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Abstract

Within the era of modern robotics, during research as well as in industry, it is often
the case to build robots that can mimic human-object interaction closely. To accom-
plish this goal, excellence is required in many technological aspects, where one is tactile
sensing. Tactile sensing is the ability of a system to measure information arising from
physical interaction with its immediate environment. These include static & dynamic
force/torque sensing, vibrations sensing and thermal sensing. To fulfill these require-
ments, numerous types of sensors have been developed, which include but not limited
to piezoresistive sensors, piezoelectric sensors, capacitive sensors and hall effect based
sensors.

With any of the above sensors, it is necessary to accomplish mainly three tasks; at least
one, if not all. These include contact point localization, dynamic sensing and tactile
force measurement. These functionalities play a crucial role when developing human
like grasping and manipulation capabilities. However, many problems arise during the
design and manufacturing of these sensors due to the complexity of design, cost and
difficulties in practical implementation due to size.

In order to overcome these difficulties and fulfill the above mentioned requirements,
this thesis presents a tactile gripper that has been developed based on hall effect. An
array of magnets and hall sensors create a unique combination of outputs for each
different deformation of the dual layered silicon elastomer which houses the magnets.
While allowing the interaction with non-planar surfaces due to the compliant nature of
the silicon material, the sensor also facilitates accurate force recognition and contact
localization using sensor readings and geometric properties of the silicon layer.

This tactile gripper can be used for object manipulation and many other forms of
tactile sensing requirements with necessary modifications. Several experiments have
been carried out to test and validate the operation of the sensor with successful results.

This thesis aims to provide the entire design and development of the sensor & gripper,
experimentation process, results, limitations and possible future improvements to the
reader with the expectation that this development will aid current research in research
community and industry. The end goal is to contribute to the process of developing
tactile sensors which aids the progression of robotics technology that plays a crucial
role in modern scientific advancement.

Keywords-parallel gripper, hall sensor array, flexible silicon elastomer, tac-
tile force sensing
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Chapter 1

INTRODUCTION

Humans have a remarkable ability in handling objects with various kinds of

shapes. The system is so sophisticated that they can perform a multitude of tasks

with these objects without giving much attention to how they have to move their

arms, hands and fingers.

A system known as the human tactile system is responsible for providing the

feedback necessary from fingers to perform such tasks. The mechanoreceptors

(nerve endings on finger tips) can detect tactile forces (forces created by physical

contact with the target object) and slip (relative movement between finger tips

and objects).

These mechanoreceptors are divided into sub categories such as FAI & FAII and

SAI & SAII based on their response speed. Each of them have specific functions

such as the stimuli they are responsive to. Through this method, the human

finger tip is able to provide tactile feedback in multiple domains enabling object

manipulation capabilities that currently surpass that of all machinery combined.

The robotic tactile system is an artificial adaptation of the human tactile sys-

tem aiming to implement similar functionality on robotic systems. They are

developed using various technologies such as piezoresistive, piezoelectric, capac-

itive, optical etc. They are capable of detecting tactile forces & slip, surface

texture discrimination and other functionalities that can roughly approximate

human capabilities.
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Robotic grippers are the mechanical means of actuating a tactile sensing sys-

tem to perform its task. They are used to impose the sensors on an object by

implementing the sensing system on human like fingers or jaws. With multiple

applications in industrial, research and service robotics domains, they come in

various configurations such as two finger, multi-finger and some odd adaptations

capable of dynamic shape manipulation.

The grippers when fixed with tactile sensors can perform the measurement of

tactile forces, contact pressures, vibrations, changes in temperature and so on.

They have enabled the development of full scale robotic systems that can be

deployed for production, service, military, aerospace and research applications.

1.0.1 Objectives of the Thesis

• Design and development of a tactile gripper

• Characterization of tactile sensors of the gripper

A servo operated parallel jaw gripper is developed with mounting facilities for

the tactile sensors. Aluminum is used as the construction material due to its

light weight, strength and durability. Tactile sensors are also developed with an

aluminum housing. It contains a 4×4 array of taxels and means for external

connectivity.

Characterization of the sensor is done using a Universal Testing Machine. The

sensor is mounted on the test bed and forces were imposed on each taxel using

the load cell of the machine. Multiple readings were taken and used for charac-

terization of the sensor.
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1.0.2 Contributions of the Thesis

Research work presented in this thesis addresses the development and charac-

terization of a tactile array sensor for parallel grippers for use in object manipula-

tion. The developed sensor contains a 4×4 array of taxels each using a commercial

hall sensor and a magnet embedded in a silicon elastomer. It performs the tasks

of tactile force measurement, tactile image generation and contact localization.

Its ability to perform tactile force measurement is tested using a calibration

setup equipped with a Universal Testing Machine. The correlation between sensor

output and testing machine’s load cell output has been studied. Also tactile

image generation and contact localization has been tested with a Graphical User

Interface (GUI) built for the sensor.

1.0.3 Thesis Overview

The thesis consists of four other chapters to elaborately present the research

work carried out related to the topic. Contents of each chapter can be summarized

as below.

Chapter 2 discusses the design and functionality of most of the existing tactile

sensors & grippers in both research and commercial stages. Several types of

transduction principles, their implementation in tactile sensors, advantages and

disadvantages of each of them are also discussed. The types of available grippers,

methods of actuation and their usage are discussed at the end of this chapter.

Chapter 3 discusses the transduction principle, its application in the research

and methods of integration in the tactile sensor array. It also describes the

physical construction of the tactile gripper, fabrication processes, design of the

amplifier circuit and firmware.

Chapter 4 discusses the mapping of actual applied forces to hall sensor read-
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ings. Details of the experimentation setup, experimentation procedure, analysis

of the data and findings are discussed in separate subsections. A possible func-

tionality of the device, the potential to apply a super-resolution algorithm is also

discussed.

Final chapter of this thesis presents the conclusion of research work carried

out. It also discusses the limitations of the sensor and possible future directions

for this research to progress.
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Chapter 2

LITERATURE REVIEW

Tactile Sensing is a broad field of research spanning a multitude of technologies

and applications. While its primary goal is to deduce information on physical

contact between sensor surface and external objects, the implications are far

reaching. The magnitude of progression in this technology during the past decade

stands as a witness for this [1].

The ability of a tactile sensing system to provide a ’Sense of Touch’ [2] to a

functional robotics system enables major improvements to its ability on handling

objects. It also enhances and refines its capabilities in interacting with an uncer-

tain external environment. This applies to all types of robots alike and especially

to humanoids.

The inspiration for tactile sensing is obtained through the tactile sensing sys-

tem of human hand. The glabrous skin of human hand is made up of four

mechanoreceptors that are sensitive to stretching and compression of skin [3].

The receptors can be categorized as Rapidly Adapting or Fast Adapting (RA

or FA) & Slowly Adapting (SA) and each as Type I & II depending on their

functionality.

The rapidly adapting type has almost no response to static deformation of

skin, but responds rapidly to dynamic variations of skin deformation. On the

other hand slowly adapting type shows less sensitivity to dynamic deformations,

but responds readily to deformations that are more static or slowly changing.

They can also be categorized based on their receptive field, where type I denotes

6



Receptor
type

Receptive field
area (mm2)

Frequency range
(peak sensitivity) (Hz)

Amplitude threshold
for vibration (mm)

Effective stimulus

RAI 1–100 1–300(50) 2 Skin motion

SAI 2–100 0–100 (5) 30
Edges, points,

corners

RAII (PC) 10–1000 5–1000 (250) 0.01 Vibration

SAII 10–500 <8 (0.5) 40 Skin stretch

Table 2.1: Properties of the mechanoreceptive afferents of glabrous skin of the
human hand [3]

sensors with a smaller receptive field and vice versa. Refer to Table 2.1

In order to mimic the behavior of mechanoreceptors mentioned above, tech-

nologies have been developed in multiple forms [4]. Capacitive, Piezoresistive,

Piezoelectric, Optical & Magnetic are to name a few of such technologies. They

have distinct advantages and disadvantages over each other depending on their

application. Refer to Table 2.2.

2.1 Capacitive Tactile Sensors

Capacitive tactile sensing is a popular choice among researchers due to its

attractive features and ease of construction. Multitude of research have been

carried out using this technique with several innovations.

Capacitive tactile sensors employ the concept of electrical capacitance and its

variation to measure static and dynamic forces. Electrical capacitance is the

ability of two electrodes to sustain an electric charge when being separated by

a thin dielectric material. The effect depends on factors like material used for

dielectric and distance between electrodes.

When the distance between electrodes change, so does the capacitance. Ca-

pacitive tactile sensors exploit this fact by allowing tactile forces to be applied
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Transduction
technique

Modulated
parameter

Advantages Disadvantages

Capacitive
Change in
capacitance

Excellent sensitivity Stray capacitance
Good spatial resolution Noise susceptible

Large dynamic range
Complexity of
measurement electronics

Piezoresistive
Change in
resistance

High spatial resolution Lower repeatability
High scanning rate
in mesh

Hysteresis

Structured sensors Higher power consumption

Piezoelectric
Strain (stress)
polarization

High frequency response Poor spatial resolution
High sensitivity Dynamic sensing only
High dynamic range

Inductive
LVDT

Change in
magnetic coupling

Linear output Moving parts
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
Good reliability Non-conformable
High repeatability
High spatial resolution
Immunity from EMI

Strain gauges
Change in
resistance

Sensing range Calibration

Sensitivity
Susceptible to temperature
changes

Low cost Susceptible to humidity
Established product Design complexity

EMI induced errors
Non-linearity
Hysteresis

Multi-
component
sensors

Coupling of
multiple intrinsic
parameters

Combination of
advantageous parameters

Discrete assembly
Higher assembly costs

Table 2.2: Transduction techniques and their relative advantages and disadvan-
tages [5]
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(a)
(b)

Figure 2.1: (a) Arrangement of capacitive sensors over the fabric (b) Pattern of
conductive fibers on fabric [6]

on the electrodes of the capacitor thus varying their separation. The resulting

change in capacitance can be correlated with the actual forces being applied.

A basic example for this technology can be seen in the textile based capacitive

tactile sensor developed by Sergio et al. [6]. They have used a passive array of ca-

pacitors distributed over a piece of fabric. The capacitors are built by separating

a pattern of conductive stripes (on each fabric) using a dielectric material.

When pressure is applied, the dielectric material is compressed between the

fabrics creating variations in capacitance. Scanning over the entire array will

reveal this change is capacitance allowing to identify the pressure being applied.

Refer to Figure 2.1.

A more improved approach has been taken by Shkel et al. [7] using a solid

state capacitor. The capacitor has an elastic dielectric and has been tested for

normal loads against capacitors with an air gap as the dielectric material. The

authors claim that their capacitor provides higher sensitivity, large measurement

range and strong signal output.

An interesting research has been carried out by Arshak et al. [8] with a mod-
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(a) (b)

Figure 2.2: (a) Schematic of one pixel cell of the capacitive fingerprint sensor (b)
SEM of the fabricated tactile sensor [9]

ified dielectric layer. They have used a silicon material dispersed with carbon

black as the dielectric material for the capacitor. This will change the electrical

characteristics of the material, improving its permittivity. The result is a ca-

pacitive sensor with improved sensitivity. The effect tends to increase with the

increase of carbon loading.

Ko et al. [9] have developed a Complementary Metal-Oxide Semiconductor

(CMOS) Micromachined Capacitive Tactile Sensor to be used for finger print

reading. This research was carried out during a period where capacitive finger

print readers were uncommon. Optical finger print reading mechanism lacked

robustness. It wouldn’t respond well for stained fingers, cannot withstand vibra-

tions, were bulky and prone to frequent malfunctions. Often they could be fooled

with an identical printed media of the same finger print reducing its applicability

for security needs.

This research introduces a MEMS based capacitive sensor micro-machined on

a silicon wafer which aim to mitigate the above mentioned disadvantages. Refer

to Figures 2.2.

Another development on this methods has been done by Salo et al. [10], where

CMOS based micro-machining has been applied to develop medical tactile sen-
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(a)

(b)

Figure 2.3: (a) A hand of the humanoid robot iCub (b) A picture of the first
version of the fingertip [11]

sors. They have tried two processes to develop the capacitor, namely sacrificial

etching of aluminum or silicon dioxide. While sacrificial silicon dioxide etching

results in reliable dielectric gap formation, it also resulted in large variations of

stress properties, which made them inferior to membranes resulted from sacrificial

aluminum etching.

A noticeable development has been made by Schmitz et al. [11] where a capac-

itive pressure sensor is integrated into a finger tip. The capacitive sensor has 12

sensing zones, and are naturally shaped and distributed over the fingertip area

of the humanoid robot iCub.

The fingertip is made out of silicone, which makes it soft and compliant with

external surfaces. The electronic circuitry to perform A/D conversion is also built

into the fingertip, reducing the number of wiring and noise related issues. They

have tested the first prototypes with successful results. Refer to Figure 2.3.

Using the separation distance between two electrodes to measure tactile forces

has the default implication that normal loads would be imposed on the capac-

itor plates to cause that variation. As tactile sensing requires a comprehensive

description of the forces being applied, such a simple model would not suffice.

Shashank et al. [12] have tried to address this issue by developing a capacitive
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(a)

(b)

Figure 2.4: (a) The structure of the shear force sensor from top view (b) Partial
side-view of the sensor showing one plate and a displaced common plate due to
shear force [12]

tactile sensor that can detect shear forces.

The arrangement has two capacitive plates made by PCBs. In between them

is a common plate that can move according to shear forces being applied. The

arrangement is enclosed in a silicon coating to be held together.

Shear forces will displace the common plate, causing changes in the differential

capacitance, which in turn can be used to characterize the magnitude of the

forces being applied. However this sensor is only functional along one axis. The

authors expect to refine the design to allow the detection of shear forces along

two perpendicular axes. Refer to Figures 2.4 & 2.5.

Figure 2.5: Prototype board with sensor [12]
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An interesting approach has been taken by Chen et al. [13] in substituting

various materials for the dielectric layer. They have used a single layer of onion

epidermal cells as the dielectric layer for a parallel plate capacitor to create a 4×4

array of tactile sensors. Their sensor has good sensitivity and linearity and can

be used for biomedical and electronic skin applications. Refer to Figure 2.6.

(a) (b)

Figure 2.6: (a) Transparent onion epidermal cell layer as the dielectric material
(b) Schematics of the tactile sensor array with the onion epidermal cell layer
sandwiched between row and column electrodes [13]

In capacitive tactile sensors, a major limitation is the number of axes the

sensor is responsive to. It is usually limited to one axis (normal loads) and

occasionally to two axes (two shear stress directions). However, its lack of ability

to sense tactile forces in all three directions severely hinder its applications in

many practical scenarios.

Dobrzynska et al. [14] have created a tactile sensor that is responsive in all three

perpendicular directions using finger shaped electrodes. The simulated model of

the sensor comprises of finger shaped top and bottom electrodes and a dielectric

layer made with a novel combination of polymers. These characteristics make

the sensor very flexible and markedly sensitive to shear forces as well as normal

loads. Refer to Figure 2.7.

It has been demonstrated by Tee et al. [15] that a patterned micro-structure

on a dielectric layer can vastly improve the characteristics of capacitive tactile

sensors. Through finite element analysis, they have been able to create pyramid

shaped micro-structures on the dielectric layer that can dramatically reduce the
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Figure 2.7: (a) Conceptual view of the tactile sensor. (b) Finger shaped electrodes
(c) Fabricated sensors with varying geometry design [14]

mechanical modulus of the dielectric layer, thus improving the sensor’s flexibility

and sensitivity.

Liang et al. [16] have used this concept for developing a tactile sensor that is

able to do 3D force measurements. They have in fact used truncated pyramid

structures on dielectric layer so that the contact area between the dielectric layer

and electrodes is also improved.

The sensor array has been mounted on a prosthetic hand and used for object

grasping. The authors have been able to obtain successful results signaling the

viability of these sensors being applied for robotics and prosthetic applications.

Refer to Figure 2.8.

Figure 2.8: (a) The fabricated sensor array (b) bent by hand; (c) the lower
electrode layer, and (d) the truncated pyramid array [16]
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An interesting development has been made by Charalambides et al. [17], where

an all-elastomer 3D force sensing capacitive sensor is built. The electrodes of the

MEMS sensor is built using conductive elastomer, created by embedding carbon

particles inside of an elastomeric material. Dielectric material will be filled inside

electrode gaps, and additional material will seal top and bottom of the sensor for

protection.

Figure 2.9: Proposed sensor architecture [17]

The pillar in Figure 2.9 deforms in shear direction under shear forces and

compresses evenly under normal load. Under shear load, depending on the defor-

mation direction of the pillar, one electrode gap will increase while the other will

decrease. The differential capacitance (CB − CA) correlates with the magnitude

of shear force. Electrodes for each direction of shear stress is required.

Under normal load, the compression of the pillar will evenly increase both CB

& CA which correlates with the magnitude of normal force. The simulation was

done with successful results and a micro-fabrication process to develop the sensor

is also proposed.

Additionally more improvements that can be made to the dielectric layer [18]

and integrating these sensors on industrial grippers [19] have also been investi-

gated.
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2.2 Magnetic Sensors

When considering magnetic tactile sensors, there are three categories to con-

cern with namely; Hall Effect, GMI (Giant Magneto Impedance) and Electromag-

netic Induction. All three areas have been subject to significant research from

which notable research are mentioned below.

2.2.1 Hall Effect

Hall effect is the generation of voltage across a current carrying conductor,

transverse to the current propagating direction upon application of some magnetic

field. The effect is more pronounced in semiconductors thus commercial hall effect

sensors are available in the market for multiple applications.

Figure 2.10: Basic principle behind hall effect based tactile sensors [20]
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A hall effect sensor can be used to detect the change of a magnetic field usually

stemming from the change of position or orientation of a permanent magnet.

If some mechanism could be devised so that the position and orientation of a

permanent magnet could change based on the applied tactile force, a hall sensor

can be used to detect and quantify that force. Refer to Figure 2.10.

One of the first attempts at achieving the above has been made by Kyberd et al.

[21] in their force sensor which was then implemented on an artificial robotic hand.

Force detection, object slip detection, sensor resolution and reducing sensor’s

cross sensitivity have been studied. Refer to Figure 2.11.

Figure 2.11: Robotic hand with the sensor [21]

A more recent much improved version of the same research was done by Jamone

et al. [22] where they have developed a similar sensor (a small magnet embedded

inside a soft silicon body is attached to a hall sensor below) and fixed 17 of such

tactile sensors to an anthropomorphic robotic hand.

Two types of bodies are developed, one for the tip of the finger, and other for

a phalange of the finger. The authors report higher sensitivity, reduced hysteresis

and high repeatability than previous designs. Refer to Figure 2.12.

Paulino et al. [20] have further improved this technology by developing a 3-axis

tactile sensor that can sense shear forces in both directions and normal loads as

well. They have used a 3D hall sensor with a magnet embedded inside a silicon

body.
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Figure 2.12: Depiction of Sensor, Left: Fingertip Right: Phalanges [22]

The sensor is a low cost and easy to assemble device with multiple applications.

It has been developed into several shapes and integrated to the fingertip and

phalanges of an anthropomorphic hand for experimentation. The authors have

been able to obtain positive results with a minimum sensed force of 7 mN. Refer

to Figure 2.13.

Figure 2.13: Sensors fixed on fingertips and phalanges [20]

2.2.2 GMI (Giant magneto impedance)

GMI is the phenomena displayed by some materials by creating large variations

in electrical impedance upon changing magnetic field. Sensors working under this

principle can be used to detect magnetic field variation caused by the movement

of magnetic material due to application of tactile forces.

Alfadhel et al. [23] have come up with a novel application for this technology.

They have created artificial nano-composite cilia embedded in a Polydimethyl-
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siloxane (PDMS) layer. The nano-composites are made using iron nano wires

that has permanent magnetism. The GMI sensor is placed below this layer.

Application of tactile forces bend the cilia, changing the average magnetic field

felt by the GMI sensor. The change in impedance can be used to quantify the

tactile forces being imposed on the sensor. This sensor is very sensitive, power

efficient, multi-functional and can operate in both air and liquid (can detect liquid

forces as well). Refer to Figure 2.14.

Figure 2.14: The nanocomposite cilia based tactile sensor. The sensor mimics
the neuron in natural cilia. [23]

2.2.3 Electromagnetic Induction

Electromagnetic Induction is the phenomena where a change in magnetic field

creates an Electro-Motive Force (EMF) in a conductor. A conductor, preferably

a coil can be placed in a changing magnetic field usually generated by another

set of coils. Tactile forces applied on the conductor may deform it or change

its orientation, causing a change in EMF induced in the coil. This differential

voltage can be used to quantify the tactile forces being applied.
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One of the earliest developments were made by Li et al. [24] where a multi-

functional sensor was developed using two spiral shaped conductors. When the

two coils are used as electrodes, it has the property of capacitance. When one coils

is made to heat up and the other is used as a resistor, it can sense temperature.

And when coils are coupled magnetically, they have the property of inductance.

Figure 2.15: Proposed multi-functional sensor [24]

The authors have used the sensor to discriminate between metals. They high-

light the sensor’s ability to discriminate materials which has implications for

artificial skin development. Refer to Figure 2.15.

A novel attempt has been made by Futai et al. [25] by creating a series LC

filter as the sensing element. Tactile forces will deform the inductor changing the

resonant frequency of the circuit. The trap circuit can measure this change and

provide a signal output. Using multi-point acquisition, several sensing elements

can be measured at once.

The fabricated sensors were highly robust, highly sensitive and had high re-

peatability. When connected in series, two electrical lines and one signal fre-

quency could operate the entire system providing simplicity of design and oper-

ation. Refer to Figure 2.16.

Chen et al. [26] have extended the same concepts into microscopic region where
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Figure 2.16: Design of the sensor [25]

they have utilized carbon micro-coils (CMCs) made of polysilicone composites.

These CMCs change their inductance, capacitance and resistivity based on ex-

tension or contraction.

Sensors built using CMCs are multiple orders of magnitude grater than the

sensitivity of ordinary tactile sensors and can measure loads in the range of mil-

ligrams. They have various applications ranging from medical to aerospace and

robotics. Refer to Figure 2.17.

Figure 2.17: SEM of double helix carbon micro-coils: Diameter 4µm [26]

Same authors republished with an improved version of the same research [27].

They revised the CMC manufacturing process and created super-elastic CMCs

with enhanced properties. These modifications provided improved performance.
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Same authors also published a research where they developed the same sensor

with fingerprint type surface [28]. This further improved the sensitivity of the

sensor. They also found that during the application of dynamic loads, application

of such forces in a vertical direction to the epidermal ridges caused a two fold

increase of sensitivity to that of in the horizontal direction. Refer to Figure 2.18.

Figure 2.18: Surface morphology of fingerprint-type sensor elements. (a) Single
fingerprint, (b) multi fingerprint [28]

An improved method of fabricating CMCs is also developed by Motojima et

al. in [29].

Takenawa et al. [30] have proposed a electro-magnetic induction based tactile

sensor for 3D force measurement and tactile sensing. The sensor consists of a 2D

array of inductors and one permanent magnet embedded inside an elastomeric

material.

Tactile forces will deform the elastic body displacing the magnet. This move-

ment is sensed by the inductor array allowing the quantification of tactile forces

being applied or slip incurred. Refer to Figure 2.19.

Wattanasarn et al. [31] have developed a tactile sensor based on a similar

concept. The sensor contains from top to bottom a bump layer, detection coils

(2D array), spacer layer, excitation coils (2D array) and a bottom layer. The

layers are made of PDMS substrate.

The bump layer deforms according to shear and normal stresses applied. This

deformation causes the detection coils to deform. As they are coupled to the
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(a)

(b)

Figure 2.19: (a) Construction of each cell (b) Outlook of actual sensor [30]

alternating magnetic fields being generated from the excitation coils, this defor-

mation will cause a change in the EMF being induced in the detection coils. This

change can be used to quantify the tactile forces being applied. Thus the sensor

is capable of 3D force measurement. Refer to Figure 2.20.

Figure 2.20: Proposed 3D tactile sensor [31]

2.3 Optical Tactile Sensors

Optical tactile sensors utilize the detection of light particles that were reflected

or deflected according to some tactile forces being applied. Detection of light is

often done using a Charge Coupled Device (CCD) or CMOS device.

Ohka et al. [32] have developed a tactile sensor based on this concept. The
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sensor is able to detect both normal and shear forces. The sensor is equipped

with a rubber sheet (where forces are applied) and conical feelers below it. These

feelers maintain contact with an optical wave guide plate.

Application of normal forces will push down these feelers while shear forces

will displace the feelers horizontally. Lights beams reflected from the feelers are

captured through a light sensor to measure tactile forces. Refer to Figure 2.21.

Research based on a similar concept have been carried out by Piacenza et

al. [33] and Massaro et al. [34].

(a)

(b)

Figure 2.21: (a) Sensing mechanism of the sensor (b) Role of conical feelers [32]

The same authors have also improved the design by incorporating a columnar

feeler and a 2×2 array of conical feelers to the sensor [35]. Calibration of the

sensor has been done to obtain positive results.

Tan et al. [36] have developed an optics based sensor for underwater applica-

tions. Since most of the sensors developed for ground, air or space applications
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do not suit underwater applications, this designs proves to be useful.

The sensor utilized a spring based force transfer mechanism and an optical

fiber. Tactile forces are transferred to the optical fiber using the mechanical

design. These forces cause the optical fiber to deform causing a change in the

optical power output. Using the differential amount of power, the magnitude of

tactile forces can be calculated. Refer to Figure 2.22.

Figure 2.22: Structure of the tactile sensor [36]

Kobayashi et al. [37] have developed a tactile sensor for application on 3 degree

of freedom (DOF) robotic hand. The sensor utilizes a concept similar to [35] where

the reflected light travels through a optical fiber to a CCD camera. The authors

state that the sensor is capable of measuring 3D forces and could be applied for

dexterous object manipulation. Refer to Figure 2.23.

Lepora et al. [38] have improved on this concept to obtain tactile perception

with increased accuracy. [39] is also a similar research while [40] depicts a possible

application of using a CCD sensor for surface roughness measurement.

Xie et al. [41] have come up with a novel method for optical tactile sensing.

They have developed a 3×3 array of optical taxels that can be used for Minimally

Invasive Surgery (MIS). The system contains a 3×3 array of flexures coupled to

a set of mirrors that can change their position and orientation based on the

deformation of flexures.
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Figure 2.23: Three axis tactile sensor [37]

These mirros reflect light from a light source to an optical sensor. Any change

in light reflection due to tactile forces can be detected and measured by the optical

sensor. Refer to Figure 2.24.

Figure 2.24: Design of the optical tactile sensor [41]

Another noteworthy development in optical tactile sensors for MIS applications

is that of developed by Ahmadi et al. [42]. Their sensor is based on the bending

of an optical fiber upon contact with a tissue anomaly e.g. a lump. The novel

rod structure in the sensor enables accurate localization of the tissue problem

without the use of a sensor array. Refer to Figure 2.25.

A similar research is that of done by Fujiwara et al. [43].
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Figure 2.25: The structure of the tactile sensor [42]

2.4 Piezoelectric Tactile Sensors

Piezoelectric tactile sensors utilize the piezoelectric effect. The piezoelectric

effect is the ability depicted by piezoelectric materials to generate a voltage poten-

tial upon being subjected to mechanical deformation. When the sensing element

of a tactile sensor is built using a piezoelectric material, the voltage potential

generated by the sensing element can be used to characterize the tactile forces

being imposed.

However, the charge generated due to mechanical deformation of a piezoelectric

element is only short lived. To sustain the charge potential, the element should be

subjected to continuous or cyclic deformation. Therefore this methods is good for

dynamic force measurement, but lacks in robustness for static force measurement.

Kim et al. [44] have developed a MEMS based 3D force sensor using this tech-

nology. The sensor has a 10×10 array of micro-force sensors capable of measuring

3D forces up to 3N. Each micro-sensor is made using four strain gauges. Refer

to Figure 2.26. The size of entire sensor is 10mm×10mm.

Major improvements to this research were done by the same authors in 2009

[45].
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(a) (b)

Figure 2.26: (a) A single micro-force sensor with 4 strain gauges (b) Outlook of
actual sensor [44]

A popular piezoelectric material used by researchers for developing such sensors

is Polyvinylidene Fluoride (PVDF). It results in highly sensitive sensors and is

also compatible with micro-machining for MEMS applications. Several research

have been conducted using this material for sensor development [46,47].

Also a piezoelectric material called vinylidene fluoride (VDF) has been intro-

duced that contain advantageous properties over PVDF. It has a higher rem-

nant polarization and piezoelectric coefficient thus suitable for medical applica-

tions [48].

MIS is also a potential application field for these sensors. Several research

have been conducted under this area for sensor development. A MIS grasper [49]

(Figure 2.27), a miniaturized force sensor for tissue anomaly detection [50] and

a tactile slip sensor for a tele manipulator [51] have been developed using PVDF

fabrication technology.

(a)
(b)

Figure 2.27: (a) Grasper with an array of sensing units (b) Cross section of a
sensing unit [49]
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Bio-mimetic piezoelectric tactile sensors have also been developed. Wettels et

al. [52] have integrated an array of tactile sensing units to a compliant finger tip.

They mimic the activity of mechanoreceptors in a human finger tip. Refer to

Figure 2.28.

(a) (b)

Figure 2.28: (a) Internal structure of finger tip (b) Outer construction [52]

A similar attempt has been made by Liu et al. [53] where a 2×2 array of

piezoelectric sensors have been integrated on a finger tip. The authors have used

it for roughness encoding under various scanning velocities. Refer to Figure 2.29.

Using human like epidermal ridges to enhance the sensitivity of piezoelectric

tactile sensors has also been tried [54].

(a)

(b)

Figure 2.29: (a) Structure of single cell (b) Full Assembly [53]

Also thin film transistor technology has been used to develop ultra-flexible

piezoelectric sensors with enhanced properties [55]. Another application of piezo-

electric tactile sensing is for artificial skin development. The flexibility, dynamic
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range and simplicity in construction delivered by this technology makes it suitable

for this purpose.

Sim et al. [56] have developed a tactile sensor that suits for the use in artificial

skin development. The sensor is able to categorize a tactile sensation into sharp,

blunt, hot or cool categories. Also Seminara et al. [57] have developed a piezoelec-

tric transducer array for flexible applications. The sensors can be implemented

on an artificial skin. Refer to Figure2.30.

(a)

(b)

Figure 2.30: (a) Piezoelectric transducer array for sensation categorization [56]
(b) Piezoelectric transducer array for flexible artificial skin [57]

2.5 Piezoresistive Tactile Sensors

Piezoresistive materials have the peculiar property of changing electrical resis-

tivity upon application of mechanical deformation. This property can be utilized

in tactile sensing by integrating piezoresistive material into the sensing element

of the sensor.

Upon application of tactile forces, this piezoresistive element will deform caus-

ing a change in electrical resistivity of the accompanying circuit. This change in

resistance can be measured to quantify the tactile forces being applied.

30



Kumar et al. [58] gives a primary example on development and application of

such technology. They have integrated a resistive force sensor onto one claw of

a two jaw gripper equipped to a 5 degrees of freedom (DOF) robotic arm. They

have used the setup for grasp control.

The first consideration is to select a proper piezoresistive material. Poly-

dimethylsiloxane (PDMS) stands to serve as the material of choice in recent

research due to its bio-compatibility, flexibility, chemical inertness and high sen-

sitivity [59]. A NiCr based method has also been proposed for MEMS applica-

tions [60].

While designing tactile sensors, it is often necessary to have the capability of

sensing 3D forces i.e. shear stress in perpendicular directions and normal loads.

Wen et al. [61] have developed a three axis tactile sensor using a polymeric mem-

brane and four sensing cantilevers.

The cantilevers have two piezoresistive elements, one on the top surface and

other on the sidewall. Therefore deformation along perpendicular planes can be

captured. When the polymeric membrane causes all four cantilevers to deform

simultaneously depending on tactile forces applied on the membrane, change in

resistance of all elements can be used to quantify the tactile force. Refer to

Figures 2.31 & 2.32.

Figure 2.31: Enlarged view of the sensing beam [61]
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(a)

(b)

Figure 2.32: (a) Four piezoresistive sensing beams covered with polymer mem-
brane (b) Cross-section views of the sensor [61]

Another sensor operating on a similar concept has been developed for MIS

applications by Hu et al. [62]. A different approach for three axial sensing has

been taken by Pyo et al. [63] where a piezoresistive substrate is kept above a pair

of 2×2 interdigitated electrodes as in Figure 2.33.

The piezoresistive substrate is made by dispersing Carbon Nano Tubes (CNT)

inside of a PDMS body. This composition enhances the substrates flexibility and

electrical properties.

Tactile forces are transferred through the bump to the substrate. Its deforma-

tion will cause the resistance between electrodes to change, which can be captured

through an external electrical circuit. Some other interesting approaches for shear

force sensing can also be found in research of Hsieh et al. [64] & Noda et al. [65].

32



(a)

(b)

Figure 2.33: (a) CNT–PDMS composite-based tactile sensor (b) Four sensing
cells consisting of a CNT– PDMS composite [63]

The technology also has applications in object classification [66], hardness

detection [67] and contact localization [68]. Schurmann et al. [69] have proposed

a modular tactile sensor which can be assembled according to layout based needs.

This methods seems to be feasible when dealing with large sensor arrays instead

of building an entire sensor array with complex circuitry from ground up. Refer

to Figure 2.34.

Figure 2.34: Single sensor module [69]
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2.6 Tactile Super-resolution

Tactile sensors are often made as a single unit; or if in an array with a limited

number of sensing elements. This lack of resolution limits the amount of data

gathered from a contact surface.

Increasing the number of tactels to overcome this issue is not always practical

due to design constraints, size limitations and cost. Therefore it is necessary to

find some other feasible method to address this issue.

Tactile super-resolution is a technique stemming from optical super-resolution

microscopy. It involves sub-pixel image localization through centroid calculation

over several adjacent pixels [70]. This method can improve the tactile image

generated by a tactile array with limited resolution.

Heever et al. [71] have created a force sensing resistor (FSR) array for au-

tonomous neck palpation. The device feeds the tactile data acquired through

palpation to a super-resolution algorithm to enhance tactile data and detect tis-

sue anomalies in neck. Refer to Figure 2.35.

Figure 2.35: Complete device [71]

Lepora et al. [72] have made a more systematic approach into the concept

where they have integrated an array of capacitive sensors on a finger tip. The
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sensors are distributed over the finger tip and has broad, overlapping and sensitive

receptive fields.

The tactile perception method interpolates between the readings of the sensors

to attain sub-pixel acuity. The authors claim that they have improved the local-

ization accuracy up to 0.12mm from the actual spacing between sensors which is

4mm. Refer to Figures 2.36 & 2.37.

Figure 2.36: Tactile fingertip. (a) Flexible Printed Circuit Board (PCB) (b) Hard
core (c) Device covered in a soft silicon foam insulator [72]

Figure 2.37: Localization super resolution versus sensor resolution [72]
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2.7 Grippers

A key aspect to consider while developing tactile sensors is how to implement

those sensors on a object manipulation system. In addition to preliminary test-

ing and characterization of a sensor, it is of great importance to evaluate its

functionality during real time applications such as object manipulation.

Research has been underway for tactile grippers for a long period of time.

They have resulted in grippers being developed in both industrial and research

dimensions. Some grippers that are available today can lift weights up to 1000kg

[73], have excellent repeatability [74] and fast execution rates [75].

These grippers have found their applications in production industry [76], med-

ical field [77], space exploration [78] and several other fields [79,80].

2.7.1 Classification of grippers

Grippers in both research and industrial arena can be categorized according

to their number of jaws, methods of force/torque generation and methods of

force/torque transmission [80].

Number of Jaws

Jaws refer to the contact surfaces of the gripper that interact with the object

being grasped. Grippers with two parallel jaws [81] are the most common. They

perform simple grasps that often suffice for the task at hand. Where more se-

cure grasps are required three jaw grippers [82] can be used. The enclosed grip

performed by three jaw grippers often result in more stable grasps even with

arbitrary shaped objects.

Anthropomorphic robotic hands are grippers with four or more fingers that
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resemble the construction of human hand. Under actuated mechanisms are also

developed. They can be used to solve complex grasping problems including ma-

nipulation of irregular shaped objects.

(a) (b)

Figure 2.38: (a) 2 jaw Gripper [81] (b) 3 jaw Gripper [82]

Methods of force/torque generation

Grippers can utilize various force/torque sources to operate. Electric motors

are the most popular of them. Consisting of servo motors, stepper motors, DC

& AC motors, they provide an efficient, clean and easily controllable means of

actuation with the ability to handle heavy loads.

Pneumatic actuators are also used in grippers where they utilize pressurized

air and/or vacuum suction to operate. Their construction is simple and provide

high gripping forces with a relatively lighter system. Hydraulic operated grippers

are often found in large settings where high levels of load handling is required.

Cost and weight of such systems is high due to its necessary components such as

hydraulic oil reservoirs, pumps and circulation channels.
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Force/torque transmission mechanism

Several mechanical means of force/torque transmission can be found in grip-

pers. Linkages are most common of them. Gear and rack configuration, cam and

follower configuration and screw type actuation are also used. These configura-

tions determine how the movement is transferred to the jaws, force vs actuation

speed characteristics and how wide the jaws could open.

2.7.2 Grippers used in known environments

Industrial Grippers

Grippers used in industrial settings usually have information on grasp pa-

rameters. These parameters include position & orientation, size & shape, static

equilibrium on dynamic movements of the object. They usually use feedback on

dynamic change of those parameters using hall sensors, accelerometers, ultrasonic

sensors and photoelectric sensors [83].

Vacuum suction based grippers have also been used due to their advantages

such as the ability to lift wet, oily or slippery objects. They are also capable of

lifting large objects with minimum effect on the structure of objects. They have

been widely used in sheet metal fabrication [84], glass pane manufacturing [85]

and packing industry [86,87].

Medical Grippers

In MIS (Minimally Invasive Surgery) grippers are required to handle tissue

manipulation [88]. However, a common problem of such devices is the possibility

of tissue damage due to lack of fine control. Use of soft grippers have been

researched to avoid this problem by utilizing their self limiting features in force

application [89,90].
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Also research have been conducted for robot assisted surgery using grippers.

Notable research include a star shaped micro-gripper for tissue excision [91],

miniature gripper for tissue retraction [92] and 4 DOF (Degrees of Freedom)

surgical forceps for tissue manipulation with force feedback [93].

Figure 2.39: 4DOF sensorised surgical forceps for MIS developed by Kim et al. [93]

2.7.3 Grippers used in unknown environments

Grippers used in unknown environments require an extensive amount of in-

formation using sensors to evaluate its immediate surroundings. Most often,

acquiring these information requires a vision system. A vision system can eval-

uate the position of the gripper, position of the target object, its orientation

and roughly its velocity. Use of vision systems is commonly found in research

literature. These research include, picking up randomly oriented object from a

bin [94], semiconductor industry [95] and harvesting robots [96,97].

2.8 Research Gap

Though there have been much research conducted on tactile sensors, the in-

adequate amount of research carried out on tactile sensing systems/arrays limit
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their practical applications. These sensing systems and arrays overall have lim-

ited robustness with susceptibility to temperature, humidity and unexpected dis-

turbances. Also they lack consistency as their zero load outputs and pressure

response curves change over hundreds of cycles. This inconsistency also necessi-

tates individual calibration of each sensing element that is time consuming and

error prone.

2.9 Proposed Characteristics of the Tactile Sensor

The tactile sensor developed under this research will address the above issues.

It will consist of a robust tactile sensing array based on hall effect. Hall effect

based sensors are known to be robust, consistent and easy to fabricate. They are

also cost effective. The design of the sensor is compliant to surface irregularities

and can perform tasks such as tactile force recognition and contact localization.
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Chapter 3

DESIGN OF THE PROPOSED TACTILE SENSOR ARRAY

3.1 Application of Transduction Principle

The transduction method used in this sensor is magnetic transduction based

on hall effect. The Hall effect is the production of a voltage difference (hall

voltage) across an electrical conductor, transverse to an electric current in the

conductor and to an applied magnetic field perpendicular to the current [98]. This

phenomena and its applications in tactile sensors are described in the literature

review.

The above mentioned electrical conductor based hall effect applications are

difficult to implement. This is because to generate a considerably high hall volt-

age, the required current, magnetic field density and size of the conductor can all

be somewhat larger than what is acceptable as in scale for the development of a

tactile sensor.

Therefore semiconductor based hall effect generation has to be considered for

any practical purpose regarding tactile sensors. Though the actual mechanisms of

action can be quite complex than that of using an electrical conductor, semicon-

ductor based hall effect sensors are commercially available that are both robust

and cheap.

Such hall effect based sensor is kept stationary below a magnet that can move

freely inside an elastomeric material. Upon application of force on the elastomer,
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it deforms; causing a proportional variation of displacement of the magnet. Refer

to figures 3.1a & 3.1b.

Due to the change of magnetic field resulting from displacement of the magnet,

the reading from the hall sensor changes. This change can be related to the

applied force through deformation of the soft structure as described subsequently

in later chapters.

(a)

(b)

Figure 3.1: (a) Conceptual Design (b) Behavior upon application of force

Then a 4 × 4 array is constructed with each element being one of these con-

structions. Consequently, the base of the sensor contains 16 hall sensors in a 4

× 4 array and the elastomer above it contains 16 magnets in a likewise array

aligned one-to-one on top of each other.

Whenever the sensor comes in to contact with an object, forces acting between

the object & sensor cause the elastomer to deform. This deformation will change

the spatial arrangement of magnetic array residing in the elastomer.

This causes the alignment of flux lines (generated by magnet array) going

through the hall sensors to change. The hall sensors can detect this, and upon

proper calibration they can be used to characteristically relate the source of dis-

turbance i.e. tactile forces to spatial and temporal variation of hall sensor read-

ings.
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3.2 Design Criteria

The sensor is made with a rigid structure built from aluminum. The aluminum

container houses all internal parts of the sensor, provides space for external con-

nectivity and means of securing to a gripper. The overall size of the sensor is 64

mm × 64 mm and sensing area of the sensor is 42 mm × 42 mm. The size is

decided considering the range of objects the sensor is required to interact with

and expected strength of the frame.

On the inside, there is a 4 × 4 array of hall sensors on a Printed Circuit Board

(PCB). Next to it, there is a flexible elastomer with a 4 × 4 array of magnets

embedded inside. Hall sensor array directly resides next to magnet array, aligned

one-to-one. Refer to Figure 3.2.

Subsequent sections describe the design and construction of following parts of

the sensor.

• Elastomer

• Magnet Array

• Hall Sensor Array

• Aluminum Container

• Amplifier

• Signal Analysis and Processing

3.2.1 Elastomer

The elastomer performs one of the most crucial functionalities of the sensor i.e.

responding to applied tactile forces via spatial and temporal change of orientation

and position of the magnet array inside.
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Figure 3.2: Exploded view of the sensor

While developing the elastomer, two design aspects had to be considered. On

one side the elastomer should be durable. During continuous use of the sensor,

the elastomer gets touched, rubbed against & compressed by various sets of ob-

jects with diverse shapes and surface textures. This can happen hundreds if not

thousands of times during long term use.

As such the elastomer should considerably withstand wear & tear over a long

period of time. Due to this reason, the elastomer has been built with a material

that is both strong & durable but still soft & deformable.

By referring to commercially available products, a silicon elastomer marketed

as MoldMax 40 [99] has been selected to build the outer layer of the elastomer.

This material’s hardness added good surface properties for the outer surface of

the sensor. Also greenish and opaque nature added decent appearance as well.

However due to the hardness of this substance, it was not feasible to embed

the magnet array inside this material. During interaction of the sensor with

target object, often than not, it is the minuscule movements of the magnet array

that provide a comprehensive description about grasp condition. However the

hardness of this material could cause damping of those movements, potentially
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causing loss of information.

Therefore it was necessary to select a softer more compliant material than

above to embed the magnets, so that they can move more freely. But as per

above, we still needed the harder silicon material as well. So the trick is to create

a multilayered silicon elastomer with each type of material layered in parallel to

provide intended functionality.

Again opting to silicon based materials (due to their low cost, ease of fabri-

cation and durability) Ecoflex DragonSkin [100] has been selected as the ideal

candidate for the new purpose. The material had all the required properties and

also it allowed propagation of magnetic flux lines through itself reasonably well.

This was important for the functionality of hall sensors.

The construction was as follows. The outer later (MoldMax 40) was 1 mm thick

and covered the entire sensing area. It also ran inside the aluminum container,

securing the elastomer mitigating any relative movement between the elastomer

and aluminum construction.

It also had a 4 × 4 array of hemispherical ridges built on the outside. This was

done to enhance the grip between target object and sensor. This became useful

in later stages of development since enhanced surface friction between contact

surfaces increase the responsiveness of the sensor. It became sensitive to smaller

disturbances thus allowing to capture minor changes of tactile forces. Refer to

Figure 3.3a.

Then there was another 4 × 4 array of cylindrical ridges built on the inside of

the elastomer that was perfectly aligned one-to-one with the previously mentioned

array of hemispherical ridges. This was done to enhance the transmission of

tactile forces felt by the outer hemispherical ridges to the magnets embedded in

the elastomer by utilizing the same harder material to do so instead of using the

softer material. Refer to Figure 3.3b.
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(a) (b)

Figure 3.3: 3D Model of Outer Layer – (a) Hemispherical ridges on outside (b)
Cylindrical ridges on inside

The magnets (rare earth metal – neodymium circular magnets) used were 3

mm in diameter and 2 mm in thickness. They were placed on top of the cylindrical

ridges that possessed the same diameter as magnets.

A problem arise at this stage due to the strength of the magnets. They cannot

practically be kept on the elastomer till next stage of molding since they tend

to stick to each other at the slightest misalignment. Sticking the magnets to the

elastomer using Cyanoacrylate i.e. super glue has been tried, but the alignment

was not perfect.

If there was any misalignment between magnets after the elastomer was made,

it would act detrimentally for the performance of the sensor since each taxel

becomes non-identical to each other w.r.t to response. As random variations of

magnetic flux dispersed throughout the elastomer cause hall sensors to output

erratic signals. The sensor could become unreliable with regard to maintaining

sufficient correlation between input tactile forces and output hall voltages.

The solution was to add an intermediate layer of silicon (EcoFlex DragonSkin),

for the sole purpose of aligning and holding the magnets in place for subsequent

stages of development of the elastomer. This intermediate layer filled the cavity
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inside the outer layer, leaving necessary space for placing the magnets.

Figure 3.4: 3D model of Intermediate layer

After magnets were placed evenly in the holes, the inner layer of the elastomer

was developed. Initially it was planned to develop intermediate layer and inner

layer at once. But since it was met with practical difficulties, this method was

adopted. However, since both layers are built with the same material, the curing

stage fuse the two layers into one eliminating any relative movement between the

layers.

Also it should be noted that the intermediate layer sticks to the outer layer

extremely well even though they are built of two types of silicon materials. Thus

upon finishing the fabrication of elastomer, it behaves as one single unit rather

than three layers acting independently (This characteristic is critical to the per-

formance of the sensor).

To finish the fabrication of elastomer, the inner layer was developed on in-

termediate layer effectively trapping the magnets inside. Refer to Figure 3.5a.

Also on the open side of the inner layer, space was reserved to embed the hall

sensors since only then there would be no relative movement between the hall

sensor array and the elastomer itself. Refer to Figure 3.5b. Emphasis should be

made on the fact that the only relative movement desired is between the magnets
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themselves and hall sensors.

(a) (b)

Figure 3.5: 3D Model of Inner Layer – (a) Flat side touching the magnets (b)
Rectangular holes to receive SOT-23 package of the hall sensors [101]

After the fabrication was complete, the final elastomer consisted of three layers

fused with each other with magnets embedded. It also had space left for insertion

of the hall sensors. Refer to Figures 3.6 &3.7.

Figure 3.6: Exploded view of the elastomer

The fabrication of the elastomer was done using 3D printed molds. The pre-

pared substance (MoldMax 40 or EcoFlex DragonSkin) was poured into the mold

and allowed to cure as per given instructions. After a reasonable period of time,

the material was cured and the molds were be separated carefully.

Upon mixing with the curing agent, MoldMax 40 material was poured into the

bottom flange (red) of the mold. After allowing for the trapped air to escape, the
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Figure 3.7: Sectional view of the elastomer

outer-layer-flange was placed on top and pressure was applied till the mold was

closed. While pressure was being applied the excess material was squeezed out.

Refer to Figure 3.8.

This setup is kept to cure for the duration mentioned by the manufacturer.

Also small holes (1 mm in diameter) were drilled on the top flange to allow more

air to escape, or conversely to allow some air to enter in case of shrinkage.

Figure 3.8: 3D Model of the mold (Red & Violet) for outer layer – material is
poured into the flange depicted in red

After curing, the top flange was carefully removed. The outer layer was kept

without removal in the bottom flange. To create the intermediate layer, prepared

EcoFlex DragonSkin solution was poured into the cavity of the outer layer. Now

the intermediate-layer-flange was placed on the bottom flange and the subsequent

procedure was followed exactly as it has been done before. Refer to Figure 3.9
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Figure 3.9: 3D Model of the mold for intermediate layer (Pink) – material is
poured into the cavity of yellow colored outer layer over the blue colored cylin-
drical pattern

After curing and removing the top flange, the magnets were placed in the 4 ×

4 array of cavities formed by the mold in the intermediate layer. The magnets

were placed with coercivity direction in mind, so that they were all aligned in one

direction.

After placing the magnets, the inner layer was formed by pouring the prepared

EcoFlex Dragon Skin to the remaining space of the bottom flange. Then the

inner-layer-flange was placed on top and the previous procedure was repeated to

finish the construction of the elastomer. Refer to Figure 3.10. Figure 3.11 depicts

actual construction steps in developing the elastomer.

3.2.2 Magnet Array

The elatomer contained a 4 × 4 array of magnets embedded inside. They were

evenly spaced and placed in a single plane. The selected magnets were cylindrical

shaped rare earth metal (Neodymium-N50) magnets with 3 mm in diameter and

2 mm in thickness.
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Figure 3.10: 3D Model of the mold for last layer (Blue) – material is poured into
the flange depicted in red over the intermediate layer concealing the magnets

Figure 3.11: Steps in developing the elastomer from Left to Right – Outer Layer,
Intermediate Layer & Magnets and Inner Layer

The shape of the magnets were selected to ease the fabrication process. Circu-

lar & cylindrical shapes are easier to model and also such cavities can easily be

molded. They do not accompany complications related to edges or corners and

their symmetry greatly simplifies the analysis.

The size of the magnets were selected keeping in mind the size of the array and

overall size of the sensor. The strength of the magnets were selected considering

the shielding provided by the elastomer material. Higher the strength of the

magnet, more responsive the sensor would be. But if the strengths of the magnets
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were too high, it would saturate the hall sensor preventing it from operating fully

throughout its functional range.

A preliminary study has been done using magnetostatic simulation to probe

into the variation of magnetic field distribution. Magnet size (diameter & thick-

ness), Strength (grade–N50 etc.), spacing between elements in the magnet array

and perpendicular distance between hall sensor array and magnet array has been

varied during this analysis.

As it is difficult to present all simulation results for every variation that has

been tried, simulation results for the current variation is presented below. Under-

standing the distribution pattern of magnetic field for present design parameters

was key to designing subsequent circuitry that includes hall sensor selection, am-

plifier design and firmware development.

The design that was being simulated is as follows. Refer to Figure 3.12.

Figure 3.12: 3D Model of the simulated setup – Hall sensor array on the PCB &
Transparent view of elastomer

Blue colored panel denotes the PCB and brown colored cuboids on it represent
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the hall sensor array. These are 2 mm × 2 mm × 3 mm cuboids that are actual

dimension-wise representations of the real hall sensor according to manufacturers

specifications. The cavities formed in the elastomer are also molded accordingly.

Through the transparent elastomer, the positions of the magnets can be ob-

served. For simulation under no-load condition, the second row of magnets is

selected. Only one row consisting of 4 magnets is simulated here due to in-

crease of computational requirements accompanied by increasing complexity of

the model. As the structure is symmetrical, uniformity of testing parameters over

the entire array guarantees a similar distribution of electromagnetic field over the

entire elastomer. Thus simulating only one row suffices for our requirement.

Figure 3.13: Simulation Results–one row under no-load

The responsive range of the ss39et [101] hall sensor is typically between ±1000

Gauss. According to Figure 3.13 the magnetic flux density near the hall sensor

is 3̃24.69 Gauss. A field strength of that amount is detectable by the hall sensor

yet insufficient to saturate the sensor at the same time.

Moving away from the magnets, the magnetic field diminishes accordingly

reporting 1̃.149 Gauss in-between hall sensors in the vicinity of PCB. Thus it

can be deduced that cross talk between hall sensors due to overlapping magnetic

fields is kept at a minimum.

Figure 3.14 captures the magnetic flux distribution under maximum possible

compression of the elastomer. It is at this point the hall sensors feel the maximum
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Figure 3.14: Simulation Results–one row under full-load

field strength of the magnets. The hall sensors are exposed to a magnetic flux

density of 7̃45.89 Gauss which is a marked increase w.r.t the previous simulation

in Figure 3.13.

However this value is still below the saturation field density of the sensor which

enables reliable sampling of data throughout the full range from no-compression

to maximum compression of the elastomer. It should be noted that the distance

magnets have moved towards the hall sensor is only 1 mm between Figures 3.13

& 3.14 to cause this change in field density. Thus the sensor is extremely sensitive

to external disturbances such as tactile forces and to a lesser extent, noise.

The simulation was carried out using the Magnetostatic simulation module of

EMWorks plugin [102] for Solidworks.

3.2.3 Hall Sensor Array

The hall sensor array is the array of electronic elements that are sensitive to the

change of electromagnetic flux density caused by deformations of the elastomer.

As depicted in Figure 3.17 the hall sensors were arranged in a 4 × 4 array on a

PCB. The circuit board has an odd shape with extensions on two ends. These ex-

tensions allowed for a fixturing mechanism for securing the PCB to the aluminum

container so that it would not move relative to other parts during operation.
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The hall sensor used here is ss39et [101] Integrated Circuit (IC) developed

by Honeywell International Inc. Its low cost, small footprint i.e. Small Outline

Transistor Package–23 (SOT–23) and minimal current consumption characteris-

tics make it an ideal candiate for this purpose. Refer to Figure 3.15.

It has an operating voltage range from 2.7 DC Voltage (Vdc) to 5 Vdc of

which 5 Vdc is ideal. The response is linear i.e. output voltage (analog) varies

linearly with strength of the magnetic field. This behavior makes characterizing

the sensor immensely simple. The sensor has an operating temperature range of

-40–100◦C with null drift of ±0.1% ◦C−1.

Figure 3.15: ss39et sensor in SOT-23 package – package area is 4.4 mm × 2.4
mm

The sensor responds to both positive and negative Gauss with a typical range

of ±1000 Gauss. It outputs 2̃.5 Vdc at zero field strength and reaches zero volts

or Supply Voltage (VCC) depending on field direction. Thus was the necessity

to arrange magnets in the elastomer with identical coercivity directions so that

all hall sensors will have identical response to the movement of magnets.

As these hall sensors are required to respond to minor movements of magnets,

signal to noise ratio is a critical factor. Too much noise will drown out the fine

voltage variations generated by small changes in magnetic fields. Therefore it

is necessary to use filtering capacitors on VCC for each sensor to filter out high

frequency noise. The typical circuit is as follows.

For the complete setup, 16 of such circuits have to be arranged on one PCB

with interconnecting power lines and separate output lines. To increase robust-

ness, filter capacitors are added for each hall sensor’s power line separately. The

additional wiring requires a multi layer PCB, with two layers in total for power
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Figure 3.16: Circuit for one hall sensor

plane, ground plane and signal lines.

Power and output connections are made at the back of the PCB using Single in

Line (SIL) connectors mounted via Through Hole Technology (THT). All other

parts are mounted via Surface Mount Technology (SMT) to save space.

Figure 3.17: Hall sensor array

3.2.4 Aluminum Container

This is the assembly that holds all the internal parts of the sensor. It is

a rigid, corrosion resistant construction that is also aesthetically appealing. It

protects delicate inner parts against impacts, vibrations and prevents undesired

movement of parts by holding them tightly in place. It is made of 6mm thick

sheet of aluminum (a light, strong & durable material) and spray painted with a
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black protective coating.

Computer Numerical Control (CNC) machining has been used to route and

drill on the metal sheet. This allows sub-millimeter accuracy in development and

close approximation of multiple curvatures in the design. Though the cost of

CNC machining can be quite high, the benefits outweigh the expenses by a large

margin.

The construction has three parts namely flange, base and fixture. Initially the

fixture is attached to the base using two nut & bolt pairs. It provides means to

fix the sensor to an external device such as a gripper. Electronics are placed on

the base and space is provided for wiring through back of the base.

The odd extensions of the PCB perfectly aligns with grooves on the base thus

allowing proper securing of the hall sensor array. The elastomer is placed on top

and flange is secured using four nut & bolt pairs. Refer to Figure 3.18.

3.2.5 Design of the Amplifier

Magnetic flux density values obtained from the magnetostatic simulation de-

picted in Figures 3.13 & 3.14 are 3̃24.69 Gauss and 7̃45.89 Gauss for uncompressed

and fully compressed states of the elastomer respectively. Though there can be

minor variations of these values due to slight changes in material properties of

EcoFlex DragonSkin and trapped air bubbles in the elastomer, the overall behav-

ior is the same.

The typical response range of the hall sensor is ±1000 Gauss and above values

from simulation are in positive flux density response range of the sensor i.e. 0–

1000 Gauss. As per manufacturer’s specifications analog output of the sensor

varies linearly with the strength of the magnetic field between 0–VCC for ±1000

Gauss. VCC denotes the Direct Current (DC) supply voltage.

This means for positive Gauss values, the output varies between VCC / 2
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Figure 3.18: Exploded view of the complete construction
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and VCC. Accordingly, Vout (Output Voltage) for minimum and maximum com-

pression states of the elastomer can be calculated as follows. The typical supply

voltage i.e. 5 Vdc is considered. B denotes magnetic flux density.

Vout min =
V CC

2
∗ (1 +

Bmin

B+ve range
) (3.1)

According to Equation 3.1 the minimum voltage output can be calculated.

Vout min =
5

2
∗ (1 +

324.69

1000
) = 3.312V

Similarly,

Vout max =
V CC

2
∗ (1 +

Bmax

B+ve range
) (3.2)

Vout max =
5

2
∗ (1 +

745.89

1000
) = 4.365V

It is evident from above that the range of variation in Vout is 4.365 - 3.312

= 1.053V. When using an Analog to Digital Converter (ADC) to capture this

signal, this range of variation matters. The ADC used for this sensor, that of

development board Teensy 3.6 [103] has a resolution of 13 bits. This is a quite

high resolution compared to what is offered by other alternatives such as PIC or

Arduino and enables in detail analysis of variations in force. However to gain this

advantage, it should be implemented properly.

Teensy is a microcontroller that works in 3.3 V logic level, thus its ADC works

in the same range as well. Feeding it a voltage ranging from 3.312V to 4.365V

may cause it to malfunction or fry the chip as well. Thus circuitry is needed to

create an output voltage signal that varies between 0–3.3V from an input voltage
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signal varying in the range 3.312–4.365V.

First the null offset (3.312V) should be removed so that a clean signal is ob-

tained that varies between 0–1.053V. As this is only a fraction of ADC’s con-

version range, performance can be increased by scaling the range 0–1.053V to

0–3.3V.

A differential operational amplifier has been used to accomplish the above

task. A differential operational amplifier is the setup of an Operational Amplifier

(op-amp) where it amplifies the voltage difference between its inverting and non-

inverting inputs. The typical circuit diagram is as follows. Refer to Figure 3.19.

Figure 3.19: Typical arrangement for a Differential Operational Amplifier

The circuit acts as a voltage subtractor/multiplier where the difference of volt-

age betweeen V1 & V2 is amplified by a factor decided by some ratio between

the resistors R1, R2, R3 & R4. For simplicity of design, resistor values can be set

such that R1 = R2 & R3 = R4. This gives the general equation for differential

operational amplifier as in Equation 3.3.

Vout =
R3

R1
∗ (V2 − V1) (3.3)

A reference voltage Vref should be set so that it is always equal to the null

offset voltage i.e. 3.312V. A voltage divider can be used to do this. The voltage

divider will require 1 fixed resistor and 1 linear potentiometer to fine tune Vref
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to the required value since a value like 3.312 with multiple decimal places cannot

be reproduced using standard resistor values. By setting V1 = Vref this amount

will always be subtracted from the input signal thus getting rid of the null offset.

Then the resistor values for R1 & R3 should be chosen to do the scaling between

0–1.053V to 0–3.3V. Following calculation can be done.

From Equation 3.3:
R3

R1
=

Vout
(V2 − V1)

Setting Vout = 3.3V, V1 = 3.312V & V2 = 4.365V:

R3

R1
=

3.3

4.365− 3.312
= 3.134

Thus R1 = 10 kΩ & R3 = 33 kΩ or any other combination that keeps the

amplification factor between 3–4 can be used. Resistors in kilo ohms range are

preferred as they reduce current consumption. For the sample circuit refer to

Figure 3.20.

Figure 3.20: Op-Amp circuit for one hall sensor

Reference voltage is obtained using the voltage division done by RV1 Preset

and RX (1 kΩ) resistor in series. U1 is the Op-Amp arrangement. SIL Connector
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J3 handles power and SIL Connector J4 handles input via X 1 pin and output

via OP 1 OUT pin.

A 3.3V zener diode will ground the output through reverse bias for protection.

For any reason the output voltage should go beyond 3.3V, the zener breakdown

effect will ground the excess current thus protecting the ADC from damage. Also

a 1 µF filter capacitor (C1) at power lines will stabilize VCC thus preventing high

frequency noise from leaking into amplifier’s output.

The circuit depicted in Figure 3.20 is good for one hall sensor, but not for

16. Therefore an array of such elements are required to handle the signal output

from all hall sensors simultaneously. For this the LM324 [104] provides a feasible

solution. It is a low power, high gain, single supply integrated circuit with Quad-

Operational Amplifiers.

Using four of these ICs with previous circuitry, sixteen Op-Amp circuits can

be designed with added convenience. Designing the PCB was a bit of complex

task, considering the large number of parts that required soldering and numerous

interconnections between them. Thus the PCB was designed into 4 layers and

used both SMT and THT technologies. Refer to Figure 3.21.

Figure 3.21: Op-Amp Array for Tactile Sensor

It also describes the construction of parallel jaw gripper built to support the

applications of the sensor.
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3.2.6 Signal Analysis and Processing

The amplifier outputs an analog voltage in the range 0–3.3V for compression of

the elastomer between its idle and maximum compression states. These voltages

are fed to the development board [103] and captured through the onboard 13bit

ADC. The data can be visualized in real time using the serial output module

of the board and also data can be saved using the onboard SD card read/write

module.

Writing data to SD card carries convenience in data acquisition and gets rid

of systematic errors attached to serial port data transfer such as packet loss.

Raw data (no filtering) is captured, saved and subsequently transferred to the

computer for analysis.

Data is obtained for the idle state i.e. nothing is pressing against the elastomer

and for excited state i.e. a random deformation is made on the elastomer. Data

is captured for 5 seconds with a sampling rate of 1 kHz. Sampling rate is decided

through previous experience on the same development board considering ADC

conversion delay, SD Card read/write delay and clock cycle. Refer to Algorithm 1.

Algorithm 1: Run ADC to get Hall Sensor Data

Data: Hall Voltage: V
Result: 13bit Value: X

1 begin
/* Timer interrupt frequency is 1 kHz */

2 while True do
/* Loop runs indefinitely */

/* INT is set to 1 when timer interrupts */

3 if INT = 1 then
4 X ← ∇(V ) // ∇ is the conversion function of ADC

5 INT ← 0
6 SDCard ← append(X)

The typical waveforms obtained during the experiment are as follows. Refer to

Figure 3.22.
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It is evident from Figures 3.22a & 3.22b that a high amount of noise is present

in the output. This noise should be filtered out before further processing. To

implement a signal filter, the nature of noise should be identified.

By analyzing the frequency components of a signal, specific noise frequencies

can be identified. Since it is possible to filter out these specific noise frequencies

using low-pass, high-pass or band-pass filters, the signal can be filtered without

significant attenuation of useful information. Therefore a Fast Fourier Transform

(FFT), a computationally less expensive & efficient version of Fourier Transform is

applied to above depicted signals. The results are as follows. Refer to Figure 3.23.
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(a)

(b)

Figure 3.22: Signal Waveforms – (a) Idle state (b) Random excitation
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FFT plot shows similar information for both scenarios i.e. idle state and

random excitation. Thus FFT only for random excitation is given in Figure3.23.

As it can be seen there are no dominant frequencies of noise. The impulse at 0 Hz

is due to the DC signal of excitation and rest of the signal power is distributed over

a continuous spectrum with random distribution. This is a key characteristic of

random noise and this uncertainty of measurement is quite common in electronics.

A moving average filter can be used to filter out this noise. An exponential

moving average filter is an ideal solution in this scenario due to its less processing

power and memory requirements considering that it has to run inside a micro-

controller. It also has minimum lag and its behavior can be reasonably controlled

according to our requirements.

The characteristic equation of an exponential moving average filter is given in

Equation 3.4.

y[n] = (1− α)y[n− 1] + αx[n] (3.4)

y[n] Current estimate of output (at nth instance)

y[n− 1] Previous estimate of output at (n− 1)th instance

x[n] Current noisy measurement

α A value between 0–1

The behavior of the filter is different for each value of α. For higher values of

α, priority is given to current measurement, thus less filtering is done. For lower

values of α, the impact of new measurements are attenuated thus more filtering

is done. However this reduces responsiveness of the filter for quick changes of

input i.e. lagging.

Therefore the selection of α is a tradeoff between sensor’s responsiveness versus

precision. Thus some definite criteria is needed to decide this tradeoff. For
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measuring tactile forces, the sensor should be accurate and precise. If we assume

that the tactile forces are not changing quickly i.e. reasonably static forces are

being applied, we can neglect all the frequency components above 1 Hz.

This way, stability of the sensor can be improved with a reasonable tradeoff

between lag while still maintaining adequate functionality. It will be assumed

that the sensor is only required to measure the magnitude of forces that are

reasonably static i.e. signal frequency is close to zero Hz.

Thus the Exponential Moving Average (EMA) filter should be applied here as

a low pass filter, where its cutoff frequency is decided using the value of α. By

taking the Z Transform of Equation 3.4 and solving for the -3 dB corner of the

filter one can obtain,

α = cos(Ω3dB)− 1±
√

cos2(Ω3dB)− 4 cos(Ω3dB) + 3 (3.5)

Ω3dB is the half power (3dB) normalized frequency in radians. α cannot be

negative thus only the +ve answer from above is valid. Since,

Ω3dB =
2π

Fs
f3dB (3.6)

where Fs is the sampling frequency and f3dB is the cutoff frequency expressed

in Hz, α can be calculated as follows.

Setting Fs = 1000Hz and f3dB = 1Hz,

Ω3dB =
2π

1000
∗ 1 = 6.2832× 10−3 radians/sample
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Figure 3.24: Filtered Signal

Assigning to Equation 3.5,

α = cos(6.2832× 10−3)− 1

+

√
cos2(6.2832× 10−3)− 4 cos(6.2832× 10−3) + 3

= 6.2635× 10−3

Refer to Algorithm 2 for implementation.

Algorithm 2: Run EMA Filter

Data: 13bit Value: XN

Filter Ratio: α
Result: 13bit Value: YN

1 Apply EMA Filter to smooth out data
2 begin
3 YN−1 ← Previous EMA output
4 YN ← (1− α) ∗ YN−1 + α ∗XN

Figure 3.24 shows a plot between signal amplitude vs. time after signal filtering

is done using EMA filter with the above mentioned value for α. Original signal

is also depicted in the background.
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According to this figure, it is apparent that the output signal lags behind the

input signal. However this effect is minimal and the signal noise is satisfactorily

eliminated. Therefore this output can be used for sensor characterization after

following.

According to Figure 3.22a, it can be seen that a null offset is present. Behavior

of this null offset is such that upon starting or restarting of the system, it begins

with a non-zero value, keeps fluctuating & its value at any particular point of

time is uncertain.

For example, consider a time duration of 10 seconds since start of operation.

No compression is applied on the elastomer thus the system is in its idle state. The

output from the EMA filter indicates a non zero value that has minor variations.

These variations as well as the offset value itself is not predictable. It is systemic

thus cannot be eliminated and can only be compensated.

Therefore for 10 seconds since startup, the signal will be studied to decide

the best counter-offset value. The duration is arbitrary, but through several test

runs it was observed that after such duration the result is satisfactory. If the

counter-offset is too low, the sensor will not indicate a zero output at idle state

and if the counter-offset is too high, the sensor will indicate negative values at

idle state. Averaging the output along the entire duration is also not sensible

since an EMA filter is already applied.

Therefore a calibration stage is carried out for 10 seconds. 3 seconds are

reserved for the EMA filter to converge. During the next 7 seconds, the maximum

value of filtered output Xmax & minimum value of filtered output Xmin is searched

for and memorized. Then the offset is calculated according to Equation 3.7.

Offset = Xmin +
Xmax −Xmin

2
(3.7)

Hence, the output value of the filtered and offset corrected signal will be,
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Signal Output =

Signal Input – Offset, if Signal Input > Offset

0, otherwise

Here Signal Output denotes offset corrected signal. Signal Input denotes signal

to be corrected. Algorithm 3 depicts pseudo code for offset estimation.

Algorithm 3: Offset Correction

Data: EMA Filter Output: YN
Result: Offset Corrected Output: Y N

1 begin
2 T ← Time // Current time in milli seconds

3 t ← 0 // Time stamp of previous iteration

4 Xmax ← 0 // Maximum offset value

5 Xmin ← 10000 // Minimum offset value; Initial value should

be > MAX(YN), is arbitrary and required for convergence

6 X ← 0 // Estimate for offset value

7 while T - t ≤ 10000 do
/* Executes for 10 seconds */

/* Allow 3 seconds for EMA Convergence */

8 Y N ← YN −X
9 if T - t ≤ 7000 then

/* Run below code for remaining 7 seconds */

10 If YN > Xmax → Xmax = YN
11 If YN < Xmin → Xmin = YN

12 X ← Xmin +
Xmax −Xmin

2
13 if YN −X > 0 then
14 Y N ← YN −X
15 else
16 Y N ← 0

For complete code for the tactile sensor refer to Appendix A.1.
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3.3 Design of the Parallel Jaw Gripper

The gripper is made by CNC machining a 6mm thick aluminum sheet. Alu-

minum provides necessary strength and light weight. The parallel jaw mechanism

operates through a gear system driven by a Servo Motor. The servo motor is con-

trolled using a micro maestro servo controller.

Servo motor is attached to the driving wheel using a D-Shaft and a coupling.

The links move relative to each other on bearings attached to each element and

center shafts. Refer to Figure 3.25 & 3.26.

Figure 3.25: Parallel Jaw Gripper - Assembled View

3.4 Hardware Setup

Two identical tactile sensors are fixed on each jaw of the gripper. Refer to

Figure 3.27. Servo controller connects to the computer through USB. Thus the

gripper can be controlled through code and Maestro Control Center (a useful

software bundled with the servo controller) as well. This allows rapid demonstra-
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Figure 3.26: Parallel Jaw Gripper - Exploded View
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Figure 3.27: Parallel Jaw Gripper with Tactile Sensors attached

tion and programming. The servo motor used here is a Hitec HS-5585MH Servo

with enough torque to entirely compress the silicon elastomer on each side of any

object.

It requires a 7.4V external power supply that is provided through an adjustable

DC bench power supply. By adjusting the maximum allowable current through

the motor, the stall torque can be controlled thus preventing any damage to the

sensors or motor itself.

For an actual photo, refer to Figure 3.28.
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Figure 3.28: The complete experimental setup
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Chapter 4

CHARACTERIZATION OF THE SENSOR ARRAY

Throughout the previous chapter, an extensive description of the design of the

sensor was presented. But to realize its purpose i.e. measure tactile forces, a

quantitative relation between its signal output and mechanical forces imposed on

it must be derived. To do so, a sensor characterization process must be carried

out using a calibration setup, an experimentation procedure and results analysis.

4.1 Calibration Setup

During the design stage of the sensor, it was fabricated so that the sensor has 16

individual channels of response. These 16 separate outputs give rich information

about the deformation of the silicon elastomer due to application of tactile forces.

As they were designed keeping in mind their response to normal forces applied

on them, a quantitative relation must be established between taxel’s output signal

vs. actual normal force applied on it. Here taxel means one of the 16 individual

elements in the 4 × 4 array of the sensor. Refer to Figure 4.1.

As such a mechanism is needed to be devised so that a normal force can

be applied on each taxel and be measured at the same time. This required

a calibration device with sufficient accuracy, precision and capability for such

purpose.

For this purpose, the Universal Testing Machine (Testometric - 10KN M350-
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Figure 4.1: A taxel is the combination of elements that provide a seperate voltage
output for compression of elastomer

10 AT) was used [105]. The load cell of this machine can measure forces up to

10kN. It can measure both tensile and compression forces, where in this case

compression forces were measured. Refer to figures 4.2a & 4.2b.

The sensor was fixed to the bottom cylindrical pin using a custom made fixture.

Another fixture was fixed to the load cell on the top with 16 pin heads on a 4×4

array. These pin heads were aligned with the same array of taxels in the sensor.

Refer to figures 4.3 & 4.4a.

By bringing down the load cell, these pin heads can be imposed on the tactile

sensor thereby deforming the elastomer. At the same time the total force acting

on the tactile sensor can also be measured using the load cell reading. Therefore

the force acting on each taxel is 1\16th times the load cell reading. The load cell

reading was logged against time by the testing machine.

Parallel to the above operation, the sensor sent data to the computer at a

sampling rate of 1kHz. This data was recorded by a data logging software custom

built for this purpose using C#.
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(a)

(b)

Figure 4.2: (a) Universal Testing Machine (b) WinTest Software Interface

4.2 Experimentation Procedure

The experimentation procedure was as follows.

The procedure was performed using two methods namely Displacement step

method and Force step method. Each method was sub divided into a loading

phase and unloading phase. The process was repeated for each orientation of

the sensor, rotating clockwise against identical initial position. This was done

to reduce errors introduced by asymmetries of the silicon elastomer or minor

misalignment of the setup.
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Figure 4.3: Tactile Sensor fixed to the Universal Testing Machine
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4.2.1 Displacement Step Method

Under this method, the load cell was brought down in 0.25mm increments. At

each increment the load cell was kept still for 30 seconds. A total of 14 steps

were done. Total number of steps were selected w.r.t the maximum allowable

displacement of the silicon elastomer (3.5mm).

The same procedure was repeated but this time the load cell was moving

along the reverse direction i.e. away from the elastomer. The full procedure was

repeated for the remaining three orientations of the tactile sensor.

4.2.2 Force Step Method

Under this method, the load cell was brought down in 2N increments up to

the maximum allowable displacement of 3.5mm. The same procedure was per-

formed for the unloading phase as well. This was repeated for the remaining

three orientations of the sensor.

During experimentation the WinTest UI and Data Logger App presented cur-

rent state of the experiment. The data was saved for subsequent analysis as

well.
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(a) Final Setup

(b) Running the experiment

Figure 4.4: Using the Universal Testing Machine to Characterize the Tactile
Sensor
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Figure 4.5: Sensor Reading, Load Cell Reading vs. Time: Displacement Step
Method
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Figure 4.6: Sensor Reading, Load Cell Reading vs. Time: Force Step Method
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Figure 4.7: Sensor Reading vs. Load Cell Reading: Displacement Step Method
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Figure 4.8: Sensor Reading vs. Load Cell Reading: Force Step Method
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(a) Sensor Reading vs. Load Cell Reading: Displacement Step Method–Average Values

(b) Sensor Reading vs. Load Cell Reading: Force Step Method–Average Values

Figure 4.9: Generalized Characterization for the Sensor
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(a)

(b)

Figure 4.10: (a) Graph being drawn on WinTest Screen (b) Data Logger App
recording data

4.3 Analysis

For displacement and force step methods, each taxel reading and corresponding

load cell reading was plotted against time. Data sets from different orientations

were averaged prior to that. During the displacement step method, the maximum

force reported by the orientations 1 & 4 were greater than that of 2 & 3. Due

to this discrepancy, only the results for the highest forces (orientations 1 & 4)

were presented. However results for orientations 2 & 3 depicted similar behavior.

Refer to Figures 4.5 & 4.6.

The load cell was not sensitive to the lower end of force spectrum the tactile

senor was sensitive to. Therefore this region had to be excluded during the

analysis. This was a limitation of the experiment.

Then each taxel reading was plotted against the corresponding load point for

both methods. Polynomial regression has been applied to obtain a correlation

between the sensor reading and applied load. Refer to Figures 4.7 & 4.8. The

amount of correlation (R-Squared value) and taxel hysteresis has been calculated

using this data. Refer to tables 4.1 & 4.2.
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To obtain a generalized result, readings from each sensor were averaged. Those

averaged data points were plotted against corresponding force values as in Fig-

ures 4.9a & 4.9b. Through these calculations, average values for hysteresis and

R-Squared values were obtained for the sensor. Refer to Table 4.5.

An impairment of correlation between sensor readings and applied force values

is evident through reduced R-Squared values during unloading. This is due to

the hysteresis caused by material properties of the silicon elastomer. Silicon is

a viscoelastic material, thus takes time to restore after deformation. However,

response to compression was rather quick albeit the opposite during relaxation.

Best regression fit was obtained using a second order polynomial equation.

The coefficients of each equation can be used to characterize the relation between

applied force and sensor reading for each taxel. Refer to Tables 4.3 & 4.4. A

generalization of these values for all taxels was also calculated using mean values

of sensor readings. Refer to Table 4.5.

This non linearity was introduced by the change in magnetic fields that vary

with distance coupled by the elastic properties of the elastomer. Even though the

hall sensor responds linearly to changing magnetic fields, above factors changed

the linear response.

4.4 Drift and Noise Characteristics

The drift of each taxel was tested using two methods. During one method, the

taxel was allowed to drift in no load state for 2 hours. Taxel output was logged

every 1 second. During the second method, a 0.5N force was constantly applied

on the taxel and allowed to drift for 2 hours. Same as before, taxel output was

logged in 1 second intervals.

During the no load phase, no change in sensor output was noticed for the first
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Taxel No.
Displacement Step

Method %
Force Step
Method %

1 10.92 7.75
2 14.49 11.38
3 13.37 12.29
4 11.2 8.83
5 13.16 9.84
6 12.66 10.58
7 8.8 8.69
8 7.02 9.57
9 12 11.12
10 11.05 10.23
11 11.32 11.73
12 6.83 8.66
13 14.08 8.17
14 15.55 10.45
15 12.59 10.38
16 8.77 9.24

Table 4.1: Tactile Sensor: Hysteresis values of each taxel

Taxel No.
Displacement Step

Method
Force Step

Method

Loading Unloading Loading Unloading

1 0.94 0.84 0.98 0.92
2 0.98 0.93 0.99 0.94
3 0.98 0.92 0.99 0.93
4 1 0.97 1 0.98
5 0.95 0.87 0.99 0.96
6 0.93 0.86 0.96 0.88
7 0.96 0.9 0.97 0.91
8 0.99 0.94 1 0.96
9 0.97 0.9 0.99 0.93
10 0.92 0.86 0.95 0.86
11 0.9 0.81 0.96 0.89
12 0.99 0.94 1 0.97
13 0.95 0.87 1 0.97
14 0.91 0.83 0.98 0.92
15 0.93 0.85 0.99 0.94
16 1 0.96 1 0.97

Table 4.2: Tactile Sensor: R-Squared values of regression lines
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Taxel No. Loading Unloading

a b c a b c
1 -1482.40 4175.24 -82.71 -1905.16 4389.49 436.26
2 -1099.00 4086.70 133.47 -1770.57 4751.88 548.42
3 -924.69 3463.53 22.32 -1554.29 4086.91 402.68
4 -107.13 991.82 0.29 -343.04 1200.61 178.07
5 -1531.57 4541.86 191.67 -2120.64 5098.42 586.69
6 -1739.17 4673.16 453.73 -1980.71 4662.77 960.17
7 -1055.53 3260.30 205.58 -1427.03 3590.92 483.87
8 -559.55 2385.18 -63.30 -1069.28 2981.91 113.24
9 -1397.19 4536.46 382.16 -2046.08 5147.79 838.11
10 -1885.66 5016.11 672.93 -2088.52 4925.55 1225.48
11 -2216.42 5561.07 483.72 -2474.60 5522.35 1049.65
12 -553.29 2396.55 -10.94 -1010.86 2904.12 189.56
13 -1731.19 4999.48 107.00 -2218.11 5316.62 618.50
14 -2034.29 5217.64 508.10 -2215.33 5031.76 1130.22
15 -1622.39 4455.71 296.33 -1942.47 4550.21 793.06
16 -374.82 2383.84 -59.29 -998.57 3108.71 168.76

Table 4.3: Coefficients list for the quadratic regression functions obtained for
loading and unloading phases of displacement step method

Taxel No. Loading Unloading

a b c a b c
1 -1688.90 4218.59 -36.96 -2830.36 4798.10 256.94
2 -1659.81 4860.06 187.14 -3204.52 5887.57 394.55
3 -1713.40 4887.47 182.81 -3329.02 5906.09 444.37
4 -26.20 2232.06 72.15 -1271.43 3091.24 220.21
5 -1085.06 3926.37 192.39 -2513.77 4983.29 297.99
6 -3168.75 6236.79 426.41 -4514.72 7075.94 640.77
7 -1967.08 4450.35 261.92 -3138.14 5247.61 397.13
8 -816.66 3456.44 99.73 -2183.23 4439.74 224.12
9 -1556.68 4357.06 196.04 -3183.85 5558.32 322.57
10 -3326.99 6302.28 403.88 -4609.56 7093.22 611.44
11 -3192.37 6569.58 387.26 -4714.51 7554.02 601.08
12 -664.10 3083.13 77.82 -1912.38 3986.71 188.76
13 -631.48 2999.97 68.84 -1768.59 3773.88 211.05
14 -2109.47 5170.30 291.72 -3484.05 6047.22 503.60
15 -1811.15 4880.02 227.95 -3195.31 5767.95 441.47
16 -223.73 2550.64 43.59 -1561.63 3509.33 174.53

Table 4.4: Coefficients list for the quadratic regression functions obtained for
loading and unloading phases of force step method
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Average from all
taxels

Displacement Step Method Force Step Method

Loading Unloading Loading Unloading

Hysteresis 13.29 11.49
R-Squared Value 0.96 0.89 0.99 0.93

Table 4.5: Hysteresis and R-Squared values calculated from the mean of all data

Displacement Step
Method

Force Step
Method

Loading Unloading Loading Unloading

a -1269.64 -1697.83 -1602.61 -2963.44
b 3884.04 4204.38 4386.32 5295.01
c 202.57 607.67 192.67 370.66

Table 4.6: Coefficients of the quadratic regression function obtained using the
mean of all data

5000 seconds. During the remaining period of time, sensor drift appeared in all

four hall sensors. During the loaded phase, no considerable change in output was

observed upto 6000 seconds.

Figure 4.11: Sensor Drift - No load

According to manufacturer’s specifications ss39et is a reasonably stable sen-

sor with minimum drift. The change in output is between ±0.1%◦C−1 [101].

These experiments were carried out in a temperature controlled environment

(air-conditioned) minimizing the amount of drift introduced by changes in envi-

ronmental temperature. Thus drift evident in Figure 4.11 is almost related to the
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Figure 4.12: Sensor Drift - 0.5N Force

heating of sensor elements along with time.

When referring to Figures 4.11 & 4.12, scale on the Y-Axis should be noted.

Though not visible, drift similar to Figure 4.11 might be present in Figure 4.12

appearing as only minor fluctuations disregarded as noise, due to multiples of

magnitude in signal reading compared to no load state.

4.5 Super-resolution

Super-resolution is a simple yet effective mechanism that can be used to en-

hance the details of an array of data, similar to oversampling a signal. This

interpolation technique can compensate for finer details that were lost due to

limitations in sampling such as low-resolution.

In the context of this tactile sensor, this method can be applied to approxi-

mate a contact location with increased accuracy. For an example, consider the

following scenario. A point force is applied on the elastomer on some location;

for convenience assume the location is on center.
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As taxels are seperated by 10mm apart, no one taxel is directly behind this

point force. So there is no way of telling where this force is applied, even though

each taxel gives separate readings of their own. Refer to Figure 4.13.

Figure 4.13: Point of application of force vs. Taxel arrangement

By taking Center of Gravity (CoG) of pressure distribution over the entire

array of readings, a single point can be identified where all the readings are

pointing to. This result is also known as the resultant point of contact. Refer to

Equations 4.1 & 4.2.

Px =

n∑
i=1

hixi

n∑
i=1

hi

(4.1) Py =

n∑
i=1

hiyi

n∑
i=1

hi

(4.2)

where:

Px & Py X & Y Coordinates of CoG

hi Signal output from ith hall sensor

xi & yi X & Y Coordinates of ith taxel

n Number of taxels

A typical implementation is as follows. Refer to Algorithm 4.
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Figure 4.14: A point force applied on center–The Image is 200 × 200 pixels with
each square being 50 × 50 pixels. The Greyness i.e. color value is proportional
to taxel reading

For a visual depiction of the result, Refer to Figure 4.14. The visual repre-

sentation depicted here is obtained through a custom Graphical User Interface

(GUI) designed for the sensor using the .NET Framework. The UI acquires en-

coded tactile sensor readings through the Universal Serial Bus (USB) Protocol,

decodes the data and displays them on screen. It simultaneously calculates the

CoG of each data set (16 values) and draws it as an image on the UI.

The gray scale squares displayed correspond to the tactile data values. At the

maximum reading (8192) it displays a white square (Gray Value 255) and at the

minimum reading (0) it displays a black square (Gray Value 0). It should be

noted that the actual hall sensor is placed at the middle of each square thus the

gray square is only a pictorial presentation of the hall sensor reading. Refer to

Figure 4.15.

The mechanism has been validated by cross checking the point of application

of force (applied using a pointy device such as a pen) against the position approx-

imated by the algorithm. Also the tip was guided on the elastomer to see how

the red dot behaves with the movement of pen. A visually acceptable and stable

correlation is present that can be used for further Research and Development

purposes.
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Algorithm 4: CoG Calculation

Data: Number of taxels: n
Pitch of the taxel array: d

Result: X & Y Coordinates of CoG: PX & PY
1 begin

/* n-dimensional null vectors */

2 x[n] ← (0...0)
3 y[n] ← (0...0)
4 h[n] ← (0...0)

/* Generate X & Y coordinates of each taxel from a common

origin (Top Left) */

5 for i← 0 to (n− 1) do
/* runs for i=0,1...,(n-1) */

6 x[i + 1] ← d
2

+ (i % 4) * d // % denotes modulus operator

7 y[i + 1] ← d
2

+ floor(i ÷ 4) * d // ‘floor’ denotes the

mathematical functions under same name

8 h[n] ← Λ(φ) // where Λ is some function that returns an

n-dimensional vector of values for hall sensor readings.

This data is obtained through a DAQ Routine φ
/* Solve the Equations 4.1 & 4.2 stated above */

9 ZigmaHX, ZigmaHY,ZigmaH ← 0
10 for j ← 1 to n do
11 ZigmaHX ← ZigmaHX + x[j] * h[j]
12 ZigmaHY ← ZigmaHY + y[j] * h[j]
13 ZigmaH = ZigmaH + h[j]

14 PX ← ZigmaHX / ZigmaH
15 PY ← ZigmaHY / ZigmaH

95



Figure 4.15: User Interface–Communication Port 5 (COM5) is opened. Sensor
readings are displayed in a 4 × 4 array of text boxes
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Chapter 5

CONCLUSION AND FUTURE DIRECTIONS

5.1 Conclusion

In this thesis, the development and characterization of a tactile array sensor for

parallel grippers for use in object manipulation was presented. It uses an array

of magnets embedded in a flexible elastomer to generate a varying magnetic field

when the elastomer is pressed against an object. The variation of the magnetic

field is captured by a similar array of hall sensors. The signal output from hall

sensors is then processed to measure tactile forces acting between the contact

surfaces.

The sensor’s performance was tested using a Universal Testing Machine. Sen-

sor’s behavior on step displacement of elastomer and step force on elastomer were

studied. All taxels were experimented individually and findings were generalized.

Average hysteresis for all taxels were 13.29% for displacement step method

and 11.49% for force step method. This was due to the delayed elastic strain

recovery of the silicon elastomer. It is a common characteristic of silicon based

materials [106].

The best regression fit for the sensor data was obtained through a second order

polynomial. Even though hall sensors responded linearly to change in magnetic

fields, the overall behavior had become non linear. This was due to the non-

linearity introduced by viscoelastic properties of the elastomer and variation of
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magnetic field densities inside the elastomer.

The load cell of the Universal Testing Machine was sensitive only for a limited

range of the force spectrum felt by the tactile sensor. Therefore the results had

to be trimmed in order to isolate the sensing area of both sensors. This was a

limitation of the experiment.

The sensor cannot be used to measure forces when magnetic materials are

imposed on the elastomer. This is because the hall sensor array’s readings are

disturbed by the external magnetic fields. Inevitably strong magnetic fields can

also limit the performance of the sensor.

5.2 Future Directions

The end goal of developing tactile sensors is to utilize them in providing feed-

back during object manipulation. Thus object manipulation should be studied

using this gripper and attached tactile sensors. Consequently, knowledge can

be obtained on how to better perform such manipulation tasks, allowing future

improvements to be made.

Though the silicon elastomer is flexible, the rest of the package is not. There-

fore its compliance over curved surfaces is limited. More compliant the sensor is,

the more information it can gather about the grasp.

The sensor can be made more compliant by placing the hall sensor array inside

the silicon elastomer as well (parallel to magnet array with layers of separation

between them). Hall sensor array can be developed on flexible PCB so that the

circuit stays robust under multiple deformations. By adopting this method, the

sensor might work well with an object with curved surfaces and may even increase

its sensitivity.

The most interesting development of this sensor would be to build such a flex-
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ible sensor as described above and integrate it into a finger tip. The flexible

sensor should be built in the shape of a finger tip than wrapping a planar tactile

array around the tip. So when the finger tip touches an object, the small flexible

magnetic tactile array residing inside the finger tip will deform and give readings

similar to that of given by human tactile nerve endings. This would be a tremen-

dous improvement over what is presented in this thesis; to lay the foundation for

greater technology to come.
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Appendix A

APPENDIX

A.1 Firmware of Sensor - Data Acquisition & Processing: Teensy 3.6

#define HALL_1 A15

#define HALL_2 A16

#define HALL_3 A8

#define HALL_4 A14

#define HALL_5 A1

#define HALL_6 A17

#define HALL_7 A6

#define HALL_8 A4

#define HALL_9 A2

#define HALL_10 A18

#define HALL_11 A7

#define HALL_12 A9

#define HALL_13 A3

#define HALL_14 A0

#define HALL_15 A19

#define HALL_16 A5

volatile uint8_t read_now = 0;

uint16_t signalValue[16] = {0};

double filteredValue[16] = {0};

double alpha = 0.005; //0.0609;

double y_n_1[16] = {0};

double y_n[16] = {0};

uint32_t last_millis = 0;

double offset_max[16] = {0};

double offset_min[16] = {0};

double offset[16] = {0};

double finalValue[16] = {0};

uint32_t sig_val = 0;

uint32_t fin_val = 0;

uint32_t frame_no = 0;

String data_packet;

uint8_t led_V = 25;

uint8_t led_GND = 24;

uint8_t led_status = 0;
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uint32_t led_last_millis = 0;

void isr();

void readData();

void EMAfilter();

IntervalTimer timer_;

void setup() {

pinMode(led_V, OUTPUT);

pinMode(led_GND, OUTPUT);

digitalWrite(led_GND, LOW);

digitalWrite(led_V, HIGH);

PORTE_PCR6 = PORT_PCR_MUX(1);

GPIOE_PDDR |= (1<<6);

GPIOE_PSOR = (1<<6); // turn on USB host power

delay(10);

Serial.begin(2000000);

analogReadResolution(12);

timer_.begin(isr, 1000);

for (int k = 0; k < 16; k++) {

offset_min[k] = 10000;

}

last_millis = millis();

while(millis() - last_millis <= 5000) { //8000

if (read_now) {

readData();

EMAfilter();

if (millis() - last_millis > 3000) {

for (int i = 0; i < 16; i++) {

if (filteredValue[i] > offset_max[i]) {offset_max[i] =

filteredValue[i];}

if (filteredValue[i] < offset_min[i]) {offset_min[i] =

filteredValue[i];}

offset[i] = ((offset_max[i] - offset_min[i]) / 2) + offset_min[i];

}

}

read_now = 0;

}

}

}

void loop() {

if (read_now) {

readData();

EMAfilter();

for (int i = 0; i < 16; i++) {

finalValue[i] = (filteredValue[i] - offset[i] > 0) ? (filteredValue[i]

- offset[i]) : 0;

finalValue[i] = map(finalValue[i], 0, (4095 - offset[i]), 0, 4095);
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//Serial.print((String) finalValue[i] + ’ ’);

//Serial.print((String) signalValue[i] + ’ ’);

data_packet = (String) frame_no + ’:’ + i + ’:’ + (uint16_t) finalValue[i];

Serial.println(data_packet);

}

frame_no++;

//Serial.println(frame_no);

read_now = 0;

}

if ((millis() - led_last_millis) > 50) {

led_status ^= 1;

digitalWrite(led_V, led_status);

led_last_millis = millis();

}

}

void readData() {

signalValue[0] = analogRead(HALL_1);

signalValue[1] = analogRead(HALL_2);

signalValue[2] = analogRead(HALL_3);

signalValue[3] = analogRead(HALL_4);

signalValue[4] = analogRead(HALL_5);

signalValue[5] = analogRead(HALL_6);

signalValue[6] = analogRead(HALL_7);

signalValue[7] = analogRead(HALL_8);

signalValue[8] = analogRead(HALL_9);

signalValue[9] = analogRead(HALL_10);

signalValue[10] = analogRead(HALL_11);

signalValue[11] = analogRead(HALL_12);

signalValue[12] = analogRead(HALL_13);

signalValue[13] = analogRead(HALL_14);

signalValue[14] = analogRead(HALL_15);

signalValue[15] = analogRead(HALL_16);

}

void isr() {

read_now = 1;

}

void EMAfilter() {

for (int i = 0; i < 16; i++) {

y_n[i] = (1 - alpha)*y_n_1[i] + alpha * signalValue[i];

y_n_1[i] = y_n[i];

filteredValue[i] = y_n[i];

}

}
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