of the voltage measured in the sense coil.
These sensors have a very high dynamic range and an often rugged
construction, but are bulky in size, which leads to a very low spa-
tial resolution when arrayed. Due to their mechanical nature, they
have lower repeatability as coils do not always return to the same
position between readings. Since these sensors use an alternating
current in the primary coil, hence producing an output voltage at
the same frequency, they require more complex electronics than
normal resistive tactile sensors as the alternating signal amplitude
must be demodulated.

2.5. Optoelectric tactile sensors

Optoelectric sensors employ a light source and a transduction
medium and a photodetector, the latter often in the form of a cam-
era or a photodiode. Usually transduction occurs when changes
in the tactile medium modulate the transmission or reflectance
intensity, or the spectrum of the source light, as the applied force
varies. They have high spatial resolution, and are immune to
common lower frequency electromagnetic interference generated
by electrical systems, which is their major advantage. Although
they have many benefits, their size and rigidness are major dis-
advantages. Camera-based tactile sensors require considerable
processing power but give a wide ranging frequency response.

2.6. Strain gauges
Strain gauges are widely used, low cost sensors that measure

mechanical strain, typically by a change in resistance [29]. Strain
gauges are often attached to the substrate using special glues,
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Transduction techniques and their relative advantages and disadvantages. For in depth discussion on these techniques, refer to [27,28].

Transduction technique Modulated parameter Advantages Disadvantages Typical design examples
Capacitive Change in capacitance Excellent sensitivity Stray capacitance [41-47]
Good spatial resolution Noise susceptible
Large dynamic range Complexity of measurement
electronics
Piezoresistive Changed in resistance High spatial resolution Lower repeatability [48-53]
High scanning rate in mesh Hysteresis
Structured sensors Higher power consumption
Piezoelectric Strain (stress) polarization High frequency response Poor spatial resolution [54-60]
High sensitivity Dynamic sensing only
High dynamic range
Inductive LVDT Change in magnetic coupling Linear output Moving parts [61-67]
Uni-directional measurement Low spatial resolution
High dynamic range Bulky
Poor reliability
More suitable for force/torque
measurement applications
Optoelectric Light intensity/spectrum change Good sensing range Bulky in size [68-74]
Good reliability Non-conformable
High repeatability
High spatial resolution
Immunity from EMI
Strain gauges Change in resistance Sensing range Calibration [38,75-77]
Sensitivity Susceptible to temperature
Low cost changes
Established product Susceptible to humidity
Design complexity
EMI induced errors
Non-linearity
Hysteresis
Multi-component sensors  Coupling of multiple intrinsic Ability to overcome certain Discrete assembly [31,32,36,37]

parameters

limitations via combination of

Higher assembly costs

intrinsic parameters

depending on their required lifetime. Strain gauges are very sensi-
tive and highly susceptible to humidity and temperature changes.
To overcome these problems, strain gauges are often used in
Wheatstone bridge configurations [30]. If overloaded, strain gauges
cannot be recovered. Due to their mechanical nature, they have
high hysteresis and often are non-linear in response. One major
advantage of strain gauges is that they have been widely used
for a long time and therefore best practices for their use are well
established.

2.7. Multi-component tactile sensors

Combining multiple different transducers in one sensor to over-
come the shortcomings of each different devices has also been
investigated by several researchers [31,32]. For example, a PVDF
(polyvinylidene fluoride) film can only detect dynamic forces and
has a well established ability to detect slip [33-35], but cannot
measure static forces. This limitation can be overcome through
the addition of a resistive or capacitive element, and thus making
a slip and static force detecting sensor [31,32,36,37]. For appli-
cations where flexibility or large area coverage is a requirement,
fluid based tactile sensors are commonly used, combining various
intrinsic methods to achieve the task [38-40].

3. Past trends and advancements

In this section, research and development trends and advance-
ments are presented, from emerging applications to commercial-
ization of tactile sensors. A steadily increasing trend in research and
demand can be seen in both academic (Table 2) and commercial
sectors (Table 3).

3.1. Inception in the 1970s

A detailed survey of related research in the 1970s was per-
formed by Harmon [3,1,2]. Although these surveys covered 160
papers, a careful review of the references reveal that most of the
papers addressed other sub-areas of robotics rather than directly
contributing to tactile sensor technology [4]. For example, it was
realized that if robotic grippers could handle soft, fragile and hard
objects, robots could be used in a broader range of fields, such as
manufacturing industry, military weapon systems, medical treat-
ments and agriculture [78]. Hence to develop better grippers, some
researchers developed tactile sensors or tactile sensing mecha-
nisms [78-82].

3.1.1. Major contributions

As stated above, although tactile sensing was not a mainstream
research area, the use of tactile sensors in products to improve qual-
ity of human life, especially in the field of biomedical engineering,
resulted in some cutting edge outcomes.

For example, Pfeiffer et al. took the challenge of developing a
prosthetic device intended to overcome neuropathy of the hand
that can result from injury or disease [83]. Neuropathy of the hand
is a very severe, untreatable condition, as the patient is always

Table 2
Count of papers per decade, starting in the 1970s, using the search terms “tactile
AND sensor” grouped by decade.

Year Scopus IEEE Compendex SPIE Digital Library Springerlink
1970-1979 47 4 42 - 0
1980-1989 536 97 480 - 8
1990-1999 647 342 607 40 117
2000-2009 1341 675 1132 70 1709
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Table 3

Count of patents filed, grouped by decade, using the search terms “tactile AND sensor”.

Year US Patents European Patents Japanese Patents World Intellectual Property Organization (WIPO)
Scopus Compendex Scopus Compendex Scopus Scopus

1970-1979 84 4 - - 3 2

1980-1989 377 45 102 29 69 36

1990-1999 1281 91 411 77 107 570

2000-2009 11772 447 969 229 107 2291

in danger of accidental self-inflicted injury due to the absence of
sensation, including pain. The prosthetic device was intended to
provide haptic feedback to such patients using tactile sensors worn
on fingers. The flexible pressure sensors used a mercury strain
gauge. An signal generator emitted an audible sound whose fre-
quency was modulated as a function of pressure. Although the
device had several limitations, such as signal distortion, it gave
patients the ability to differentiate between no force and modest
forces. Pfeiffer et al. concluded that tactile sensors held the poten-
tial to ease the disability of neuropathy, but much work was needed
before such devices could become standard prosthetic aides, as it
only gave an indication of the presence of force, rather than its
magnitude.

In a similar effort, Shaw et al. used tactile sensors in myoelectric
upper limb prostheses to provide electrocutaneous feedback to the
wearer [84]. Stojiljkovic and Clot took their efforts one step further
and tried to detect slip in upper limb prostheses [85]. They cov-
ered a hand prostheses with planary distributed transducers and
called it “artificial skin”. This artificial skin consisted of deformable
elastomer electrodes, covered with a superior conductive layer,
to which a voltage was applied. Upon application of force, the
resistance of the elastomer electrodes changed. Experimentation
showed that tactile sensors could be used to provide slip percep-
tion of the grasped objects in prosthetic grippers. But at that time it
was not possible to measure the elasticity of materials using these
tactile sensors [86].

One impressive development was reported by Kinoshita et al.
[87]. In an attempt to develop pattern classification methods for
systems utilizing visual and tactile sensors, a tactile sensor array
using piezoelectric sensing elements was developed and integrated
in a robotic hand. With the aid of a pattern classification model,
the device was able to discriminate between cylindrical and square
pillars. Kinoshita et al. concluded that for stereometric pattern
recognition, a visual-tactile symbiotic system was more practical
and efficient than conventional methods [87].

3.1.2. Advancements and achievements

The work in the 1970s laid the cornerstone of tactile sensing
research. The research outcomes in this period were understand-
ably primitive, but by the end of this decade tactile sensing was
recognized as a field of study that had the potential to address many
engineering problems associated with robotic manipulation.

3.1.3. Hurdles and challenges

By end of the 1970s a number of challenges remained. Although
the need for tactile sensing technology was accepted by many, and
some success was achieved in demonstrating its feasibility to solve
real life problems, as discussed previously in Section 3.1.1, tactile
sensing was often reported as a minor area of research within a
major project. The main reason was that robotics and computers
were starting to gain the interest of research and funding organi-
zations, as research in these fields was still in its embryonic stages
but obviously offered great returns on investment [4]. It is there-
fore fair to state that tactile sensing was a minor interest, secondary
to what would become a feverish interest in developing sophisti-
cated, reliable and faster robotic and computer systems. A second

but inevitable impediment to progress was immaturity of the field,
as many tactile transduction materials were yet to be discovered.
Lastly, research was lacking direction and focus, as no design crite-
ria had ever been specified, taking into consideration the industrial
or biomedical engineering needs at the time.

Ultimately, researchers did demonstrate that this field of tactile
sensing had the potential to investigate a number of unsolved prob-
lems and therefore deserved attention as a mainstream research
area.

3.2. Evolution in the 1980s

A major step in highlighting the significance of tactile sensing
technology and its possible applications was taken by Harmon in
1980 with his review [3]. The potential of this technology was
further emphasized by two more papers which followed shortly
afterwards [1,2]. The unavailability of any design criteria was still
a major obstacle to progress. Harmon also attempted to specify
design criteria for tactile sensors. He surveyed the industry with a
set of questionnaires and interviews and based his design criteria
on the desired sensor parameters required by the respondents at
that time. Harmon proposed that a spatial resolution of 1-2 mm,
frequency response of up to 100Hz, a minimum sensitivity of 1g
and a preferably monotonicrelationship between the sensor output
and the force applied, were preferred characteristics of most tactile
sensors. Later, Lee summarized this criteria, shown in Table 4 [4].

3.2.1. Motivation and research direction

The primary research objective in the 1980s was to develop reli-
able tactile sensors for robotics. Harmon'’s proposed design criteria
were often used by researchers to justify their research direction
[4]. Development of tactile sensors for medical devices, as described
in Section 3.2.2, was the second major area of interest.

Due to the coupling of biomedical and tactile sensing technolo-
gies, an important outcome was the inspiration to develop sensors
and materials which could mimic the response of mechanorecep-
tors in the human skin [88,89]. Rossi felt that the tendency of
researchers to develop sensors which mimic the human tactile sys-
tem was placing unnecessary restrictions on sensor requirements,
as the human tactile system may not be the universal solution to
tactile sensing [28]. Rossi believed that every design problem has
its own set of challenges and constraints, and advocated the need
for different specifications and design requirements.

Table 4
Design criteria proposed by Harmon [3] and later summarized by Lee [4].

Sensing surface
Spatial resolution between sensing points 1-2mm

Number of sensing points in an array Between 50 and 200
Minimum pressure sensitivity 1g

Dynamic range About 1000:1

Output response Monotonic, not necessarily
Frequency response At least 100 Hz

Stability and repeatability Good

Hysteresis Low

Complaint and durable
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3.2.2. Advancements and noteworthy contributions

Research trends to this date had been device-driven rather than
task or application-driven [4]. It was hoped that these devices
would find application in the market upon development; although
very few, if any, reached the market or became part of other sys-
tems. This survey indicates that work in this decade did move
towards application driven designs. Attempts were made to solve
real problems such as overcoming birth injuries [90,91], orthoses
for the disabled [92,93], development of a portable terminal for
the blind [94], and as an aid for neuromuscular control [95]. The
research outcomes were often not deployed in real world medical
applications due to the regulatory constraints required before new
devices could be used in clinical settings.

Another novel research area was the development of an audio-
tactile device for the blind, with the aim to improve the accessibility
of stored information for blind people [93]. The device enabled the
vision impaired to read data stored in computer memory. The sys-
tem consisted of a multi-touch tactile sensor, data memory unit
and a voice synthesizer. By touching a point on the tactile sensor,
the corresponding data in memory was synthesized. Although it
was a very promising design with an actual need in real life, the
design was limited by the lack of technological advancements in
data storage and data acquisition devices.

One state-of-the-art tactile sensor array, based on a very large
scale integration (VLSI) computing array, was developed in the
1980s [96]. The force transduction was performed using conduc-
tive rubber and metal electrodes assembled on the surface of the
purposely built integrated circuit. The use of VLSI technology led
to an integrated, low wire count, serial output and high resolution
sensor array which could operate at very high speeds. The most
important contribution of this research was the introduction of
arrayed, high speed and high spatial resolution concepts in tactile
sensing technology. The high cost of VLSI-based designs kept this
approach within the confines of the laboratory, with little adoption
by industry.

3.2.3. Limitations and challenges

Although some researchers tried to test tactile sensors in
real world environments, both in the disciplines of robotics and
biomedical engineering, these efforts were limited. The main
advancement in this decade was the exploration of different trans-
duction techniques and the collation of the relative advantages and
disadvantages between these techniques. The high cost of man-
ufacturing small-scale designs (both electrical and mechanical)
and high computational costs were major technological constraints
preventing advancement.

By the end of the 1980s, major advancements in low cost man-
ufacturing and computational capabilities were occurring, which
would lay the foundations for progress in subsequent years. For a
detailed review of transduction techniques explored in this time,
and pros and cons established, refer to [97,28]. For a detailed review
of this decade, refer to the review by Nicholls and Lee [16].

3.3. Developments in the 1990s

By the end of the 1980s, with advancements in computational
processing power, realization of complex and real time algorithms
became possible. Characterization and discrimination algorithms
became a new area of interest.

As shown in Tables 2 and 3, an increased interest in this tech-
nology is evident. But a shift in the interests of researchers was
also evident. Lee reported a shift towards softer, natural sys-
tems, away from constrained, solid-materials of the industrial
arena [4].

3.3.1. Demand and motivation

During this period, Nicholas and Lee reported on sensor design
and construction, haptic and active perception, and analysis and
experience, as the three major areas of research in tactile sens-
ing [6]. Lee reported better engineering and new materials, the
increased importance of the understanding of sensors, improved
dexterous robotic hands and new medical applications as the
notable areas of development in the 1990s [4]. However, due to
lack of penetration of this technology into industrial applications,
the focus of research changed from industrial to unstructured
domains [6].

3.3.2. Emergence of new problems, challenges and application
areas

A major highlight of this era is the application of tactile sens-
ing in minimally invasive surgery (MIS). The term MIS was first
coined by Wickham in 1984, and later published in 1987 [98]. MIS,
also known as endoscopic surgery, is considered to be one of the
biggest success stories in medical history [99]. But this technology
is somewhat limited by restricted mobility, lack of perception of
depth and minimal tactile feedback [100]. Some notable attempts
to apply tactile sensing in endoscopic surgery have been reported
[101-107].

A sophisticated optical tactile array of 64 measurement points
ona 0.64 cm? surface area was presented by Fischer et al. [108]. The
sensor was conceived to be integrated in the laparoscopic grasping
forceps, while the measured values activated a vibrotactile display
unit for tactile feedback to the surgeon’s fingertip. Another impor-
tant development was that of a tactile sensor for thoracoscopic
detection of small and invisible pulmonary nodules [109]. This sen-
sor was first tested on pigs, followed by clinical testing on humans,
showing that tactile sensing is not just a laboratory technology but
can be used to solve real life challenges.

Rehabilitation and service robotics concept designs also began
to emerge, motivated by concerns for aging populations and to
improve quality of life for the disabled. For service robots, espe-
cially those which are intended to assist elderly or disabled people,
the robot’s ability to interact with a changing environment is of
critical importance. This calls for dexterous robots with intelligent
Sensors.

This need for tactile sensing to overcome the challenges asso-
ciated with useful functioning of service robots in uncontrolled
environments was realized in the early 1990s. Keane and Greg high-
lighted that although further research in tactile sensors is required
in order to develop robust, economic and general purpose sen-
sors, there are a number of applications where information is best
acquired by tactile means [110].

For such robots, Hohm et al. suggested rule-based behav-
ior to autonomously plan navigation, using mainly tactile sensor
information [111]. Seitz integrated vision and tactile sensing to
overcome the limitations of using vision systems in unstructured
environments [112]. Their research showed that vision and tactile
sensors can be integrated into the hands/manipulators of service
robots to assist humans in industrial or service environments. A
significant attempt was made by Ueno and Haruki to develop an
autonomous anthroposophic service robot (HARIS) [113]. The five
fingered robot had 178 tactile sensors.

Although, industrial service robots have been a success, ser-
vice robots capable of working in unstructured environments have
not yet been realized. Research in this area not only explored the
benefits of research to develop service robots, but also provided
motivation for further research.

3.3.3. Advancement and limitations
Research in this period led to an increased demand for the
application of tactile sensing in the fields of food processing,
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automation and biomedical engineering. Increased spatial reso-
lution was achieved, which lead to surface texture profiling and
hardness characterization. Piezoelectric elements and arrays of
capacitive and resistive elements evolved as the preferred choice of
transduction. Integrated circuit devices were also fabricated which
helped to miniaturize the sensor systems. Analysis of effects of elas-
tomer skins on tactile sensor responses, the dynamics of slip and a
deeper understanding of human tactile sensing were also reported.
For a detailed survey of this period, refer to reviews by Nicholas and
Lee and Lee [6,4].

3.4. Recent advancements in the 21st century

Both research and commercial sector have recently begun to
direct their attention towards tactile sensing technologies, as evi-
denced by Tables 2 and 3. Tactile sensing is finding its place as a
feasible technology and is enhanced by advancements in compu-
tation, fabrication methods and materials. The limitations of vision
systems have also been established and calls have been made for
the development of novel sensing systems, especially for space
confined and/or unstructured environments [114,112].

In contrast to the 1970s and 1980s, when the motivation for
research in tactile sensing technology was primarily to develop
intelligent robotics, the main motivation today is to develop sys-
tems for biomedical applications and tactile sensing systems for
unstructured environments. Some of these applications of tac-
tile sensing in biomedical engineering and robotics are discussed
below.

3.4.1. Minimally invasive surgery

The state-of-the-art in force and tactile sensing for MIS has
recently been reviewed [115]. Although the benefits of MIS tech-
nology have been proven, the limitations of two-dimensional
visualization, lack of haptic feedback and long learning times are
their limiting factors [116-118].

Haptic feedback refers to restoring sense of both tactile and
force information [119]. The need for restoration of haptic touch
has increased; especially due to the expectations of tele-robotic
systems in general, and MIS in particular. Although force feed-
back is provided in the da Vinci surgical system (Intuitive Surgical
Inc., USA) to compensate for lack of a tactile sense, having tac-
tile feedback would enable analysis of tissue characteristics and
pathological conditions. Similarly, force feedback allows detection
of collisions with rigid structures but does not prevent damage to
soft tissues or tearing of sutures [120]. These limitations can be
overcome with a haptic feedback system. Furthermore, haptic feed-
back using visual and auditory cues may prove distracting during
surgeries, hence haptic feedback is preferable [121].

A number of attempts aiming to provide haptic feedback for MIS
have been reported. Force feedback systems have been developed
[122-127] and are useful as a partial replacement for complete
tactile feedback. Studies have indicated a reduced application
of force by a factor of 2% to 6%, a 30% to 60% reduction in RMS
force, 60% less errors, and a faster surgery completion time by 30%
[128-130]. Although visual systems do provide limited feedback,
providing both vision and force feedback leads to better tissue
characterization [131].

Attempts have also been made to develop systems which
provide comprehensive tactile feedback for MIS. Cultaj et al
developed a pressure stimuli system for the da Vinci surgical sys-
tem. Mechanoreceptors were stimulated using a pneumatic array
of 3mm inflatable balloons [132-134]. Human psychophysics
tests performed with this actuator demonstrate the effective-
ness of the 3 mm diameter balloon in providing effective haptic
input to the human sensory system, by stimulating the finger
mechanoreceptors.

During classical surgeries, surgeons often use their hands to esti-
mate how much force should be applied so that the surrounding
tissues are not damaged [27]. Similarly, to detect arteries, surgeons
use their hand to sense a time varying pressure [135-137]. Another
important tactile assessment is to differentiate between a normal
artery and a stenotic artery, which is often done by palpation or
rolling between the fingers [135,136]. Although artery detection is
not possible in MIS at this time, progress has been made to over
come this limitation [138-140].

Besides tumor and artery detection, due to lack of tactile feed-
back in MIS, detection of kidney stones and determining their exact
location is not possible [141]. In order to remove stones, methods
such as extracorporeal shock wave lithotripsy (ESWL), percuta-
neous nephrolithotomy (PNC), open surgery and in some cases MIS
are employed, based on size of kidney stone [142]. Some recent
conceptual simulation studies have shown that detection and local-
ization of kidney stone is possible [143-145].

Despite increasing interest from researchers in developing tac-
tile sensors for MIS, the employment of these sensors in developed
systems has been minimal. However, it is important to con-
sider that the da Vinci surgical system, shown in Fig. 1, is the
only master-slave MIS system, approved by US Food and Drug
Administration (FDA). The system has been successfully used for
general, urological, gynecological, thoracoscopic, and thoracoscop-
ically assisted cardiotomy procedures. The system provides force
feedback and a 3D vision, but lacks feedback of tactile sensation.

Designing tactile sensors for MIS tool ends still remains an
unsolved problem. Commercial robotic surgery systems currently
use a tactile feedback system and the alternative visual and force
feedback systems have many limitations. Although many sensors
that are able to detect shear and tissue characteristics have been
developed, not all are biocompatible, robust, miniature and do not
hinder tool movement. Easy assembly/disassembly and cost are
also major challenges due to the disposable nature of these sensors.

3.4.2. Tissue elasticity and palpation characterization

Tissue elasticity and palpation are important parameters used
by surgeons to assess the quality of soft tissues and to find tumors
and arteries in the human body. In clinical practice, doctors often
use the hand and palm to assess the condition of organs and tis-
sues. Although this is a useful method of diagnosis, doctors often
miss nodules and small lumps [146]. The issue of improving the
qualitative nature of palpation characterization has received con-
siderable attention in recent times, as indicated by Hall et al. [147],
and recently reported devices [148-152].

Since palpation characterization and detection of tumors and
arteries share many goals with MIS and haptic feedback, advance-
ments related to these fields are not discussed here, as they have
already been discussed in previous sections.

Palpation is often used to detect breast cancer at an early
stage. Methods such as clinical breast examination (CBE), ultra-
sound, mammography, magnetic resonance imaging, and biopsy
are already in use. Tactile sensing devices are currently being devel-
oped and tested. Almost 70% of cancer deaths occur in low or
medium earning countries, because of lack of healthcare resources
[153,154]. Therefore, efficient yet low-cost diagnosis systems for
breast cancer are required [155]. A comparison of all the available
methods, shown in Table 5, indicates that tactile based diagnosis
systems have the potential to provide an effective, low-cost solu-
tion [156].

A device called SureTouch (Medical Tactile Inc., CA, USA) has
demonstrated up to four times more sensitivity than the human
hand in finding breast tumors during clinical examination [157].
Currently the device consists of 192 high resolution pressure sen-
sors that mimic the human sense of touch. The device detects
changes in elasticity caused by developing lesions. This change in
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Fig. 1. The da Vinci surgical system. The surgeon operates while seated at the master console. Tools are controlled by translating the surgeon’s hand, wrist and finger.

Reproduced with permission © 2010 Intuitive Surgical Inc.

elasticity is then used to indicate masses or lumps in the breast,
which are displayed as 2D and 3D images. Due to high sensitiv-
ity, SureTouch claims to detect lumps or masses as small as 5 mm,
which cannot be felt by human touch. It is worth noting that this
claim does not agree with other studies where sensitivity of CBE
was shown to be 56.5%. A similar device called palpation imaging
has shown a positive predictive value of 94%, compared to 78% for
physical examination [158]. There is scope and need for further
research in this area.

3.4.3. Tactile pattern recognition

Almost all biological creatures, including human beings, explore
and interact with their environment using biological sensing
systems including touch. While physiologists report a better under-
standing of human tactile physiology, microelectronics attempts
to mimic the physiological structure. The area has also attracted
an increased interest from researchers in computer sciences. This
interest has led to research in areas of tactile pattern classification.

Gait analysis is a primary means of identifying walking disorders
in people, and for monitoring results of rehabilitation treatment.
Generally, these tests are performed with the help of a camera
and force-plate systems. Besides the small area of the force plates

Table 5
Comparative data for breast cancer detection and cost effectiveness [156].

being a limitation, some patients have been observed to target and
strike the plate abnormally hard, creating false readings [165]. The
acquired data is large and is often analyzed manually by experts
[166]. Recently, a replacement of force plates with tactile based
sensors has been proposed [167]. The tactile sensing plate acquires
data only from the area of contact and hence greatly reduces the
amount of data that must be processed, allowing automation of the
data analysis.

An important parameter in service and exploratory robots is to
distinguish between different textures and materials. Mazid and Ali
used optical tactile sensors to acquire data from different objects
such as a carpet, stone, rough sheet metal, a paper carton and a
table surface [168]. Similar studies have also shown that texture
classification can be performed using inexpensive tactile sensors
[169-173].

3.4.4. Tactile sensors for prostheses

Measurement of how prostheses fit during motion can also
be estimated using tactile sensors. For prostheses, the fit at the
stump-socket interface is critical. Unconformable fitting leads
to over-stressing, pistoning, shear induced ulcers and ultimately
future amputations [174,175]. Furthermore, the problem becomes

Screening/diagnostic technique Sensitivity/specificity, %

Procedure cost of bilateral exam, USD

Cost-effectiveness, USD per life
year gained

Clinical breast examination 56.5/93.7
Mammography 73.7/94.3
Ultrasound Limited, see [156]
MRI 87.7/92.8

Biopsy 96.6/100.0
Elasticity imaging 95.1%/100.0
Tactile imaging 91.9%#/88.9

522, India [159]
31,900, Japan [160]

112° 1846, India [159]
26,500-331,000 [161]

70° -

1037 55,420-130,695 [162]

20617 2250-77,500 [163,164]

5_50™ 162"

" The US average Medicare reimbursements in 2005.

™" Projections based on a physician’s assistant performing the exam.
# Averaged for nine clinical studies.

## Averaged for two clinical studies.
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more severe in patients with diabetes because of slow or limited
healing of wounds and ulcers [176-178], which might be caused
due to unconformable fitting. Generally, custom-made limb fittings
rely on static measurement of residual tissue mechanics and topol-
ogy; however, static measurement of the fit will not adequately
predict the severity of the aforementioned conditions. Efforts are
being made to overcome this problem using tactile sensing tech-
nology [179-182].

Another important utility of tactile sensing technology is to
provide feedback in prostheses. Managing aspects of object manip-
ulation, such as the amount of force or torque applied during object
manipulation, or the force and position information acquired by
mechanoreceptors of the foot during walking, are trivial for able-
bodied people. Acquiring such information from prosthetic limbs is
challenging. Attempts have been made to overcome this challenge
using visual, auditory, electrical, tactile and vibrotactile stimulation
[183-189]. Although each of these modalities have their advan-
tages and disadvantages, but electrical and tactile sensing have
proven to be most effective [185].

3.4.5. Recent advancements

Advancements in data processing and computational technolo-
gies have given researchers the opportunity to seriously pursue the
work of researchers of the 1970s and 1980s. For example, Burger
et al. have worked to develop a compact electronic module for non-
visual display of alphanumeric data, that was previously hindered
by limitations in data storage and data acquisition devices [93].
Efforts to develop wearable, tactile-based Braille reading devices
have since been reported [190-194].

A major success of this technology is seen in smart phones.
Tactile sensors have enabled the users to quickly browse through
content on a small screen accepting high resolution tactile input
commands. However this area is beyond the scope of this review.

3.4.6. Obstacles and challenges

With the demographics of many societies increasing in age,
the need for automated production lines, improvement of human
lives with prosthetic devices, acceptance of robotic surgery sys-
tems in hospitals, increased popularity of touch-based commercial
and home products, a tremendous amount of responsibility has
shifted to the shoulders of researchers working in the area of tac-
tile sensing. With the need for reliable and smarter tactile sensing
solutions, the amount of research in the area does not seem to be
enough. Since the technology failed to gain prominence in either
commercial or industrial markets for almost two decades, it needs
to undergo a re-evaluation. This review is one such effort reflecting
on the possible application and value of such technologies.

4. Reasons for delayed acceptance of tactile technology
4.1. Overoptimistic prediction

Although Harmon’s work was significant in terms of realizing
the importance of design criteria for tactile sensing technologies,
his predictions for the success of this technology was seen as
overoptimistic until 2000 [4]. By the end of the 20th century very
few, if any, tactile sensors or devices could be found in the robotics
and medical industries, or consumer markets.

Around the start of the 1990s, Nicholls and Lee identified that
a large market existed for low-cost, robust, accurate and reliable
sensors, but saw no significant contribution of tactile sensing tech-
nology to real applications in factory systems [16]. Lee even goes
so far as to concluded that the technology had been “neglected or
even rejected” by industry [4].

Since many advances in computing and robotics technolo-
gies were so successful over the previous three decades, this led

to very high expectations for tactile sensing technologies. The
authors believe that Harmon'’s predictions were not overly opti-
mistic or unrealistic, especially today, when a wide use of this
technology can be seen in smart phones. However, when other
technologies were a success and are at a very advanced stage
of research today, why has tactile sensor technology failed, at
least until the year 2000. There are bitter realities underlying the
answer.

4.2. Characterization parameters

Most reported efforts to develop tactile sensors were not sup-
ported by rigorous testing; even during laboratory testing, sensor
parameters, such as hysteresis, sensitivity, standard deviation and
repeatability, which are critical for assessing usefulness of a sensor,
are not reported. This has left the technology at a juncture where
there are no definitive standards or benchmarks available to guide
further development. One attempt to alleviate this situation has
been made by Eltaib and Hewit, investigating design considerations
for MIS and minimum access surgery [20].

4.3. Cost

The cost of tactile sensors is one of the primary reasons for the
failure of the technology to enter industrial and consumer products,
especially in the field of health care and service robotics [4]. Lee
wrote [4]:

... the overriding factor is cost - if large numbers of personal
manipulation aids are to be sold, as will be needed to satisfy
demand, then costs must be brought down. This is perhaps
the most pressing challenge, especially for our engineering and
design expertise.

In nearly all reviews of tactile sensor technology, the call for
cost effectiveness, repeatability and reliability has been made
[16,3,4,2,6,19], yet these issues remain largely ignored. This has led
to hesitation in the adoption of the technology, especially in the
fields of biomedical engineering and healthcare.

4.4. Poor design criteria

Although Harmon’s design criteria are useful and serve as a
benchmark by which researchers guide their research, they are
too generic. Design requirements for tactile sensing need to be
redefined according to the field of application. For example, a
biocompatible sensor is not needed for the manufacturing indus-
try and a sensor with wide dynamic range may not be needed
in biomedical applications. Likewise, a sensor designed for the
biomedical industry with non-biocompatible materials can never
getregulatory approval. In short, it seems that task-centered design
is necessary.

4.5. Target applications

It is necessary to realize that tactile sensing technology is def-
initely not the best solution for all robotics applications. Tactile
sensors have shown promising results in unstructured environ-
ments, but optical, infrared, laser or vision based systems are far
superior in structured environments. It is important to realize that
tactile-based approaches are an ideal choice in scenarios where
vision is partially or totally occluded, or in similar scenarios as those
mentioned in Table 6.
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Table 6
Proposed application industries with key areas and challenges.

Application industry Key utility and application areas

Design challenges

Robotics Dexterous manipulation
Tele-robotics

Service robots
Exploration robots

Rescue robots

MIS tools

Tele-robotic operations
Diagnostics tools
Rehabilitation medicine
Dentistry

Patient care

Gait analysis systems

Biomedical

Sports Posture analysis

Sports training

Agriculture and food processing Service robots, such as for fruit picking

Safety studies

Safety devices

Diagnostic tools

Acceleration optimization systems
Navigation interfaces for mobile devices

Aerospace and automobiles industry

Consumers products
Service Robots for elderly
Textile and clothing

Healthcare products such as intelligent toothbrushes

Arrayed sensors

Discrimination and classification algorithms
Repeatability, wear resistance and wide dynamic range
Customization

Characterized response over wide temperature range
High frequency response

Biocompatibility

Rugged to withstand sterilization process
Cost due to their disposable nature
Characterization and classification algorithms
Wireless interfaces

Power consumption

High frequency response

Electrocutaneous feedback mechanisms
Safety and reliability

Ergonomics

Conformable and customizable sensors
Durability

Wiring and power constraints
Wireless interfaces

Adaptability to unstructured environments
Toxin and allergin free construction
Hygiene and cleanliness

Safe for food handling

Dexterous movement

Soft grippers

Unexplored application area

Device centered sensor design

Safety and reliability

Rugged to withstand high shear, tensile and normal forces
Unexplored application area

User acceptance

Wear resistance and reliability

Cost, so that it can target wider application market
Rugged to bear abuse

5. Future directions and challenges
5.1. Task centered design criteria

Robotics and biomedical technologies have been attracting
increasing levels of attention in recent years. This calls for much
sophisticated solutions than before. This can be achieved if task
specific design criteria are specified. Task-based design criteria’s
can help optimize and therefore lower sensor cost.

5.2. Arrayed sensor design and algorithms

In general, single point sensing sensors have reached maturity
and their pros and cons are well understood and many promis-
ing devices have been reported in literature. Capacitive, resistive,
piezoelectric, optical and piezoresistive transduction techniques
are well established, but customizable interfaces and characteri-
zation/discrimination algorithms are required.

From a hardware design viewpoint, mesh-based, multiple sens-
ing point sensors are required. The distance between the sensing
elements is another important criteria. Human glabrous skin can
be set as the standard as a starting point, but the desired resolution
mainly depends on the requirement of the task to be achieved.

5.3. Gold standard

As emphasized previously, any sensor design parameters should
be centered around its application, but in cases where researchers
want to explore the area of tactile sensing in general, anatomical

structure and characteristics of glabrous skin can be set as the gold
standard. Human glabrous skin consists of four types of tactile sen-
sors, also called cutaneous mechanoreceptors. These four types are
Pacinian corpuscles, Meissner corpuscles, Merkel discs, and Ruffini
corpuscles. The nature and physiology of these receptors has been
well established and reported [195-198]. Tactile perception can be
understood as the sum of these four receptor functions [195]. A
characteristic summary of mechanoreceptors is given in Table 7.

5.4. Frequency response

Previous work has shown that slip has a major frequency com-
ponent between 10Hz and 30Hz [199,34]. Another study has
indicated that humans are sensitive to spatial differences at the fre-
quency bands of 1-3 Hz and 18-32 Hz [200]. Pacinian corpuscles,
which are sensitive to vibrations, have a bandwidth of approxi-
mately 250 Hz and have a lower spatial resolution [201,202]. Hence
any sensor with a minimum frequency response of 32 Hz is deemed
sufficient to detect incipient slips, which is a desirable endpoint in
many robotic and prosthetic applications. Similarly a sensor with a
minimum frequency response of 250 Hz is required for the detec-
tion of vibration, but can have a lower spatial resolution. A number
of PVDF-based sensors have been reported, as discussed earlier in
Section 2, but the ability to detect static forces has yet not been
achieved, as discussed in Section 2.3.

5.5. Spatial resolution

Early studies to find innervation density of mechanoreceptors
in glabrous skin indicated a discrimination threshold of 2-3 mm in
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Table 7
Characteristic summary of mechanoreceptors in human glabrous skin.
Type Merkel Ruffini Meissner Pacini
Number 25% 19% 43% 13%
Adaptivity Slow Slow Fast Fast
Receptor type SAIL SAIl FAI FAIl
Field diameter 3-4mm >10 mm 3-4mm >20 mm
Frequency range 0-30Hz 0-15Hz 10-60Hz 50-1000Hz
Response to indentation S(t) S, % S % %
Response to constant indentation Yes Yes No No
Location Superficial Deep Superficial Deep
Receptive field Small Large Small Large
Innervation density High, variable Low, constant High, variable Low constant

Sensed parameter Local skin curvature

Directional skin stretch

Skin stretch Non localized vibration

Table 8
A proposed generic design criteria based on physiological characteristics of
mechanoreceptors in the glabrous human skin.

Transduction technique Capacitive, resistive, piezoelectric,

piezoresistive or a combination

Arrayed/mesh type. Ease of assembly and

disassembly

1.25mm

At least 32 Hz for normal and shear force

estimation and 250 Hz for vibration detection

Cost Low, especially where their use is disposable in
nature such as medical devices

Conformability Not a necessary attribute

Dynamic range Application specific

Repeatability and stability High

Structural design

Spatial resolution
Frequency response

fingers [203]. Later studies reported a higher spatial resolution of
about 1.25 mm [204]. Although some promising mesh type designs
are reported [205-209], designs with greater scanning frequency
ofindividual sensing points/elements and greater spatial resolution
are required.

5.6. Assembly and maintenance

Ease of assembly and disassembly is also an important area that
needs to be addressed. This design criterion is necessary for sensors
designed for applications where disposable equipment or parts are
required, such as in medical surgery and diagnostic tools. Eltaib
and Hewit have attributed it as an important design consideration
when designing systems for use in MIS [20].

5.7. Conformity

Conformity is a desirable attribute for specific applications, but
not a generic specification for every sensor.

5.8. Cost

Considering MIS where most equipment is disposable, only a
suitable sensor with a reasonably low cost would be able to suc-
cessfully enter the market. Low-cost tactile sensors are required
which can sustain wear, have high repeatability and low hysteresis.
A proposed design criteria is summarized in Table 8.

6. Conclusion

Developments in tactile sensing and trends over the last four
decades have been analyzed. New areas for future applications of
tactile sensing technology have been proposed and current chal-
lenges have been identified, while emphasizing the importance of
application centric design criteria.

6.1. Recent trends

An increase in the demand and uptake of tactile sensing tech-
nologies by industry has been observed. This is clearly indicated
by the numbers of papers being published and patents being filed.
As an indicator, the number of products being patented since 2010
with the US Patent Office, compared to the 1990s, has increased by
a factor of ten, as seen in Table 3. Similarly, research activity in this
area has also doubled, which is apparent from a comparison with
the number of publications in the 1990s, as shown in Table 3.

6.2. Success and maturity

Unlike the previous three decades, where all reviewers have
indicated either the rejection or failure of this technology, industrial
and commercial enterprises now appear to be on the cusp of accept-
ing this tactile sensing technology. The major uptake has been in
mobile devices in the form of tactile touch screens and naviga-
tion interfaces. Design engineers seem to take advantage of tactile
sensors in order to cope with the requirement for smarter touch
interfaces and the ability to navigate through voluminous content
with ease. Some of the most successful uses of this technology have
been in products like iPods (Apple Inc., USA) and personal digital
assistants (PDAs).

6.3. Future of tactile technology

This technology has the potential to aid future advancements in
many of the areas discussed earlier. Successful commercial prod-
ucts have provided motivation and possibilities of funding for
further research in this technology. Tactile sensing is no longer
a laboratory technology. The success of companies such as Pres-
sure Profile Systems Inc. (Los Angeles, USA), Tekscan Inc. (Boston,
USA) and X-sensors (Alberta, CANADA) has proven the existence of
a market for these products. With more and more gadgets being
developed, the need for automation, the acceptance of intelligent
robots and biomedical products, the demand for tactile sensing
solutions can only be expected to increase.
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