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Abstract

Tactile sensors are commonly a coordinated group of receptors forming a matrix array meant to measure force or
pressure similar to the human skin. Optic-based tactile sensors are flexible, sensitive, and fast; however, the human
fingertip’s spatial resolution, which can be regarded as the desired spatial resolution, still could not be reached because of
their bulky nature. This article proposes a novel and patented optic-based tactile sensor design, in which fiber optic cables
are used to increase the number of sensory receptors per square centimeter. The proposed human-like high-resolution
tactile sensor design is based on simple optics and image processing techniques, and it enables high spatial resolution and
easy data acquisition at low cost. This design proposes using the change in the intesity of the light occured due to the
deformation on contact/measurement surface. The main idea is using fiber optic cables as the afferents of the human
physiology which can have 9 um diameters for both delivering and receiving light beams. The variation of the light intensity
enters sequent mathematical models as the input, then, the displacement, the force, and the pressure data are evaluated as
the outputs. A prototype tactile sensor is manufactured with |-mm spatial and 0.6 | -kPa pressure measurement resolution
with 0-15.6 N/cm? at 30 Hz sampling frequency. Experimental studies with different scenarios are conducted to
demonstrate how this state-of-the-art design worked and to evaluate its performance. The overall accuracy of the first
prototype, based on different scenarios, is calculated as 93%. This performance is regarded as promising for further
developments and applications such as grasp control or haptics.
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Introduction spatial resolution in measuring tactile data with high accu-
racy, at 20-50 Hz sampling frequency with 10-kPa

The somatosensory system and the mechanoreceptors (approximately 1 grf/mmz) resolution.>

located in the skin of the human body form the largest
sensory system of human beings.' The analogues of this
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High precision motion control and safety issues led the
researchers to consider tactile sensors mostly in the fields
of automation, robotics,4 medical assistance, and space
technology.’

There are some on-going cutting-edge studies on tactile
sensors. For instance, a group of researchers developed a
flexible membrane with high touch sensitivity using a pre-
cisely molded pressure-sensitive rubber sandwiched
between electrodes.® This novel design of the thin rubber
layer allowed them to detect the weight of a fly resting on
its surface. Recent studies also introduced 3-D and skin-
like magnetic-type tactile sensors.’

The tactile sensors are usually in a matrix form with
distributed receptors. The main categorizing criteria is the
method of how these receptors acquire the tactile data. The
most common techniques use electric resistance,® capaci-
tance,’ or piezoelectrical charge'® to measure the force that
is applied to the contact surface.

Optic-based tactile sensors

The optical method is one of the major ones and it is based
on optics and image processing. There are mainly two ways
to use optics in order to obtain the force and pressure map
on the contact/measurement surface. The first way is to
use the change of the intensity of the reflected light due
to the deformation that is caused by the external
stimuli.'""'? The second way is to use the change of the
geometry of the markers due to the external stimuli that are
observed by the camera.'*'*

A new tactile sensor consists of a transparent semisphe-
rical gel and an embedded small camera is designed to
perform the proposed control method by the NAIST-
Hand.'® Ohka et al. developed an optical three-axis tactile
sensor based on the principle of optical waveguide which is
capable of acquiring normal and shear forces.'®

Some other studies use light sensors and light source
couples in order to monitor the pressure distribution at the
surface.!”'® They developed a sensor technology for the
measurement of distributed pressures, named pressure sen-
sor pads. The spatial resolution depends on the number of
light receivers on the silicone bulk. For instance, one
version includes eight light sensors where the overall size
is 60 x 20 mm?*"?

Note that the number of sensing units/elements per
measurement area directly depends on the sizes of the
optocouplers. This is very important, because the size of
light sources and/or light sensors is where our design
makes a difference. Optic-based tactile sensing systems
are frequently limited to sense excitations with very low
(spatial) resolution when compared with the human fin-
gertip’s dexterity.?*2?

Considering the commercial products and the problems
mentioned in the literature, the defects of optic-based tac-
tile sensing systems can be summarized as small number
of tactile sensing unit/element per measurement area, low

spatial resolution, high costs for data acquisition of
excessive analogue inputs, computational burden, and
bulky structure.”*2° The design of the proposed tactile
sensor system helps to solve or ease most of the afore-
mentioned problems.

Motivation

Tactile sensors can be used in different applications such as
robotics, medical/surgical devices, haptics, space suits, and
so on. Higher spatial resolution enables a better control
performance. Dahiya et al.?® state in his review article that
optic-based taxels are immune to electromagnetic interfer-
ence, flexible, sensitive, and fast but at times they are
bulky. Consequently, the desired level for tactile sensing
when compared to the human’s tactile sensing ability still
could not be reached in terms of receptors per measurement
area in especially optic-based tactile sensors. Even if the
number of receptors per square centimeter can be satisfied,
a new challenge occurs. For example, a 10-cm? tactile sen-
sor with 100 units/cm® means 1000 data points which is
practically not easy to deliver to a computer in real time.

There are some similar works in the literature using the
change of the intensity of light*’ " alike ours, with fiber
optic cables, a camera, and a silicone substance. Even so,
the proposed design has two unique contributions. First, to
increase the quantity of the sensing points (receptors) per
square centimeter up to one million or more. Second, to
measure/acquire millions of receptors’ tactile data indivi-
dually and deliver them to the control unit while avoiding
high costs. Moreover, with a single amplifier, which is a
simple camcorder, all the data can be acquired and pro-
cessed simultaneously within every sampling cycle.

The design proposes to use fiber optic cables and a low-
cost complementary metal-oxide semiconductor or CCD
image sensor (which can be found in a conventional web-
cam, camcorder, digital camera, etc.) by pairing each
pixel of the image sensor with a corresponding fiber optic
cable. This design enables to transfer all of the light data
to the computation unit on a single photo frame where the
coordinates and the level of displacements can be evalu-
ated precisely by the aid of the image processing tech-
niques.>> >’ The proposed method has the following
advantages. (i) Increased number of sensing units/ele-
ments per area; (ii) very high spatial resolution; (iii) being
multi touch (each sensing element acquires data individu-
ally); (iv) being low cost especially for data acquisition of
excessive analogue inputs; (v) petite and yet stable struc-
ture; (vi) being bendable and flexible; and (vii) sheltered
from magnetic or any other perturbations.

This is already an internationally patented design pub-
lished in 2014. The earlier publications only describe the
guidelines of this new approach without any details on
materials, modeling, optics dynamics, the prototype, and
most importantly, the performance metrics of the
sensor.*>*37 A new prototype and test beds are built in
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order to investigate the sensor, its limitations, and perfor-
mance. The quantification of the prototype is performed in
this article. One of the main objectives of this study is to
obtain a repeatable manufacturing procedure by forming
guidelines for the selection and the usage of the materials.
Additionally, the limitations of the system regarding the
material selection have been carried out through experi-
mental studies and mathematical evaluations. The effect
of light disturbance and optics dynamics is also investi-
gated, and the optimal intensity of light source level due
to the thickness of the silicone rubber pad and light absorp-
tion coefficient was carried out.

The prototype has been subjected to different tests
including step, ramp, and sine inputs with various frequen-
cies and magnitudes. Overall, an evaluation has been per-
formed with simple statistical methods and the success rate
of the sensor is demonstrated.

The remainder of this article is organized as follows:
The second section describes the proposed tactile sensor
system and the prototype; the third section discusses the
mathematical approaches and tools for this novel concept;
the fourth section demonstrates the results; and the conclu-
sions are drawn in the fifth section.

Design of the optic-based tactile sensor

The proposed tactile sensor design consists of fiber optic
cables, a camcorder, a light source, an elastic and transpar-
ent silicone pad, an elastic but nontransparent cover/reflec-
tor, a meshing body for fiber optic cables, a computer for
image processing and further calculations, and some nec-
essary mechanical structures for the sensor body.

Each fiber optic cable entitled as set 1 delivers one light
beam to the surface of the elastic and transparent silicone
rubber pad. At this end, the optic cables are located and
ordered by the mesh structure. Light beams enter the sili-
cone pad and reach to the reflector which is also elastic but
not transparent. Beams reflect back and travel back through
the silicone pad into fiber optic cables entitled as set 2.
These fiber optic cables bring back the reflected light
beams to the camera as shown in Figure 1.

System running principle

The reflection occurs as in Figure 2(a) for a simple optocou-
pler which is just a bounded light source and a receiver. The
intensity of the light or in other words the brightness level
that is reflected and brought back to the camera depends on
the distance # which is the interval between the reflection
surface and end point of the fiber optic cables. That is how
optics-based tactile sensors work in general.® Using opto-
couplers degrades the spatial resolution to 5 mm since an
optic couple is at least 5 mm in diameter.

Spatial resolution is the minimum distance of two dis-
crete inputs for the sensor to identify them as two separate
stimuli. An average human can feel two separate stimuli as

two different inputs if the distance between them is at least
1 mm at the fingertip.*® The authors regarded high spatial
resolution as a better spatial resolution than an average
human fingertip. A tactile sensor that has a spatial resolu-
tion less than 1 mm is considered as a high spatial resolu-
tion tactile sensor.

The proposed design replaces optic couples with fiber
optic cables using them like efferent (set 1) and afferent (set
2) neurons as in the human physiology®® (see Figure 2(b)).
Each receptor (pixel) of the sensor has been paired with a
corresponding fiber optic cable. Since there are fiber optic
cables with 9-um>® diameter, the number of receptors that
can be placed on a surface dramatically increases up to
million levels, as well as the spatial resolution down to
micrometer levels.

Fiber optic cables are flexible/bendable and even though
they form a curve, they can still be used to transmit light
beams. This feature of fiber optics enables to design a
system in which the measurement takes place meters away
from the computing part. Thus, the system can be protected
from magnetic disturbances by locating the computing
devices away from the magnetic fields. It is also possible
that more than one sensory area (matrices) can be measured
using only one computation device. These cables are highly
bendable, so that it creates a layout freedom. These features
will be explained in more detail in the following sections.

This design brings in a new problem which is acquiring
and processing this much of analogue data. One can squeeze
in more than a million fiber optic cables with 9-pum diameter
in 1 cm? area which is practically very difficult, maybe
impossible to process in real time. Any full-high-definition
(HD) camera includes more than two million (1920 x 1080)
sensory pixels. Each pixel is able to detect 16.7 million
colors in standard usage (RGB color model and 8-bit
indexing for each color). Therefore, it is possible to mea-
sure the displacement precisely through the variation of
the light intensity with such an arbitrary camera, as shown
in Figure 2(c) and (d). By pairing each pixel of the camera
with a corresponding fiber optic cable, all light beams
(receptors) can be represented on a single photo frame,
in real time. Then, the level of the displacement can be
precisely evaluated using image processing techniques.

The first and the second contributions of this innovative
tactile sensor design is to increase the number of the sen-
sory receptors per 1 cm?” area up to more than one million
and to be able to measure every single receptor individually
and simultaneously.

In addition, there is a third feature which is multi—-multi
touch capability. This feature allows to measure different
inputs, up to the total number of receptors at every instance.

Design of the prototype

The prototype design aimed to have 1-mm spatial resolu-
tion both in consideration of easy manufacturing and
experimenting. Besides, an average human fingertip has



International Journal of Advanced Robotic Systems

Fiber Optic Cabl
Set 1
(Lamps)

e _

Bunch of Fiber Optic
Cables in Order

Mesh Structure

Elastic and Transparent
Slicone Pad <+—§—

Reflection «—]

Elastic but Non-Transparent
Reflector ~<+——
INPUT

Stimuli / Excitation

Light Intensity

. Light Source

Computer

(Receptors)

Software

ij
del 1 —

Measured <G
Mo
C

Model 2 —>

(3

Displacement

Ah;;

Force
F=1f(AE,£)

!

Area

Calculated

A I : Change in the intensity of light / brightness
Ah : Change in height

n : Number of pixels in which A/ occurs

s : Resolution = area of sensing element [mm’]
E :Elastic modulus of silicone pad [N/mm?]

€ : Ah/h

C
€

A=n.s

I

Stress
O =F/A

Figure |. Overall system design demonstrating the flow of the whole process.

I-mm spatial resolution. The main objective of this proto-
type is to prove the claims of the patent and quantify the
proposed tactile sensor. In this prototype, there are 522
receptors acquiring the tactile data in 255 levels using gray
scale (0 is reserved for a special operation).

The prototype and its 2-D graphical layout can be seen
in Figure 3. Technical specifications of the prototype are
given in Table 1. The design is explained with details in the
following sections.

In the following context, the word receptors will be used
instead of the fiber optic cables set 2. Receptors, which bring
back the reflected light from the measurement surface to the
camera, are previously addressed as sensing units/elements.
The word lamps is defined for the fiber optic cables set 1, which
carry the light from light source to measurement surface.

Mesh structure. There are two objectives of this structure.
One is to place the lamps in such a way that every point on
the contact surface has the identical level of brightness/

illuminance. Another one is that the number of receptors
should be high enough in order to ensure the 1-mm spatial
resolution. Since this mesh structure design designates the
spatial resolution, some designs are made to satisfy these
requirements using graphical methods. In the optimum
design, each lamp is surrounded by six receptors symme-
trically forming a hexagon and each receptor is surrounded
by three lamps symmetrically (see Figure 4(a)).

Technical specifications of the prototype. Technical specifica-
tions of the manufactured prototype are given in Table 1.
These specifications are obtained with the help of a load
cell, a force sensor, a universal tension testing machine, and
two experimental setups designed and built to quantify the
prototype. Note that these properties are valid for this pro-
totype only, and also note that one can manufacture a tactile
sensor using this patented design with spatial resolution
up to 10 um (using data fiber optic cables) and/or up to
1000-Hz sampling frequency (using a high-speed camera).



Biiyiiksahin and Kirl

light receiver

dmance

reﬂecnon ()

light source \%

light source

reﬂeclor & surface

light receiver

fiber optic cable

bringing reflected light to

fiber optic cable the receiver

carrying light to the == = =
measurement surface distance
reﬂecuon h

reﬂector & surface

(©)

camera

light source

i

fiber optic czﬁ fiber optic cable iiii

distance
\Lreﬂection (h) pixels
reflector & surface
(d)
:1 fiber optic cables
\ ﬁmesh
2 '| f elastic and transparent

silicone pad
reflector

stimuli

measurement
surface

change in the density of
light / brightness

Figure 2. Change in the light intensity (illuminance) when there is
a stimulus.

We would like to underline that an average human fingertip
has 1-mm spatial resolution at 20-50 Hz with 10-kPa
(approximately 1 grf/mm?) pressure resolution.*>

In this prototype, 23.1-cm? area is filled with 22 recep-
tors per square centimeter providing 1-mm spatial resolu-
tion. One should notice that the spatial resolution is defined
as the minimum distance between two receptors.

Material selection for the prototype

The constitutive items of this prototype sensor, which have
influence on the measurement, are the light source, the
camera, the silicone rubber pad, and fiber optic cables.

Camera. An A4 Tech webcam that works at 30 frames/s is
selected for the prototype which has 522 receptor. As men-
tioned previously, each receptor is paired with a single
pixel of the camcorder, in this case with the webcam.

If needed, a full-HD webcam can be used in order to
detect 1920 x 1080 = 2,073,600 sensing points.

Light source. Light source should disperse light equally to
every point. So a halogen-type torch with 20 light emitting
diodes (LEDs) is manufactured. This torch is at 1.76-W
power providing 24 lux of illuminance (see Figure 4(b)).
As an addition, an electronic circuit is designed in order to
control the brightness level (illuminance) on the contact
surface for different measurement scenarios. Since this pro-
totype is a close system, thermal variation during working
should be considered. In order to quantify the temperature
inside the sensor, the LED torch is observed with a thermal
camera for 30 min under full working capacity. The tem-
perature on the surface of the torch increased up to 60°C in
20 min and remained still for the next 10 min ensuring that
the temperature increase in the sensor is within the working
conditions which is below 80°C.

Silicone rubber pad. Silicone rubber material is an elastomer-
type material produced from polymer substance. The main
ingredients are dimethylvinylpolydimethylsiloxane and
fumed silica. The properties of the selected silicone have
a direct influence on the measurements and features of the
manufactured tactile sensor. For instance, the value of elas-
tic modulus indicates the resolution and range of the force/
pressure measuring features. We manufactured silicone
pads with 0.10—0.20 MPa elastic modulus. A vacuum pump
is used and a molding procedure is applied to cast uniform
and homogeneous silicone rubber pads. After that, the pads
are sent to an independent laboratory for tension tests in
order to be sure about the elastic modulus of every pad.

A silicone pad with 0.156 MPa elastic modulus and
10-mm thickness is selected for this prototype. The selected
pad is plastically deformed when there is an input which
causes more than 7 mm (70%) displacement due to strain—
stress graph. Thus, the prototype has been limited up
to 7-mm displacement (indentation) and maximum
108.9-kPa stress due to safety considerations and repeat-
ability. In this work, hysteresis of the silicone rubber pad is
not investigated, and it is deferred to future works.

The selected pad has 0.156-MPa elastic modules; there-
fore, 15.6-N force should be applied to 1-cm? area for
maximum elastic deformation, that is, 7-mm displacement.
This variation of force will be acquired in 255 levels
because of the gray scale image processing. Thus, this pro-
totype sensor has 15.6/255 = 0.0612 N force measurement
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Table I. Technical specification of the prototype.

Feature measurement Explanation

Valuation

Area

Number of fiber optic cables
Number of receptors per unit
Sensing surface area of a receptor
Spatial resolution

Sampling frequency

Force resolution

Pressure resolution (t)

Range of measurement of force
Range of measurement of force
Range of measurement of pressure

Width and length

71.6 x 32.2 mm?

Lamps and receptors 257 and 522
Receptor density 22 cm?

Area 0.441 mm?
Minimum distance between receptors | mm

Frames per second of the camera 30 Hz

For | cm? f; = 0.0612 N
For elastic deformation ps = 0.6l kPa
Per cm? 0-10.92 N
Total (23.1 cm?) 0-252.25 N
Maximum stress for elastic deformation 108.9 kPa

(a) 100 mm

71.63 mm

(b)

60 mm

@ :Incoming Light - From Light Source _
@ :Reflgcting Light - To Camera

min. distance
between
receptors

Figure 4. (a) The design of mesh structure where blue and red
dots are receptors and lamps, respectively. The spatial resolution
is defined as the minimum distance between two receptors. (b)

Schematics of light source.

resolution for 1-cm? area, providing 0.61-kPa tactile mea-
surement resolution, as given in Table 1.

The silicone rubber pad determines the resolution and
range. If the elastic modulus of the silicone rubber pad
increases, the working range of the sensor also increases
but the force resolution decreases and vice versa. Thus, one
can select different pads for different applications.

Dynamics of light source and silicone rubber pad. The optimum
thickness of the silicone rubber pad has been investigated
based on the intensity of light source and the absorption
coefficient of the silicone material. The absorption coeffi-
cient of the silicone material has been empirically obtained.
The main objective of this part of the study is to find the
optimum thickness and absorption coefficient value for the
silicone rubber pad and the proper intensity of light source,
together which provide 255 levels of measurement between
zero and maximum input. The unique outcome of this par-
ticular research is to find out different configurations for
different scenarios. One can easily find what should be the
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level of the light and the characteristics of the silicone
rubber pad by simply looking at Figure 5(a). The para-
meters of the sensory system can be tuned according to
the purpose of the measurement for a better performance.
The elastic modulus of the silicone rubber pad determines
the force level to be measured and this plot shows with how
much penetration this force might be applied. The silicone
pad selected for this prototype has 10 mm of thickness and
0.016 absorption coefficient. Therefore, the intensity of
light source has been adjusted to 9.8 lux. These values are
obtained with the help of empirical results (see Figure 5(a))
and fundamental equations of illuminance given in the
work of Taylor.*’

Fiber optic cables. There are 522 receptors for the 23.11-cm?
measurement surface providing 1-mm spatial resolution
which is basically the distance between two receptors.
There are 257 lamps in order to provide the necessary
illumination (brightness level); therefore, there are totally
779 fiber optic cables in this prototype.

The fiber optic cables have 0.75-mm diameter. These
polymethyl methacrylate —based cables can work up to
110°C. They can transmit light up to 1 m without any loss,
to 2 m with 0.97 efficiency, and to 3 m with 0.92 efficiency.

Flexibility, bendability, and disturbance resistance. This proto-
type is aimed to do the measuring on a flat area. Yet, this
patented design is bendable. This feature of the sensor can
be provided easily while casting the silicone rubber pad.
The pad mould can be designed for flat surfaces as well as
curved surfaces as shown in Figure 5(b). Since the trans-
mission of the light is done through fiber optic cables, a
group of tactile sensors can be located on the fingers of a
robotic hand, as shown in Figure 5(b). It is also possible to
use a single computation unit for multiple sensor matrices.

Fiber optic cables do not lose data for up to 1 m, so the
computation unit can be located far from measurement
area. For example, if there are magnetic disturbances in the
working environment, one can place the computation unit
one away from there. This distance can be increased using
infrared transmitting fiber optic cables. Note that this sen-
sory system cannot measure shear forces. On the other
hand, the fiber optic cables can be placed sandwich type
between two contact/measurement surfaces.

Image processing software

This software is in charge of image processing and initial
filtering (filtering will be explained under “Noise and filter
design” section). Visual Basic 6.0 language, which is gen-
eric and compatible with any camcorder, is used in order to
obtain the light intensity/lux data of each receptor, leveled
from 1 to 255, where 1 and 255 are defined as full black and
full white, respectively.

The output of the software is the gray scale values of
intensity of the light of each and every individual receptor
at the measurement surface. When there is no input to the
system, the output of the software will be “1” for every
receptor. If there exists an input (a stimulus), this will
deform the silicone pad and the reflecting distance will
decrease. Consequently, the illuminance/light intensity
will increase. This increase is exponentially related to the
deformation/stimulus.

The gray scale map of the measurement surface is simul-
taneously transferred to MATLAB for further and
advanced calculations. A MATLAB-based graphical user
interface (GUI) program imports the data in a matrix at a
predefined frequency. At this point, the sensor system with
the aforementioned software provides only the dynamic
gray scale map that responds to any force application to
the measurement surface.

Cost

The cost mainly depends on the spatial resolution, that is,
the number of fiber optic cables. The other parameters that
affect the cost are the sampling frequency (i.e. regular
webcam vs. high-speed camera), measurement area, and
the distance between the measurement surface to the com-
putation unit (i.e. length of fiber optic cables). Since all of
the required materials are generic and easy to find, the costs
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that are given in the following are evaluated by looking at
the retail prices from online electronic markets.

A single fingertip tactile sensor with 2 x 2.5 cm? area
and 10 receptors per square centimeter costs US$222.6
including computation unit where five fingertip tactile
sensors together cost US$313. A single fingertip tactile
sensor with 2 x 2.5 cm? area and 241 receptors per square
centimeter as in human fingertip cost US$322.4 where
five of them (which means 6025 receptors in total)
together cost US$812.

There is no commercially available tactile sensor that is
based on optics. Therefore, it is not very easy to compare
the price of a commercial product with the proposed
design. However, the specifications of a commercially
available tactile sensor that is based on capacitance are
given here for comparison. PPS 5226 of Pressure Profile
System is an industrial tactile sensor with 1.5-mm spatial
resolution at 50-Hz sampling rate and approximately 44
receptors per square centimeter area. The price is
US$5400 including the computation unit and the soft-
ware.*! A tactile sensor with the same specifications costs
US$210 with the proposed design including hardware and
software. One should notice that this value is the sum of
costs of the materials/hardware.

Mathematical model approach

There are two mathematical models working together and
in sequent for the evaluation of the displacement, force,
and pressure map on the measurement surface caused by
any external stimuli. The input of this sequent model is
the gray scale values of each receptors that are in a matrix
form provided by the image processing software. The
Cartesian coordinates of each and every receptor are
known. So, the output of the mathematical models is a
map (matrix), showing displacements and force at every
point on the measurement surface.

Although the designed system is prevented, there exists
some light noise caused by internal happenings, such as
light source and camera flaws as well as outer happenings
such as environmental light. For instance, a little camera
noise causes an incorrect change in gray scale value at this
one instant. Therefore, a filter is designed to increase the
accuracy of the system.

Noise and filter design

Fiber optic cables cannot transmit the light beams if they
are not perpendicular to the cross section of the cable. This
feature of fiber optic cables cancels all the light noise that
can rise when there is an input with curvy geometry. For
instance, if an input (stimulus) is applied by pressing a
circular or a triangular shaped body on this sensor, then the
deformation on the silicone will be circular or triangular.
Consequently, the light beams may reflect to each and
every receptor regardless of the location. Since the fiber

optic cables transmit the light beams that they look at per-
pendicularly, the shape of the input (for instance, a non-flat
geometry) do not influence any noise to the nearby recep-
tors. This is a mechanical noise filter coming from the
nature of the fiber optic cables.

The environmental lighting and manufacturing defects
may still cause disturbance. Thus, a two-step filter is devel-
oped. First one is an algorithmic software written by the
authors and called smart filter. This filtering takes place in
the visual basic image processing software. A static light-
ing (illuminance) may occur at the beginning frame even if
there is no input. Therefore, a simple adaptive calibration,
which sets the zero input values, initiates in the beginning
sequence. There might be also single point and impulse
type, dynamic disturbances caused by manufacturing
defects or camera. The smart filter observes the variation
that is sudden and bigger than an amount of the average
variation of the neighborhood pixels. This amount is adap-
tive and it is decided by the smart filter. This first step of the
filter is eventually a text-based algorithm. The smart filter
additionally includes a classical low-pass filter. The second
step of filtering takes place in MATLAB GUIL. It is a clas-
sical 2-D Gaussian filter. This method is used in order to
soften the image. It causes no decrease in spatial resolution;
it only eliminates the impulse type of noises.

Light intensity level to displacement model

Due to the penetration of the external stimulus, the value of
the intensity of the light changes exponentially as indicated
by Beer—Lambert law, equation (1).** If a light beam enters
to a transparent substance, the relation of the intensity of
the light (illuminance) between the input (/;) and the output
(1,) depends on the distance that the light travels (%), and
the material’s light absorption coefficient (X) which is the
product of the molar absorptivity and the concentration of
the compound

I, =1Ile™" (1)

The first mathematical model has the filtered output as
the input which is gray scale values of the light intensity of
each and every receptor. The output of this first model is
the displacement on the measurement surface which is cal-
culated by the aid of Beer—Lambert law. If there is an
input/stimulus, the reflected light intensity will increase
(41) due to the displacement (44) as in equation (2), where
Al = I; — I,. Since the system measures /, (the intensity of
reflected light) and /; (the intensity of source light) is
known, then one can calculate the displacement through
equation (3) as shown in Figure 6,*° where & is the light
reflecting constant of the reflector. The coefficient 2 in the
denominator exists because the light travels through the
silicone pad twice. The coefficient of materials light
absorption (X) is obtained empirically for the silicone pad
as well as the light reflecting constant (k) of the reflector.
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Figure 6. (2) Light intensity to displacement experiments for the
verification of the model; and (b) schematic view explaining how a
light beam travels in the sensor system when a stimulus applied. I,
is measured and 4h is calculated. Z, I;, and h are constants.

The light absorption coefficient is assumed to be constant
and independent of the pressure

Al = I; ke 20=80) (2)

In(Z; k) — In(AI)

A =h = 5> 3)

Ten different experiments are performed with different
inputs and different light source intensity levels in order to
quantify the mathematical model given in equation (3). In
Figure 6, where L.S.I. stands for light source intensity,
square marked values are the actual displacements and the
triangle marked values are the mathematical model’s out-
put. An experimental setup as shown in Figure 7 is used to
perform the controlled experiments which revealed that the
sensor system and the mathematical model worked well
enough. The input (displacement) is controlled with a ser-
vomotor and the displacement is observed by an encoder.

Further analyses on the results of the experiments
demonstrate that the overall average success rate of the
prototype with this mathematical model for displacement
measuring is 95%. This rate is the mean of the values
obtained from equation (4) for every data points. Conse-
quently, the mean error for measuring the distance is 5%

Sucoess — < {— actual gaa — measureddata) )

actual gaq,

These experiments also show that if the intensity of
light source is higher the success rate increases, this is
because more allowed brightness makes the system less

Encoder <=
Servo Motor =™

Linear Motion Mechanism

Controlled @ N
Displacement
Testing Tip  <¢-----.
+@D
7 aama Silicone Pad <
&
Tactile Sensor =— L
|— Light Source
N e
~{ Camera |—={Light Intens. to Disp
Measurement of Force
/ Toad Cot

viaLoad  via Tactile  Md \1ath Model
cell Sensor

Figure 7. Block diagram of verification of the mathematical
models and tactile sensors accuracy (and an actual photo of the
experimental setup while doing investigation on a single silicone
rubber pad).

sensitive to environmental light disturbances. The sili-
cone pad has 10 mm thickness; therefore, the experiments
are limited up to 7 mm penetration to avoid plastic
deformation.

Displacement to force model

The first mathematical model calculates the displacement
value for each receptor. The second mathematical model
calculates the force applied to each receptor. Since we
obtained the displacements of each receptor, 44, from the
previous model, the force that causes these displacements
can be calculated through the effective elastic modulus,
E”, of the silicone pad by the aid of the method of dimen-
sionality reduction,**** where d is the diameter of the
receptor. Then, the force and the pressure on each receptor
can be calculated by equations (5) and (6), respectively.
Subscripts i, j denote the Cartesian x, y positions of each
receptor (see Figure 1)

Fij = 2dE* Ahy; (5)

8E*
7 (6)

This method is valid for contacts that are in the range
of elastic deformation. This method does also match with
Hertzian contact theory. One can look at the proofs of the
method in the literature.*** The introduced mathemati-
cal model is verified with an experimental setup in which
the input (force—displacement) is controlled with a servo-
motor and the applied force (stimulus) is observed by a
load cell.

The experimental setup in which a linear motion stage is
driven by a high precision 1.5-kW Delta AC servomotor is
shown in Figure 7. The displacement resolution of the

P,‘,j = Ahi_j
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system is 0.0005 mm (5/10000), since a 10000 PPR enco-
der and a linear motion system with 5-mm step size has
been used. The servo system is controlled via ART
USB1020 motion control card, which is capable of per-
forming any test procedure.

A puls electronic, PS-4X series platform type load
cell with 0-60 N range and 0.012 N resolution, has been
used. The calibration has been performed by the retailer,
but it is also double checked by known weights. Load
cell lays under the prototype to measure the applied
force. The damping of the prototype structure has been
neglected, and the output of the load cell is assumed to
be absolutely true and it is regarded as the reference
measurement in further evaluations. As shown in Figure
7, F\. is the force that is measured by the load cell and
Fs is the force that is measured and calculated by the
tactile sensor system.

Results

The results obtained by the experimental setup (see Figure
7) demonstrate the accuracy of the measurement of the
system and prove that the proposed tactile sensor works in
acceptable limits as well as the mathematical models are
also valid enough. In order to reveal the performance of
the proposed tactile sensor more explicitly, hereupon, a
series of experiments with a cylindrical type testing tip
with 6-mm diameter have been conducted. The system is
tested for 0 - 15 N force inputs up to 20-Hz frequency.
These experiments included single point and normal force
inputs only and the testing tips applied force into the mid-
dle of the silicone pad. Eight selected graphs, including
the load cell’s (reference) and the tactile sensor’s outputs,
are given in Figures 8 to 11.

Different experiments in terms of the dynamics of the
stimuli have been conducted to demonstrate the perfor-
mance of the proposed tactile sensor. The experimental
procedures included increasing force input, sinusoidal
force input, step force input, two-level step force input,
ramp force input, and increasing and decreasing force
input. The overall performance of the tactile sensor is deter-
mined by normalized root mean square method via equa-
tion (7), where, “||...||” indicates the two-norm, “i” is the
number of experiment, “xref” is the reference data, and “x”
is the measured data. If the measured data “x” is identical to
the reference data “xref,”, then the performance is 1, mean-
ing perfect (error free)

B [|xref(data, i) — x(data,i)||
||xref( data, i) — mean(xref(data,i))||
(7)
The overall performance of the system has been evalu-

ated as 93% (see Figure 12). Although it is not so ideal to
compare a prototype with a commercial product, one

fit(i) = 1

a
( ) g _FIC: Measured Force by Load Cell (Reference Data)
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(b) —F,,: Measured Force by Load Cell (Reference Data)
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Figure 8. Experimental verification of the displacement to force
model and sensors performance for (a) increasing force input and
(b) sinusoidal force input.

should notice that the accuracy error is given as 5% for
PPS 5226.*!

As mentioned before, the noise rising from the manu-
facturing defects influences a decrease in the accuracy.

The authors think that this success rate can be increased
with a better manufactured sensor and also using infrared
light instead of visible light, since using infrared light
source and infrared camcorders would provide a strong
immunity to the environmental light disturbances.

Hysteresis may occur for silicone material especially
when the stimulus has a higher force value and duration
as shown in Figure 11(a) and (b). This effect does not
exist or it is negligible for the stimulus which has lower
duration, as shown in Figure 10(a) and (b). Overall, the
effect of the mechanical hysteresis of the silicone rubber
pad has been tolerated, yet deteriorating hysteresis effect
might be valid depending on the choice of the silicone
rubber pad substance.

This prototype is the first application of the proposed
design and the overall performance demonstrated and
proved that the proposed novel system is properly working.
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Figure 9. Experimental verification of the displacement to force
model and sensors performance for (a) ramp input and (b) mul-
tiple and high value of force input.

Concluding remarks

A tactile sensing system that can cover large areas of a
robot body conforming to its outer shape with similar
features of natural skin at low costs is invented. There are
three main parts in the sensor system: the silicone rubber
pad, fiber optic cable set, and the computation unit. The
silicone rubber pad, where the measurement is realized,
and the fiber optic cable set, which provides the signal
flow, are flexible and bendable. In addition, multiple mea-
surement surfaces can be used with a single computation
unit. Therefore, the proposed tactile sensor can be used in
different applications, such as robotics (to provide better
control in grasping or, etc.), medical/surgical devices (to
provide a better feeling with more receptors—for remote
operations (haptics) or to produce human-like prosthetics
with senses), space suits (to provide actual sense of
touch), and so on.

The tactile sensor system that is demonstrated in this
article is an optic-based tactile measurement device. The
outstanding and highlighted features of the design are high

(@) os
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0.4
035
— 03r
Z
§ 025 -
(=]
=02
0.15 -
011
0.05 - f
0 i i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]
(b) 15 —Flc Measured Force by Load cell (Reference Data) n
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Figure 10. Experimental verification of the displacement to
force/pressure model and sensors performance for (a) high-
frequency sinusoidal force input and (b) step input.

spatial resolution, multi touch capability, being insensitive
to magnetic disturbances, being inexpensive, and being
flexible and bendable.

In this work, a prototype is manufactured with 1-mm
spatial resolution, mimicking the dexterity of a human fin-
gertip. This prototype has 0.61-kPa pressure measurement
resolution with 0—15.6 N/cm? (0-360.36 N for entire pro-
totype) working at a range of 30-Hz frequency.

Beer—Lambert model and method of reduction of
dimensionality are used to evaluate the force/pressure,
which requires some constants to identify the silicone pad
and the reflector. An experimental setup is built to obtain
necessary constants in which the input (force—displace-
ment) is precisely controlled with a servomotor. The
applied force (stimuli) is observed by a load cell as well
as the displacement is observed with an encoder. This
setup is used in characterizing of the silicone pad and
demonstrating the performance of the tactile sensor sys-
tem. Finally, it is shown that the proposed tactile sensor
worked with 93% success rate for a wide variety of test
inputs.
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Figure | 1. Experimental verification of the displacement to
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of pressure input and (b) high value of pressure input.
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Figure 12. The overall performance of the system based on
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