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Tactile sensors are commonly used in industrial, medical or virtual-reality applications, but the majority of commercial tac-
tile systems are capable to detect pressure maps only. In this article we present a novel tactile sensing array that processes
all three components (normal and shear) of the tactile information at every sensory element (taxel — tactile pixel). We describe
the processing technology of the integrated micro-sensors, write about the information coding behaviour of its elastic cover
and, finally, we show a robotic application example, where the three-component force measurements play a fundamental role.

1.Introduction

Tactile sensing is probably the second most important,
most complex perception of the human body after the
vision. The human skin is filled with tiny mechanorecep-
tors that separate different components of tactile input
(static pressure, motion, vibration, etc.) into parallel chan-
nels, and send them to the central processing unit, the
brain.

Our final goal is to mimic the operation of this sensing-
processing system with artificial tactile sensors that could
be integrated into robotic hands, medical diagnostic de-
vices or even into e.g. arm prostheses to improve their
efficiency.

The core element of our research is a three-axial force
sensing array, developed by the Research Institute for
Technical Physics and Materials Science (MFA). This tiny

MEMS (Micro-Electro-Mechanical System) device is a
single-crystalline Si-based sensor that — unlike the com-
mercial tactile sensory arrays — measures and processes
not only the normal, but also shear components of the
force vectors at its surface.

The elastic cover is an indispensable key component
of the tactile sensors. Besides offering a certain amount
of physical protection, it also plays a fundamental role
in the overall procedure of sensation as a mechanical
information-coding layer between the sensors and the
environment (let us just think about the increased tac-
tile sensitivity around an abrasion, or our thickening sole
during summer holidays). The elastic cover can be treat-
ed as the first spatial-temporal, dynamic information-
coding layer of the sensory structure, therefore, its be-
haviour must be taken into account throughout the de-
sign of every tactile device. Our goal is on the one hand
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to better understand human tactile sensing. On the other
hand, we would like to copy ideas from nature to im-
prove the quality of our artificial heptic sensory devices.

The general description of our system is followed by an
application example through a proactive robotic grasp-
ing task.

This article is the English version of a review in Hun-
garian review that summarizes our previous internatio-
nal publications listed in the references [1-7].

2. Sensors by MEMS technology

The monolithic tactile sensor arrays are formed in sin-
gle-crystalline Si (c-Si) by the well-known IC processing
technology complemented with an appropriate bulk mic-
romachining technique in order to form the 3D deform-
ing structure. The extraordinary mechanical properties
of single crystalline Si combined with the above fabrica-
tion techniques enable us to produce intelligent smart
sensors of various functions.

All the tactile elements (taxels) of the sensor array are
suspended, perforated c-Si membranes with perfectly
positioned, embedded piezoresistors (Fig.1). The change
of the resistance of each piezoresistor is proportional to
the emerging stress in the deforming membrane during
loading.

Single-side porous Si bulk micromachining technique
was used for releasing the n-type ¢-Si membranes. The
location and direction of the ion-implanted p+ piezore-
sistors was determined by finite element model calcula-
tions in order to select the most sensitive area, i.e. where
the load-generated mechanical stress reaches its maxi-
mum.

All the piezoresistors are coupled with a serially con-
nected non-deforming reference element placed in the
Si bulk maintaining constant resistance even when load-
ing the taxel. The two resistors form a simple voltage di-
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the test device.
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vider or a half Wheatstone bridge, therefore, the read-
out is an analogue DC signal which is proportional to
the generated mechanical stress (Fig. 2).

All the taxels consist of four independent piezore-
sistor pairs in order to resolve the vectorial components
of the attacking force. The linear relationship between the
voltage changes and the attacking force in the centre of
the sensor element can be described by the following
equations:

1
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where F; are the three components of the attacking
force (z: normal, x and y: tangential) V, is the common
voltage, AV is the measured voltage change, 1, is the
dominant piezoresistive coefficient, a;, and a,, are the
linear normal and shear coefficients in the given geo-
metric arrangement.

The measured sensitivity and the linear characteris-
tics of the sensors correspond well to the preliminary fi-
nite element model calculations (4-6 mV/mN/V) (Fig. 3).

3. Integrated sensor arrays

Real tactile applications often require sensor arrays of
different size and density. Therefore, two array chips
were developed. A four element array (2x2) can easily
be formed with simple multiplication of the taxels (Fig. 4).

When aiming at further increasing the number of
taxels, one faces the contact wiring problem. The large
number of wires requires considerable floor space, multi-
level metallization and an equal number of bonding pads,
which further complicates the inherently critical assem-
bling process.

The metallization problem of large arrays can easily
be circumvented by integrating decoders or multiplex-

Figure 4.

A 2x2
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1.5 mm
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Figure 5.
The 8x8 element tactile sensor array fabricated
with CMOS compatible micromachining processes
(patent pending)

ers in conventional chips. Nevertheless, in most of MEMS
sequences the 3D micromachining as well as the frag-
ile suspended membranes formed make the integration
of the required circuitry quite difficult.

Therefore, we developed a proprietary CMOS com-
patible process sequence, which enables the integra-
tion of driver circuitry with porous Si micromachined sen-
sors. Using this patented process we fabricated an 8x8
element tactile sensor chip with on-chip current gener-
ators and decoders (Fig. 5).

4. Effects of the elastic cover

As mentioned in the introduction, the elastic cover is an
indispensable and fundamental part of every tactile
sensor or organ. The elastic layer transfers the surface
forces to the sensors in the form of distributed mechan-
ical stress/strain/deformation, no matter which system
receives them — mechanoreceptors in the deep skin or
artificial tactile sensors — receives them.
Continuum-mechanics is the key word for the math-
ematical description of the elastic cover of the sensors.
In the first run, the elastic material can be treated as a
homogeneous, isotropic, infinite half-space that obeys
Hooke’s law. The input forces act only on the open sur-
face of the half-space, and create a complex stress pro-
file inside the elastomer. Since the stress is mostly con-
centrated around the indentation and decays rapidly
with distance, we can fairly approximate the behavior of
the real, finite rubber with the infinite half-space at a
depth corresponding to the real elastomer thickness.
The first task is to solve the equilibrium equations of
the rubber for a given surface-indentation profile, and
to find the stress/strain/deformation distribution at that
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specific depth (Fig. 6). A much more important practical
task is the solution of the inverse problem, i.e. the re-
construction of the surface indentation profile from dis-
crete number of strain measurements under the rubber.

Although first solutions to the direct problem of the el-
astic half-space were elaborated long time ago, towards
the end of the 19th century; by that time the elastic the-
ory had nothing to do with tactile sensors. It was only
in the mid-eighties of the last century when the model
became the primary mathematical description of the
skin and the artificial cover of pressure sensors. With
the appearance of three degree-of-freedom tactile sen-
sors, the theory called for enhancements again.

One of our results is that we changed the flat sur-
face of the cover to a certain, defined shape, mimick-
ing the human skin with finger ridges or other sophisti-
cated tactile organs developed by the evolution (Fig. 7).

Consequently, the half-space model could not be
used any more in the original form. Therefore, as an ex-
tension of the elastic half-space, we created a finite-
element model to describe the mechanical behaviour
of the cover.

Figure 6.

Two components of the stress profile inside the elastic
cover at a given depth, generated by the simplest point
load on the surface. The measurement results
correlate well with the theoretical predictions.
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Figure 7.

The world’s most developed
tactile organ of

the star-nosed mole
(Condylura cristata),
consisting of elastic
hemispheres for mechanically
filtering and amplifying

the tactile signals.

Figure 9.
8x8 sized sensor array
with elastic silicone

The neuromorphic cover ,stolen” from the star-nosed
mole basically consists of elastic hemispheres over the
cover surface with the following intriguing properties:

— The hemispheres convert the spatially-continuous

input force distribution into a discrete one
by localizing the forces to their tip.

Figure 8.

Finite-element model of the elastic hemispheres

under loads with different directions (above).

The linear and independent stress components arising
at the location of the sensors (below).

—e—FxU
40+ .- F:U; EZUZ
~ 351 4 FzUx ol
£ 301 ~-v--FzUz
5 254
‘g 204
& 157
2 10
5- o
0- ;':A........._.....--.-....—‘.x.—.-.~.—e--.—..—.f.-..".-..'.‘.'..'7.‘..'."
0 20 40 60 80 100

Indentation (um)

VOLUME LXIII. » 2008/1

hemispheres on top

— The hemispheric structure modifies the information
coding behaviour of the whole cover in such a way
that the three components of the local input
forces can be measured linearly and independently
with sensors located under the structure (Fig. 8).

We equipped the sensor arrays with geometric elas-

tic covers designed according to the finite-element simu-
lations (Fig. 9), and improved thereby the shear sensi-
tivity of the system. We could also verify experimentally
the role of these geometric mechanical structures in
biological systems.

5. The tactile system
The signals are pre-processed and transferred to a PC

by a read-out circuitry. This read-out board filters and
amplifies the analog signals and also calibrates the sen-
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sor array. After A/D conversion the signals are sent to
the PC through RS232 or USB communication line.

The data are stored, processed (on-line or off-line) by
PCs running under WinXP, by a software developed for
analyzing tactile events (Fig. 10).

6. Proactive-adaptive robotic arm
control-slippage detection

In order to illustrate the use of the three axial tactile sen-
sors, an experimental system was constructed. The main
component of the system is a two fingered robotic arm
that can hold small and medium sized objects (Fig. 11).

For handling fragile or slippery objects with unknown
parameters, a continuous tactile feedback is indispens-
able in order to prevent slippage. Let us consider the

Figure 11.
The two-fingered Katana robot grasping an object
between the fingertips equipped with tactile sensors
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case when a two-fingered robotic arm holds an empty
glass and we start to fill it with water: the glass changes
its weight with time. In that case the grasping force has
to be adapted, too, proportionally to the increasing weight
of the object. If the holding force is too small, the object
can slip out of the fingers. This must be detected by the
system in due time to give an adequate response and pre-
vent slippage, namely, to increase the grasping forces.

A great advantage of three-axial tactile sensors is the
capability of measuring shear forces. Thereby knowing
the slippage threshold, the robot’s control can be alert-
ed before the actual slip, preventing any relative mo-
tion between the object and the robot fingers (Fig. 12).

Figure 12.

The time evolution of 3D grasping through tactile forces:
a) nothing is grasped; b) shear force increasing
proportionally to the growing weight; c) object starts

to slip out, force decreases; d) constant motion with
constant force determined by the kinetic friction coefficient.
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6. Summary, applications

An introductory overview to the design and processing
issues of integrated tactile sensor arrays was present-
ed. The main achievement of the novel system is the
capability of 3D resolution of the attacking force in every
taxel. Since shear forces appear in every grasping task,
the capability of three-axial measurements is a must in
tactile sensing.

In order to exploit the results presented here in a nut-
shell, and to expand our capabilities, MFA, PPKE and
RG Co. established a spin-off company, TactoLogic Ltd.,
Budapest. Besides commercializing complex systems de-
dicated for education and research purposes, the com-
pany is going to introduce the tactile devices in medical
application. Endoscopes, catheters, autonomous micro-
robots equipped with three-axial taxels could provide
tactile information from remote places, where human
hand could never touch before. Moreover, accurate phy-
sical diagnostics can also be targeted in long term.

By integrating this system with tactile displays, tac-
tile tele-sensing will also be achievable. In the long run,
tactile sensors could be also exploited in any prosthetic
device.
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