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Motivations

Lacking of visual perception due to the physiological or neurological factors is known as blindness.
According to the world health report, about 314 million people are visually impaired and among them
45 million are blind. This means that approximately 45 million people are dependent on others around

them for movement, information processing and environmental interpretation [1].

Lack of visual perception is paralleled with a loss of independence. In today’s society where the social
independence is important, visually impaired people like everyone else want to live without depending
on others. They want to travel without any fear of getting crashed or lost. They want to reach
information individually as everyone else does. Therefore, those who do not have the benefit of sight
require assistive devices to be independent such as for navigation, for reading signs etc.

Navigation is the art and science of determining one’s position by directing him to a desired
destination in a safe way. In particular, outdoor and indoor navigation has always been a challenging
problem for visually impaired people for their mobility since navigation concern restricts the visually
impaired right access to many buildings, precludes their use of public transit and makes their

integration into local communities difficult.

To overcome navigation concerns of visually impaired people considerable researches have been
conducted and thereby several mobility aids like walking stick, electronic travel robot aids etc. were
developed. However, as far as overcoming navigation aids is concerned, there are several limitations
in such devices. For instance; the most widely used mobility aid today is the long cane. Long cane has
some limitations as its detection range is limited due to its length, or it has difficulties in detecting
overhanging obstacles and storing in public places etc. Additionally, weight of cane is another critical

problem like in those of other mobility aids [2].

Thus, in order to overcome navigation concerns of visually impaired, there is a significant need for a

new assisted navigation system to help blind people in the visualization of environment easily.
Purpose of the thesis

The main objective of this study is to help blind or visually impaired people to navigate safely and
quickly among obstacles and other hazards faced by blind pedestrians in indoor environment. Towards
this objective, an innovative approach based on integration of electronic components onto textile
structures was realized. By this way, a new wearable obstacle detection system, which can be worn as
a garment that is flexible, lightweight and comfortable for the human body has been designed. The

proposed smart clothing navigation system would become united part of visually impaired people’s
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lifestyle, and it would help them overcome navigation concerns seamlessly, without imposing upon

them any physical or cognitive load.

Research methodology

The smart clothing navigation system is an initial prototype system that combines garment with

sensors, actuators, power supplies and a data processing unit. The working principle of the system is

based on two main functions: sensing the surrounding environment as well as detection of obstacles

via sensors and guiding the user by actuators through a feedback process interpreted in signal

processing unit. Within this approach, the design of the smart clothing prototype navigation system is

consisted of the review on theories subjecting both visually impaired and smart clothing. The

framework of the study is shown in below figure and the research methodology with respect to

specific objective is summarized as:

Review on theories in Review on theories in
sensor and smart clothing visually impaired
A J A J

Determination of system
components: type of sensors,
actuators, microcontrollers etc.

Y Y

Development of
algorithms for obstacle
avoidance

A4

Microcontroller
programming

Development of prototype
of smart clothing

Testing and controlling of protoype

Integration of sensors Integration of actuators
to textile structure to textile structure
T T T
J [ |—|
]
y y v y
R R - . . Analysis 0
Analysis on signal Analysis on beam Analysis for object vibro):actile
quality of sensor pattern of sensor detection perception
Interactive garment Electronic circuit
design design

Y

Interactive Garment Development

Flow chart for the study
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First of all, electronic components for smart clothing navigation system were determined by using an
algorithm based on fuzzy AHP and fuzzy information axiom. Secondly, integration of electronic
components to textile structures was performed. Afterwards, working performances of electronic
components integrated to textile structure were analyzed. Then, both electronic circuit and smart
clothing have been designed simultaneously. Algorithm for obstacle avoidance has been developed
and according to developed algorithms microcontroller programming has been done.

Finally, the prototype of smart clothing navigation system has been developed and tested. Herewith,
interactive garment development was completed successfully.

Main contributions and originality of research

Although there are numerous researches and developments of mobility aids for visually impaired
people, there is no development of any interactive garment, which can help visually impaired people

to overcome navigation concerns.

Comprehensive investigation on the developed smart clothing navigation system with respect to
sensing performance of the indoor environment and guiding the visually impaired accurately will
provide a new scientific understanding of interactive garment design and development. It represents a
great challenge and significant contribution to the sensor and actuator integration knowledge to textile
structure. In addition, intelligent textiles is a recently developing area and there is still many to be
invented, therefore successful implementation and integration of electronics used in our smart clothing
system are significantly valuable for smart textiles researches. By this way, within the scope of this

research;

v The first interactive garment for visually impaired people was designed and developed using

conductive yarns.

v" An innovative neuro-fuzzy based control algorithm for obstacle avoidance was developed to

guide visually impaired with interactive garment.

v" For the first time in the literature, the integration of sonar sensors to textile structure was

realized successfully.

v' For the first time in the literature, vibrotactile perception was analyzed via e-textiles within

varying parameters such as signal type, frequency, textile structure, different body parts etc.

v" For the first time in the literature, the signal quality of sonars integrated to textile structure

was analyzed using different conductive yarns.

These highly value added results should bring benefits not only to textile and clothing industries but

also to electronics, military, sports, medical and even rehabilitation fields.
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Thesis overview
The thesis comprises four chapters summarized below:

Chapter 1 provides a comprehensive literature review for the recent developments in both visually
impaired people’s navigation problems and electronic textiles. Various ideas and developments for
visually impaired people’s navigation concerns were compared. The fabrication processes for

electronic textiles were explained.

Chapter 2 presents e-textile architecture for obstacle avoidance. Wearability, and hardware and
software system requirements were discussed. Determination of electronic components for smart
clothing system using an algorithm based on fuzzy AHP and fuzzy information axiom was presented.

Adaptation of sensor and actuator methodology to textile structure was realized.

Chapter 3 brings discussion on system analysis and results for e-textile architecture. Signal quality of
ultrasonic sensor by using different conductive yarns were investigated and compared. Beam pattern
of ultrasonic sensor was studied and compared. Obstacle detection with multiconnected sensors was
analyzed and presented. Vibrotactile perception by using vibration motors integrated to textile
structure was investigated in fuzzy relations. Comparisons of vibrotactile perceptions within signal

alternatives, e-textile alternatives, and body alternatives were discussed.

Chapter 4 illustrates design and development of interactive garment prototype as well as algorithm
for obstacle avoidance. Obstacle avoidance strategy and kinematic analysis of walking person were
realized. Neuro-fuzzy control algorithm for obstacle avoidance was developed and explained to
navigate visually impaired people through interactive garment. Microcontroller programming
according to developed algorithm was presented. Design concept and design layout of interactive
garment was demonstrated. Frameworks of the prototype including ultrasonic sensors, vibration
motors, microcontroller, circuit design was thoroughly studied. Finally, performances of prototype

were tested and discussed.

The thesis ends with a conclusion of the theoretical and practical work presented in the previous parts.
A perspective has also been given on the possibilities of further expanding the research presented in
this thesis.
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Chapter 1
State Of The Art

1.1. Introduction

Towards the objective of the study, a brief summary of what has been done so far to help navigation
concerns of visually impaired people was given. Moreover, concerning the objective, in order to
transform garment into an interactive-intelligent infrastructure that facilitates information processing
around visually impaired’s environment, fabrication of electronic textiles from fiber to fabric and

garment was investigated. Therefore, literature review about electronic textiles was also given.

1.2. Literature Review about Visually Impaired People’s

Navigation Problem

During the last decades, several researches have been focused on visually impaired individuals’
navigation and reading concerns in their living environment. These researches have concentrated on
developing new devices by adapting them new technologies. The development of these devices and
application of technologies for orientation and mobility have evolved since 1960’s, a long history

covering the postwar period.

The devices developed for visually impaired can be categorized as ETA (Electronic Travel Aids) or
RTA (Robotic Travel Aids).
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These ETAs generally provide feedback to the user through a range of tones and fixed intensity
vibrations, and are usually implemented as a portable system. They consist of cameras to capture the
image and detect obstacles or find pathways using image processing techniques. Moreover, they
include sonar sensors to measure the distances to obstacles, and/or GPS (Global Positioning Systems)
- RFID (Radio Frequency Identification) to identify their local position. Besides, in order to guide
user, vibrators, earphone, audio etc. are generally used as an actuator in those systems.

When the literature is reviewed, we came across a set of systems that represents the four principal
approaches to solve the identification and navigation problems of the visually impaired people:
Camera, RFID, GPS, and sonar based systems.

1.2.1. Camera-based systems

In camera-based systems, cameras are used to capture visual information from the surrounding
environment. The captured image is processed via image processing methods, and then it is mapped to
stereo sound patterns or vibrations. The basic concept of image processing is shown in the Fig. 1.1.
Images captured by a camera are enhanced, pixelized, and then converted into stimulation commands
[3-9].

|—non 0101110011110
o 6 o 1010011001001
4 & ° -
: = = o . = A
u e o o - 1001110
e o o o 1010110
Image Acquisition Image Enhancements Image Pixelization Command Generation

Fig. 1.1: Summary of the image-processing procedure [4].

The earliest camera based system was NAVI (Navigation Assistant for Visually Impaired), which was
designed to convert images captured by a vision sensor into verbal messages through stereo earphone.
In that system, digital video camera was used as a vision sensor. Furthermore, Single Board
Processing System (SBPS) was mounted in a specially designed vest that has to be worn by user (see

Fig. 1.2). In those studies fuzzy based image processing was used [10, 11].

. Digital video camera
Fixed in headgear
Stereo earphones

3. SBPS with chassis

4. NAVI Vest

Fig. 1.2: NAVI system [11]
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Balakhrishnan et al. developed SVETA (Stereo Vision based Electronic Travel Aid) system as shown
in the Fig. 1.3. The system was composed of a wearable computer, stereo earphones and a helmet
molded with stereo cameras capturing the images. The images were processed via wearable computer
based on fuzzy relations and the information was conveyed to the user through a set of earphones in

terms of musical tones [12, 13].

'é . | m—’ | Wearable computer
t\; ——

’ r 2  Stereo camera

N\ L \

4 i g ——» 3 Helmet
W —» 4 Stereo earphone

Fig. 1.3: SVETA system [12]

Similarly, Gozales et al. developed Virtual acoustic space prototype as seen in Fig. 1.4. This system
was consisted of a processor, headphones and two micro cameras attached to the frame of some

conventional eyeglasses.

The cameras were used for capturing information of the surroundings. It was reported that in most
cases (>75%), individuals could detect objects and their distances, and in small simple experimental
rooms, it was possible for them to move freely and extract information for objects like walls, table,

window and opened door [14].

Fig. 1.4: Visually acoustic space prototype [14]

Unlike the previous studies, in some studies mounting the visual camera on the head was found to be
an inconvenient solution for the blind user. Thus, another system in which the camera was mounted on
the chest of the user was proposed [15, 16]. As seen in Fig. 1.5 camera is hung over the chest and the

system is integrated with earphones, laptop and a wireless communication [17].

Bourbakis et al. developed a various prototypes of Tyflos system for visually impaired people. Tyflos
system consisted of two tiny cameras placed at the dark glasses, a microphone, an ear-speaker, a GPS
device, a range sensor, an RFID Reader, 2D vibration vest and a portable computer as seen in the Fig.
1.6. It used laser range sensors to detect the distance and camera to capture the images. In that system,
the visual information was converted into either vibrations on the 2D vest for navigation purposes or

spoken natural language sentences for reading purpose (see Fig. 1.7).
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Fig. 1.5: Camera mounted on the chest system [17]

Furthermore, a verbal description of surroundings was provided to user. For example, for the nominal
question where | am? It provides additional information about surroundings using GPS module. Thus,
this system gives to the user both navigation and reading information [18-22].

Fig. 1.6: Tyflos prototype [19]

TYFLOS Reader TYFLOS Navigator

| Ear-speaker l /(@ =

A AN
8
Stereo Portable {_ Micro- Vibration Vibration
cameras computer ™~ controller [~] modules array vest
3

Microphone | €

Fig. 1.7: Tyflos system hardware-modalities overview [19]

Apart from portable and wearable camera based navigation systems, there have been also some studies
on robotic travel aids [23-24]. At first, RTA (Robotic Travel Aid) HITOMI had been developed as
seen in Fig. 1.8a, and then the novel concept of HITOMI was presented (Figure 1.8b-c). As seen in
Fig. 1.8, robotic system contains video camera, a stereo camera, sonar sensors and a bumper sensor.
Due to image processing information, audio guiding system in which the names of avenues,

intersections, and hotels etc. were recorded before, was activated by its digital map guide.
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Fig. 1.8: Camera based robotic travel aids [23-24]

The biggest disadvantage of the camera based systems is the processing of captured images. The right
image processing and, afterwards conversion of these images into stimulation commands are difficult
procedures. Besides, other factors such as lighting conditions, camera angle and the amount of clutter
are also other criteria that affect the visual information of the system.

1.2.2. RFID Tag based systems

Radio-frequency identification (RFID) is used for identification and tracking of an object such as car,
product or person by using radio waves. An RFID tag is a microchip combined with an antenna, and
it contains at least two parts: One is an integrated circuit for storing and processing information,
modulating and demodulating a radio-frequency (RF) signal, and other specialized functions and the
other is an antenna for receiving and transmitting signals. An example to RFID tag is shown in the Fig.
1.9 [25].

Fig. 1.9: RFID tag [25]

RFID tag based systems can be used for both indoor and outdoor applications. The basic concepts of
RFID tags used for visually impaired navigation concerns are such that at first tags are mounted on
the objects in the environment that are significant for the user, then the signal sent by the RFID tags is
read by the receiver that user carries [27]. In last two decades, a number of research projects have

focused on development of suitable guidance system using RFID [2, 27-41].
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Chang et al. developed iCane System equipped with an RFID reader, Personal Digital Assistant (PDA)
and earphones communicating via bluetooth. The overview of the iCane system is shown in the Fig.
1.10. RFID tags preloaded with information were used. The RFID reader embedded in iCane sends
the information gathered from the RFID tags to the PDA to show local points (e.g. crossing points,
stairs etc.). By this way, the instructions are transmitted to the user via speech through the Bluetooth
earphones [28].

|_Headset

Bluetooth N

p

O T
|PocketPC) @,\\ ,

Bluetooth NS

> i
e

o 7. |
Fig. 1.10: On the left hand side of the figure is the iCane overview; on the top right of the figure is

RFID antenna; on the bottom right of the figure is RFID reader [28]

Similar to iCane system, Shiizu et al. developed White cane system by using RFID tags as seen in the
Fig. 1.11. Apart from iCane, this system was composed of colored navigation lines. Thus, the working
principle of the system was based on two concepts: color sensing and RFID tag. RFID tags set on
those colored lines are sensed by white cane. Along the navigation line, if the user is oriented to wrong
line he/she is informed by vibration of the white cane. Moreover, information is sent to him/her by
pre-recorded voice [32-33]. Similar type of RFID-tag systems embedded in the cane for the visually
impaired people have also been studied and developed [34-38].

Vibration 74 Guidance Voice
v

A Color Sensor @ ‘4’ "
An Antenna for RFID tag / 2 %

RFID tags

; ‘ Colored Navigation Line
Turning Point

To destination

Fig. 1.11: White cane system overview [33]

Unlike canes, there have also been some robotic guides using RFID tags. Such as a kind of robot

resembling wheel chair was equipped with a vision system, RFID tag, and a laptop [27, 39, 42-43].
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Moreover, Liu et al. developed a new self-positioning method that combines RFID, Bluetooth and
FLC (Fluorescent light Communication). In their system, unlike other studies, a photo sensor receives
a positioning signal from the fluorescent lights in indoor environment, thus information taken by FLC
is transmitted to user via PDA [44].

Differently, an interesting approach in the RFID tag systems was suggested by Szeto et al. that was
embedding RFID reader antennas on a jacket (see Fig. 1.12). They suggested that microstrip antennas
could be etched or sewn on to wearable conducting clothing while the pocket PC and a rechargeable
battery are placed in the pocket of the jacket [45].

Microstrip
antennas

Fig. 1.12: Microstrip antennas can be embedded on the jacket (made of conductive cloth) [45]

To sum up, tag-based systems, as portrayed in the literature, seem to have two disadvantages: First, the

system needs to be placed in local places that is significant for the user to get information.

Secondly, tagging devices can fail completely or their power can expire. By means of this, the
reliability of the tagging devices is a critical issue. In spite of these disadvantages, tag-based systems
seem to be more suitable for identification the location of the user rather than GPS based systems

especially for indoor environment.

1.2.3. GPS based systems

GPS (Global Positioning System) is a kind of system that calculates the position information of a user
using GPS signals sent from 24-32 GPS satellites high above the earth. This is mainly used by car
navigation, airplane etc. [46]. Since the mids 1980s, researchers have focused on the GPS-based
systems in order to overcome the visually impaired navigation concerns, maintain orientation, and

store and retrieve information about specific location [47-50].

The basic concept of GPS-based system is taking the location of user as reported by GPS device
through Geographic Information System (GIS). This information can then provide the user his/her
localization such as by identifying which building the user is close to or how far the user is from the
desired destination [51-52]. In the Fig. 1.13 and Fig. 1.14, the overview of GPS-based navigation
system components and the functional components of GPS-based navigation system for visually

impaired are shown respectively.

11
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As seen in Fig. 1.14, the functional components of the system are a GPS module for determining the

traveler’s position and orientation, a Geographic Information System (GIS) comprising the system

software and the spatial database for the traveler’s orientation, and a user interface for providing

information about surrounding environment [53-55].

GPS

Moblle Navigation
Unit i
-GPS Receiver i
-Video Camera ;
-Mobile Network ’
\ Interface i |

Navigation Service
i Centre

|
Video Streaming > -Communication
Interface

| -Computer & Control Unit
| -Digital Map database
. -Navigation Staff

Fig. 1.13: Overview of the GPS-based navigation system components [53]
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Fig. 1.14: The functional components for all GPS-based navigation system for visually impaired [54]

Loomis et al. developed Personal Guidance System including GPS module with stereo head set as

seen in Fig. 1.15 [56]. Another portable system including GPS module was the ODILLA System with

white cane. In that system, the information about the localization of a user was provided by audible

text-to-speech information as shown in Fig. 1.16 [57].

I
I
v

Fig. 1.15: Personal Guidance System [56]
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Fig. 1.16: ODILIA System [57]
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Ran et al. developed DRISTHI System for outdoor and indoor environments. In their system, GPS
module was used for outdoor navigation whereas ultrasound-positioning tags were used for indoor
environment. System comprised of additionally wireless connection, a wearable computer and a vocal

communication interface for guiding the user as shown in Fig. 1.17 [58].

UltrasoundPilot

pos

a
UltrasoundTag

ol

) 0 |

Weai alJleCOlli]}thfi; |

Fig. 1.17: Outdoor and indoor mobile user of DRISTHI [58]

LaPiere and Kargoankar developed a portable navigation system using Global Positioning that would

accurately let user know his/her location [58-60]

Hunaiti and et. al studied on the performances of 2G, 2.5G and 3G mobile links. They evaluated the
suitability of these GPS mobile communication links for application of a navigation system since these
link characteristics such as bandwidth, latency, link outages and packet losses directly influence the

navigation system performance [54, 61-62].

As presented above, GPS-based navigation systems are mainly suitable for outdoor applications. Since
they provide information about localization, vocal communication interface is generally preferred as a
guidance tool. One of the greatest weaknesses of these systems is to get the information from the
satellites, which is a problem especially in some points where the system does not work. Moreover,
another weakness of the system as deduced from the above is the fact that in order to ensure

information, system has to be integrated with a portable computer.
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1.2.4. Sonar based systems

Sonar is a kind of instrument used for detecting, locating, determining objects or measuring the
distance to an object through reflected sound waves. The working principle in sonar systems is as seen
in Fig. 1.18. First, electrical impulse is converted into sound waves by sonar equipment and then,
sonar equipment picks up the echoes of reflected sound waves that crash to an object. Thus, the
distance to an object is identified by the measurement of the time from transmission of a pulse to

reception.

"..| Object

Sender/ ])

Receiver |

1 1 \ \ ] \
oriﬁinal wave'
I |

! distance r

Fig. 1.18: Principle of active sonar [63]

The frequencies used in sonar systems changes from infrasonic to ultrasonic. The term ultrasonic
refers to frequencies above audible sounds, which humans could not hear, and it nominally indicates
anything over 20000Hz. In nature; bats, dolphins and some other species communicate and navigate in
the range of 20-100 KHz.

During the past decades, several researchers have introduced devices that use sonar system to provide
mobility to the visually impaired. Cane or stick is the one approach in which the sonar system is
integrated (see Fig. 1.19). In the researches, since the number of sensors due to their beam angles
affects the detection capability of cane, researchers have concentrated on finding the optimum number
of ultrasonic sensors to be used in the cane. In those cane systems, as soon as the information is get by
the sensors, the information is processed and by this way, encoder generates control pulses for the

Servos as a routing system [64-70].

Step 2 Qbstacke
Servo seers
guide wheels

\ Thumb-operated mini joystick for direction & O Step 1
control (likein some notebook computers) - Sorar

Ultrasonic
sensors  Fluxgate
compass

Cane

User fezis
rrulivn of
cane andfoliows\y

Incremental
encoder

Side view: partal cut

Fig. 1.19: Ultrasonic based cane system [64]
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Another approach is to implement sonar system on a wearable concept. Shoval et al. developed
Navbelt system that involves ultrasonic sensors mounted on a belt with a computer (see Fig. 1.20). In
this system, signals acquired by the sensors were processed in the computer, and then resulted signals
were sent to the user by stereophonic headphones using a stereo imaging technique [71-73].

Optional
amuclin
/ signal

Computati
of free path

Optianal
tactile signal

Fig. 1.20: The Navbelt system [71]

Recently, unlike Navbelt, researchers have suggested novel wearable devices in which sonars are
attached to textile structures. Fig. 1.21 and 1.22 show examples of suggested systems e.g. Andha
Astra, Arm9-based embedded system. The basic working principles of these systems are similar to
those mentioned above.

| Ultrasonic sensor
Wibrator

Electrom ¢ umt

Accelerometer

Fig. 1.21: a-b) Overview and module of Andha Astra ¢) another navigation aid worn by blind [74,75]
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Fig. 1.22: Arm9-based embedded wearable ultrasonic based system [76]
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For instance, in a study of Cardin et al. sonars were placed on the shoulder of cloth, and vibrators were
mounted on the same cloth. Prototype was composed of sonars, vibration motors, a microcontroller
and a PDA as shown in Fig. 1.23. The microcontroller gathers information via sonars, and sends
feedback the user through vibration motors. They reported that in an indoor environment the users
managed to distinguish (which are on the left or right) and avoid obstacles [77].

obstacle y i Bluetooth

user

Embedded navigation
system

Fig. 1.23: Details of EPFL prototype

However, in those studies, the integration of electronic components to textile structures was not given
in detail; this was the missing part. It seems that they only suggested a system, or attached these

components by using conductive wires to the garment [74-77].

In some studies, sensors were mounted on shoes as shown in Fig. 1.24, and the performance of the
system was analyzed in terms of both direct distance detection and road surface reflectance detection
[78-79].

Sensor A: One obstacle detection sensor

2 Obstacle

Sensor B: A pair of proximity
e 77 SENnsors

Fig. 1.24: Shoe mounted sensors [78-79]
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Shah et al. developed Tactile navigation system composed of sonar sensors, a microcontroller, and a
tactile array, where each actuator matches with one finger. Signals acquired via ultrasonic sensors
were transformed into commands through variable and synchronized vibrations on the user hand.
Vibration intensity levels and points of the devices sensed by the hand according to distance are shown
in Fig. 1.25. For instance, the corresponding feedback signal according to obstacle distance was
provided by vibration levels [66]. However, this system may be difficult for user to sense precise
vibration levels and their locations accurately.
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Fig. 1.25: Tactile navigation system [66]

Similarly, there are various commercial products, which can be carried by hand including sonar
systems (see Fig. 1.26). Despite their low scientific and technological values, their costs are relatively
high [81-84].

Fig. 1.26: Commercial products that uses sonar system [81-84]

In addition to above studies, Rentschler et al. have recently developed Guido Robotic Traveler
equipped with sonar system (see Fig. 1.27). It consisted of both laser and sonar sensors. Sonar sensors
were added to the system in the case where laser sensors cannot detect objects that are out of their
viewing capability such as glass or transparent materials. Furthermore, system consisted of two optical
encoders to calculate the orientation and position, force sensor to sense the command, and a volume

knob to give auditory messages [85]
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Fig. 1.27: Guido Robotic Traveler [85]
According to studies, it is clear that ultrasonic based systems have advantages in the detection of
objects over lasers and cameras, because they are not affected by light like cameras or lasers.
Furthermore, there is no need to use image processing system. Nevertheless, they only detect the
presence or absence of an object as well as measure the distance to it. They do not give any

information about the user location.

1.3. Literature review for electronic textiles

E-textiles are playing a vital role in many applications such as military, medical, telecommunications,
and healthcare. In recent years, the field of e-textiles is more and more extending due to new sensing
elements, multifunctional fibers, flexible technologies, MEMS actuators etc.

The research carried out in this area is primarily driven by the motivation of creating yarn-like

material assemblies that can sense, act, communicate and compute.

Since the hierarchical nature of textile structures goes from fiber to cloth/garment (fiber-yarn—fabric-
garment), the way for the development of fully integrated electronic textiles (or Elecrotextiles) with
transistors, circuits, sensors, batteries, solar cells and other electronic devices were explained starting

from yarn-like materials to conductive fabrics and finally interactive cloths.

1.3.1. Electrically conductive yarn-like materials

The explored yarn-like materials are traditional and conventional yarns modified with various
functional materials such as conductive yarns, conducting polymers, carbon nanotube fibers, optic

fibers, piezoelectric materials etc.

Methods of creating yarn-like conductive materials can be summarized as:

1) filling fibers with conductive particles;

2) coating fibers with conductive polymer composites or metals;

3) use of continuous or short fibers that are completely made of conductive material [86-87].

Conductive threads are made of single or multiple strands of conductive and nonconductive fibers.
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Multifilament Monofilament

Fig. 1.28: Various forms of conductive threads [88]

As shown in Fig. 1.28, there are two types of conductive threads: multi-filament threads (see Fig.
1.28a—d) and monofilament threads (see Fig. 1.28e) [88].

Huang et al. developed yarn-based sensor for breathing monitoring using piezo-resistive carbon coated
fibers (CCF), elastic and regular polyester fibers. To manufacture the yarn structure they utilized
single and double wrapping methods (see Fig. 1.29). They concluded that the yarn-based sensor could
track breathing signals precisely [89-91].

(a) (b)
CCF
Core Yarn

Fig. 1.29: The yarn structure of yarn-based sensors: (a) single wrapping and (b)double wrapping [89]

Kaynak et al. prepared conductive materials from nylon, cotton, and wool yarns by continuous vapour
polymerization of pyrrole [92]. Ramachandran and Vignesweran developed core—sheath conductive
yarn using copper filament as core and cotton fibers as sheath as seen in Fig. 1.30 and they studied the
electro-mechanical characteristics of developed conductive yarns [93].

iy

Sheath

CHNe (G

Core

Sheath Core

(2) (b) (©)

Fig. 1.30: a) Cross-sectional and b) longitudinal views of core—sheath c) Developed yarn:
Core/Copper filament; Sheath/Cotton fiber [93]

Kim et al.and Koncar et al. studied electrical and morphological properties of PP and PET conductive
polymer fibers. In order to create conductive fibers, melt spinning and coating processes were used.
PANI coating on PET yarns was carried out during the impregnation of PET yarns in the PANI
solutions as shown in Figure. 1.31 [94-95].
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In another study, PANI-coated PE (Dyneema) conductive yarns were obtained by coating process. The
effects of time and temperature on electro-mechanical properties of yarns were studied. They reported
that conductive yarns showed interesting properties for electrical applications. Moreover, they
preserved the original strength and flexibility of the textile in which they were integrated (see Fig.
1.32) [96]. Similarly, Xue et al. developed different electrically conductive yarns based on carbon
nanotubes (CNTs) and polyvinyl alcohol (PVA) by using wet-spinning and coating process [97].

Evaporation of solven!E

Fig. 1.31: Overview of coating process [95]

Fig. 1.32: (a) Prototype of conductive yarns covered with plastic films and (b) LED lighting test [96]

PANI Coating

DBSAIxylene PANI
PANVI/xylent solution

Apart from electrically conductive yarns mentioned above, there were also some studies on fiber-
based cells. In one of these studies, the structure and properties of the photovoltaic fiber converting
sunlight into electricity were described. Photovoltaic fibers were prepared by using flexible
polypropylene (PP) monofilament, the PEDOT:PSS layer, the photoactive layer and a metal-based
electrode as shown in Fig. 1.33 [98]. Similarly, Toivala et al. developed photovoltoic fiber as shown in
Fig. 1.34. They used both optical and silica fibers as substrates [99].

[/ “Material

| v i

P3HT:PCBM

No o oft
MDMO-

|| PPV:PCBM

Fig. 1.33: Schematic diagram of photovoltaic fiber [98]

In another study, Wang et al. developed flexible fiber battery based on conducting polymers. Batteries
consisting of a PPy/PF6 cathode and a PPy/PSS anode were fabricated as presented in Fig. 1.35 [100].
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Fig. 1.34: Overview of photovoltoic fibers [99]

Moreover, there were also some attempts to fibrous transistors [101-107].According to articles
published until now, fibre transistors can be divided into two families: wire thin film transistors
(WTFTs) [102-104] and wire electrochemical transistors (WECTS) [105-106]. For inst ance, Tao et
al. studied the integration of fibrous transistor into a weaving fabric. In their study, two parallel
filaments were twisted together like a thread. One of them was used for the gate electrode and the
other was used for drain and source electrodes. The PEDOT:PSS was used as thin-film electrodes in
the wire electrochemical transistors (WECTS). This kind of WECT was inserted into a cotton fabric

and the numerical and analog circuits were realized [107].
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Fig. 1.35: Shematic of fibre cell [100]

1.3.2. Electrically conductive fabrics

In order to realize fabric based circuits or electrically conductive fabrics, several processes could be

utilized including embroidery, weaving, knitting, printing, deposition and coating.

In embroidery, conductive threads are exposed to high level of stress and friction during stitch

formation. These stresses may lead to yarn breakages or discontinuities in sewn conductor lines.
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As a result, undesirable additional impedance can occur in fabric circuit. Similarly, when electrically
conductive fabric is formed by printing, deposition or coating, electrical discontinuities at certain

points can occur due to non-uniform dissipation of conductive materials e.g inks, films, pastes.

Additionally, these fabrics are stiff and prone to cracking; as a result bending of such a fabric may
cause electrical discontinuities. However, woven and knitted fabrics are mainly well suited for the

formation of electrically conductive fabrics due to their structural order and flexibility [108].

Dhawan et al. gave information about the formation of fabric-based circuit by weaving of conductive
and non-conductive yarns [109]. Moreover, they observed signal crosstalk noise between transmission
lines due to the distance. They reported that as the distance between conducting transmission lines
increases, the magnitude of crosstalk noise decreases [110]. Additionally, Cottet et al and Locher et al.
studied the electrical performance of fabric based signal transmission lines. The conductive yarns
(ground-G or signal lines-S) were woven and separated from each other by any number of non-
conductive yarns. GS, GSG, GSSG, and GSSSG configurations of signal and ground transmission

lines were formed as seen in Fig. 1.36.

A

Fig. 1.36: Woven fabric with metal fibers and GSSG transmission line on woven e-fabric[86]

Electrical parameters (e.g.line impedance, insertion loss, far end crosstalk, etc.) for different
configurations of woven e-fabrics were investigated using time and frequency domain analysis [86,
111].

In the work being carried out on communication systems, several fabric based antennas operating at
2.45 GHz have been developed [112-118]. Hertleer et al. reported that the efficiency of developed
fabric based antennas were over 75%, which was a very promising result since a similar non textile

antenna would have an efficiency of 80% [118].

Gimpel et al. developed three-layer woven antenna of a textile RFID tag by using Ag/PA threads as
shown in Fig. 1.37 [119]. Winterhalter et al. utilized double plain weave construction to develop
textile based USB [120].
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Nakad et al. designed an electronic acoustic array in order to detect the location of passing vehicle
according to vehicle’s acoustics emissions. This acoustic array e-fabric was developed by first
weaving of conductive yarns (see Fig. 1.38) and then, by integration of microphones to certain
location of fabric [121].

A Rl 1

Fig. 1.37: a) Metals in woven structure b) Three-layer woven antenna of a textile RFID tag [119] ¢)
Textile based USB [120]

Fig. 1.38: Woven prototype containing multiple stainless steel fibres [121]

Moreover , there are some other studies focusing on electromagnetic shielding effect of woven e-
fabrics. In those studies, the effect of varying weft density, warp density, conductive yarn
diameter/count, conductive yarn type such as copper, stainless steel, carbon etc. on electromagnetic

shielding effectiveness were studied [122-124].

Rothmaier et al. investigated the effect of woven fabric construction on the resulting performance of
light emitting and receiving capabilities of plastic optical fibers (POF). They concluded that capability
of emitting or receiving light without further conditioning of optical fibers changed due to the
structure [125]. Moreover, Kumar et al. studied signal transmission efficiency of woven POF fabrics
(see Fig. 1.39) [126].

In a study of Hasegava et al., fabric tactile sensor formed by artifical hollow fibers and cotton yarns
was developed by weaving process as seen in Fig. 1.40. Hollow fibers were silicon rubber tubes
coated with gold. They investigated the relationship between applied load and sensor output

(capacitance change) [127].
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Fig. 1.39: Woven specimens connected to halogen lamp OFF and ON, POF in weft direction, white
PET fibers in warp direction, [125] Optical fiber core conductive fabric (b) [126]
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Fig. 1.40: Fabric tactile sensor [127]

Apart from weaving techniques, there are other studies where knitting techniques were used to
produce e-fabrics. Kayacan et al. investigated heating behavior of knitted e-fabrics. Heated fabric
panels including steel yarns were produced by weft knitting techniques as seen in Fig. 1.41. They

observed and analyzed the electrical and temperature characteristics of heated e-fabric panels [128-
129].

Conductive yarns

Fig. 1.41: Production procedure of heating panels [129]

Scilingo et al. and Wijesiriwardana et al. developed conductive fabric electrodes with knitting
technology to measure respitory monitoring and ECG as seen in Fig. 1.42. Scilingo et al. used stainless
steel yarn twisted around viscose yarn as a conductive yarn whereas Wijesiriwardana et al. used

carbon or metal loaded rubber (CLR/MLR), polypyrrole (PPY) coated fibers and copper wire.
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Conductive fabric electrodes developed by Wijesiriwardana et al. were called as resistive fibre-meshed
transducers or FMTSs as seen in Fig. 1.42b [130-132].

Fig. 1.42: Conductive fabric electrodes constructed with knitting technology [130-131]

Soleimai designed knitted switches based on resistive and capacitive sensing methods [133]. Soleimai
et al. and Zhang et al. developed conductive knitted fabrics as strain gauges [134-135]. In a study of
Zhang et al., fabric was knitted as tubular weft plain fabric using steel and stabilized carbon fiber as
shown in Fig. 1.43. They analyzed the effects of strain-rate and temperature on the sensitivity of the

gauge experimentally.

They reported that fabric gauges made from carbon fibers displayed a higher sensitivity, repeatability

and accuracy than those made from stainless steel.

Fig. 1.43: Tubular conductive knitted fabric [135]

Li et al. derived the analytical model of conductive knitted stitch network based on the common
intersia knitting technique and jersey knitting techniques [136]. They also studied the pressure effect
of different knitting stitches. They found that conductive knitted fabric of specific stitches resulted in a
different pressure effect on human skin. By this way, they concluded that knitting technologies as well
as garment design skills play an important role in intelligent clothing applications, such as monitoring

sensors and heat generators [137].

In order to develop textile-based electronic circuits, researchers also used different manufacturing
processes such as embroidery, coating, printing and dyeing. Linz et al. developed a mechanism to
embroider through flexible electronic modules using conductive yarns [138-139]. As shown in Fig.

1.44, interconnections of electronic modules with conductive yarns were accomplished by embroidery.
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Fig. 1.44: Electronic modules connected with conductive yarn by embroidery [138-140]

Koncar et al. studied on heating performance of e-fabrics which were coated with conductive polymer
composites (CPCs). To construct e-fabric, they first produced woven fabric using conductive yarns,
and then applied CPC coating including conductive carbon black nanoparticles on fabric surface as

seen Fig. 1.45 [141].

In addition, Li et al. also used coating process in order to develop flexible strain fabric sensor [142].

i\
Fig. 1.45: Coated e-fabrics as a heating element [141]
Moreover, screen-printing method has also been tried to form transmission lines in fabrics [143-145].
As a print ink, conductive pastes (e.g silver filled paste) were used. The number of print passes in a
different scale was tried in order to find efficiency of transmission lines (see Fig. 1.46). For instance,
Locher et al. reported that a higher number of passes resulted in a better penetration of the fabric and

therefore, resulted in better conductivity [145].

() 1 rnt pass | (b) 10 print pass
Fig. 1.46: Screen printed structures [145]

Similar to coating and printing techniques, Leah et al. presented fabric printed circuit boards (Fabric
PCBs) techniques based on adhesion principles [146]. In their study, at first circuit was designed on

conductive fabric, and then this fabric was cut by laser cutters.
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As a further step, laser-cut fabric was exposed to heat activated adhesive, and then it was placed on
non-conductive fabric. Owing to heating and adhesion principle, conductive fabric having circuit was
attached to non-conductive fabric. Finally, soldering was implemented on certain conductive parts to
encapsulate joints on epoxy resin (see Fig. 1.47).

In addition to all studies mentioned above, dyeing methods were used to form electrically conductive
fabrics. Panhuis et al. investigated the incorporation of carbon

nanotubes into textiles through conventional dying. They found that suggested dyeing process
provided a simple way to fabricate conducting textiles [147].

Fig. 1.47: Solder joints on a fabric PCB [146]

1.3.3. Interactive cloths

This section provides an overview of existing efforts and associated challenges in interactive cloths.
Electronic components embedded to textile structures, as well as built into yarns, can gather sensitive
information, monitor vital statistics and send information for further processing. The developed
interactive cloths mainly take a role in entertainment, safety, communication, military, and medical

applications.

One of the earliest accounts of interactive cloths is Wearable Motherboard/Smart Shirt developed at
the Georgia Institute of Technology as seen in Fig. 1.48, in mid-1990s.

Microphone
Optical fiber

Conductive
grid

Data bus

Sensor

SmartShirt
controller

Fig. 1.48: Wearable Motherboard (early prototype of SmartShirt) and SmartShirt® [148]
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The aim of the proposed garment was to ensure combat soldiers information about their personal
survival. The garment integrated with sensor technology enabled monitoring heart rate, respiration
rate, electrocardiograph (ECG), pulse oximetry and temperature [148].

The feasibility of Wearable Motherboard paradigm brought new challenges for numerous application
domains especially for medical applications. There have been handful attempts to design and build
prototypes for health monitoring systems especially for detection of biosignals such as ECG,
respiration [149-171].

[ Piezoresistive
Sensors

Fig. 1.49: a)WEALTHY system prototype model [153] b) Smart Jacket prototype [168]

Figures 1.49 and 1.50 show some kind of interactive cloths developed for medical applications. For
instance in a study of Paradiso et al., sensors, electrodes and connections were realized with
conductive and piezoresistive yarns in order to get several biomedical signals (i.e ECG, respiration,
activity). The interactive cloth produced by knitting technology combined advanced signal processing
and telecommunication techniques as others (Fig. 1.49a) [153].

7 compact flash
3 memory card

Glcads g . | LifeShirt
\I" - Recorder
: \ saves data to
N

Abdominal band
measures respira

Fig. 1.50: Lifeshirt developed by Vivometrics [158] Sensor-based Sportswear by Phillips [149] b)
Fully Integrated EKG Shirt [160]
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For entertainment purposes, an interesting study was Emotions Jacket from Philips®. The Emotions
Jacket was a tightly fitting garment, which consisted of a series of vibration motors sewn into the arms
and torso (see Fig. 1.51). In response to what is happening on screen, these vibration motors are
activated by a control unit. Thus, certain feelings being experienced by the characters in the film can

be perceived by the user [172].

Fig. 1.51: Philips emotion jacket-outer and inner lining [172]

Thalmann et al. developed a garment to guide user to the required destination in a building
environment. Concerning indoor location tracking; WiFi, RFID and sensors were integrated to inside
of developed jacket. Target destination in a building, could be selected through input buttons on sleeve
as seen in Fig. 1.52 [173].

There have been also some prototypes developed for measuring body postures, [174-179]. In a study
of Tognetti et al., fabric was coated by using electrically conductive elastomer composites (CES) as
seen in Fig. 1.53a. Since CEs show piezo resistive properties when deformation is applied, they act as

strain sensors.

Fig. 1.52: A virtual 3D mobile guidance jacket [173]

By the help of CE sensors, which were connected to acquisition unit, posture and movement of a user
were detected and analyzed [175-176, 180]. Similar to approach of Tognetti et al, to measure the body
posture Matmann et al. used a tight-fitting clothing and strain sensors that were composed of
thermoplastic elastomer (TPE) filled with 50wt-% carbon black powder (Fig. 1.53b) [177].
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Wu et al. and Munra et al. also studied strain sensors placed on a fabric by coating method. They
developed intelligent knee sleeve sensing system composed of conducting polypyrrole-coated nylon
lycra, which can monitor human motion and provide feedback to the wearer (Fig. 1.53c). Such a
system could be useful for injury prevention, rehabilitation, and sports [181-182].

textile stretch .
wancs.

central data
acquisition unit
(attached at the

front side) Conducting
polypyrrole
Electronic coated nylon
compeneant lycra strip

within an
elecironic
circuit

Fig. 1.53: Prototypes for recognizing body posture [176-177,181]

Li et al. developed an interactive cloth with transcutaneous electrical nerve stimulation (TENS)
function from a knitwear design. They designed knitwear based on intarsia knitting technique by
using conductive yarns. Textile electrodes connected to the end of conductive yarns were activated by
energy supply in order to give electrical stimulation to acupuncture points (see Fig. 1.54) [183].

— v ‘

——

P ’// ‘
Fig. 1.54: Prototype of garment with electrical nerve stimulation (TENS) function [183]

Stead et al. and Goulev et al. worked on development of emotional garment, which has a capability of
understanding user’s feelings and thereby, presenting emotional response through the interface
technology. The system was configured from under and over garment. The analogue signals taken by
physiological sensors embedded to garment was transferred into digital signals through control
system. By this way, control system estimates the mood of user and passes display information [184-
185].
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1.4. Summary

Based on literature review, it is important for a usable electronic travel aid to let the visually impaired
be hand free and comfortable during the navigation. The most suitable approach to let the user be hand
free is embedding whole system into clothes. In the literature, some of the researchers suggested this
idea as explained above. However, in their researches the implementation of electronic components
into textile structures was not given in detail, they all considered to attach the components onto clothes
[2, 74, 76-77, 186].

To conclude, the design of the textile architecture in this concept is missing part. For example, in order
to satisfy the electrical conduction between electronic components in the textile structure of the
system, smart clothing approaches mentioned above could be utilized such as integrating electronic

circuit by using conductive fibers through woven or knitted structure.

Thus, based on the analysis literature mentioned above, we developed an innovative wearable obstacle

avoidance system fully integrated to textile structures for visually impaired people.
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Chapter 2

E-Textile architecture for obstacle avoidance

2.1 Basis of system architecture

Designing interactive garment requires exploring the design parameters not only in software and

hardware components but also in everyday wearing requirements.

2.1.1. Software and hardware components requirements

Before starting to design proposed smart clothing, many questions related with design variables were
considered. In electronic system architecture towards the objective of the study, the questions that

were answered are as follows:

o What types of sensors are required?

e What types of actuators can be used?

¢ How the data will be processed, which types of signal processing units are required?

o What will be the decision parameters in signal processing unit?

e How many sensors of each type are required?

e How many actuators of each type are required?

e What is the optimum placement of sensors and actuators on human body?

e What is the most useful placement for the microcontroller?

e What algorithms are needed to provide accuracy in analyzing data gathered by sensors?

e What is the required power consumption for the system?
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o Which types of power supplies are adequate?

e Which types of conductive fibers are suitable for this system architecture?

2.1.2. Wearability performance requirements

When designing smart clothing system, apart from electronic hardware and software concept, the

wearability of the system is a also critical issue. In wearability concept, some performance

requirements such as lightweight, breathable, comfortable, easy to wear etc. have to be taken into

consideration.

In our system, the whole wearability performance requirements were expected as shown in the Fig.

2.1.

Functionality ——»

Detection of obstacles
Guidance alert

Manufacturability —»

Ease of fabrication
Suitable size ranges

—  Wearability ————»

T~ Launderable
. Easy Dryin
Proposed Smart. Clothing Maintability —— Colgr fargtngss
Expected Requirements Repairable
/
Comfortable

- No Skin Irritation

- No Pressure Points
Breathable (Air Permeable)
Moisture Absorption
Lightweight

- Low Bulk & Weight
Dimensional Stability

Easy to Wear & Take-off
Maintain Operational Mobility
Maximize Range of Motion

Durability ————»

Strength
- Tear-Tensile-Burst
Abrasion Resistance

Fig. 2.1: Wearability performance requirements of the proposed system
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2.2 Determination of electronic system components using an

algorithm based on fuzzy AHP and fuzzy information axiom

A major challenge in smart clothing system is the integration of a multitude of diverse components,
which are developed and produced in different technologies and materials. Each component in the
system plays an important role in terms of performance and design. Therefore, designing a smart
clothing system is a complex problem. In this context, in order to determine the most suitable
components related to our objective, information axiom of axiomatic design was used to compose the

optimal smart clothing system.

2.2.1. Criteria and alternatives for visually impaired’s smart clothing

electronic components

In the scope of this study, types of sensors, actuators and power supplies, which are suitable for smart

clothing system, were investigated.

The first main critical question in this system design that must be answered was the type of sensor.
According to previous studies, it was observed that there are three possible sensor options to measure
the distance to an obstacle: ultrasound, laser and infrared (IR). These sensors could be evaluated due to

their power consumptions, costs, sizes, weights, accuracies, working ranges and comfort issues.

The second critical question that must be answered was the type of actuator. Actuator is a mechanical
device that converts energy into some kind of motion. According to our system design, vibration,
audio or artificial muscle could be used as an actuator to ensure the user stimuli through feedback
process. As sensors, these actuators could also be evaluated due to power consumption, cost, size,

weight, accuracy and comfort issues.

The last criterion that should be considered was the type of power supply. For the power consumption
of this smart clothing; solar cells, mechanical, chemical or thermal energy could be used. Unlike the
power generators given in Table 2.1, flat battery can also be used because of easy replacement and
recharging. These power supplies could be evaluated according to their power generations, costs,

sizes, weights, accuracies, working ranges and comfort issues.

Table 2.1: Comparison of power generators useful for wearable Microsystems [187]

Power Generator Power Remarks

Solar cell (outdoors) 115g EVV\\////::::; CIIDJLZC; Zg;

Solar cell (indoors) 05.676l:1V\>/\;/rpnnr:122 Starlijeasrlfj Iggﬁ

Motion (Shoe generator) Sé;g?n\wlvw Electro-magr:);?if:o(e}lc?grr)ig

Motion (Inertial generator) ZSOOOJJV\\//V F';?rt(lﬁg; xﬂgz xg:tmg

Thermoelectric generator 0.2uW/(cm’K) Human body
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For example; thin battery presents us some advantages like ease of removal before washing. It could

be attached with snap fasteners for easy replacement and recharging.

2.2.2. Axiomatic design methodology and its axioms

Axiomatic Design (AD) was introduced by Suh to provide a scientific basis for design activities by
presenting designer theoretical foundation based on logical and rational thought process and tools. The
primarily goal of AD is to establish a thinking process to create a new design and/or to improve the
existing design [188]. Axiomatic design methodology includes four main concepts; (1) domains (2)
hierarchies (3) zigzagging, and (4) design axioms. The domains consist of customer, functional,
physical, and process domains. The functional and physical domains are used for generating the design
map. The functional domains are the functional requirements of a design solution. A minimum set of
independent requirements that completely characterize the functional needs of a design solution in the
functional domain are called as functional requirements (FRs). The physical domain shows the design
parameters (DPs) of a design solution that are selected to represent the specified FRs [188-190]. The
hierarchies are figured out by the decomposition of functional requirements and design parameters.
The selected highest level of FR/DP is decomposed into the lower levels of FRs/DPs until the point
where design solutions are considered to be reasonable. To decompose FRs and DPs, zigzagging
should take place between domains. Zigzagging is the compromise of what a designer wants to
achieve and how he/she achieves it. In any design situation, the probability of success is given by what
the designer wishes to achieve in terms of tolerance (i.e. design range) and what the system is capable

of delivering (i.e. system range) (see Fig. 2.2) [191].

0.4 : : . : :
0.35 : ’ : : :

o
o

0.25

0.15 booeeoeeie

Probability Density
(=] =]
= (]

Common Range FR

System Range

Fig. 2.2: Design range, system range, common range and probability density function of a FR [191]

AD methodology was derived from two axioms: the independence axiom and the information axiom.

These axioms are shortly defined below [188-190]:
Axiom 1. Independence axiom: Axiom 1 requires maintaining the independence of FRs

Axiom 2. Information axiom: Axiom 2 requires minimizing the information content
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In this study, information axiom was used to determine electronic components of smart clothing
design. In this concept, information axiom was used to select the best components with respect to the

defined FRs. The information axiom states that the design having the highest probability of success is

the best design [189]. Information content (Ij)is defined in terms of probability p; of

satisfying FR; where j indicates the number of criteria. The information content is given by Equation

2.1.

1
Ij =log, — (2.2)

j
The logarithmic function is selected in order to make the information content additive when there are
many FRs that must be satisfied simultaneously [188]. In the case of more than one FR, the
information content of a system (lys.m) Can be calculated by Equations 2.2.

Isystem = _ern:l Iogz p; = ZT:1|092 (1/ pj) (2.2)

The probability of success ( p;) is calculated by Equation 2.3,

__commonrange

system range (23)

where system range and common range are defined by the area of system range and by the intersection
area of the system range and design range, which is determined by a functional requirement of the

design, respectively.

Kulak and Kahraman used the information axiom under fuzzy environment for the solution of the
complex decision making problems [191-192]. Instead of conventional information axiom, they used

fuzzy numbers to satisfy the fuzzy information axiom.

Kulak et al. developed unweighted and weighted multi attribute axiomatic design approaches by
considering both crisp and fuzzy criteria. Their application as a case study was about an equipment
selection problem [193]. Additionally, Kulak developed a decision support system for the selection of
a material handling system [194]. Then, Kahraman and Cebi improved the usability of the fuzzy
information axiom for different decision-making problems [195]. In the literature, the proposed fuzzy
information axiom has been tried in several applications. For instance, Celik et al. used the fuzzy
information axiom to search a systematic evaluation model on docking facilities of shipyards [196]. In
another study of theirs, they designed a hybrid approach that combines fuzzy information axiom and
fuzzy technique in order to rank the performance of competitiveness requirements for container ports

by presenting similarity to ideal solution (TOPSIS) [197].
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Celik et al. implemented information axiom into quality function deployment method to analyze
shipping investment processes [198]. Coelho and Mourdo used the information axiom to choose an
appropriate technology required for the subsequent detailed design of a mechanical component [199].
Kahraman et al. used information axiom to choose the best alternative for renewable energy
investment of Turkey [200]. Moreover, Cebi and Kahraman designed a decision support system based
on fuzzy information that can be easily adapted to decision making problems [201].

Herewith, we implemented the information axiom to determine the most suitable electronic

components of our proposed smart clothing system.

2.2.3. Main structure of the proposed methodology

The framework of the proposed methodology for smart clothing system design was given in Fig. 2.3.

2.2.3.1 Initial phase

First, expert team was established. Then, the experts’ weights were assigned with respect to their

experiences.

Assume that the expert team consists of m experts and

W, W, oW, =1 (2.4)

where W, is the weight of i" expert and w, €[0,1]. Then, to evaluate alternatives since the

linguistic terms are good at representing human logic, fuzzy membership functions were determined.

2.2.3.2 Definition of criteria phase

In this phase, evaluation criteria were determined by expert team after a literature review. Since each
criterion may result a different impact on the final decision, it is necessary to identify the importance
of each criterion due to our case. The best way to determine the importance of the criteria was the
pairwise comparisons of the criteria. In this study, a modified fuzzy analytic hierarch process (AHP)
proposed by Zeng et al. was used to define the priorities of the criteria [202]. In the classical AHP
method proposed by Saaty, (1-9] scale was generally used for calculation of the priorities of the
criteria [203].
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Fig. 2.3: Framework of evaluation model

The odd numbers between (1-9] range correspond the linguistic evaluations; more important, strongly
more important, very strongly more important, and absolutely more important, respectively. Even
numbers were used to express intermediate values. For the reverse comparison, the reciprocals of the

corresponding numbers were used such as 1, 1/2, 1/3,....,1/9.
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However, in the modified fuzzy AHP developed by Zeng et al., experts present their preferences in
fuzzy scale such as “about 5, “between 3 and 57, etc. In the case that there is no comparison between
two factors at all, experts leave absent that means they can’t be compared [202]. In our study, each
expert made pairwise comparisons of the criteria using fuzzy numbers defined by Zeng et al. [202].
Then, evaluations were transformed into standard fuzzy numbers. To calculate the priorities of the

criteria, experts’ evaluations for pairwise comparisons were aggregated by using Equation 2.5.
S, =S, 0w, ®S,Qw, ®..®S, Ow, (2.5)

where §i is the fuzzy aggregated score of the i" criterion and ® and @ denote the fuzzy multiplication

and fuzzy addition operators, respectively. Then, defuzification operation was used to defuzzify the
fuzzy numbers. In Equation 2.6, defuzification operation was given for trapezoidal fuzzy numbers. Let

A= (a1'J a5, 8y, ay ) be a trapezoidal fuzzy number, then

. aj +2(a +a])+a; (2.6)
ij 6

The priority weights of the criteria in the aggregated comparison matrix were calculated by Equation
2.7.
1o a; -
Vvi :EZJ:]_H— I,J:1,2,3,...,n (27)

DB

2.2.3.3 Evaluation phase

In this phase, each alternative was evaluated under defined criteria. Then, experts’ preferences were
transformed into fuzzy numbers, and fuzzy numbers were aggregated by using Equation 3.5.
Functional requirements for the design were determined to calculate the information contents of the

design. Information content values for the problem was calculated as follows [195]:

Case. Exact value problems;

infinitive, if there is not any intersection
I = o TEN of System Range

| (2.8)
> Common Area

, otherwise
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2.2.3.4 Output phase

In this step, weighted total information contents (1Y) were calculated by Eq. 2.9. Then the designs that

have the minimum total information content value was selected (Eq. 2.10).

n
D Wl
i=1
n
t
|1 ZWZIH
. i=1

(2.9)

t
[ 0

zwm Ili
i=1

" =min{ * (2.10)

2.2.4. Application

In this section, electronic components to be used for smart clothing system were determined. For this
purpose, type of sensor, type of actuator and type of power supply were selected. To make the

methodology easily understandable, it was given phase by phase.

2.2.4.1 Initial phase

The expert team consisted of three experts. Due to their expertise, weights of the experts were taken as
We;=0.3, We,=0.4, and we;=0.3, respectively. Linguistic scale given in Fig. 2.4 was selected for the
evaluation of the alternatives under the defined criteria. The explanation of the linguistic terms was

presented in the Table 2.2.

ux)
=—=—Terml
=l—Term?2
Term3
e T2rM 4
0 1 1 % 1 1 T 1 1 . : _._TermS

0 01 02 03 04 05 06 07 08 09 1 X

Fig. 2.4: Triangular fuzzy numbers for linguistic terms
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2.2.4.2 Definition of criteria phase

Following criteria were determined for the evaluation phase of the electronic components; power
consumption/generation, cost, size, weight, accuracy, working range and comfort level. In the

evaluation phase, linguistic terms given in Table 2.2 were used.

Table 2.2: Linguistic terms

Evaluation Scale

Criteria

Linguistic Term Label
Power consumption Very low VL
Cost
Size LOW. L
Medium M
Accuracy .
Working range High high H
Usability Very hig VH
Very light VLi
Light Li
Weight Medium JR
Heavy Hv
Very Heavy VHv
Very uncomfortable VU
Uncomfortable U
Comfort level Fair F
Comfortable C
Very comfortable VC

To determine the importance of the defined criteria given in Table 2.2, pairwise comparison matrix
was constructed by each expert. Table 2.3 represents the pairwise preferences of the experts and fuzzy
numbers for experts’ preferences. Experts’ preferences were aggregated by using Eq. 2.5 and fuzzy
numbers were defuzzified by using Eq. 2.6. The aggregated and defuzzified pairwise comparison

matrix C is given below.

1
0,39
4,17
3,45
6,67
0,59
5,00
7,69

2,55 0,24

1

3,45
3,85
7,69
3,23
6,67
6,67

0,29
1

0,32
7,14
1,32
2,17
1,79

0,29
0,26
3,15
1

6,25
0,85
3,03
1,89

0,15 1,7
0,13 0,31
0,14 0,76
0,16 1,18
1 53
0,191
1,79 0,24
0,17 0,23

0,2
0,15
0,46
0,33
0,56
4,1
1

0,13
0,15
0,56
0,53
5,9

4,3

0,87

1,15 1

The importance of the criteria is obtained by using Eq. 2.7 as follows 0.05, 0.02, 0.09, 0.07, 0.32, 0.15,
0.17, 0.12 for power consumption/ generation, cost, size, weight, accuracy, working range, usability,

and comfort level, respectively.

2.2.4.3 Evaluation phase

Experts evaluated the alternatives by using linguistic-scale given in Table 2.2. Their preferences were

given in Table 2.4.

42

http://doc.univ-lille1.fr

© 2011 Tous droits réservés.



Thése de Senem Kursun Bahadir, Lille 1, 2011

Chapter 2: E-Textile architecture for obstacle avoidance

Table 2.3: Fuzzy pairwise comparisons for importance of the criteria

Power Cost Size Weight Accuracy Working Range Usability Comfort Level
Power E1 (13)  (1,1,33) (1/5) (0.2,0.2,0.2,0.2) (1/5,1/3) (0.2,0.2,0.33,0.33) (1/9,1/7)  (0.11,0.11,0.14,0.14)  (1/3,1) (0.33,0.33,1,1) (1/5) (0.2,0.2,0.2,0.2) (1/5,1/3)  (0.2,0.2,0.33,0.33)
E2 3 (3,3,33) (1/5) (0.2,0.2,0.2,0.2) (1/3) (0.33,0.33,0.33,0.33) 1/7,1/5) (0.14,0.14,0.2,0.2) 3 (33,33) (1/5) (0.2,0.2,0.2,0.2) (1/5) (0.2,0.2,0.2,0.2)
E3 (23)  (2,233) (1/3) (0.33,0.33,0.33,0.33)  (1/5,1/3) (0.2,0.2,0.33,0.33) (1/7) (0.14,0.14,0.14,0.14) 1 (1,1,1,1) (1/5) (0.2,0.2,0.2,0.2) (1/5) (0.2,0.2,0.2,0.2)
Aggregetion 1 (2.1,2.1,3,3) (0.24,0.24,0.24,0.24) (0.252,0.252,0.33,0.33) (0.13,0.13,0.16,0.16) (1.6,1.6,1.8,1.8) (0.2,0.2,0.2,0.2) (0.2,0.2,0.24,0.24)
Cost E1 (1/5,1/3)  (0.2,02,033,033) (1/51/3)  (0.2,0.2,033,033)  (1/9,1/7) (0.11,0.11,0.14,0.14) (1/51/3) (0.2,0.2,0.33,0.33) 1/7) (0.14,0.14,0.14,0.14)  (1/7,1/5)  (0.14,0.14,0.2,0.2)
E2 (1/3) (0.33,0.33,0.33,0.33) (1/5) (0.2,0.2,0.2,0.2) (1/7)  (0.14,0.14,0.14,0.14)  (1/3)  (0.33,0.33,033,033) (1/7,1/5)  (0.14,0.14,0.2,0.2) (1/7)  (0.14,0.14,0.14,0.14)
E3 (1/5,1/3)  (0.2,0.2,0.33,0.33) (1/3) (0.33,0.33,0.33,0.33) (1/9) (0.11,0.11,0.11,0.11) (1/3) (0.33,0.33,0.33,0.33) (1/7) (0.14,0.14,0.14,0.14) (1/7) (0.14,0.14,0.14,0.14)
Aggregetion 1 (0.25, 0.25, 0.33,0.33) (0.24,0.24,0.28,0.28) (0.12,0.12,0.13,0.13) (0.29,0.29,0.33,0.33) (0.14,0.14,0.164,0.164) (0.14,0.14,0.16,0.16)
Size E1 3 (3,3,33) (1/7) (0.14,0.14,0.14,0.14) (1/5) (0.2,0.2,0.2,0.2) (1/3) (0.33,0.33,0.33,0.33) (1/3) (0.33,0.33,0.33,0.33)
E2 3 (3,333) (1/7) (0.14,0.14,0.14,0.14)  (1/5,1/3) (0.2,0.2,3,3) (1/3,1) (0.33,0.33,1,1) (1/3,1) (0.33,0.33,1,1)
E3 (3,5) (3,3,4,4) (1/7)  (0.14,0.14,0.140.14)  (1/5) (0.2,0.2,0.2,0.2) (1/3) (0.33,0.33,0.33,033)  (1/3,1) (0.33,0.33,1,1)
Aggregetion 1 (3,3,3.3,3.3) (0.14,0.14,0.14,0.14) (0.2,0.2,1.32,1.32) (0.33,0.33,0.6,0.6) (0.33,0.33,0.8,0.8)
Weight E1 (1/5) (0.2,0.2,0.2,0.2) (1/5,1/3) (0.2,0.2,3,3) (1/3) (0.33,0.33,0.33,0.33) (1/3) (0.33,0.33,0.33,0.33)
E2 (1/7) (0.14,0.14,0.14,0.14)  (1/5,1/3) (0.2,0.2,3,3) (1/3) (0.33,0.33,0.33,0.33) (1/3) (0.33,0.33,0.33,0.33)
E3 (1/9,1/7) (0.11,0.11,0.14,0.14) (1/5) (0.2,0.2,0.2,0.2) (1/3) (0.33,0.33,0.33,0.33) 1 (1,1,1,1)
Aggregetion 1 (0.15,0.15,0.16,0.16) (0.2,0.2,2.16,2.16) (0.33,0.33,0.33,0.33) (0.53,0.53,0.53,0.53)
Accuracy El 5.00 (5,5,5,5) (1/3) (0.33,0.33,0.33,0.33) 7 (7,777
E2 5.00 (5,5,5,5) (1/3,1) (0.33,0.33,1,1) 5 (5,5,5,5)
E3 (5,7) (5,5,7,7) (1/3,1) (0.33,0.33,1,1) (5,6,7) (5,6,6,7)
Aggregetion 1 (5,5,5.6,5.6) (0.33,0.33,0.8,0.8) (5.6,5.9,5.9,6.2)
Working Range  E1 (3,5) (3,3,5,5) (3,5 (3,3,5,5)
E2 5 (5,5,5,5) (3,45 (3,44,5)
E3 3 (3,333) 5 (5,5,5,5)
Aggregetion 1 (3.8,3.8,4.4,4.4) (3.6,4,4.6,5)
Usability El 1 (1,1,1,1)
E2 (1/3,1) (0.33,0.33,1,1)
£3 1.00 (1,1,1,1)
Aggregetion 1 (0.732,0.732,1,1)
Comfort Level ~ E1
E2
E3
Aggregetion 1
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The experts’ preferences were transformed into fuzzy numbers, and fuzzy numbers were aggregated

by using Equation 2.5 (see Table 2.5).

To calculate the information content values of the alternatives, functional requirements were defined.
For the design of smart clothing system, the functional requirements that must be satisfied and their

fuzzy number are given as follows;

e Power consumption of sensor and actuator alternatives must be at most low; (0, 0, 0.5)
e Power generation of power supply alternatives must be at least high; (0.5, 1, 1)

e Cost of alternatives must be at most medium; (0, 0, 0.75)

e Size of alternatives must be at most low; (0, 0, 0.5)

¢ Weight of alternatives must be at most light; (0, 0, 0.5)

e Accuracy of alternatives must be at least medium; (0.25, 1, 1)

e Working range of alternatives must be medium; (0.25, 0.5, 0.75)

o Usability of alternatives must be at least medium; (0.25, 1, 1)

e Comfort level of alternatives must be at least medium; (0.25, 1, 1)

By using Equation 2.8, information content values were obtained as in Table 2.6. Then, weighted
information contents were calculated by using Equation 2.9 (see Table 2.7).

2.2.4.4 Output phase

According to weighted information contents (see Table 2.7), ultrasound, vibration, and chemical cells
were selected as sensor, actuator, and power supply, respectively for our smart clothing system design.
However, when the importance of the criteria was not taken into account, ultrasound, vibration, and
mechanical energy would be the best options as seen in Table 2.6. This showed that mechanical
energy was affected by the importance of the critera. Since, experts emphazised that chemical energy
is better than mechanical energy in terms of accuracy criterion, chemical cells became important for

our study.

As a result, a chemical cell, which provides continuous and determined energy was selected as a
power supply for our smart clothing system. Since ultrasound sensor alternative has more advantages
than the other ones in terms of power, cost, size, weight and working range criteria, ultrasonic sensor
was selected for our smart clothing system. Additionally, since vibration alternative has more
advantages than the other alternatives in terms of cost, size, weight, accuracy and usability criteria,

vibration motor was selected as an actuator for our smart clothing system.
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Table 2.4: Experts’ preferences

Power Cost Size Weight Accuracy Range Usability Comfort
Alternatives El E2 E3 El E2 E3 El E2 E3 El1 E2 E3 El E2 E3 El E2 E3 El E2 E3 E1 E2 E3
g Ultrasound L VL L VL VL L M VL L VLi JR VLi M M M M M M M M M F U U
% Laser H M H VH VH H VH M M JR Hv Hv H H VH VH VH VH M M H C F C
@ Infrared M L M L L L M L L VLI JR Li M H H VL VL VL VL L L U U F
& Vibration L M M VL VL M VL VL L VLi VLi VLi H H M VH H M U U F
% Audio H H M VL VL VL L VL VL VLi Li VLi M M M H M M F U U
< Avrtifical muscle VL VL VL H H H M L L Li VLi VLi L M L M L L C C F
% Solar cells L L L L L M M L L Li Li Li L L L L L L L L M vC C VvC
@ Mechanical M M M L L L M M M Li Li Li L L M L M L L M L U U U
g Chemical H H H M H M VH M M Hv Hv Li VH H VH H VH H H VH M U U U
o
0 Thermal energy VL VL VL L M H VL VL VL VLi VLi VLi VL VL VL VL VL VL VL L VL C F F
Table 2.5: Aggregated fuzzy numbers for experts’ preferences
Power Cost Size Weight Accuracy Working Range Usability Comfort Level
o Ultrasound (0,0,15,0,42) (0,0,075,0,36) (0,075,0,225,0,495)  (0,1,0,2,0,48) (0,25,0,5,0,75) (0,5174,0,5,0,75)  (0,25,0,5,0,75) (0,075,0,325,0,575)
Q
§ Laser (0,4,0,65,0,9) (0,64,0,925,1) (0,385,0,65,0,825) (0,425,0,675,0,925)  (0,56,0,825,1) (0,5211,1,1) (0,325,0,575,0,825)  (0,4,0,65,0,9)
w
Infrared (0,15,0,4,0,65) (0,0,25,0,5) (0,075,0,325,0,575)  (0,1,0,275,0,54) (0,425,0,675,0,925)  (0,0,0,3) (0,0,175,0,44) (0,075,0,325,0,575)
5 Vibration (0,175,0,425,0,675)  (0,075,0,15,0,435) (0,0,075,0,36) (0,0,0,3) (0,425,0,675,0,925) (0,485,0,75,0,925) (0,075,0,325,0,575)
@
2 Audio (0,425,0,675,0,925)  (0,0,0,3) (0,0,075,0,36) (0,0,1,0,38) (0,25,0,5,0,75) (0,325,0,575,0,825)  (0,075,0,325,0,575)
<
Artifical muscle  (0,0,0,3) (0,5,0,75,1) (0,075,0,325,0,575)  (0,0,075,0,36) (0,1,0,35,0,6) (0,075,0,325,0,575)  (0,425,0,675,0,925)
> Solarcells (0,0,25,0,5) (0,075,0,325,0,575)  (0,075,0,325,0,575)  (0,0,25,0,5) (0,0,25,0,5) (0,5396,0,25,0,5)  (0,075,0,325,0,575)  (0,62,0,9,1)
o
@ Mechanical (0,25,0,5,0,75) (0,0,25,0,5) (0,25,0,5,0,75) (0,0,25,0,5) (0,075,0,325,0,575)  (0,5433,0,35,0,6)  (0,1,0,35,0,6) (0,0,25,0,5)
(<]
§ Chemical (0,5,0,75,1) (0,35,0,6,0,85) (0,385,0,65,0,825) (0,35,0,6,0,85) (0,62,0,9,1) (0,52,0,85,1) (0,505,0,775,0,925)  (0,0,25,0,5)
Thermal energy ~ (0,0,0,3) (0,25,0,5,0,75) (0,0,0,3) (0,0,0,3) (0,0,0,3) (0,0,0,3) (0,0,1,0,38) (0,325,0,575,0,825)
45
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Table 2.6: Information content values

Power Cost Size Weight Accuracy Working Range  Usability Comfort Level Total
¢ Ultrasound 0,24 0,02 0,63 0,52 1,00 0,00 1,00 2,20 561
2 Laser 5,23 4,95 479 6,26 0,10 273 0,63 0,41 25,09
9 Infrared 1,61 0,19 1,09 0,90 0,33 6,04 3,62 2,20 15,99
5  Vibration 187 0,09 007 000 033 021 2,20 478
% Audio 6,26 0,00 0,07 0,11 1,00 0,63 2,20 10,27
< Artifical muscle 0,00 3,00 1,09 0,07 2,03 2,20 0,33 812
_2 Solar cells Inf 0,35 1,09 0,58 3,00 0,38 2,20 0,04 Inf
2  Mechanical 258 0,19 258 0,58 2,20 0,16 2,03 3,00 13,33
S Chemical 058 164 479 4,06 0,04 2,40 0,17 3,00 16,68
8- Thermal energy Inf 1,00 0,00 0,00 6,98 6,04 4,53 0,63 Inf

Table 2.7: Weighted information contents
Power Cost Size Weight Accuracy Working Range Usability Comfort Level Total |

»  Ultrasound 0,01 0,00 0,06 0,04 0,32 0,00 0,17 0,26 0,86
% Laser 0,26 0,10 0,43 0,44 0,03 0,41 0,11 0,05 1,83
@ Infrared 0,08 0,00 0,10 0,06 0,11 0,91 0,62 0,26 2,14
S Vibration 0,09 0,00 0,01 0,00 0,11 0,04 0,26 0,51
% Audio 0,31 0,00 0,01 0,01 0,32 0,11 0,26 1,02
< Artifical muscle 0,00 0,06 0,10 0,01 0,65 0,37 0,04 1,23
_; Solar cells Inf 0,01 0,10 0,04 0,96 0,06 0,37 0,00 Inf
f Mechanical 0,13 0,00 0,23 0,04 0,70 0,02 0,34 0,36 1,84
S Chemical 0,03 0,03 0,43 0,28 0,01 0,36 0,03 0,36 1,54
e Thermal energy  Inf 0,02 0,00 0,00 2,23 0,91 0,77 0,08 Inf

© 2011 Tous droits réservés.
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2.2.5. Conclusion

An algorithm based on fuzzy AHP and fuzzy information axiom was presented to determine electronic
components for the design of smart clothing system. In the scope of the study, sensor, actuator and
power supply components of the smart clothing system were taken into consideration. First, criteria
and the importance of the criteria were determined for the evaluation procedure. In order to obtain
importance, fuzzy AHP proposed by Zeng et al. (2007) was used [202]. Then, alternatives of the
components in industry and literature were determined and an expert team consisting of three
engineers was set up. Then, the functional requirements for the smart clothing system design were
defined. The linguistic evaluations of the experts for the alternatives under the defined criteria were
processed with fuzzy information axiom methodology with respect to defined functional requirements.
According to the results, the accuracy criterion was thought to be the most important among all
criteria, while cost was the least. Finally, ultrasonic sensor, vibration motor, and chemical cell were
selected as the best alternatives for the proposed smart clothing system design as a sensor, actuator and
power supply, respectively.

2.3 Adaptation of sensor methodology to textile structure

2.3.1. Introduction

According to results mentioned in Section 2.2, firstly, types of ultrasonic sensors were investigated
due to the aim of the study. Then, ultrasonic sensor was chosen according to criteria identified earlier.
In order to integrate ultrasonic sensor to textile structure, types of conductive yarns were also
investigated and realized. Therefore, in this section, the integration of sensor methodology to textile

structure was briefly explained with respect to smart clothing system.

2.3.2. Materials

2.3.2.1 Characteristics of ultrasonic sensor

Towards our aim, in order to select ultrasonic sensor, following criteria should be considered:
e Criterion 1: Dimension of sensor should be as small as possible.

e Criterion 2: Ranging distance of sensor should be between the ranges of 0.2m-6m for

identifying objects in front of the user.

o Criterion 3: Interface of sensor should satisfy analog voltage as output for easy programming,

and pulse width output for obtaining digital measurement.
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e Criterion 4: Voltage requirements of sensor should be around 5V because of microcontroller

and actuator’s working constraints.

e Criterion 5: Beam pattern of sensor should be as narrow as possible. To detect objects in front
of the user along walking direction, beam angle should not be expanded so much to the

environment in order not to misguide the user.

Considering Appendix-Al, Table 2.8 shows the comparison of ultrasonic sensor types. In the table, the
sign (+) shows that related sensor meets criterion requirement, whereas sign (-) shows that it does not
meet the criterion requirement. As a result, since Maxbotic Inc. Max Sonar-EZ type matches with our

requirements, it was chosen in the scope of this study.

Table 2.8: Comparison of ultrasonic sensor types

Ultrasonic Sensors Dimensions Ranging Interface Power Beam Pattern
Type Distance Requirements

Maxbotix MaxSonar-EZ + + + + +
Devantec SRF04 - - - - -
Devantec SRF05 - - - + -
Devantec SRFO8 - + - - -
Devantec SRF10 - + - - -
Devantec SRF235 - - - - +
Devantec SRF02 + + - + -

LV-MaxSonar ®-EZ3™ (MaxBotix) has small dimensions and low power requirements, 2.5V to 5.5V
supply with low (2mA) typical current draw [204]. Fig. 2.5 shows the ultrasonic sensor with its
dimensions. These dimensions were taken into account during the insertion of conductive yarns to
textile structure. The detection capability of this sensor ranges between 6 to 254 inches [see Appendix-
A2].

0.785" | 19.9 mm
0.870" | 22.1 mm
0.100" | 2.54 mm
0.100" | 2.54 mm
0.670" | 17.0 mm 0.065" 1.7 mm
0.510" | 12.6 mm 0.038" gia. |1.0 mm gia.
0.124" dgia. | 3.1 mmadia weight, 4.3 grams

0.100" | 254 mm
0.645" | 16.4mm
0.610" | 15.5mm
0.735" | 18.7mm

ZIZ|Ir|=|—|T

Qmm|o|O|m ]| =

Fig. 2.5: Overview of ultrasonic sensor and its dimensions [204]

2.3.2.2 Characteristics of conductive yarns

Different conductive yarns were studied to integrate ultrasonic sensor to textile structure in order to
compare system performance. Therefore, five different conductive yarns with different linear

resistances were used to form electrical circuits in woven fabric samples.

The details of the conductive yarns used in our research are summarized in Table 2.9. Additionally,

polyester yarn was used to form electrical insulation in the structure.
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Table 2.9: Characteristics of yarns for integration of ultrasonic sensor

Sampleno  Role of yarn in fabric ~ Material type Yarn count Linear
resistance
Non-conductive Yarn  Polyester Microfiber 330dtex -
1 Conductive Yarn 100% Stainless Steel 260 2-ply tex <150hm/m
2 Conductive Yarn Silver Plated Nylon 66-4 ply  312/34f 4-ply dtex <500hm/m
3 Conductive Yarn Silver Plated Nylon 66-2 ply  140/17f 2-ply dtex <2300hm/m
4 Conductive Yarn Silver Plated Nylon 66 312/34f dtex <2400hm/m
5 Conductive Yarn Insulated Copper Yarn 144tex <10ohm/m

Electrical resistivity (p) is a measure of how strongly a material shows resistance to the flow of

electric current. The SI unit of electrical resistivity is the ohm metre [Qm]. Electrical conductivity is

the reciprocal quantity of electrical resistivity. Its SI unit is siemens per metre (Sm™).

In our study, to measure the conductivity of yarns, TTi 1906 computing multimeter was used. Both the

electrical resistivity and linear resistance of yarns were calculated in ohm meter (2m) and ohm per

meter (Q/m), respectively. For instance; Table 2.10 shows the conductivity calculations for yarn

sample 2 (silver plated nylon 66-4 ply).

By using length and measured resistance values, Fig. 2.6 was obtained. According to Equation seen on

the graph (see Fig. 2.6), resistance of the multimeter circuit was identified as 0.74 Q.

Table 2.10: Conductivity calculations for yarn sample 2

Measured  Resistance

Measurement Resistance-  of Circuit- Resistivity
no Length(cm) R(Q) Rc (Q) R-Rc (Q2) Qcm
1 1 1,3 0,74 0,56 0,000703
2 2 1,8 0,74 1,06 0,000666
3 3 2,2 0,74 1,46 0,000611
4 4 2,7 0,74 1,96 0,000615
5 5 3,1 0,74 2,36 0,000593
6 6 3,6 0,74 2,86 0,000599
7 7 4,2 0,74 3,46 0,000621
8 8 4,7 0,74 3,96 0,000622
9 9 51 0,74 4,36 0,000608
10 10 5,6 0,74 4,86 0,00061
11 11 6,2 0,74 5,46 0,000623
12 12 6,7 0,74 5,96 0,000624
13 13 7,2 0,74 6,46 0,000624
14 14 7,6 0,74 6,86 0,000615
15 15 8,1 0,74 7,36 0,000616

average  0,000623

Then, resistivity values were calculated by using following equation:

(2.11)
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I is the length of the piece of material (measured in meters, m)

A is the cross-sectional area of the yarn (measured in square meters, m2).

Silver Plated Nylon 66-4 Ply
9
8 ~
2 5 -—
< 6 y=0,4914x +0,7419—"
E‘;; 5 /
g 4 /
E 3 /
W
2 2 ’/”/
1
0 T T T T T T T 1
0 2 4 6 8 10 12 14 16
Length (cm)

Fig. 2.6: Linear resistance graph of sample 2 (Silver Plated Nylon 66-4 ply)

2.3.3. Design of woven fabric structure

To prevent formation of short circuits, conductive yarns were hidden into structure. A fabric structure
was considered as a double-woven fabric, and conductive yarns were placed in the middle layer of the
structure. A double woven cloth containing weft stuffer yarns was woven with polyester yarns on an
ARM loom (see Fig. 2.7b). The set of warp yarns of upper layer was linked to the set of weft yarns
from bottom layer and thus, two layers were held together. A four-harness satin weave was chosen for
both layers. Fig. 2.7a shows the diagram representing the drawdown, threading and lift-plan of the
double-woven cloth. The design process was created by using Pointcarre Textile Software ® [205].

3D-graphical representation of the woven fabric structure (TexGen software ® [206]) is shown in Fig.
2.8.

THREADING

.

\_LIFT-PLAN

_|

Weft stuffer
yarns

-Wwpgg- — — —

DRAWDOWN

2" yamn
Y o

Fig. 2.7: a) The draft for double-woven cloth with weft stuffers and conductive yarn position b) fabric

on the loom
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Fig. 2.8: 3D representation of the double-woven cloth (TexGen software®)

2.3.4. Integration of ultrasonic sensor

In our research, to measure the signal quality and beam pattern of sensor, single ultrasonic sensor
integrated to textile structure was used. However, our other experiments showed that obstacle
detection required multi-connection of sensors. Since the number of insertion of conductive yarns
changes according to connection procedure, integration of single sensor and multi connected sensors

was presented separately.

2.3.4.1 Integration of single ultrasonic sensor

For single sensor measurements, only analog voltage output was used. Therefore, to integrate single
sensor to textile structure, three electrical connection points that are Ground, Voltage (Vcc) and
Analog Voltage at specified distances (see Fig. 2.5), were taken into account.

During the weaving process, some of polyester weft stuffers were replaced with conductive yarns at
the distances required by sonar sensor’s technical data book [204]. The conductive yarns were
positioned in the middle of the fabric and they had a straight trajectory without crimp. Thus, in each
sample the same conductive yarn was used three times in weft direction at desired distances to satisfy
three electrical connection points. Finally, for signal quality experiments, five different samples
including five different conductive yarns with the same fabric design were produced (see Fig. 2.9).

Fig. 2.9: Samples

51

© 2011 Tous droits réservés. http://dOC.UI‘liV-|i||e1 fr



Thése de Senem Kursun Bahadir, Lille 1, 2011
Chapter 2: E-Textile architecture for obstacle avoidance

Final sample corresponding sensor’s connection points is shown in Fig. 2.10. As seen in the figure, the
conductive yarns are in grey color in the middle part of fabric and non-conductive polyester
microfibers are in white color. Conductive yarns were placed in order to match Ground, Voltage (Vcc)
and Analog Voltage Output pins. Furthermore, to construct electrical circuit and to connect sensor
with fabric, loops were formed among conductive yarns, and snap fasteners were sewn onto these
loops.

Fig. 2.10: a) Sample overview: conductive yarns corresponding to sensor ground, Vcc and analog

voltage output points

2.3.4.2 Integration of multi-connected ultrasonic sensors

According to our objective, to detect obstacles it is necessary to work with several sensors. Therefore,
we performed our obstacle detection experiments by using multi-connected sensors integrated to
textile structure. Before giving the integration procedure of multi-connected sensors, it is necessary to
define multi connection procedure of sensors at first.

In order to work with multi-sensors, sensors should be chained together as shown in Fig. 2.11.
Therefore, to keep running and constantly loop sensors, mainly three things were done:

Firstly, a resistor 1K) was added between the last sensor's TX back to the RX of the first sensor.
Secondly, BW pin was pulled high. Thirdly, to "kick start" sensors; the RX pin on the first sensor was
pulled high for at least 20 1S . This lets the microcontroller return its pin to a high impedance state so
that the next time around the TX output from the last sensor made its way to the RX of the first sensor.
Thus, all of the sensors in the chain run in sequence. This "ring of sensors" cycle around and around
provided constantly maintaining the validity of their analog values.
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®
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Wire BW to Wire BW to Wire BW to
Logic High Logic High Logic High
Wire to an Wire to an Wire to an
AD input AD input AD input

K]

Fig. 2.11: Chaining of ultrasonic sensors [204]

Repeat to add as many sensors as desired

Within this concept the most recent range reading was always ready to be read on the analog voltage
pin, so once the chain in continuous mode, the values at any time are read. Fig. 2.12 shows the
MATLAB file for sensors constantly looping. As summarized above, BW pin of sensors was pulled to
high, which corresponds to Analog output of DAQ (Data Acquisition) Card with constant value of 5
voltage. RX pin also was pulled high with step function, which corresponds to Analog outputl of
DAQ Card, for 20uS with initial value of 5 volts.

After brief explanation of multi-sensor connection procedure, integration procedure of multi-

connected sensors is defined as follow:

_.E yellow-sensar-leftdown :

v purple-sensor-Rightdown

Scope2

: [
....... 4zensor_Odeg_ver_hor_hZ_w1_xleft0_y20
- 4 Soensor D ver hor 2t 1910

To Wiorkspace

Aralag Input

blue-sensor-rightup

srsssnenne
| erere
wEm el a
Constant
Analog Out red-gensor-lefug
-adushlmt
sanmes -
o 3 [Z] Source Block Parameters: Step E\ nitialization
w[es el a e
=t P
#nalog Outt Output a step,
Paramneters
Step time:
0.00002
= T 15 0 .00002=20 1S
Initial value: .
Scapel
[ ‘5 ‘
>

Final value:
s \
Samnle Fimea:

Fig. 2.12: MATLAB file for sensors constantly looping

As presented above, to integrate multi-connected sensors to textile structure, it was necessary to use
Voltage, Ground, AN, TX, RX and BW pins of the sensor. Therefore, six electrical connection points
(Voltage, Ground, AN, TX, RX and BW pins) at specified distances (see Fig. 2.5), were taken into

account.
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Similar to single sensor integration, during the weaving process, some of polyester weft stuffers were

replaced with conductive yarns at the distances required by sonar sensor’s technical data book [204].

Thus, in each sample the conductive yarn was used six times in weft direction at desired distances to
satisfy six electrical connection points.

To construct electrical circuit and to connect sensor with fabric, loops were formed among conductive
yarns, and snap fasteners were sewn onto these loops. Final sample corresponding sensor’s connection
points is shown in Fig. 2.13. As seen in the figure, the conductive yarns are in grey color in the middle
part of fabric and non-conductive polyester microfibers are in white color.

Fig. 2.13: Sample overview: conductive yarns corresponding to sensor ground, Vcc, TX, RX, analog

voltage, and BW output points

2.3.5. Conclusion

In this section, ultrasonic sensor integration methodology to textile structure was studied. It was
observed that single sensor and multi sensors integration procedure varied with sensors’ connection

technique.

2.4 Adaptation of actuator methodology to textile structures

2.4.1. Introduction

Towards the objective of the study, vibrotactile feedback was chosen in order to guide visually
impaired people. Therefore, according to results in Section 2.2, vibration motors to be used as
actuators were investigated. Considering clothing system requirements and ultrasonic sensor power
requirements, type of vibration motor was selected.
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In order to investigate vibrotactile perception, two different fabric structures with two different
conductive yarns were produced. In this part, the integration of vibration motor to textile structure

was briefly explained with respect to smart clothing system.

2.4.2. Materials

2.4.2.1 Characteristics of vibration motor

In this research, Arduino LilyPad Vibe Board® vibration motor was used as an actuator to ensure
vibrotactile sensation due to its small dimensions, low power requirement and easy implementation.

Fig. 2.14 shows the vibration motor with its properties.

20 mm outer diameter
Thin, 0.8 mm PCB

0.002 kg
Max Applied Voltage: 5.5V

Fig. 2.14: Arduino LilyPad Vibe Board® [207]

2.4.2.2 Characteristics of conductive yarns

Two different conductive yarns were used to form electric circuits in the structure in order to integrate

the vibration motors to textile structures.

Since silver plated nylon yarns show the best compromise between the signal quality and textile
properties e.g. handle, stable and elastic, easy to weave, easy to integrate sensor etc.; they were chosen
to form electric circuits. Table 2.11 shows the characteristics of yarns used for integration of vibration
motor. Two conductive yarns with different linear resistances were taken into account to evaluate their

performances on the resulting vibrotactile perception level.

Table 2.11: Characteristics of yarns for integration of vibration motor

Role of yarn in fabric Material type Yarn count Linear resistance

Non-conductive Yarn 100% Acrylic 24x2 tex -
Conductive Yarn Silver Plated Nylon 66-4 ply ~ 312/34f 4-ply dtex <50 ohm/m
Conductive Yarn Silver Plated Nylon 66 312/34f dtex <240 ohm/m

2.4.3. Formation of e-textile structures

To prevent short circuits, the woven fabric sample was designed as a double-woven structure as
mentioned in Section 2.3 (see Fig. 2.8), and a knitted fabric sample was designed using lay-in
technique with the stitch density of 1x1 rib . The model of the knitted structure is seen in Fig. 2.15.

Thus, conductive yarns were hidden in the middle layer of both woven and knitted fabrics.
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Double-woven fabric and 1x1 rib fabric samples were produced by using handloom weaving machine

and handloom flat knitting machine, respectively.

Fig. 2.15: 3D representation of the 1x1 rib fabric

2.4.4. Integration of vibration motor

During the production of samples, loops were formed among conductive yarns and then, snap

fasteners were sewn onto these loops.

Thus, the connection of vibration motor to textile structure was provided by these loops. Eventually,
signals were transmitted to vibration motor passing through conductive yarns via snap fasteners. Fig.
2.16 shows the samples that were produced and Table 2.12 shows the physical characteristics of
samples. In order to optimize the fabric pressure effect on the skin, the weights of samples were

adjusted approximately to the same value.

Voltage application
point

Sample 4
Knitted fabric with yarn 2

Snap falsten P 2 R
Sl ‘ Q ' Sample 3
2 N g

Knitted fabric with yarn 1

Sample 2

Vibration motors Woven fabric with yarn 2

i Sample 1
Woven fabric with yarn 1

Fig. 2.16: Samples
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Table 2.12: Physical characteristic of samples

Sample Sample Sample

1 2 3 Sample 4
Weight 5.184¢g 4.819¢g 5.194 g 4.836 ¢
Length 19cm 19cm 14 cm 14 cm
Width 4cm 4cm 4cm 4cm
|d]|
(distance between snap 4cm 4cm 4cm 4cm

fastener-vibration motor)

2.4.5. Conclusion

Since vibration motion was chosen as a guidance alert in smart clothing concept, vibration motors
were investigated and selected for the proposed system. To evaluate vibration effect in terms of
vibrotactile perception, two different fabric structures with two different conductive yarns were
produced. Then the vibration motors were integrated to fabric structures. In this part, a brief

explanation about integration of vibration motors to textile structure was given.
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Chapter 3

System analysis & results for e-textile architecture

3.1 Analysis on signal quality of ultrasonic sensor

3.1.1 Introduction

The main function of ultrasonic sensor is to detect obstacles and to measure the distance to obstacle
through reflected sound waves. In sonar systems, electrical impulse is converted into sound waves,
and the echoes of reflected sound waves are picked up by the sonar equipment. Thus, in ultrasonic
sensor system, the distance to an object is identified by the measurement of the time from transmission
of a pulse to reception, and performance of the system is analyzed according to detection capabilities

and signal accuracy.

In this part, in order to find the influence of conductive yarn type for our smart clothing system,
conductive yarns on the performance of ultrasonic sensor integrated to textile structure were
investigated and discussed. The performance of ultrasonic sensors was tested in terms of signal quality
by using five different conductive yarns used as transmission lines in three different configurations

regarding disturbances.

3.1.2 Experimental

In this part, the produced samples described in Section 2.3. (see Fig. 2.9) were used.

3.1.2.1 Measurement set up

As seen in Fig. 3.1, in order to evaluate performance of integrated sensor, Textronix®TDS 210 scope

was used. Textile circuit was connected to oscilloscope from Vay shap fastener. Vcc snap fastener
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(Feeding voltage) and GND snap fastener was connected to power supply. Since the working range of
sensor is between 2.5 V-5.5 V, 5 V (Voltage) was fed to Vcc snap fastener.

Fig. 3.1: Electrical circuit of integrated ultrasonic sensor and experimental set up

3.1.2.2 Measurement procedure

In order to observe disturbances effect, measurements were conducted in three different cases using an
obstacle above the height of 20 cm as seen in Fig. 3.2. In the first case, ultrasonic sensor fabric sample
was only tested using an obstacle. In the second and third cases, mobile phones were used in order to
disturb measurements, and simulate real conditions of the sonars utilization. They were placed
vertically and horizontally according to test sample at the same distance of 10 cm. During the 2™ and
3" case, to observe if there is any differences between calling and non-calling situations, phones were
subjected to ring. As a result, in order to present the performance of ultrasonic sensor and to show the
effect of yarn type on the signal quality of the sensor, samples woven with five different conductive

yarns were tested in three different cases, and situations as summarized in Table 3.1.

0 T 23
| | 1
! ! !
£ S IS
G 3] 3]
o <] o
S _ S 8
1 ‘P I I
| Test sample 7T | Test sample I
&')
Teslple ﬁ o &10cri00m
- 4 P
Without phone With phone in vertical direction With phone in horizantal direction

| I 1]
Fig. 3.2: Measurement configurations

Table 3.1: Cases for measurement procedure

Cases Situation
I. Without Phone
Il. With Phone in vertical direction Calling_
No calling (standby)
I11. With Phone in horizontal direction Calling

No calling (standby)
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3.1.2.3 Noise level identification

The noise level (unwanted signal) and noise amplitude was determined by the signal processing in
MATLAB. The signal to noise ratio (SNR) was estimated by calculating the ratio of signal power to

noise power as described below:

Psi nal (31)
SNR = _ signal

noise

Since signal and noise were measured in the same impedance, the SNR was obtained by calculating

the square of the amplitude ratio, where A is root mean square (RMS) amplitude.

SNR:(fﬂ@J (3.2)

oise

Generally, SNRs expressed in logarithmic decibel scale. Therefore, in order to quantify signal quality

of each sample, SNR; value of each sample was calculated by using following equations [208].

I:)signal (33)
SNRdB =10 Ioglo P = PsignaldB - PnoisedB’
Agrar | A
SNR,; =10log,,| —2"! | =20log, | —=™ (3.4)
dB 10 An 10

3.1.3 Results

A random fluctuation in an electrical signal is called an electronic noise. The level of noise, which is
the level of unwanted alteration of the signal waveform, gives an idea about the signal quality [209].
In our case study due to the material characteristics, conductive yarns woven so close to each other
create an undesired effect on themselves when they are transmitting signals. Thus, they are acting as a
noise sources between each other creating crosstalk [110]. For instance in Fig. 3.3, the noisy signal

recorded by sample 3 woven with silver-plated nylon 66-2 ply yarn can be easily noticed.

Fig. 3.4 and Fig. 3.5 show the comparison of signals and SNRs during the sensor measurement
without using mobile phones, respectively. From a first visual examination, it is possible to notice that
there is significant difference between the morphology of signals. Samples woven with 100% stainless
steel, silver plated nylon 66-4 ply yarn, and insulated copper yarn, which have linear resistance of <15

ohm/m, <50 ohm/m, <10 ohm/m respectively, showed better signal quality than samples woven with
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silver plated nylon 66-2 ply yarn and silver plated nylon 66 yarn with a linear resistance of <230
ohm/m and <240 ohm/m, respectively (see Fig. 3.4).

Signal time gap (noisy)

Voltage (mV)

Time (ms)

[y
-

M 250ms

Fig. 3.3: Signal recorded by sample 3 woven with silver-plated nylon 66-2 ply yarn during the

sensor measurement with case | (without phone )

Furthermore; as seen in Fig. 3.5, SNR values of samples woven with 100% stainless steel (29.11),
silver plated nylon 66-4 ply yarn (29.37) and insulated copper yarn (29.38) were higher than samples
woven with silver plated nylon 66-2 ply yarn (27.77) and silver plated nylon 66 yarn (27.92). SNR
values of samples also explained that the signal qualities of sample 1, sample 2 and sample 5 were
better than sample 3 and sample 4. These differences in signal quality permitted us to state that as the

linear resistance of yarn increases noise level increases also.

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Fig. 3.4: Comparison of signals during the sensor measurement with case | (without phone)
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Furthermore, it was clearly identifiable that there was no significant difference between the
morphology of the signals obtained by samples woven with 100% stainless steel and silver plated
nylon 66-4 ply yarn. In addition, it was noticed that sample woven with insulated copper yarn showed

better signal quality than others.

Case I- without phone

30.00

29.50

29.00 ~

28.50

28.00 ~

SNR (dB)

27.50

27.00 ~

26.50 -
Samplel Sample 2 Sample 3 Sample4 Sample5

Fig. 3.5: Comparison of SNRs during the sensor measurement with case | (without phone)

In order to check if the calling situation influences performance of sensor due to the direction, phones
were subjected to ring, and replaced in different positions according to sensor range. Figs. 3.6-3.8
show comparison of signals and SNRs during calling situation in vertical and horizontal position. As it
can be seen from the figures, when phones were replaced in vertical position (see case II-Fig. 3.2),
calling situation presented a significant effect on the signal performance whereas it has no significant
effect when the phones were replaced in horizontal position. Different peaks can be clearly observed
from the Fig. 3.6 during the calling situation in vertical position.

S e s s Sample 1

. Sample 2

Sample 3

e e Sample 4

o Sample 5

Fig. 3.6: Comparison of signals during the sensor measurement with case Il (with phone vertical

direction during calling)
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... Sample 1

“w» Sample 2

Sample 3

" Sample 4

PP NTS SRR Y SRS FERTE Wy LSS " Sample 5

Fig. 3.7: Comparison of signals during the sensor measurement with case 111 (with phone horizontal
direction during calling)

Moreover, with reference to Fig. 3.8, SNR value of each sample decreased during calling situation in
vertical position. This phenomenon can be linked to the working range of sensor. Therefore, it should
be outlined that if the sensor’s beam is parallel to the position of calling situation, it may cause a
decrease in signal quality. Despite this phenomenon, sample woven with insulated copper yarn also

showed good signal quality once again.

Additionally, in order to distinguish if there is any difference between horizontal and vertical position
during standby situation, samples were tested. Fig. 3.9 and Fig. 3.10 show the comparison of signals in
horizontal and vertical direction, when the phones were subjected to standby situation, respectively.
With reference to Fig. 3.9-3.10, from a first visual examination, it can be noticed that, standby

situation of phones has no considerable effect on the signal quality of sensor due to the direction.

Case II-I11: with phone during calling

29.56 29.71 29.7
30.00 %931

7.95 | 27.69 27.65
28.00

26,00 N .

4.53

24.00 -
22.00 +
20.00 + 219
18.00 -

SNR {dB)
[\
o)
[y

Sample 1 Sample 2 Sample 3 Sampled Sample5
i horizantal direction M vertical direction

Fig. 3.8: Comparison of SNRs during the sensor measurement with case Il and 111 (with phone

horizontal and vertical direction during calling)
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Even if the morphology of signals seems similar between vertical and horizontal direction, a slight
decrease was seen in the SNR value of each sample when the phones were replaced in vertical
direction rather than horizontal direction (see Fig. 3.11).

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Fig. 3.9: Comparison of signals during the sensor measurement with case Il (with phone in horizontal
position during standby)

Hence, this proofs that if the working range of sensor is parallel to the position of standby situation, it
may also cause a slight decrease in signal quality.

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Fig. 3.10: Comparison of signals during the sensor measurement with case Il (with phone in vertical

position during standby)

Fig. 3.12 shows the change in SNRs according to situations. In this figure, codes were arranged

3

according to details of cases. “wp” indicates with phone, “H” indicates horizontal position, “V”
indicates vertical position and “woutp” indicates without phone . As seen in the figure, a change

occurs apparently in vertical position during calling.
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Case II-II1: with phone during standby

NS

30.00 206

29.30
29.50 2918907 9.05

29.00

28.50
27.9
28.00 - 37.84 27.8%7.78

27.50 +
27.00 ~
26.50 -

SNR (dB)

Sample 1 Sample 2 Sample3 Sample4d Sample5
M horizantal direction M vertical direction

Fig. 3.11: Comparison of SNRs during the sensor measurement with case Il and Il (with phone in
horizontal and vertical position during standby)

It is found that the change in SNR value of sample 4 (silver plated nylon 66 yarn with a linear
resistance of <240 ohm/m) was extremely high; on the other hand change in SNR value of sample 5
(insulated copper yarn with a linear resistance of <10 ohm/m) was low in vertical position during
calling. The changes in rank from higher to lower are sample 4, sample 3, sample 2, sample 1, and
sample 5, respectively. These results can be attributed to the conductivity of yarns and working range

of sensors as mentioned above.

From Fig. 3.12, it is possible to notice that when the linear resistance increases, change in SNRs
increases also. Therefore, it can be concluded that the change in SNRs is proportional with linear
resistance of yarns. This means when the conductivity of yarn increases, the noise level decreases,

resulting in better signal quality.

31,00
29,00
27,00
= 25,00
=
: 23,00 HSamplel
Z 21,00 Sample 2
19,00 mSample 3
17,00 ESampled
15,00 HSample5

Fig. 3.12: Change in SNRs according to situations
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3.1.4 Conclusion

In this part, the performance of ultrasonic sensor integrated to textile structure was analyzed and
discussed by using five different conductive yarns in different cases. In order to measure signal quality
of ultrasonic sensor, measurements were performed in three different configurations of disturbances:
without using phones, with phones in vertical and horizontal directions, during the calling and standby

situations.

The results reported that linear resistance of conductive yarns affects the signal quality of sensors. It
was found that when the linear resistance increases, noise level increases and signal quality decreases.
According to our results, insulated copper yarn showed the best signal quality. Nevertheless, our
experiences showed that silver plated nylon 66-4ply yarn achieve the best compromise between signal
quality and preserving textile properties e.g. handle, stable and elastic, easy to weave, easy to integrate
sensor etc. Another result issued was that the direction of calling and standby situation has an
important effect on the signal quality of sensor and it gives us an idea about their working range.
Therefore, it should be noted that the working range (beam) of sensor is noise sensitive.

3.2 Analysis of the Beam Pattern of Ultrasonic Sensor

3.2.1 Introduction

In order to detect obstacles in front of the user, first the detection capability of our sensor should be
known. Therefore, in this part the detection angle and capability of ultrasonic sensor were analyzed.
By this way, the beam pattern of the ultrasonic sensor was presented related to identified object and
compared with the actual one given in sensor’s datasheet in order to test the efficiency of the proposed

method of detection.

To do this, according to results of Section 3.1, single ultrasonic sensor integrated to textile structure
with silver plated nylon 66-4 ply yarn having linear resistance of <50 ohm/m was tested for detection
of obstacles. An electronic circuit was designed with PIC 16F877 microcontroller unit used to convert

and record measured signal to meaningful data.

3.2.2 Experimental

3.2.2.1 Distance and object direction measurement by ultrasonic sensor

An ultrasonic sensor wave is a sound speed of about ¢c=344 m/s in 20 C° at sea level. Distance

measurement in ultrasonic sensor is based on the “time of flight” principle (TOF) [210]. That means,
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the distance to an object is identified by the measurement of the time from transmission of a pulse to
reception. In other words, the distance (L) to an object is calculated by Equation (4.5) (t: arrival time
after reflection) [211].

L=c*t/2 (m) (3.5)

However, there is a difficulty in measuring the azimuth of an object by using a single ultrasonic
sensor. Fig. 3.13 shows a drawing of the geometrical relationship in measuring azimuth of objects
where they are vertically arranged at the same distances to a sensor. Let us define O;, O,, Oz and O, as
objects and Ly, L,, L3, and L, as the distances measured respectively from the objects O,, O,, O; and
O,. The azimuth of objects can be expressed by using triangle rule as following:

For object 2: 6, =cos™ (Li] (3.6)
2

For object 3: 6, =cos™ (Lij (3.7)

3

Since object 4 is outside of the sensor’s detection range, the azimuth value of this object cannot be

determined by sensor.

Due to known facts explained above, in our experiments, only the measured distances to an object was
taken into account by considering triangular rule. The object either is detected by the sensor or not was

noted, and if it is detected then the measured distance was taken.

Sensor
detection regien

—L.——L, 3—|>
K

L 14

Fig. 3.13: Geometrical relationship in measuring azimuth of objects
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3.2.2.2 Measurement set up

Measurements were performed using TekoPIC Programming Experimental Set Kit as shown in Fig.
3.14. Our system consisted of power supply, ultrasonic sensor integrated to textile structure,

microcontroller and a LCD panel.

To control the system 16F877 peripheral interface microcontroller was used. Its code was written in
the PIC C language by using MPLAB®IDE software and then, to compile HI-TECH C® Compiler
was used. Since our ultrasonic sensor analog voltage output works with a scaling factor of Vcc/512 per
inch that means a supply of 5V yields ~9.8 mV/inch (5V/512= 9.8 mV) whereas 3V (3V/512=5.8
mV) yields 5.8 mV/inch, programming was done according to this information [204]. LCD screen was

used to display the distance values to an object.

The block diagram of system is shown in Figure 3.14b. Once the sensor was triggered, ultrasound
waves transmitted and if any object was presented within working range, ultrasound waves reflected
back. In that system, a counter using 40 KHz clock frequency measured the time taken by sensor from

transmission of a pulse to reception.

By using this control system, the detection capability of our sensor was measured within the working
range of 50 cm to 2.5 meter.

Objects

Power

: : e [T2TIR Resl ’<—| Trigger input
B ' ) —
. Counter and Ultrasonic transmiter D)
interface and clock &Ultrasonic recaiver
O

LCD Display
Microcontroller in
ultrasonic sensor circuit [ Interface |

Y
ekoPIC "\ : Microcontroller 16F877

~ PIC16F877
oller

. . ~Y ’ Y
vee® Test sample LCD Display

Fig. 3.14: (a) Experiment set-up (b) Block diagram of system

3.2.2.3 Measurement procedure

To determine the beam pattern of ultrasonic sensor, experiments were conducted as shown in Fig. 3.15
by using proposed measurement set-up above. First, consider the ultrasonic sensor is positioned at

(0,0) and to detect the border of working range, object is positioned to a distance starting from (0, 50)
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to (x, 250) in cm. Measurements were repeated in every 5 cm starting from 50 cm to 250 cm of y-axis.
Then, the actual position of object at the border of working range was compared with the one

measured by the sensor.

X (cm)

+

0,0 L 8 \ ) R

™y (cm)
SenSOrT 50 100 150 200 250

‘.\+ /
g

Fig. 3.15: Experimental procedure to determine border of sensor working range

3.2.3 Results

Table 3.2 shows the comparison of actual distance and measured distance to an object. According to
this table results, beam pattern of ultrasonic sensor integrated to textile structure was determined as
seen in Fig. 3.16. Furthermore, determined beam pattern of sensor was compared with the sensor’s
beam pattern in its datasheet (Fig. 3.16b). It is clear from the figure that the beam pattern that we

determined in our study is similar to the sensor’s beam pattern given in its datasheet [204].

Approxirate beam patiem of
250 sensor according to its datasheat
At / - -H» .20 ft,
{ g AN
HEENR
2001 - Beam pattern of sensar "\j EERN
—_ batween 50cm and 250cm e | 15 1
£ o —--—|—|— i.
= < -
: \
£ 150
3 4
m ) - Jl_. - 10 ft.
100 E =~
- _|_ _I Jested aren
R T
L5t
X 5 i.-f 1
S-DSD -40 -a0 -0 -10 o 10 0 1 40 50 {ij 1 —|— —I

L

|
Sansar pasition (0,0)

Sensor position (0,0)

Fig. 3.16: a) Determined beam pattern of ultrasonic sensor integrated to the woven fabric b) Beam

pattern of sensor according to its datasheet [204]

Furthermore, achieved results showed that the error between actual distance and measured distance

increases as the distance to an object increases. If the object is in the range of 50 and 100cm, the error
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will be 0-5 % and if the object is in the range of 200 to 250cm, then the error will increase with 13-15

% (see Fig. 3.17).

Table 3.2: Results of experiments at the border of working range of sensor in one direction

Mﬂ‘;_“'f"’m Dosition of objact () "”’:T;Jll;’;‘;m Massursd distmes (@) femy |Evror]  |Evror| %
1 (19,300 33,3 34 0.3 0,96
2 (20.33) 385 38 0.3 0,89
3 (22,600 630 62 19 2,08
4 (23.63) 639 66 29 428
3 24,700 140 12 20 2,70
6 (26.73) o4 16 34 426
7 (23,800 83,8 82 1.8 217
g (26.83) 239 83 ERY 437
g (27900 94.0 o0 4.0 422
10 (27.93) 08,3 94 438 482
11 (28,1000 103.8 a7 6.8 6,30
12 (20.103) 1nsg 102 6,2 6,36
13 (30,1100 114.0 106 8.0 703
14 (31,115 1121 110 a1 164
13 (31,1200 1239 113 29 121
16 (30,125) 128.5 117 115 508
17 (20,1300 1332 120 132 891
18 (30.135) 1383 125 133 061
1% (32,1400 1436 128 15,6 10,87
20 (33,145 1487 133 13,7 10,36
21 (36,1300 1543 137 173 11,19
22 (37.135) 1304 141 184 11,52
23 (38,1600 164.5 146 18.5 1122
24 (37.163) 1601 149 0.1 11,89
25 41,1700 1749 134 209 1194
26 (33,175 1781 138 0.1 11,28
27 (33,1800 1834 160 234 12,75
28 (37,185 1887 164 247 13.07
28 (40,190) 1942 168 262 1348
30 (40.195) 1901 172 271 13,59
3l (34,2000 2020 173 279 13,74
32 (37.203) 2083 180 283 13,59
33 (382100 2134 183 284 1331
34 (38215 2183 128 a3 13,89
35 (332200 21228 190 328 1471
36 (342235 2276 193 326 1431
kN (36,2300 2328 200 328 14,00
38 (38235 2381 203 331 13,88
39 (41.240) 2435 210 333 13,73
40 (42.243) 2486 214 346 1391
41 (402300 2332 217 362 1429

300,0
250,0 -
c / :[Error: 13-15%
S 2000 /
s // Error: 11-14%
g 150,0 s ¥
% Error: 6-11%
B 1000 T X
Error: 0-5% @ A ctual distance
50,0 e \easured distance
0,0
(19,50) (28,100) (36,150) (34,200) (40,250) Distance (x,y) cm

Fig. 3.17: Error differentiation between actual and measured distance

© 2011 Tous droits réservés.

71

http://doc.univ-lille1.fr



Thése de Senem Kursun Bahadir, Lille 1, 2011
Chapter 3: System analysis & results for e-textile architecture

3.2.4 Conclusion

In this part, detection capability of sensor was analyzed. To observe the detection capability of sensor
in an environment, objects were placed in front of the sensor in various positions. Measurements were
performed by using single ultrasonic sensor that was integrated to fabric. Fabric was connected to a
control system that includes power supply, microcontroller and LCD panel. By using this system, the

beam pattern of sensor was determined.

The achieved results showed that the determined beam pattern matches with the actual one given in its
datasheet. Therefore, it can be concluded that the integration of sensor was successful. Nevertheless,
according to our results it should be noted that as the distance to an object increases measurement
error increases. Thus to get right results through completely smart clothing system, some coefficients
could be added into final programming language considering the errors due to the distance ranges.

3.3 Analysis of Obstacle Detection with Multi-Connected

Ultrasonic Sensors

3.3.1 Introduction

In order to find required number of sensors for obstacle avoidance algorithm of smart clothing system,
various scenarios were developed by using various numbers of sensors. At first in developed
scenarios, sensors were connected by using electrical wires, and then the suitable scenarios were
chosen to be tested within textile structure. Moreover, considering the detection capability of single
sensor which was found before as approximately changes between -30 cm to 30 cm of x-axis, four
sensors were decided finally to be used in two different manner: Two groups of sensors were
considered to be placed at left and right position in order to distinguish left and right obstacles. On the
other hand, the other two were considered to be placed up and down position in order to differentiate
height of obstacles. Considering this arrangement four sensor connected with each other depending on
the construction as explained in Section 2.3.4.2 were used to perform experiments within textile
structure in order to analyze obstacle’s position. Thus, detection capability of four scenarios within

textile structure were analyzed and discussed in detail.

3.3.2 Experimental

3.3.2.1 Developed scenarios by using wires

After connecting sensors as explained in Section 2.3.4.2, the analog values taken via sensors were

checked and found to be successful. Then, scenarios about sensor replacement were designed by
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changing the degree of sensor’s position to 0°, 30°, 45° as well as arranging the distribution of sensors

in a square form or line form. Furthermore, during scenarios the number of sensors was also changed.

Two, three and four sensors combinations were tried. Fig. 3.18 shows some developed scenarios

related to sensors’ positions.

a) square form all sensors at 0°

B

3

d) line form: 4 sensoEat 30°

Fig. 3.18: Various scenarios related to sensor positions
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Due to developed scenarios, it was observed that analysis of detection of obstacles is easier with four-

sensor combination in a square form than the other scenarios.

Therefore, experiments continued with textile structure by using four sensor combinations.

3.3.2.2 Developed scenarios in textile structure using conductive yarns

In this case, only combinations of 0°, 30°, and 45° in a square form were found to be precious to
continue experiments within textile structure. At this step, instead of wires conductive yarns were used
for integrating sensors. The samples mentioned at Section 2.3.4.2 were used. Fig. 3.19 shows four
different scenarios, which were developed by using four sensors integrated to textile structure with

conductive yarns (white fabrics) and mounting them onto textile surface (green fabric).

v4

at 0°:
|

All sensors in
horizantal position

All sensors in
horizantal position

All sensors in
horizantal position

-1stand 2 sensors
in horizantal position
-3 and 4t sensors
in vertical position

d) scenario 4

Fig. 3.19: Scenarios developed by mounting sensors onto textile surface
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3.3.2.3 Measurement set up

By considering human body physiology, the distance between each sensor was arranged as 20 cm in
both horizontal and vertical position as shown in Fig. 3.20. The heights of down sensors and up
sensors were adjusted to 90cm and 110cm, respectively. The height and width of obstacle that was

used in the experiments were 100cm and 30cm, respectively.

Fig. 3.20: Distances between sensors

To analyze the detection capability of ultrasonic sensors, experiments were conducted as seen in Fig.
3.21. Measurements were recorded in MATLAB by using National Instruments® DAQ (Data
Acquisition) Card.

-
20cm
Board L
90cm
Left Right
—— 0., _20_30 _40 __ ¥-axis
i
N
: 4Q0cm
|
' v
1000/l Gpgtacte (P : 80cm
i
30cm i H 100cm
| [
< : 120cm
i )
) : 140cm
' (
( : 160cm
' |
) 180cm
I
> ! } 200cm

y-axis
Fig. 3.21: Overview of experiment set-up for obstacle detection

First, the board (green fabric) on which ultrasonic sensors were attached, was positioned at (0, 0) to
detect the obstacle in the working range. Then obstacle was positioned to a distance starting from (0,
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0) to (£ 40, 200) in cm by taking into account its detection range (see Fig. 3.16). Then, measurements
were repeated every 20cm starting from 40cm to 200cm of y-axis. Then, the actual position of obstacle
was compared with the one measured by the sensors. During the experiments, sensor 1 and 4 locates at
left side; sensor 2 and 3 locates at right side. Furthermore, both sensor 1 and 2 were placed at down
position, on the other hand both sensor 3 and 4 were placed at the up position. For each position of
obstacle 100 data was taken and then recorded and analyzed for each sensor, separately.

3.3.3 Results

3.3.3.1 Comparison of scenarios according to position of obstacle

To compare the results of scenarios according to position of obstacle, firstly three examples are given
to explain the situations. For instance, consider the obstacle is located at (0, 60), (0++, 60), and (--0,
60). “(0, 60)” denotes the center of obstacle at 0 of x-axis, and 60cm of y-axis. “(0++, 60)” denotes
the border of obstacle locates at 0 from the right side of x-axis, and at 60cm of y-axis. On the contrary,

“(--0, 60)” denotes the border of object locates at 0 from the left side of x-axis, and at 60cm of y-axis.

Scenario 1: object at x=0, y=60cm Scenario 2: object at x=0, y=60cm
— 68 — 68
E 66 A E ss
— I'n A MY A A —_—
R W o, v Y A LT Py LAY AT 64
g s M "n“’l;ﬁl h:{fﬂ";’;‘.riﬁ‘!ﬁ‘yi II||' wre g 52
©
B 60 — - — S 00 1 g 50 — e nsor 1
3 s g kot o #_ A%d e T 55 b il
-§ e _:.;__/‘._I;‘_u.wu_:,..f._. h]t‘ulil ﬁ-‘m"lﬁﬂh’ Sensor2 -g e 4 - ¥ \ Sensor 2
% 54 m——Sensor3 2 54 —Sensor 3
o

g 52 Sensord g 52 a Sen50T 4

50 T T T T T T T T T T 50 T T T T T T T

0 10 20 30 40 50 60 70 B0 90 100 0 10 20 30 40 50 €0 70 B8O 90 100
Time (s) Time (s)
Scenario 3: object at x=0, y=60cm Scenario 4: object at x=0, y=60cm

. 120 —_
E E 63
S 100 g™, P N o T, =
g IR g s
H -w-w—«n——&-\m-vv\rh*—“w H
i) 50 =—5Sensorl B 53 =—Sensorl
= I e e st AN v T
= Sensor 2 T 43 Sensor 2
v a0 =
2 m—Sensor 3 F 43 N =——Sensor 3

20 . | ‘.
3 ——Sensor 4 ] % N ‘HN‘-J ———Sensor 4
2 0 T T T T T T T T T T = 38 T T T T T T

0 10 20 30 40 50 60 70 B0 90 100 0 10 20 30 40 50 60 70 B0 90 100
Time (s) Time (s)

Fig. 3.22: Comparison of scenarios when object locates at x=0, y=60cm

Fig. 3.22 explains that the real position of obstacle is x=0 and y=60 cm. The expected result or the
measured distance by sensors should be around 60 cm. Since the obstacle located at just in front of the
all sensors, it was expected that all sensors normally should detect obstacle. When we analyzed the
results obstacle was detected correctly at around 60 cm with all sensors of both scenario 1 and 2.

However, with scenario 4 obstacle was also detected unfortunately the measured distance value by
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sensors was wrong around 45 cm. Moreover, the worst results were recorded by Scenario 3. Scenario

3 appeared hardly incapable of detecting obstacle position.

Scenario 1: Scenario 2:

object at x=0 (from left side), y=60cm object at x=0 (from left side), y=60cm
F 0 T 0 A g —"
= =
g 200 g 200
= c
g 150 —ensor 1 g L i O I | B =—Sensor 1
g 100 Sensor 2 E 100 + T S DS N R Ea—r G Sensor 2
L7
R ————— =—5ensor3 g 0 A = Sensor 3
2 @
3 ——5ensor 4 ] = 3Sensor 4
= 0 s o

0 10 20 30 40 50 60 7O 8O0 90 100 0 10 20 30 40 50 60 70 BO 90 100

Time (s) Time (s)
Scenario 3: Scenario 4:
object at x=0 (from left side), y=60cm object at x=0 (from left side), y=60cm
450
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8 s Sensor 4 @ m—Sensord
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Time (s) Time (s)

Fig. 3.23: Comparison of scenarios when object locates at x=0 (from left side), y=60cm

In the case that obstacle was located at x=0 (from left side), y=60cm; the expected result should be
that sensors which are positioned at left side should read the object’s position definitely. On the other
hand, considering hypotenuse rule and distance from sensors to obstacle, sensors at right side may
detect the obstacle’s position. According to Fig. 3.23, both Scenario 1 and Scenario 4 detected the
obstacle well. As it was expected, apart from sensor 3 (up right sensor); sensor 1 (down left sensor),
sensor 2 (down right sensor), and sensor 4 (up left sensor) detected the obstacle position correctly.
Nevertheless, with Scenario 2 only sensors, which were positioned at left side detected the obstacle.
Similar to above, the worst results were recorded by Scenario 3 once again.

When the obstacle position was slid to x=0 (from right side), y=60cm; that time the expected result
should be reverse to information described above. As seen in Fig. 3.24 in all scenarios sensors at the
right (sensor 2 and sensor 3) detected obstacle position correctly, besides with both scenario 1 and 4,
obstacle position was detected by also sensor 1 (left down) correctly. However, it was clear to state

with scenario 4 that the reading of sensor 4 is not stable.

As a summary, as described above by only analyzing each position of obstacle in a working range
separately is not sufficient and easy way to assess which scenario is the best. Therefore, in order to
compare the scenarios, all data taken by each sensor in each scenario was analyzed individually

according to detection success of obstacle.
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Scenario 1: Scenario 2:
object at x=0 (from right side), y=60cm object at x=0 (from right side), y=60cm
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Fig. 3.24: Comparison of scenarios when object locates at x=0 (from right side), y=60cm

3.3.3.2 Comparison of scenarios according to detection success

For each position of obstacle, 100 data was taken to measure the distance value to an obstacle. The
arithmetical averages and standard deviations of measured distance values were calculated. Table 3.3-
3.4 show the summary of average and standard deviation values of scenarios with obstacle at various
positions in the range of * 40, 200 cm. According to our experimental set, if the object was detected
by sensor then the table was colored (see Table 3.3). Dark blue, green, red and blue colors show the

regions detected by sensor 1, sensor 2, sensor 3, and sensor 4 respectively.

During the detection phase, the measured distances and real distances were compared relatively by
considering triangular rule. Since the hypotenuse is larger than the sides of triangular, the distance to
an obstacle increases when the position of obstacle is slid along x-axis compared to the centre (at x=0).

For instance, if the obstacle’s real position is x=+40cm, y=40cm; then by the triangular rule:

Z= «/xz +y? ; the distance to obstacle is z=56,56cm. Therefore, by also giving some toleration value

(£25cm) all the measured distances were checked within an interval of y-25¢cm< z <y+25c¢m, where z
and y denote the measured distance and real distance values, respectively. Thus, as an assumption y-
25em< z <p+25cm was accepted for evaluation of detection phase. Then, each scenario was assessed
according to total number of detection success. According to Table 3.3, it is clear to say that the total
detection rate of scenario 1, scenario 2, scenario 3, and scenario 4 are 161, 105, 64, 149 respectively.
The total success of scenarios is ranked in descending order as scenario 1> scenario 4> scenario 2 >
scenario 3. As seen in Fig. 3.25, as the angle of sensor increases from 0° up to 45° detection success

decreases.
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a) scenario 1
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Table 3.3: Average values of measured distance data taken by different sensors in each scenario

Object at x-axis (em)

Object at left Object at middle Object at right

-40 -30

40

239 238 242 239

80(239 238 242 239
100(239 238 242 240
120(239 238 243 240
110 228 243 240
160(239 238 243 240
180[239 238 243 240
200[239 228 243 240

b) scenario 2

object at y axis (cm)

239 238 243 240
060|239 238 242 239 224 238 242 239
238 243 240
238 242 240
238 243 239 238 243 239 239 239 110 240 239 239 110 241 240 239 114 240 240 239 238 241 240
238 242 239
238 242 239
238 242 240
238 243 240

-20 -10 0-- 0 0++ 10 20 30 40

240 239 45 240 240 239 45 240 240 239 238 240 240 239 238 240 240

239 58 240 239 58 241 239 239 62 240 240 239 238 240 240
240 77
240 94

238 242 239
b4 242 239
78 242 239

238 242 239
238 242 239
238 243 240
238 242 239

239 239 79 240 239 239 81 240 240 239 238 240 240
239 239 94 242 239 239 98 240 240 239 238 240 240

129 243 240
148 242 239

129 242 240 239 127 241 240 239130 242 240 239 233 241 239 239 2338 241 239
148 243 240- 146 242 240 239 148 241 239 239 148 241 239 239 150 243 240
151- 240 219163 243 240 239 165 242 239 239[165 242 235 239167 242 240
177 242 240 179 243 240 239 180 243 240 239 182 243 240 239 238 242 239

Object at x-axis (cm)

Object at left Object at middle Object at right

-20 -10 0-- 0 0+ 10 20 30 40

40

239 238 236 233 239 238 236 233
060|239 233 240 234 231 238 236 233
80241 238 236 234 240 238 236 233

100|239 238 236 234 237 238 239 234

120|239 238 240 233 239 238 237 234 157 238 237 233

140242 238 236 234 239 238 236 234-?_18 236 233

160|239 238 236 233 198 238 236 233 223 197 236 233

180|241 238 236 234 206 227 236 234 236 238 236 233

200(239 238 236 233 228 237 238 233-230 236 233

237 247 43 234 233 2400 64 236 233 248 236 242 233 247 236 245 236
237 247 5?- 233 2481 73 233 241 244 237 240 233 247 238 242 246
243 247 76 230 235 244 238 234 240 248 238 251 234 247 238 234 238
239 247 91.235 239 238 244 236 244 237 239 233 245 238 235 233

239 238 236 233
238 237 233
238 236 233
238 247 235

238 237 229
238 238 233

235 247114 233 248 158 242 233 247 160 236 233 239 161 234 239
233 241 169 244 237 243 171 234 233 241 171 234 235 239 173 236 235
248 145 234 233 247 186 235 233 239 184 236 233 239 186 236 233 239 188 236 233
-155 235 233 240200 242 234 239 201 236 233 239 201 236 234 239 203 236 233

224 236 233 174 212 236 233 233 239175 235 233 239177 234 234 239|213 236 234 239215 236 233 239 217 236 233
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c) scenario 3

object at y axis {cm)

Table 3.3: Average values of measured distance data taken by different sensors in each scenario (continue)

Object at x-axis (cm)

Object at left Object at middle Object at right

40

60|248 247 244 244 245 246 244 243 242 243 240 239 137 246 244 181 382 232 241 99 63 245 63

80|247 247 244 244 247 247 244 244 243 247 245 243
100|248 247 244 244 247 247 244 244 247 246 244 244
120(247 247 244 244 154 247 244 244 248 247 244 243 254 246 245 142 254 296 236 121
140(239 240 244 244 2722 232 244 244 239 171 244 244 339 171 245 392
160{239 238 246 244 240 238 244 244 241 241 244 244 253 243 244 305
180(244 245 245 244 246 246 244 244 236 227 244 244 241 242 245 256
200(247 247 244 244 248 247 244 244 247 247 245 244 248 247 244

d) scenario 4

object at y axis {cm)

-30 -20 -10 0-- 0 O0++ 10 20 30 40

45 66 75 145 49 66 244 249 55 146 244 247 5B 246 244 241 241 246 243 241 240 246 244
244 248 312 |l 224 247 312 246 244 243 246 246 244 249 247 247 244
244 248 126 [ 244 247 246 244 244 234 202 244 244 247 247 244 245
244 24598 M 244 247 247 244 244 221 215 245 244 247 209 244 244
244 233129 [l 244 217 161 244 244 222 157 246 244 219 220 244 244
327 168 394 384 247 161 [ 244 247(159|439 244 247 169 244 244 248 247 244 244 248 247 244 244
306 146 265 513 229|163 [ 244 217|165|487 244 222 228 245 244 245 212 244 244 218 218 244 244
226 245 414 249182 247|181 514 244 247 226 246 244 247 229 247 247 248 247 245 244 247 247 244 244
248 247 244 245 [ 224 246 241 238 228 310 204|224 245 204|242 244 202223 224 204|217 244 224

114 79
345 96 131

112 243| 81
223 96

Object at x-axis (cm)

Object at left Objectat middle Object at right

-40

-30 -20 -10 0-- 0 0++ 10 20 30 40

40)239 237 239
60(239 238 239
80(239 238 239
100{239 238 239
120{239 238 239
140(238 238 239
160|239 238 239
180{239 238 239
200{238 236 239

239 239 238 239
238 236 238 239 238 237 239 238

118 235] 40 238 239 236 239 238 239 238 239 239 239 236 239
225 2201 40 239 239 239 233 239 239 222 235 239 239 234 229 239 239

239 239 238 239 239

239 239 237 239 238 239 238 72 159 171 74 177 174 163 76 167 163 238 231 239 238
239-23? 239 238 95 239 239 238 190 93 239 239 239 93 239 239 238 229 239 238
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Fig. 3.25: Total detection success of scenarios

Fig. 3.26 shows the detection success rate of different sensors in each scenario. In the figure, R and L

denote the right and left, whereas U and D denote the up and down positions of sensors, respectively.

In all the scenarios, detection success of down sensors is larger than the up sensors. This can be

apparently attributed to the height of obstacle. Since the obstacle height is smaller than the position of

up sensors’ height and when the distance to an obstacle increases, detection range of up sensors

decreases. This shows that sensor is sensitive to height of obstacle. Especially, it should be noted that

if the obstacle height is larger than the sensors’ position height then the detection of obstacle becomes

easier when compared with detection of smaller obstacles.

Moreover, according to Table 3.4, the less variation occurs with scenario 1. In scenario 1, all of the

results are more stable as compared to other scenarios.

Detection success of each sensor
W0°S1(LD)

0°52 (RD)

Number of detected points

m 0°S3 (RU)

m0°S4 (LU)
W 30°S1 (LD)

30°S2 (RD)

m 30°S3 (RU)
m30°S4 (LU)
m45°51 (LD)
45°S2 (RD)
B 45°S3 (RU)
m45°S4 (LU)
m0° (H-V) 51 (LD)
0° (H-V) S2 (RD)
m0° (H-V) 53 (RU)
m 0° (H-V) 54 (LU)

Scenarios

Fig. 3.26: Detection success of each sensor in each scenario
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Table 3.4: Standard deviations of measured distance data taken by different sensors in each scenario
a) scenario 1

Object at x-axis (cm)
Object at left Object at middle Object at right

-40 -30 -20 -10 0-- 0 0+ 10 20 30 40

52 | 52 | 52 |
4 113111211 11,1,214,21,1 1,214 1 11,3 11,1 1111212090911 21214111,21,21%9111,1 111121514138 121116 1,7 1,2
e0/1,1 11,511 1 13,11,7 1 11,5 111 1 11,215,311 11,113,111 11,11,21,21,114,11,1 131,114,1 11,5161411 21,115 1 11,2
gojog091,113 1 1 116 11,1 11,1 1121312 11,1 111 1091313 1 11,111,112 11,111141112 11,1 11,111 1091112
001,33 ,21,11,212 11.,11,1 1 11,11,21611 11612112221,14,214 11111 11,212131,51,1121,5121,211111219 1,216 1511 1.2
120,22 111,11,21,115 1,2111,11,11,214151,2181,111,11,11,2 1 1111611 1,11311 11,113 1L,1111,312121211111111141:2
4011 1111121411 1,11,2 1141,51,2111,1191416151,21,71,2 1111211161613 1L,2132113 11,511,213 121119 1,2 1,7 1,216 1,2
160/1,1 1619131411 1,71,2111,2 21411121616 11212111516 121,21112 112161113 121,2121912111124121114 11,3
&0,211111,21,11,21,11,11,21,3 21,111 1 11,313161,21211 11,11,212121,11,7 351,211,212 1,111 11111211 11,2111,3121,3
200/1,2 1,1 1,1 1,4 1,1 1,1 1,2 1,5 1,3 1,6 1,2 1,2 1,2 1,8 1,2 1,2 1,8 1,1 1,2 1,3 1,3 1,7 1,2 1,2 1,6 1,1 1,1 1,9 1,2 1,3 1,2 1,3 1,4 1,3 1,2 1,2 1,1 1,3 1,2 1,8 1,6 1,1 1,1 1,3

object at y axis {(cm)

b) scenario 2

Object at x-axis (cm)
Object at left Object st middle Object at right
-40 -30 -20 -10 0-- 0 0+ 10 20 30 40

64 1,3L,2 1 127095%71L,111 1731325126561

113215 114,214,213,21%1,21,11,1 1 11,1121146%63215111212138 1 11,2

60(1,11469 21415 21,7 1 144 115121311115 8731,1 112 11442 1 169141114 11135717543 1576161L2 17452
1
1

40| 1,7

80(3,3 1111633 21212 1121114 1123513 1 76 66 1,3 L3 127 1,6 L9 L1 1,114 1,2 48394115 16811 11125 1L1 167
100/1,6 1,7 1,1 1,3 49 1,6 62 1,7 1,1 164 11214491618 68 6 1131211 11111 761112134911 1815648 147109441541 1
120/1,4 1,1 71 1,2 3,4 1,2 3,8 1,6 1,1 1,1 3,6 1,2 1,1 41 1,4 1,3 1,1 23 7926 1,3 1,1 1,1 1,3 1,2 1,2 1471316 21115128914 1112 2 21112 17 65
140451513 1,311 11,3 211 3111 1 1 33541211172641121723151313121543113514646 13131239 13111517 1L21L61L6
160/1,2 1,1 1,3 1,4 22 1,3 24 1,8 31 20 1,3 .2 1,3 1512 1,7 1,2 1,1 1,2 29 1,3 1,2 1,1 1,1 1,1 21 22 1,2 29 1,2 21119 1,4 1,111 1,2 1,2 22 1,5 L1 15 1,3 15
1%0(3,6 1,5 1,2 1,6 13 16 1,1 1,3 21 1,1 1,3 1,3 1,1 1,2 1,2 1,1 1,6 22 5,8 11,2 1,1 1,8 1,2 52 1151228 179151615 1,11115 1618 1,3 1,1 L1 1,1 1,1
200/1,3 1,2 1,2 1,3 11 3,8 55 1.3 10 10,2 1,1 1,2 11 212 13751913 121112 1,2 1,2 1,3 1,6 1,1 1,2 1,3 1,4 1,5 1,6 1,2 29 1,4 1,3 1,1 1,3 1,8 1,2 13 L1 1,1

object at y axis (cm)
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Table 3.4: Standard deviations of measured distance data taken by different sensors in each scenario (continued)
C) scenario 3

Object at x-axis (cm)
Object at left Object st middle Object at right

-40 -30 -20 -10 0-- 0 0++ 10 20 30 40

40(1,1 1,0 1,2 1,4 1,0 1,0 1,0 1,1 1,0 1,0 1,3 12 1,0 1,3 1,6 1,9 15 2,8 1,4 20 1,5 1,1 1,1 1,1 1,0 1,0 2,3 1,0 1,5 2,7 74 1,4 1,2 1,1 1,1 1,4 54 50 14 15 6,6 60 1,2 1,1
60(1,6 1,0 0,9 1,1 3,2 2,0 1,4 1,8 7,9 59 55 6,5 1,3 1,6 1,7 1,1 76 45 54 1,4 9,3 1,0 1,9 1,0 1,8 0,9 1,1 1,6 1,5 1,1 20 1,1 1,0 1,1 1,1 1,9 1,2 1,0 1,2 1,1 14 1,4 1,1 1,1
80|11 1,0 1,0 1,1 1,1 1,5 1,9 1,7 1,1 1,0 2,4 1,6 0,9 0,9 1,0 1,1 23 1,1 1,1 1,1 1,5 2,0 1,9 78 0,9 0,9 1,0 1,2 1.4 1,7 1,1 1,1 1,5 1,0 1,1 1,1 28 55 0,9 1,1 1,1 1,4 1,2 1.4
100/1,1 1,0 1,2/ 1,3 1,1 1,6 1,1 1,2 1,1 1,0 1,2 1,1 1,1 1,2 1,0 79 L1 16 1,7 1,1 73 1,0 2,1 14 13 1,0 1,1 2,0 1,2 1,4 1,0 1,2 1,1 1,1 1,1 1,1 22 25 2,2 1,7 1,2 49 1,0 1,2
120/1,1 1,1 1,2 1,2 1,1 1,6 1,1 1,1 1,8 1,0 1,1 1,4 25 1,9 1,1 1,6 80 33 1,1 1,1 24 19 84 9594 11 1,3 1,7 11 67 L2 1,2 29 23 1,1 1,2 41 1,1 1,2 1,5 22 22 21 1,6
140/71 6,3 1,1 1,2 24 12 2,0 1,1 74 1,2 1,0 1,8 85 1,1 1,3 43 1,1 1,1 1,2 1,1 90 6,2 40 44 1,0 17 25 1,2 1,4 9,2 47 1,7 1,2 1,5 1,6 1,0 1,1 1,1 1,3 1,2 1,2 1,1 1,2 1,7
160/8,3 7,3 1,6 1,1 6,4 11 1,1 1,2 6,2 53 1,0 1,7107 57 1,3118 1,4 15 1,1 1,2 69 67 42 52 15 1,2 22 1,1 26 1,6 54 1,2 38 30 2,4 1,4 14 39 1,1 1,7 29 33 1,1 1,2
180/3,1 24 1,1 1,8 2,4 2,1 1,1 1,1 10 18 1,2 1,2 5,6 51 1,9 45 20 40 2,0129 1,4 1,6 1,1 1,0 1,2 1,1 57 1,1 1,5 25 L1 1,0 1,2 25 2,4 97 1,1 1,5 2,0 1,2 1,0 1,6 1,1 1,2
200/1,2 1,7 1,2 1,6 1,6 1,4 1,1 1,2 1,1 1,1 1,7 1,7 1,2 1,6 1,1 1,4 1,2 1,1 1,1 1,5 20 27 1,3 13 10 22 95 1,6 33 13 L2 16 43 27 1,2 1,2 20 20 1,1 1,2 25 25 1,0 1,2

object at y axis {cm)

d) scenario 4

Object at x-axis (cm)
Object at left Object 5t middle Object at right

-40 -30 -20 -10 0-- 0 0++ 10 20 30 40

40(1,7 1,3 1,1 1,0 1,0 1,5 1,0 1,8 1,7 1,1 1,0 1,0 1,1 1,3 1,0 0,9 1,4 1,3 1,1 1,1 1,1 1,1 1,5 1,0 1,4 1,1 1,0 22 1,8 1,0 1,0 1,6 1,0 2,2 1,3 1,4 1,0 1,0 1,0 1,0 1,4 1,2 2,0 1,0
60(1,2 1,2 1,1 0,9 53 1,0 1,0 1,2 1,6 1,1 1,1 1,1 1,9 1,7 1,3 1,1 1,2 1,0 1,1 1,1 1,1 1,1 1,9 1,5 1,2 1,4 1,7 34 35 1,1 0,9 1,4 1,5 5,2 1,7 1,6 34 3,6 1,0 1,1 76 9,0 1,0 1,7
go/15 15 1,2 1,7 1,6 1,3 1,9 1,0 1,1 1,1 1,0 1,4 1,0 1,1 1,2 1,0 0,9 1,4 1,0 1,0 1,3 6,8 1,4 66 1,4 1,4 1,7 36 1,0 1,0 31 38 53 1,0 57 56 68 1,0 67 63 1,4 18 1,1 1.4
100/1,2 21 0,9 1,6/ 1,1 1,0 1,3 1,1 1,5 1,7 1,9 1,0 1,1 1,6 1,1 0,9 1,1 1,1 1,1 1,2 1,1 1,1 21 1,2 1,6 1,0 1,1 1,1 1,2 1,1 1,0 1,0 53 1,2 1,8 1,0 1,1 1,6 1,1 1,5 1,8 31 1,9 1,1
120/1,2 1,2 1,1 1,2 1,1 1,0 1,1 1,4 1,2 1,1 0,9 1,0 1,1 1,7 1,2 1,1 1,1 1,4 20 1,2 1,7 1,2 1,1 1,0 1,2 1,0 L9 1,1 1,1 1,1 2,1 1,1 45 1,2 1,3 1,1 22 1,1 1,8 1,7 1,2 47 1,2 1,2
140/1,4 1,5 25 1,1 1,7 L1 1,0 1,0 15 1,2 1,1 1,0 1,4 1,1 1,1 53 1,0 1,0 1,1 1,4 1,5 1,2 1,2 1,5 1,0 1,2 1,8 44 18 1,2 1,1 1,0 51 1,2 1,2 1,1 1,1 §5 1,2 11 1,2 15 2,0 L1
160/1,1 1,7 2,1 1,1 1,1 1,0 2,0 1,1 40 1,2 1,2 1,1 1,6 1,1 1,2 1,5 4,3 1,1 2,6 1,3 87 90 1,9 1,8 1,2 1,2 L1 1,7 25 1,2 1,0 1,7 26 1,2 1,2 1,4 1,7 1,8 2,2 1,5 19 45 1,8 L1
1%0/1,1 1,4 1,1 1,3 28 1,3 1,1 1,2 1,7 1,2 1,4 1,1 1,0 1,9 1,1 41 1,2 21 1,9 1,1 1,1 1,5 1,2 1,9 33 1,6 1,4 1,9 1,6 1,1 1,1 2,0 1,1 1,9 1,0 1,0 1,9 28 1,5 1,5 1,6 2,2 1,2 L1
200/1,5 6,6 1,0 1,0 1,2 6,7 1,9 1,1 1,8 15 1,2 14 1,6 1,9 1,2 1,2 1,4 1,0 21 33 1,2 1,7 1,3 L3 16 2,3 1,1 1,5 1,5 1,3 1,1 1,1 1,6 1,4 1,2 2,0 11 1,2 1,1 1,1 46 1,3 1,7 L7

object at y axis (cm)
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3.3.3.3 Comparison of scenarios according to detection error
After the comparison of detection success, scenarios were also compared according to detection error.
In order to do this, detection error of each sensor in each scenario was calculated as follows:

Firstly, the average values of gathered data were calculated. Since 100 data was taken for each
position of obstacle, the average value of 100 data was calculated for each sensor in each scenario by

using Equation 3.8. By using these data, Table 3.3 was obtained.

X =

S|
>

X, (3.8)

Il
4N

Secondly, the expected value of each position of obstacle () or in other words the each actual position
of obstacle was used to calculate the mean square error (MSE) by using Equation 3.9.

It should be noted that the actual distance of each position of obstacle was computed according to each

sensor’s position separately by using triangular rule (z :«/XZ +vy?%). Error was calculated if the

obstacle is detected by sensor, therefore the colored values in Table 3.3 were used for error

calculation.
MSE(X)=E (X - 1)?) (3.9)

Finally, the total mean square error of each sensor in each scenario was summed up and divided by

each sensor’s detection rate ( ) separately in order to calculate average detection error (ADE) of each
sensor:
D E((X-w)?)

ADE = (3.10)
y

In Appendix B, Tables B1-4 summarizes the calculations of average detection error for each scenario.
For instance with reference to Table B1, case no 66 shows that obstacle located at x=10 (right) and

y=80. The actual distances according to sensors were calculated as following:

-Since sensor 2 and sensor 3 locates at (10, 0), then the actual distance to obstacle from these

sensors should be z = \/(10—10)2 +(80-0)*> =80cm.

-Since sensor 1 and sensor 4 locates at (-10,0), then the actual distance to obstacle from these

sensors should be z = J(lo —(-10))* +(80—0) =82.5cm.
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According to table, the measured average distances are 80.7cm, 76.8cm, 82.7cm and 239.3cm for

sensor 1, sensor 2, sensor 3, and sensor 4 respectively. This shows that obstacle was detected by only

sensor 1, sensor2 and sensor 3. Thus, the table was colored. Then by the colored (detected) values,

mean squared errors for sensor 1, sensor 2 and sensor 3 were calculated as (80.7 —82.5)* =3.1cm,

(76.8—80)* =10.4cm and (82.7 —80) = 7.1cm, respectively.

Finally, considering all cases, average detection errors were calculated by Equation 3.10. The

detection rate of a sensor explains the number of detected points by the sensor and it can be computed

by counting the number of detected points.

Table 3.5 summarizes the average detection error for each sensor in each scenario. Fig. 3.27 shows the

total average detection error of each scenario. It can be easily seen from the figure that the minimum

error occurs with scenario 1 while the maximum error occurs with scenario 4.

Table 3.5: Average detection error for each sensor in each scenario in cm

Scenario 1
Scenario 2
Scenario 3
Scenario 4

Total Average Detection

Sensor 1 Sensor 2 Sensor 3 Sensor 4 Error
161.4 153.3 48.0 102.3 464.9
191.6 230.5 110.6 122.0 654.7
194.2 114.4 1394 151.1 599.1
244.0 243.8 148.4 188.2 824.3

Error

900

Total average detection error of scenarios

800

8243

654,7

700
600

599,1

500

400

300

200
100

T T T

|

Scenariol Scenario2 Scenario3
0° 30° 45°

Scenariod
0°(H-V)

Fig. 3.27: Total average detection error of each scenario

3.3.3.4 Comparison of scenarios according to detection range

Moreover, scenarios were compared according to detection range capabilities. For instance, Fig. 3.28

shows the detection range of sensors when obstacle located at y=80 cm along whole x-axis. With

scenario 1; sensor 1 (left down sensor), sensor 2 (right down sensor), sensor 3 (right up sensor), and

© 2011 Tous droits réservés.
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sensor 4 (left up sensor) detect the obstacle in the range of [-35 15]cm, [-15 35]cm, [0 12]cm, [-8 O]cm

on the x-axis respectively. Indeed, this proofs that obstacles located at right side can be easily
detected by right positioned sensors than the left positioned ones, or vice versa as expected logically.

Detection range of sensor 1, Detection range of sensor 2,
when object at y=80 cm when object at y=80 cm

———scenario 1 —srenario 1

=———scenario 2 ———scenario 2
scenario 3 scenario 3

—SCENario 4 ———scenario 4

measured distance (cm)
-
=

measured distance {cm)
-
o

-40 ‘ -30 10 | 20 | 30 ‘ 40

-40 ‘ -30 10 20 30 | 40 -20 ‘ -10 | 0-- 0 0++
Objectatleft  Objectat middle Objectatright

-20 | -10 | 0-- 0 0++
Objectatleft  Objectat middle Objectatright

object at x-axis {(cm) object at x-axis (cm)
Detection range of sensor 4, Detection range of sensor 3,
when object at y=80 cm when object at y=80 cm

———scenariol =—scenariol

———scenario 2

scenario 2
scenario 3 scenario 3

———scenario4 ——scenario4

measured distance (cm)
-
&

measured distance (cm)
-
=

-40 | -30 | -20 | -10 ‘ 0- 0 [0++ | 10 20 30 | 40 -40 ‘ -30 | -20 | -10 | 0-- 0 | 0++ | 10 20 30 ‘ 40
Objectatleft  Objectat middle Objectatright Objectatleft ~ Obje¢tat middle Objectatright

ohject at x-axis (cm) object at x-axis (cm)

Fig. 3.28: Comparison of detection range of sensors when object at y=80cm

However, detection range capabilities showed differences according to scenarios. In order to compare
detection range of scenarios easily, Fig. 3.29 and 3.30 are presented. As seen from the Fig. 3.29, with
scenario 2 and scenario 3 the detection range capabilities of sensor 1 decreases as well as its detection
beam angle becomes narrower. On the other hand, scenario 1 and scenario 2 present larger detection

angle to sensor 1 that means sensor 1 is capable of detect obstacles within wider range.

Moreover, it can be noticed that sensor 1 can detect the area mainly at the left rather than at the right.
However, with reference to Fig. 3.30 sensor 2 can detect the area mainly at the right rather than at the
left. This can be attributed to sensor’s position. As described above and expected logically, if the
position of sensor is at the right then the right sided obstacles are mainly detected clearly, in contrast if
the position of sensor is at the left then the left sided obstacles are mainly detected. Additionally, when
scenarios are compared, with Scenario 1 and Scenario 4 detection capability of sensor 2 increases like

sensor 1, whereas it decreases with Scenario 2 and Scenario 3.

As a result, according to detection range capabilities Scenario 1 and Scenario 4 present better results

than the other two scenarios.

86

© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Senem Kursun Bahadir, Lille 1, 2011

Chapter 3: System analysis & results for e-textile architecture
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Fig. 3.29: Detection range of sensor 1 according to scenarios
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Fig. 3.30: Detection range of sensor 2 according to scenarios
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3.3.4 Conclusion

In this part, in order to find required number of sensors as well as develop suitable obstacle avoidance
algorithm for smart clothing system, different scenarios were developed by connecting sensors
together. According to developed scenarios by using electrical wires, only four scenarios were selected
to continue experiments within textile structures. Then, sensors integrated to textile structures by using
conductive yarns and snap fasteners were mounted on textile surface. In 1% 2" and 3 scenario,
four sensors positioned horizontally onto textile surface with an angle of 0°, 30°, and 45°, respectively.
Additionally, in 4™ scenario, two sensors at down were positioned horizontally, on the contrary two
sensors at up were positioned vertically with an angle of 0°. Then, all data taken by each sensor in

each scenario were analyzed and compared.

Results showed that when the scenarios were evaluated according to total detection success, rank in
descending order was scenario 1> scenario 4> scenario 2 >scenario 3. Furthermore, it was found that
as the angle of sensor increases from 0° up to 45°, detection success decreases. Moreover, in all
scenarios detection success of down sensors was larger than the up sensors. This can be associated
with the height of obstacle. Therefore, height of obstacle has a considerable effect on the detection
success. It should be noted that if the object height is smaller than the sensors’ position height

relatively, then the detection of objects will be difficult.

According to standard deviation results, the less variation occurred with scenario 1. In scenario 1, all

of the results seemed to be more stable as compared to other scenarios.

When the results were compared according to detection error, minimum error occured with scenario 1

while the maximum error occured with scenario 4.

Moreover, due to detection range capabilities scenario 1 and scenario 4 presented better results than

the other two scenarios.

Another result issued from this section was that position of detection range of sensors was shaped by
position of sensors. That means, if the position of sensor is at the right then the number of detected

objects will be greater at the right side than the left side, or vice versa.

To sum up, scenario 1 in which all sensors were placed horizontally at 0° presented us the best
compromising results not only in terms of detection success, detection error and detection range
capabilities but also integration and mounting of sensors onto textile structure. Therefore, for our

smart clothing system scenario 1 was chosen to arrange position and number of sensors onto garment.
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3.4 Analysis of Vibrotactile Perception via Vibration Motors by

using Fuzzy Logic

3.4.1 Introduction

According to results of the Section 2.2, in order to guide visually impaired people, vibration motion
was determined as guidance alert. Therefore, as mentioned in Section 2.4, vibration motor was
selected towards our aim and it was successfully integrated to textile structure. However, the critical
question was that to where vibration motor should be placed in proposed smart clothing system? In
which areas of human body are more sensitive to vibrotactile perception e.g wrists, abdomen, arm?
Which fabric structure can transfer vibration motion better? Therefore, in order to answer these
questions, first we made a literature review about vibrotactile perception and then, we conducted a
comprehensive study in order to analyze the vibrotactile perception via our e-textile structures by
using fuzzy logic.

3.4.1.1 Vibrotactile sensation

Tactile sensations activate numerous mechanoreceptors in the outer layers of the skin. Tactile
information is then, transmitted directly to the brain from these mechanoreceptors to provide
information about tactile sensations. Vibrotactile sensation is a kind of tactile sensation based on

vibration motions [212].

In a number of developed tactile displays, vibrotactile feedback stimulation is used to provide
information about the direction or orientation of person or vehicle [80, 213-219], for deaf people to
support speech vocalization [220], for blind people to detect 3D patterns of an obstacle distribution
[221-222], and to read printed material [223] etc.

3.4.1.2 Factors effecting vibrotactile perception

In vibrotactile sensations, the perception level depends on many factors connected with the
characteristic of vibration stimuli such as contact and friction values between the human skin and a
sensed object, vibration frequency, magnitude, duration of vibration, type of applied vibration motions
and the area of the contactor stimulating the skin [212, 224-226]

The literature review mainly summarizes the effect of vibration frequency ranging from 0.4 Hz to 1
KHz on vibrotactile perception level. The effect was studied by a different contactor measuring device
[227-231]. Some researchers reported that when the vibration frequency increases, perception level

increases also [232-234], whereas others found that the perception level is independent of vibration
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frequency [235-237]. Indeed, since frequency working range is different in various studies, perception

level results according to used frequencies, showed differences. Furthermore, some researchers
concluded that factors such as the size of the contactor/handle [230, 238-240], its shape [230], and its
surroundings [240] have significant effect on the vibrotactile sensation at different frequencies.
Furthermore, in most of the studies three regions of the body, which are fingertip, forearm, and
abdomen, are often used as a stimulated contact area.

Indeed, the perception level of vibrotactile stimulation varies in different regions of the body. This

may be explained by the innervation density of mechanoreceptors in the skin [241-242].

For instance, the perception level in areas with high innervation densities, e.g. fingertips, is stronger
than in areas with low innervation densities, e.g. the arm [243]. In some of the studies, parts of the
body (i) upper body: abdomen, chest, shoulders, or head; (ii) lower body: feet and legs, or buttocks,
back were subjected to vibration [244-246]. It was reported that low frequencies (from 0.5 to 1.25 Hz)
caused discomfort in the upper body, whereas high frequencies (from 6.3 to 16.0 Hz) caused

discomfort in the lower body [245].

Vibrations are not in the form of unitary stimuli. They are composed of a certain waveform, which can
be regular or irregular [246]. Waveforms can also affect the level of vibrotactile perception. It has
been shown that in a modulated sinusoid waveform study, in which the amplitude of a base signal (e.g.
250 Hz) is modulated by a second sinusoid (e.g. 50 to 20 Hz), the level of perception has changed
[247].

As seen from the factors mentioned above, during the design of a vibrotactile display there are many
parameters, which should be considered carefully. Therefore, considering our smart clothing system
we conducted a comprehensive study in order to analyze vibrotactile perception level. Herewith, we
intended to discover the influence of conductive yarns, signal waveforms and frequencies, and

different body local areas on the resulting vibrotactile perception level.

By this way, which kind of fabric structure should be used, in which area of smart clothing system
vibration motors should be fixed, which kind of signal waveform at which frequency level should be

applied to vibration motor were decided by using fuzzy logic.

3.4.2 Experimental

In order to perform experiments, samples that were mentioned in Section 2.4 (see Fig. 2.16) were

used.
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3.4.2.1 Measurement set up

Experiments were conducted by applying three types of signal waveforms as seen in Fig. 3.31 (square
wave, sin wave, and saw tooth wave) in three different frequencies (0.5 Hz, 5 Hz and 50 Hz) to

different parts of the user’s body (see Fig. 3.32), by using samples mentioned above.

5 5 I

- I
squace wave form at 0 5Hz

Amplitude (V)
Amplitude (V)

0 1 2 3 K 5 6 7 8 9 10

Time (s)

Amplitude (V)

e

e
i
e
e

T 1 L 2
0 1 2 3 B 5 6 7 8 9 10

Time (s)

Fig. 3.31: Generated signals: sinwave, square wave, sawtooth wave with 5V amplitude at 0.5Hz

Over inner wris

Over thigh@

Fig. 3.32: Stimulated contact areas of human body during the measurements
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Signals were generated in MATLAB, and transmitted via National Instruments® DAQ (Data

Acquisition) Card. Frequency level was measured with oscilloscope. Duration for each experiment
was adjusted to 30 seconds [231].

Vibration motor

ace of Sample

Back of Sample

: gzap fastener
Card Test sample Conductive yarn
paths

Fig. 3.33: Measurement-set up (a) measurement over outer wrist (b)

In order to analyze and compare the perceived vibrotactile sensations, samples woven and knitted with
two different conductive yarns were tested with three different waveforms at three different
frequencies, on eight different body parts of the eight people.

Fig. 3.33 shows measurement set-up and measurement over outer wrist. In order to avoid pressure
effect, fabrics were placed on human body under relaxed conditions i.e. without any stress. Therefore,
for some parts of the body, test was done when evaluator was lying on the bed to prevent fall down of

fabric by gravitational force.

3.4.2.2 Evaluation method

Fig. 3.34 explains the framework of the evaluation method according to fuzzy relations. As seen in
Fig. 3.34; to construct team, due to the known decreasing sensitivity of elderly humans, eight people

(four men and four women) aged between 24 and 30 were selected for experiments [255]. Since all of
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the evaluators self-reported having a normal sense of touch, the weighting factor of each evaluator was

considered equally:

Pairwise comparisons

© 2011 Tous droits réservés.

Phase 1
Evaluate the signal -
Construct team alternatives + - Rank the signal
alternatives
# Convert preferences into
Phase 2 fuzzy numbers
Determine evaulators’ . Rank the e-textile
weights Evaluate the e-textile l ™ alternatives
structure alternatives ;
‘ Aggregate fuzzy
Determine fuzzy Phase 3 numbers Rank the body part
membership fuction Evaluate the body part > alternatives
- ) -
alternatives \ J

Defuzzfy fuzzy numbers

Fig. 3.34: Framework of the fuzzy evaluation method

Then, fuzzy membership function for vibrotactile perception was determined. The fuzzy data can be in
linguistic terms, fuzzy sets or fuzzy numbers. Fuzzy scale is a set of fuzzy numbers Py,..., P, defined in

the interval <A,B> and they are numbered according to their order to make a fuzzy decomposition:

VX e (A, B):Zn:Pi(x):l (3.11)

i=1
If the data are in linguistic terms instead of fuzzy numbers, then fuzzy scale is formed by fuzzy
linguistic variables [249]. We used fuzzy linguistic terms according to study of Kulak and Kahraman
[192]. Hence, the values of vibrotactile perception were expressed in fuzzy linguistic scale ranging
from very low (VL) to very high (VH) as seen in Fig. 3.35. During the evaluation phase; at first, a
training session was prepared to help the evaluators to become familiar with the linguistic terms of
perception levels along body parts and situations. The training procedure can easily make the
evaluator to understand and unify the meaning of the evaluation terms such as “very high” and

“medium”.

Then, since the fuzzy data are in linguistic terms, evaluations were transformed into standard fuzzy
numbers. They all were assigned to crisp scores, and evaluations for pairwise comparisons were

aggregated by using following equation:

§ =5, 0weS,0w,®.8S ow,_ (3.12)
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Fig. 3.35: Triangular fuzzy numbers for linguistic terms

where §i is the fuzzy aggregated score of the i criterion and where w,; is the weight of i™ evaluator

and w,, €[0,1]. ® and @ denote the fuzzy multiplication and fuzzy addition operators, respectively.

Then, defuzification operation was used to defuzzify the fuzzy numbers [195]. Finally, the best

alternative with having highest perception level was selected.

Results were also compared statistically. ANOVA was performed to compare the significance value
between different alternatives (signal type and frequency, e-textile structures, and body parts) and
perception level. In order to do test, SPSS program was used and statistical significance was set at
p<0.05. Fig. 3.36 shows the hierarchy of the evaluation phase. At first, signal alternatives were
evaluated, compared, and ranked for perception level. Secondly, by applying and combining the best
signal alternative with e-textile structure alternatives, e-textile structure alternatives were evaluated,
compared, and ranked. Thirdly, the best e-textile structure alternative with the best signal alternative
was applied on the different parts of the human body (see Fig. 3.32). Finally, the best combination
and situation were selected to show the highest vibrotactile perception information.

3.4.3 Results

3.4.3.1 Results according to signal alternatives

Vibrotactile perception values of eight evaluators according to signal alternatives were summarized in
Table 3.6 in fuzzy linguistic terms. In the table, the evaluators were denoted as E1, E2.., E8.The
perception values in fuzzy terms were transformed into fuzzy numbers by using linguistic scale as
shown in Fig. 3.35. Then, they were aggregated, and defuzzified as mentioned above. Hence, the result

of total evaluation of vibrotactile perception according to signal alternatives is shown in Fig. 3.37.
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Fig. 3.36: Hierarchy of the evaluation
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Table 3.6:

El
E2

E3
E4
ES5
E6
E7
E8

Vibrotactile perception values of each evaluator according to signal alternatives
Sine wave Square wave Sawtooth wave
0.5 5 50 05 5 50 0.5 5 50
VH H M M M L M M M
H M M H M M H H M
H H M M L L H M L
VH H M M M L M L L
VH M L M L VL M M L
H M M M M L M M M
H M M M M L H M L
H M L M L VL H M M

As it can be noticed from the Fig. 3.37, when the frequency of signal increases, the perception level

decreases. Moreover, in the same frequencies the perception level of square wave form is lower than

the perception level of both saw tooth and sine wave forms.

H(x)
1

Degree of
membership function

—— Kimwave form at L5 Hz (057, 0,84, 1)

----- Sinwave form at 5 Hz (034, (.59, 0.84)

— - Simwave lorm al 50 Hz (018 045, 0.68)

—— Square wave form af 0.5 He (028,053, 0.78)
Square wave form at 5 Hz (0115, 0,42, 0.65)
Square wave form at 50 Hz (0.0%, 0,25, 0,48)
Sawtooth wave form af 0.5 Hz (0,37, 062, 0.87)

Vo eeeee Sawlooth wave form at 5 He (0.25, 0,50, 0.75)

-.\— - Sawtooth wave form at 50 Hz (0,12, 0.40,0.62)

o1

0.2

0.3

0.4 05 g 07 0.4 n.a 1

Perception value

Fig. 3.37: Result of total evaluation of vibrotactile perception according to  signal alternatives

Furthermore, as it can be seen from the figure, sine wave form at 0.5 Hz showed highest vibrotactile

perception level. The order of vibrotactile perception level of waveforms at the same frequencies was:

sine wave > saw tooth > square. Moreover, based on ANOVA results (see Table 3.7-3.8); the level of

vibrotactile perception varied significantly with both signal type and frequency (p <0.001; ANOVA).

Table 3.7: Perception Level & Signal Type ANOVA Results

Sum of Significanc
Squares df Mean Square F e
Between Groups 11,028 2 5,514 10,023 0,000
Within Groups 37,958 69 0,550
Total 48,986 71
96
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Table 3.8: Perception Level & Frequency ANOVA Results

Sum of

Squares df Mean Square F Significance
Between Groups 20,028 2 10,014 23,860 0,000
Within Groups 28,958 69 0,420
Total 48,986 71

These results can be explained by the structure of wave forms. In sine wave form, an increase and
decrease are seen uniformly. But in both saw tooth wave and square wave forms, a sudden increase is
seen, and this directly reflects to vibration motion. By this way, it can be said that tactile sensation is
smooth in sin wave form whereas it is rough in both saw tooth and square wave form [252]. This may
affect the evaluators’ perception negatively. Furthermore, as the frequency increases, continuity in
vibration motion increases. However, in low frequencies the vibration motion is more discrete. From
the results, it can be concluded that people prefer to feel discrete vibrations instead continuous
vibrations as an alert. Therefore, in order to continue our experiments with different e-textile structure
alternatives, sine wave form at 0.5 Hz signal alternative was chosen, and applied with e-textile

structure alternatives for the comparison.

3.4.3.2 Results according to e-textile structure alternatives

Table 3.9 shows the vibrotactile perception values of eight evaluators according to e-textile structure
alternatives in fuzzy linguistic terms and Fig. 3.38 shows the result of total evaluation of vibrotactile

perception according to e-textile structure alternatives in fuzzy membership functions.

Table 3.9: Vibrotactile perception values of each evaluator according to e-textile structure

alternatives

Woven Fabric Knitted fabric
Conductive  Conductive  Conductive  Conductive
yarn 1 yarn 2 yarn 1 yarn 2
Samplel Sample2 Sample3 Sample4
El H H M M
E2 VH VH H H
E3 VH H VH VH
E4 H M H M
E5 M M M M
E6 H H H H
E7 VH H H H
E8 H H H H
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According to evaluation results as shown in Table 3.9 and in Fig. 3.38, vibrotactile perception of

sample 1 was higher than other samples. This explained that the perception level in woven fabrics
integrated with highly conductive yarn was higher than other samples. Furthermore, it was found that
the perception level in woven samples was a bit higher than in knitted samples. This may be attributed
to fabric structure. According to our study, woven samples were more compact than knitted ones, and
consequently this let the fabric transfer vibrotactile motion better.

TTEST Sample 1
1 r‘t #
" S
Sample 2 Sample 3 / P Sample 1 (0.54, 0.81,0.97)
— ’ . Sample 2 (046, 0,72, 0.94)

: "‘ \ "‘ Sample 3 (0.46, 0,72, 0.94)

’ , . 5 le 4 (0,43, 069 091)

Sample 4 / S .‘ ample 4 ]
oo \ N
L]

a1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 08 1
Perception value
Fig. 3.38: Result of total evaluation of vibrotactile perception according to e-textile structure

Degree of membership function

alternatives

Nevertheless, when samples are compared with respect to conductive yarn type, it cannot be said that
there is significant difference between them (p=0.205; ANOVA Table 3.10). This result can be
attributed to less distance between snap fastener and vibration motor. If the distance between snap
fastener and vibration motor increases, resistance of the circuit will also increase. This may affect the

duration of beginning of vibration motion and in this way; the perception level can show difference.

Table 3.10: Perception Level & Conductive yarn ANOVA Results

Sum of

Squares df Mean Square F Significance
Between Groups 0,781 1 0,781 1,682 0,205
Within Groups 13,938 30 0,465
Total 14,719 31

3.4.3.3 Results according to body part alternatives

To compare the perceived vibrotactile sensation on different parts of the human body, the woven e-
textile fabric including silver plated nylon 66-4ply yarn with a linear resistance of <50 ohm/m was
used during the experiments by applying sine wave form signal at 0.5 Hz on the evaluators’ different

body parts.
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Vibrotactile perception values of eight evaluators according to body part alternatives in fuzzy

linguistic terms, and total evaluation of vibrotactile perception were shown in Table 3.11 and Fig.
3.39-3.40, respectively.

Table 3.11: Vibrotactile perception values of each evaluator according to body part alternatives

Over Over Over Over Over Over Over Over
Outer Inner Outer Inner Chest Abdomen Hipbone  Thigh

El H M L M M L VH VL
E2 VH H M H H M H L
E3 H M M H H M VH L
E4 VH M M H M L H VL
E5 H M M H M L H L
E6 VH H M H M M VH VL
E7 H M M M M L H L
E8 VH H M H M L VH L

Hix) &

§ 1

S '\ Over outer wrist (0.6, 0.A75, 1)

5 /! \ Over inner wrist (1,344, 0,594, 0.544)

a / ! Civer outar arm (0.219,0.468, 0,718 )

2 Ower inner arm {0,438,0,608,0,938)

E I —— Ower chest (.313.0.683,0.813)

a ' \ Owver abdomen (0.094,0.344,0,504)

E \ Ower hip bone (0.6, 0.BTS, 1)

z \ — Ower thigh {0.0,0.156,0.425)

5 !

g / "1

2 \ .

6t 02 03 04 05 06 07 0B 08 1
Perception value

Fig. 3.39: Result of total evaluation of vibrotactile perception according to body parts alternatives
As seen in Fig. 3.39 and Fig. 3.40, the highest vibrotactile sensation was perceived over the outer wrist
and hip bone area of the evaluators’ body, whereas the lowest was perceived over thigh. The
perceived vibrotactile sensation in rank from higher to lower on the body parts were over outer
wrist/over hip bone, over inner arm, over inner wrist, over chest, over outer arm, over abdomen, and
over thigh, respectively. Furthermore, it was also found that the perception level over the outer wrist
was higher than the perception level over the inner wrist. On the contrary, the perception level over the
outer arm was lower than the perception level over the inner arm. Therefore, it can be concluded that
vibrotactile perception level significantly changed according to body parts (p<0.001; ANOVA, see
Table 3.12). This could be attributed entirely to the distribution of sensory nerves on the human body

as mentioned in the literature.
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Fig. 3.40: Result of total evaluation of vibrotactile perception according to body parts alternatives

(95% Confidence Interval)

For instance, in a study on tactile displays, it was also reported that vibratory threshold was higher in
hips than in abdomen and thigh respectively at 100 Hz [226]. Moreover, in another study in which five
people were exposed to a vertical sinusoidal wave force vibrating at various frequencies; it was

reported that at 5 Hz the vibration was more sensible on the chest than abdomen and thigh [244].

Table 3.12: Perception Level & Body parts ANOVA Results

Sum of

Squares df Mean Square F Significance.
Between Groups 55,438 7 7,920 32,852 0,000
Within Groups 13,500 56 0,241
Total 68,938 63

3.4.4 Conclusion

In this section, vibrotactile perception level was investigated in terms of fuzzy relations. The influence
of woven and knitted e-textile structures with two different conductive yarns, different signal wave
forms (sine wave, square wave, and saw tooth wave) at three different frequencies (0.5 Hz, 5 Hz, and
50 Hz) and different body parts (wrist, arm, chest, abdomen, hip bone, thigh) on the resulting

vibrotactile perception were evaluated by eight people (evaluators).

Results showed that e-textile structure type influenced the vibrotactile perception level. Nevertheless,
conductive yarn type had no significant effect on the perception level of vibrotactile when the distance

(resistance) between snap fastener and vibration motor (in the e-textile circuit) is small. According to
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our study, the highest perception level in the e-textile structures was obtained by woven e-fabric

integrated with highly conductive yarn. This may be related with more compactness of woven fabrics.

Moreover, signal waveform and the frequency had a significant effect on the vibrotactile perception
level. It was found that as the frequency of signal increases the perception level decreases.
Correspondingly, it can be concluded that people prefer to feel discrete vibrations instead continuous
vibrations as an alert. According to our results, sine wave form at 0.5 Hz showed highest vibrotactile
perception level within the signal type alternatives.

Another result issued from this study was that perception level of vibrotactile sensation showed
differences due to contact areas of human body. The highest level of vibrotactile sensation was
perceived over the outer wrist and hip bone area of the evaluators’ body, whereas the lowest was

perceived over thigh.

To conclude; the best combination for highest vibrotactile perception was to use woven e-fabric
including highly conductive yarn over the outer wrist and/or over the hip bone by applying sine wave
form at 0.5 Hz. Therefore, this combination was considered during the design of smart clothing

prototype.
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Chapter 4
Design and development of smart clothing prototype with an

algorithm for obstacles avoidance

4.1. An algorithm for obstacle avoidance

4.1.1 Introduction

The ability to navigate visually impaired person through an environment cluttered with obstacles is a
crucial issue. Navigation towards a target is a complex task and an important research field especially
in robotic applications. The real-time obstacle avoidance algorithm is one of the key issues for mobile
robots as well. A great number of different obstacle avoidance algorithms for mobile robots have been
developed for indoor and outdoor environments. However, there is no obstacle avoidance algorithm
developed for visually impaired people through an integrated system that consists of sonar sensors
mounted on a garment. Since the obstacle avoidance strategy of visually impaired people is based on
similar principles with obstacle avoidance strategy of mobile robots, the algorithms developed for

mobile robots thus are given.

The general theory for mobile robotic navigation is based on such principles: First the robot can
perceive the surroundings by sensors mounted on it like cameras, sonars, laser range finders, GPS etc.
Then it is able to plan its operations based on the artificial intelligence model developed for navigation

and obstacle avoidance task.

In the literature, a large number of algorithmic approaches were used in order to plan mobile robot

motion such as grid method [251], vector field histogram method [252], potential field method [253],
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path planning [254], geometry based approach, pattern generation method [255], switching control

approach [256-258], self localization [259], soft computing based approaches like fuzzy logic, neural

network, genetic algorithm and their different combinations [260].

Fuzzy logic is easily used when a mathematical model of the process is difficult to be proved or
implemented in a real-time operation [261]. In recent years, fuzzy logic, neural network and genetic

algorithm based approaches have been successfully applied to control mobile robots.

Ragaruman et al proposed a fuzzy logic based model for navigation of mobile robots in indoor
environment [262]. Guo et al. developed an algorithm by using fuzzy logic to control the lower limbs
rehabilitation robot with the known environment information [263]. Jincong et al. introduced the
design of an intelligent four-wheel obstacle avoidance robot based on fuzzy control [260]. Pradhan et
al. discussed different fuzzy logic controllers with different membership functions in order to navigate
mobile robots [264]. Park and Zhang used a dual fuzzy logic approach for navigation of mobile robot.
The first controller was designed to control target steering while the second one to follow the edge of
obstacles [265]. Similarly, Chen and Juang designed two model based on fuzzy logic controllers in
order to control wheeled mobile robot The first model was set up to avoid short distance obstacles
while the second one was for target seeking [261]. Farooq et al designed a fuzzy logic based hurdle
avoidance controller for mobile robot navigation in noisy and uncertain environments [266]. Maaref
and Barret presented a study about the problem of navigating mobile robot either in an unknown
environment or in a partially known one. A navigation method based on fuzzy inference proposed for
avoiding convex and concave obstacles [267]. In most of the fuzzy logic controllers, the performance
of the controller depends on the selection of membership functions and fuzzy if-then rules. Since the
if-then rules designed by human experts, it is hard to choose and implement correct rules in the
controller [268-273]. Therefore, there are some attempts were made in order to extract rules
automatically. Hui and Pratihar used genetic algorithm to extract rules for fuzzy controller, thus they
developed an algorithm based on combination of genetic and fuzzy approaches to avoid obstacles
[274]. Moreover, Liu et al. adjusted the rules of fuzzy obstacle avoidance controller of autonomous
mobile robot by using genetic algorithm [275, 276]. For the mentioned problem, some researchers
have focused on using neural network approach to control the mobile robot. For instance, Szemes et
al. applied the observation of human walking behavior to train fuzzy neural networks (FNN). The
trained FNNs were applied to approximate the obstacle avoidance behavior of human walking as well
as to control the mobile robot in a human-robot shared environment [277], similarly Mahyuddin et al.
designed a neuro-fuzzy algorithm which is able to control the operations such as sense, map, plan and
act. In their system, they used neuro-fuzzy approach in order to modify and extract new rules from a
properly training [278, 279]. He et al. used fuzzy neural network method based on the Takagi-Sugeno
information fusion arithmetic to avoid obstacles. First, the information get by sensors was classified

and fused. Then the fused results were considered as the inputs of fuzzy neural network [280]. In
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another study, the neural network approach was combined with GPS. In that system, a radial basis

function network (RBFN) based on neural network was used to map the GPS data into the robot
coordinates and then, trained data was combined with sonar based navigation system of the mobile
robot [281]. Hui and Pratihar developed various algorithms based on genetic-fuzzy, genetic neural and
potential field method (PFM) approaches and compared them as well. They found that soft computing
based approaches (genetic fuzzy and genetic neural) were more adaptive and robust compared to the
PFM [282].

Therefore, considering literature review and mainly focusing on recent studies, we decided to use
combination of neural network and fuzzy logic approaches in our study. Hence, in order to navigate
visually impaired person through an environment cluttered with obstacles, neuro-fuzzy logic based
obstacle avoidance control algorithm was developed for our smart clothing system. Before, giving
details of developed neuro-fuzzy control algorithm, the kinematic analysis of walking person, obstacle
avoidance strategy, principals of neural network and fuzzy logic are presented in this part.

4.1.2 Kinematics analysis of walking person

Assume that person position is B, :(xb,yb,é’b )T, where (xb’yb)represents the coordinate of the

person body and &, represents his heading angle from the horizontal axis as seen in Fig. 4.1. In the
figure,w, andv, are the angular and linear velocities of walking person’s body, respectively. The

angular velocity of person depends on both angular velocities of the left (wl,) and right (wl ) legs

where it can be demonstrated as w, = (wl,, wl, )T

» X

Fig. 4.1: Model of walking person in coordinate system
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According to heading angular velocity w, , the corresponding motion state of walking person can be

summarized as in Table 4.1

Table 4.1: Motion state of walking person

W, w, =0 w, >0 w, <0
Motion state Go straight Turn right Turn left

If wl, =—wl, , then the angular velocity is W, = 0which implies that there is no turning action: go

straight. Thus, the desired state of motion can be obtained by changing wl, and wl, .

Motion state of the walking person can be shown as M, :(vb,wb)T by using his linear v, and

angular w, velocities. Thus, the first kinematic equation can be written as follows:

X, cosd, 0

. ) ] v,
P = ){b = zmﬁbf {WJ (4.1)
ab

and the coordinate of moving person is

Xo(i+1) Xo (i) COS ¢9b 0

V
Yoo | = Yoqy || SiNG, O { ° }xAt (4.2)

W,
‘9b(i+1) Hb(i) 0 1

where At is the sampled time, i is the current time index, and i+1 is the next time index.

Hence, according to above equations, the position of walking person can be estimated by controlling

his/her angular w, and linear v, velocities.

4.1.3 Obstacle avoidance strategy

In the presence of obstacles, to guide person becomes more and more difficult. To guide user, firstly
three important things should be determined:

» Target

» Obstacles

» Person’s position
Then, guidance strategy can be implemented as seen in Fig. 4.2. The notation of observer used in this

diagram is equivalent to the notation of control system.
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Where is target? Where is user? Where are obstacles?

(%, Y:,6,) (%1 ¥, 6) (Xon+ Yon1&on)

l

> Observer

l

Guidance
[Vor W ]

Fig. 4.2: Block diagram of guidance strategy

A

Suppose that the workspace W is cluttered up with N stationary obstacles O, n e{l,---, N} and a

target point as seen in Fig.5.3

In the case of n obstacles and one target point, the distance to the target point is computed as

2 2
dt(i+1) = \/(Xt - Xb(i+1)) + ( Yi = Yo ) (4.3)
Ya W
(X on,Y On)
(X 02,Y 02) > N
Obstag%n, @ ET
‘stacle 2 . g (XtY+)
Rw N /// -7 &»&\"’\\
2 G(BQ// <”

<, ,’ S bstacle 1

X o, -
# D& (Xo1Yo1)

Y b(i+1) / =

Y b))

Xb() X b(i+1)

Fig. 4.3: Navigation of walking person under multi-obstacles environment

and desired direction angle (¢) is modified according to person as follows:
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¢|+l — tan_l (MJ (44)

X = Xb(i+l)

By considering Equation 4.2 and 4.4, it can be concluded that there is a relation between

recommended direction angle (¢) and velocity of person.

Therefore, while guiding person, variables distance to target (d,) and direction angle (¢)have to be

controlled at each decision point regarding obstacles. For example; if there are two obstacles in front

of the walking person with a distance of d,;.,, and d,;,, as shown in Fig. 4.3, then the distances to

obstacles can be calculated as

dl(i+1) = \/( Xo1 — Xp(is) )2 + ( Yor = Ybiisn) )2 (4.5)

2

d2(i+l) = \/( Xo2 =~ Xo(is1) )2 + ( Yoo — yb(i+1)) (4.6)

and the angle (o) between obstacle 1 and target point, and similarly the angle (c,) between

obstacle 2 and target point can be computed as

gl i~ yb(i+1) gl Yo~ yb(i+1)
Qg = | @N o st 4.7)
X = Xo(iva) Xo1 ™ Xp(i+1)

(4.8)

| Yo Yo o Yoo = Y
Ay, = tan | 22 —tanh| S92 20D
X = Xp(isa) Xo2 = Xy (isa

Assume thatc, represents the system’s detection range in terms of angle and let ¢, denotes the

maximum detection angle or in other words the border of detection range, then to avoid obstacles

following rules should be taken into account [276]:

(1) (i) > A ) A(iay > Ay ) » WhiCh represents that there is no obstacle in the

detection range, then there will be no avoidance strategy. This means go straight (zero) or

w, =0 (Table 4.1).

(i) 1 (i) S Wrax ) Ay > A D)V (Gigy > e ) A (G iay S X ) which
represents only either one is in the detection range, then there is only one obstacle to be
avoided. Therefore, the question is simplified as how to avoid just one obstacle; turn right or

left, or in other words w, >0or w, <0 (Table 4.1).
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() I ((2yi11) < A ) A0y < Xy ) - Which represents both are in the detection range then,
there are two obstacles to be avoided. Thus, select the obstacle that should be avoided by
considering the minimum distance rule (min (d,;,;),d,,,)) ) as follows [276]:

1) 1fdy;,;) <dyy » then firstly avoid first obstacle (O1), secondly avoid second obstacle
(02).
2) Ifdy;, >d, .y, , then first avoid second obstacle (O2), secondly avoid first obstacle
(01).
3) If dy,q) =0y, , then compare o,y and ay,y,
a) Ifay;q) <oy, , then select obstacle 1 (O1) as target obstacle to be avoided.

b) oy >y, , then select obstacle (O2) as target obstacle to be avoided.

¢) Iy =y, , then select one of them randomly: Obstacle 1 or Obstacle 2

as target obstacle to be avoided.

Drefire start paint

¥

Define targed poink

Check tha
detection range
Are hare any
obstacles

L J

Mo

<>.

¥ Yes
Check tha
obstachkss if thay

ara an the way af
targed ar med

Ma

?

Direct arriving
v Yes ko & targed
Tumed on Pl
obsEcle
avoidanoce
contraller

b4
Mo Artiving 1o &
targat paint

Yes

)

Fig. 4.4: Basic flow diagram of obstacle avoidance strategy
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According to above obstacle avoidance strategy, a control system was considered and developed in

order to guide visually impaired person. Fig. 4.4 shows the basic flow diagram of avoidance strategy.

During the design of control system, fuzzy and neural network approaches were used. Before
explaining our neuro-fuzzy controller in detail, the basic principles of neural network and fuzzy logic

are given.

4.1.4 Principals of neural network architecture

A neuron with a single scalar input and bias are given in Fig. 4.5. The scalar input p is transmitted
through a connection with its strength by the scalar weight w to form the product wp, again a scalar.
Additionally, a scalar bias b is simply added to product wp as shown by the summing junction. Finally,
the transfer function net input n, again a scalar, becomes the sum of the weighted input wp and the bias

b. Here f is a transfer function that takes the argument n and produces the output a.

Input  Neuron with bias

p.m' ﬂ a
‘b

st

a=flwp+hb)
Fig. 4.5: Simple neuron model

Two or more of the neurons can be combined in a layer to form a network. A network can include one
or more such layers. In Figure 4.6, a one-layer network with R input elements and S neurons are

shown.

Inputs  Layer of Neurons

N

a=f{Wp+b)

Fig. 4.6: One-layer neural network
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R denotes the number of input elements in input vector and S denotes the number of neurons in layer.

In this network, each element of the input vector p is connected to each neuron input through the
weight matrix W. Finally, the neuron layer outputs form a column vector a. The expression for output

a can be summarized as on below figure:

Input Layer of Neurons

a=f (Wp+b)
Fig. 4.7: Abbreviated notation of one layer neural network

In this figure, p is an R length input vector, W is an SxR matrix, and a and b are S length vectors. As
defined previously, the neuron layer includes the weight matrix, the multiplication operations, the bias

vector b, the summer, and the transfer function boxes [283].

4.1.5 Basis of fuzzy logic

Fuzzy logic starts with the concept of a fuzzy set. A fuzzy set is a set that contains elements with only
a partial degree of membership. Let X denote the universe and its elements denote X, then a fuzzy set

A in X is defined as a set of ordered pairs.
A={x pAKX) | x € X}

HA(X) is called the membership function (or MF) of x in A. A membership function (MF) is a curve
that represents how each point in the input space is mapped to a membership value (or degree of

membership) between 0 and 1. Fig. 4.8 shows some examples of membership functions [284].

B 10 o 2

4 3 4 &
trirF, P - [3 6 5] traprf, P-[16 78]

trimf trapmf

o 2 10 [ z

4 B 4 -] 4 B
asumsml, P =[3 5] namsEm -1 324 abeliml, P =2 46|

gaussmf gauss2mf gbellmf

Fig. 4.8: Examples of membership functions
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A B minAB) A B maAB) A 1-A
0 0 0 0 0 0 0 1
0 1 0 0 1 1 0
1 0 0 1 0 1
1 1 1 1 1 1

AND OR NOT

Fig. 4.9: Boolean logic ANDs and ORs and NOTs [284]

In fuzzy logic, the operations are based on standard Boolean logic as seen in Fig. 4.9. Moreover,
because there is a function behind the truth table rather than just the truth table itself, values other than

1 and 0 take place. Fig. 4.10 shows how fuzzy inference connects with logical operations.
A B A B

k k /

AND OR NOT

min(A.B) max(A,B) {1-A)

Fig. 4.10: Fuzzy inference with logical operations [284]

By considering logical operations, if-then rules are formed. These if-then rule statements are used to

formulate the conditional statements that comprise fuzzy logic.

Fuzzy inference process comprises five parts: fuzzification of the input variables, application of the
fuzzy operator (AND or OR) in the antecedent, implication from the antecedent to the consequent,

aggregation of the consequents across the rules, and defuzzification [284].

Step 1-Fuzzify inputs: Take the inputs and determine the degree of membership between 0 and 1 (Fig.

4.11)

0.7

Result of
fuzzification

input
Fig. 4.11: Fuzzify inputs [284]

Step 2- Apply fuzzy operator: The input to the fuzzy operator is two or more membership values from
fuzzified input variables. If there are multiple parts to the antecedent, apply fuzzy logic operators in
order to obtain a single number between 0 and 1. This is the degree of support for the rule. This

number is then applied to the output function. Fig. 4.12 shows the example of OR operator application.
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1. Fuzzify 2. Apply
inputs. OR operator {max).
0.7
0.7
0.0 0.0 result of
: - fuzzy operator
input 1 input 2

Fig. 4.12: Example of Step:2-Apply fuzzy operator [284]

Step 3-Apply implication method: Use the degree of support for the entire rule to shape the output

fuzzy set. The consequent of a fuzzy rule assigns an entire fuzzy set to the output. Fig. 4.13 shows the
example of application of implication operator (MIN).

Antecedent Consequent

f_/_f_J%

Ly 2. Apply 3. Apply
:n;:.lis OR, operator (). Implication
operator (min).

S 1A

input 1 input 2 result of
implication

Fig. 4.13: Example of Step:3-Apply implication method [284]

Step 4-Aqggregate all outputs: In order to make a decision about system, the rules must be combined in

some manner. Aggregation is the process that transfers the output fuzzy sets for each rule into a single
fuzzy set. Aggregation occurs before the defuzzification. The inputs of the aggregation process are the
output functions returned by the implication process for each rule. For aggregation process, three
methods are commonly used: Maximum, probabilistic OR, sum (simply the sum of each rule's output
set). Fig. 4.14 shows how the outputs of each three rule are combined or aggregated into a single fuzzy

set

Step 5- Defuzzification: Result of aggregation includes a range of output values that must be

defuzzified in order to resolve a single output value from the set. There are different methods for
defuzzification, however the most popular defuzzification method is the centroid calculation, which
calculates the center of area under the curve. An example of centroid defuzzification methods is shown
in Fig. 4.15
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1. Fuzzify inputs. iz.‘iz?ufy rmpucamn
ritl'm migthed {min}

RN A
2/ = A A
s/ _[1_ AN _n

input 1 input 2

4.
£
method (max).

ok

¢ Result of
aggregation

Fig. 4.14: Example of aggregation method (max) [284]

) o
16.7% 0% 25%

output

Fig. 4.15: Example of defuzzification method (centroid) [284]

Finally, steps mentioned above from beginning to end describes the whole process of Fuzzy Inference
System. By using fuzzy inference systems, fuzzy logic controllers can be designed as shown in Fig.
4.16.

FUZZY LOGIC CONTROLLER

Krowledge
Basa

¥

- Riule o
| | Fuzzification Evaluation i | Defuzzification Control m
procass

¥

Fig. 4.16: Composition diagram of fuzzy controller
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4.1.6 Neuro-fuzzy control algorithm for obstacle avoidance

In our smart clothing system, four sensors integrated to front side of garment perceive surroundings.
While the wearer navigates in an unknown environment, ultrasonic sensors detect the presence of
obstacles as well as measure the distance to obstacles. During the design process, four sensors were
divided into two groups (see Fig. 4.17). In order to differentiate height of obstacles, two ultrasonic
sensors were considered to be placed up position on the garment while the other two placed down
position. Besides, in order to differentiate position of obstacles whether they are on the left side or
right side due to wearer’s position, two sensors were considered to be placed at left part of the
garment while the other two at right part. Thus, by considering two groups of four-sensor situation;
probable cases for detection of obstacles were determined and obstacles’ potential positions with

regard to person position were examined. Fig. 4.18 shows some cases for obstacle’s position.

Left sensors  Right sensors

o SEaN

40 m3 Up sensors

10/ \H2

D

Down sensors

Fig. 4.17: Sensor’s position on the garment

Before developing control system, at first some assumptions were made according to our study. The
target location and user’s location was considered to be known variables by the user heuristically.
Thus, in our system only the data got by sensors were used as inputs of controller (see Fig. 4.2). The

framework of the proposed control system is shown in Fig. 4.19

%R R
r, 4T
VWA

Fig. 4.18: Different cases between obstacles and user
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In the control system, data filtration and pre-processing is conducted based on data from all sensors in

order to understand if there are any obstacles or not. When the user’s path is blocked by an obstacle,
the avoiding action is necessary not to crash obstacle by this way neuro-fuzzy obstacle avoidance
controller takes place and gives output to make turns to avoid collision. When all distance values got
from sensors are larger than a predefined value range, this situation is regarded as there is no obstacle

to be avoided. As a result, user is guided to go straight (zero/no turn) as an output response.

Neuro-Fuzzy
Senso Data Filtration & e A Chbstacle
data " Pre_Processing - Jusciding SEE YESH Avoidance A
Controllar
MO

Fig. 4.19: Framework of control system for proposed smart clothing
After the data filtration and pre-processing by using neural network and fuzzy logic principles, a
neuro-fuzzy obstacle avoidance controller for smart clothing system was designed. The structure of the

proposed neuro-fuzzy controller is shown in Fig. 4.20. The inputs of controller are the outputs of

sensors: the averaged distances to obstacles Xd,;, Xd,,, Xd,;, Xd,; obtained from the sensor 1, sensor

2, sensor 3, and sensor 4 respectively. The output signal from the neuro-fuzzy controller is the turning
angle and direction. The algorithm starts with the data filtration process.

4.1.6.1 Data filtration and pre-processing

In this process, data generating by sensors are either eliminated or transmitted to controller. It was

known that our sensor detection range is up to 6.45 meter [204].

In order to give controller decision, by considering our requirements a predefined value was
determined at first. A value of 2.5 meter (predefined value) was considered for elimination of data that
means if the sensor detects the distance to an object larger than 2.5 meter or in other words if the
object locates 2.5 meter or further away from user’s location then, the data is eliminated and
considered as there is no object on the way of user. Thus, in the first algorithm all averaged input data
larger than 2.5 meter is being filtered and directly sent to go straight position (zero) which is

interpreted as no turning action.

Secondly, for the averaged data smaller than 2.5 meter was interpreted as there is an object/s on the
way of user, and according to decision of position of object, it is sent to avoidance strategy to be

processed. Fig. 4.20. explains the data elimination process.
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There is an object There is no object
Filtered data (x<2.5/ Eliminate gata (x>2.5)
N
g — / )

| /
i Object at Very Far

If at least one of sensor I If all sensor values are

values is less than 2 m . between 2<x<2.5 m,

(x<2m), then there is an then it is again

object to be extremely interpreted as there is

avoided. . no object to be avoided

quickly when user at 0
point; that means there
is an object at very far

|
2m 25m

Fig. 4.20: Data elimination process

In fact, when the all sensor values are between 2 and 2.5 meter, they are interpreted as there is an
object at very far and it is not necessary to avoid this obstacle at this time interval quickly. Thus, this
situation is again assigned to go straight position (zero) as if there is no obstacle that should be
avoided. However, sometimes one, two or three of sensors may measure between 2 and 2.5 m because
of detection of obstacle at far away or noisy data, while the other/s detects an obstacle within 2 meter.
In this case, if at least one of the sensor values is less than 2 meter, it is interpreted as there is an

obstacle that should be extremely avoided.

In order to decide object’s position, experiments were conducted with various object’s position in x
and y-axis in a real-time environment as explained in Section 3.3. For each sensor 9900 data was
obtained. In this concept, possible scenarios for detection of objects by using four sensors were formed

as follows:

<Algorithm 1- Data filtration and pre-processing>

if Xd; >2 & Xd,; >2 & Xd,;; >2 & Xd,; >2
there is no obstacle;

elseif Xd; <2 & Xd,; <2 &(Xd,; >2 | Xd; >2)
obstacle at the left;

elseif (Xd,; >2 | Xd,; >2) & Xd,; <2 & Xd,; <2
obstacle at the right;

elseif (Xd,; <2 | Xd,; <2) & Xd,, >2 & Xd; >2
obstacle at the left;

elseif Xd; >2 & Xd,; >2 & (Xd,, <2 | Xd,; <2)
obstacle at the right;
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elseif Xd; <2 & Xd,; <2 & Xd,; >2&Xd,; >2
if Xd; > Xd,,

obstacle at the right;
else

obstacle at the left;
end

elseif Xd; >2 & Xd,; >2 & Xd,; <2& Xd,; <2
if Xd,; > Xd,,

obstacle at the right;
else

obstacle at the left;
end

elseif Xd; <2 & Xd,; >2 & Xd,; >2& Xd,; <2
obstacle at the left;

elseif Xd; >2 & Xd,; <2 & Xd;; <2& Xd,, >2
obstacle at the right;

elseif Xd; <2 & Xd,; <2 & Xd; <2& Xd,; <2

obstacle at the front;
else

there is no obstacle;
end

After determining object’s position with Algorithm 1, (Algorithm 1 was tested with real time
measurements and regarding Table 3.3 results the success of the algorithm was found 97.98 % by
using MATLAB), data is sent to one of the avoidance strategy: left, front, and right obstacle

avoidance.

This time, neuro-fuzzy algorithm starts processing data. Neuro-fuzzy algorithm is composed of
A- Input layer

B- Hidden layer (rule layer and consequence layer)

C- Output layer

In the input layer and hidden layer of algorithm, fuzzy inference system (FIS) takes place. To set up
the fuzzy inference system, MATLAB® Fuzzy Logic Toolbox was used. As shown in Fig. 4.21, three
types of fuzzy inference system was developed namely; (i) left obstacle avoidance, (ii) front and
(iii) right obstacle avoidance fuzzy inference system. Fig. 4.22 shows the developed fuzzy
inference system for left obstacle avoidance. Similarly, front and right obstacle avoidance fuzzy

inference system were also developed.
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Fig. 4.21: Proposed neuro-fuzzy control system for the smart clothing
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4.1.6.2 Input layer / Fuzzification

The fuzzification procedure maps the crisp input values to the linguistic fuzzy terms with membership

values between 0 and 1.

.
FIS Editor: Left_Obstacle Avoidance R

File Edit View

"\'—-\__\_‘ Left_Obstacle_Avoidance TURNLEFT
sensor2
Ef E E ____,_..-—f""'"’-—" (mamdani)
sensord / \ Zm
sensord
FIS Mame: Left_Chstacle_Avoidance FIS Type: mamcani
And methad min - Current Yariablz
hame
Cr method max - sensort
Tyne input
Implication prod -
Range [02.5]
Aggregation max -
Defuzsification =
centroid h Help ‘ Close

Fig. 4.22: Fuzzy Inference System (FIS) for left obstacle avoidance

In this layer, the inputs are the filtered data and each of these inputs is classified to fuzzy set
membership functions. The inputs of fuzzy inference system are “averaged measured distances to an
obstacle” information from sensor 1, sensor 2, sensor 3 and sensor 4, which are described by three
linguistic variables: Near, Far and Very Far. The domain of functions is being from 0 (minimum) to

2.5 meter (maximum) for each sensor.

The two linguistic variables near and far were described by triangular membership functions, whereas

very far described by trapezoidal membership function as shown in Fig. 4.23.

Indeed, the input values between 2< Xy < 2.5 was regarded as there is no detected obstacles neither at

far nor near, thus they were interpreted as Very Far (see developed fuzzy rules).
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Fig. 4.23: The membership functions for input variables

For instance, the measured distances by sensors to an obstacle located at (-10, 60) cm are shown in
Fig. 4.24. As seen in the figure, sensor 1 and sensor 2 detect the obstacle around 60 cm while sensor 3
and sensor 4 does not detect the obstacle. When the averaged values of these data are taken, firstly
they are filtered and then each of these inputs is classified to fuzzy set membership functions as

follows:

Data taken by sensors when there is an obstacle at -10, 607 cm
25 T T T T T
Bt AR A A S AN e A B e s

=ensor]
Sensors
Sensord
sensord

heasured distance (m)
m
1

B I e N I
e e T e B e

EIE 1 1 1 1 1
0 20 40 B0 a0 100 120

Time (=)

Fig. 4.24: Measurement results when the obstacle at (-10, 60) cm
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(i) Since the “averaged measured distances to an obstacle” information from sensor 1 and sensor 2 is
about 60cm, they are classified as “Near” and (ii) Since the “averaged measured distances to an

obstacle” information from sensor 3 and sensor 4 is about 2.4 m, they are classified as “Very Far”.

The outputs of fuzzy inference system were also described by fuzzy linguistic variables, which are
turn left small (S), medium (M), large (L), and very large (VL), and similarly turn right small (S),
medium (M), large (L), and very large (VL) as shown in Fig. 4.25 and Fig. 4.26, respectively. The
domain of functions is [-90 90]. All the linguistic variables were denoted by triangular membership
functions (MF).

DEQI’F.'E af I"I'IEI"I'II:'IEI’.’Ghlp
uix)
1

VL

B an
Dutput variablas

Tuming angle (d)-Turn Left [TL)
Fig. 4.25: The membership functions for output variables “turn left”

Degree of membearship
Wiah
Farm |1 5 - WL

- 75 T A5 ) B 15 a A5 &0
Dutput variabbas

Turning angle (§)-Turn Right (TR)
Fig. 4.26: The membership functions for output variables “turn right”

-l
L]

Triangular MF was mainly selected because of limited computational resources of microcontroller. In
general, it is specified by three parameters {a, b, c} [266]:

triangle(x;a,b,c) = (4.9
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By using min and max, an alternate expression can be written as:

triangle(x; a, b, ¢) = max min(x;a,c_—x),o (4.10)
b—a c-Db
The parameters {a, b, c} determine the x coordinates of three corners of the underlying membership

function.

4.1.6.3 Hidden layer-1 / Fuzzy rule layer

In this layer in order to control user’s motion in an environment as well as establish the relation
between sensor values and turning angle, 77 rules were designed considering algorithm 1 and by
taking Table 3.3-scenario 1 results into account. Hence, the rules are defined by human knowledge
by using observed data (Table 3.3-scenario 1) taken by real time measurements and training of
data was done off-line. Regarding Table 3.3 results according to object’s position determined by
training of data, the turning angle of user was decided. Table 4.2 shows the recommended turning
angle for user to avoid obstacle concerning its position. In the table “R” and “L” indicate the turn right
and turn left, respectively. Additionally, as mentioned above, {Z, S, M, L, VL} values denote the

turning angle in terms of linguistic variables.

Table 4.2: The relation between turning angle and detected object position

\ Object at x-axis (cm)

Turning |- -40 -30 20 -10 0 10 20 30 40 o
angle (o)
ag 0100 |Z RS RS RM _ LM LS LS Z
%% 100200 |[Z RS RS RS RM _ LM LS LS LS Z
O > o z 7z zZ 7z Z y4 z z 7z 7 Z

Fuzzy rule layer (b)

During the fuzzy rules design; one rule was designed for the situation when there is not any obstacle
on the way of user that means go straight or zero (no turning action). Besides, when there is an
obstacle/s on the left, right or front of the user, 30, 30 and 16 rules were designed for left, right and

front obstacle avoidance, respectively as shown in Appendix-C.

The reason for designing separate fuzzy inference systems (left, right, front) is that there are some
rules which are common for left and right positioned obstacles. For instance; consider rules for left
obstacle avoidance-algorithm 1 (Rule 6) and rules for right obstacle avoidance-algorithm 1 (Rule 6)

(see Appendix-C):
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-Algorithm 1 (Rule 6): Xd; <2 & Xd,, <2 & Xd,; >2& Xd,, > 2

According to fuzzy inference system, the values Xd,, and Xd,, can correspond both Near or Far.

Consider, both Xd,; and Xd,, correspond to Near. In this case by one fuzzy inference system, the
position of obstacle can not be determined correctly whether the obstacle is on the left or right.
However, it is known that if Xd,, > Xd,, then, obstacle at the right; if Xd, < Xd,; then, obstacle at
the left. Therefore, since there is no rule definition in FIS that identifies Xd,, > Xd,, or Xd, < Xd.,

condition, three fuzzy inference systems (left, right, front) have been separately considered to
overcome this problem and not to guide user wrongly. Particularly, rules 21-22 and 24-25 in the left
obstacle avoidance neuron and in the right obstacle avoidance neuron (see APPENDIX-C) explain this

situation clearly.

4.1.6.4 Hidden layer-2/ Consequence layer: Fuzzy Implication - Defuzzification

¢) Fuzzy Implication

The choice of fuzzy implication rule is very important when designing a fuzzy control system. Fuzzy

implication evaluates the consequent part of each rule.

After the inputs have been fuzzified and degree of each rule is calculated using AND operator (see
rules), the output membership function is then truncated by fuzzy implication. In this research, among
the various implication methods, Larsen product implication method was used. The Larsen product

implication is given by
Hp g (X, Y) = 11p (X). 45 (Y) (4.11)
where A->B denotes an implication in the universe U and V. It uses the arithmetic product between

the two membership functions in the universe of discourses U and V [285].

All the rules were evaluated in this manner and output membership functions were aggregated using

MAX operator to result in fuzzy output.

d) Defuzzification

The fuzzy implication and as well as aggregation yield the fuzzy output, which is the union of all
individual rules that are validated for the control action in a cumulative manner using MAX (OR)

operator. Conversion of this fuzzy output to crisp output is defined as defuzzification.

In our research the centroid method, which returns the center of area under the curve, was used for the

proposed controller.
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Let 2, (TL,) and 2, (TR,) show the center of membership functions of the output variables for left

(I, front (f), and right (r) obstacle avoidance neurons after the evaluation of rules, where r=1,2,3...n
are the rule numbers for each avoidance neuron and TL and TR, are the crisp values which describe

the outputs for Turn Left and Turn Right commands. The value of the output control for each

avoidance by centroid method is described as:

For left obstacle avoidance (loa) neuron, final output:

30
ZTRIr/uout (TRIr)
TR0y = Ir:130 + Thooay =0 (4.12)
z/uout(Ter)

Ir=1

For right obstacle avoidance (roa) neuron, final output:

30
ZTLH /uout (Ter )
TLo(roa) = rr:130 ! TRO(ma) =0 (413)
Z /uout (Ter )

rr=1

For front obstacle avoidance (foa) neuron, final output:

16 16
ZTLfrluout (TLfr) ZTRfr/uout (I-Rfr)
fr=1 fr=1
TLo( foa) — 16 ) TRo(foa) =71 (4.14)
Z/Uout(TLfr) Zluout (TRfr)

fr=1 fr=1

When there is no object: TL, .., =0 and TR 0

'o(none) =

Example for working principle of FIS in Hidden layer of Neural Network

An example of proposed fuzzy inference system for front obstacle avoidance neuron is shown in Fig.
4.27, where sensor 1, sensor 2 and sensor 4 measure “near” while sensor 3 measures “far”. Let us

explain how the FIS works.

As seen from the figure that sensor 1, sensor 2, sensor 3 and sensor 4 detect the obstacle at 0.496m,
0.539m, 1.70m and 0.453m, respectively. These inputs correspond to “near” and “far” linguistic

variables in fuzzy inference as shown by yellow triangular.
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Step 1- Fuzzification

First  fuzzification procedure  starts  and by this way the degree of

memberships #(Xd,;;), z(Xd,; ), #(Xd;;), p(Xd,;) are determined. Fig. 4.28-4.31 shows the

fuzzification process for the 3™ rule in whole control system or in other words 3™ rule for front

obstacle avoidance neuron.

Rule Viewer: Front Obstacle Avoidance - o = | O [
5 N e = N e S e = N e O e Y
25 U e = N e A I e P e L |
3 S e & N e i e s N | 4
o S e = N e % e I e N e
2 5N e S e S I e = N | LA
25 U e P e A I e I e N e Y
A SN e N e i e = N | LA
N e I e i e I | A
NI e = N e S I e = N e O |
I e = N e S I e I e N |
G e = N e P e = N e N e
CIHIEE e = N e i e P e W |
sl A LA B B R | LA
wl | A LA oo LAl ]| |
w | 1] LAl LAl b | | L_A]
el | 1] L] L4l L] A1 [_A]

0 25 o 25 0 25 o 25 | I | |
PLE [0.4957 0.5355 1.703 0.4526] Fict perts: 101 Heve left right | down up
Opened system Front Obstacle Avaidance, 15 rules e ‘ e

Fig. 4.27: Implication and defuzzification process of front obstacle avoidance neuron fuzzy inference

Step 2- Apply fuzzy operator MIN

For 3" rule: min (u(Xd,), w(Xd,,), #(Xd, ), u(Xd,;)) =0.55
For the rules between 1 and 16 rules except 3" rule:

min (z(Xd;), p(Xd,), #(Xdy,), x(Xd,;))=0 as also it can be noticed from the Fig. 4.27.
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Degree of membership

0E a4 DA 08 1 12 14 16 18 @ 2@ i4 @5
Xd, =04%6

Fig. 4.28: Fuzzification for input 1 (data read by sensor 1) for the 3" rule in front obstacle avoidance
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Fig. 4.29: Fuzzification for input 2 (data read by sensor 2) for the 3" rule in front obstacle avoidance

-
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Fig. 4.30: Fuzzification for input 3 (data read by sensor 3) for the 3™ rule in front obstacle avoidance
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Fig. 4.31: Fuzzification for input 4 (data read by sensor 4) for the 3 rule in front obstacle avoidance
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Step 3- Fuzzy Implication

— Rule 3 implies that:
If Xd,=Near & Xd,, = Near & Xd,, = Far & Xd,; = Near => Turn Right VL

and fuzzy implication for this rule can be computed as
Ho-2515[0-90] (Xd,;, TRy5) = Hro-25] (Xd,; )';u‘[o_go] (TRy3) (4.15)

According to rule 3, TR,,=VL (Very Large) as shown in Fig. 4.32.

Degree of membership

Zana |1 3
ra
an = B0 45 -3 -5 i i) 1= T L] )
Turning angle ()

Fig. 4.32: Output membership function for 3" rule in front obstacle avoidance

Since VL represents triangular function (50, 70, 90) then,
Hro-25]5[0-90] (Xdy, TR;;) = 0-55-,"10_90] ((50,70,90)) (4.16)

Hio_3575j0-90 (X0, TR;5) =0.55®(0,1,0) which shows the triangular function (50,70,90) with a
degree of 0.55 as shown in Fig. 4.33

Degres of membership
%

wx)
faro |1 5 L WL

S5 N ==Y —— Y- —A\— -

-2 -Th -EL 45 -¥ =16 15 EL

Turning angle ()

45 &=l i ac

Fig. 4.33: Implication process for 3" rule in front obstacle avoidance

For the rules between 1 and 16 rules except 3" rule, since the

min (z(Xd,;), p(Xd,), p(Xdy,), (Xd,;)) is zero then the fuzzy implication computed as below is
also zero:
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Hio-25)-0-50] (min(Xd;), TR ) = Ho-25] (Xd )'ﬂ{ofeo] (TRi) A Hio-251{0-0] (min(Xd;),TL, ) = ﬂ[ofz.s](Xdi )'#{0790] (L)
=0

(4.17)

Step 4- Defuzzification

After all 16 rules are evaluated in this manner and output membership functions are aggregated in a
cumulative manner using MAX (or) operator to result in fuzzy output, defuzzification takes place. The

output function for the front obstacle avoidance neuron is shown in Fig. 4.34.

Degres of membearship
&

Ly 1

&0 T8 Bl 45 ¥ -18 15 EL

Turning angle (&)

Fig. 4.34: Final output function for the front obstacle avoidance neuron for a given example

Since the output is computed for front obstacle avoidance (foa) neuron as Equation 4.14 and since

TL, 10q) is calculated as zero then, TR (., can be written as

16
ZTRfr:uout (TRi) = TR gt (TR 3) + TR 540, (TR 5)
TR fr=1 (4.18)

o( foa) = 16
Z Hout (TRfi ) — Hout (TRf 3) + Hout (TRf 3)

fr=1

which implies

_ 0+TR{ 540, (TR;3)
(o) 0+:uout (erB)

triangular function (50, 70, 90) and 1, (TR, ;) shows the (0, 0.55, 0) for each point of triangular. By

TR . As described above and seen in Fig. 4.34, TR, represents the

using the center point of triangular, the formula can be computed as

70-055

TR =— """ =70 419
o(fa) 0,55 (4.19)

As a result; the recommended turning angles for user in order to avoid front obstacle are TL,,, =0

and TR

'o( foa)

=70 as seen in Fig. 4.27, which means only Turn Right with an angle of 70°.
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Indeed, this shows the object is just in front of the user at left. Therefore, user should be guided to

avoid obstacle as soon as possible by recommending turning right with a large angle. As explained
above, the given example was only for the front obstacle and processed by only front obstacle

avoidance neuron.

Moreover, by using fuzzy logic toolbox in MATLAB, the control surface can be demonstrated. For
instance, by processing the designed rules in right obstacle neuron, the relation between sensor values
and turning angle in terms of linguistic values was established. A control surface was plotted to
visualize the variation in turning angle with given sensor values when the sensor 3 reads 1.2 m (Far)
and sensor 4 reads 2.4 m (VeryFar) in right obstacle avoidance neuron (see Fig. 4.35). In this figure
for turn left, blue colors represent the critical regions corresponding turning angle very large while

yellow colors represent the turning angle very small regions.

Besides as expected from the rules, it seems that there is no turning action for right, which corresponds
0° for the figure at right. Thus, control surface can explain us the relation between sensor readings and

recommended turning angles.

TURMLEFT
TURMRIGHT

v o sensar] SENSOFZ senzor]

SEnsor2

Fig. 4.35: Example of control surface for right obstacle avoidance neuron

4.1.6.5 Output Layer/Fuzzy-Neural Approximation and Final Outputs

Fig. 4.36 shows the basic diagram of fuzzy neural approximation of proposed controller. Here the

weight functions are approximated by fuzzy sets.

In this output layer, the outputs of consequence layer will be the inputs of output layer and the final

output will be desired turning angle in order to avoid obstacle. Thus, the weight functions of output
layer will be the output functions (ONTL ,ONTR ) as shown in Fig. 4.36, where N denotes the number of
neurons that are left obstacle avoidance neuron (1), front obstacle avoidance (2), and right obstacle

avoidance (3), and TL denotes the turning position to left whereas TR denotes the turning position to

right.
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Fig. 4.36: Basic diagram of fuzzy neural approximation of proposed controller

As explained in Section 4.1.6.4, the output functions for left, front, and right obstacle avoidance

neurons become:

30
ZTRIr:uout (TRIr)
O =Thogoay =05 O =TRyn) = (4.20)
Z fuout (TRIr)
Ir=1
16
ZTLfr:uout (TLfr) ZTRfr/uout (TRfr)
fr= fr=
Oy = Tl 0y = : ; Opr = TR, (foa) = 116 (4.22)
Z Hout (TLfr) Z Hout (TRfr)
fr=1 fr=1
30
ZTerluout (Ter)
O3TL = TLo(roa) = Irr:l30 ; O3TR = TRO(ma) =0 (422)
Z Hout (Ter)
rr=1

Unless data is not processed in the avoidance neurons, which means it is eliminated by the data
filtration and pre-processing, zero function (Z(0)=0) that demonstrates there is no obstacle on the way

of user will come additionally, thus the final outputs are calculated as follows:

. 3
TLoutput = ZONTL \ Z(O) (423)
N=1
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. 3
TRoutput = ZONTR vZ (O) (424)
N=1

By combining Equations 4.20-4.24 the final outputs of the proposed neuro-fuzzy controller can be
written finally as

16 30
B DTl ko ML) D T 410, (TL,)
TLoutput =| = — vZ (O) (425)

16 30
Z Hout (TLfr) Z/uout (Ter)

fr=1 rr=1

30 16
ZTRIrluout (TRIr) ZTRfrluout (TRfr)
fr=1

D | =2
TRoutput - 30

Z/uout(rer) Z/uout (TRfr)

Ir=1 fr=1

vZ(0) (4.26)

Consequently, an algorithm for smart clothing system was described by fuzzy neural approaches. The
system inputs were evaluated in terms of fuzzy relations, and then the outputs which are recommended

turning angles in order to avoid obstacle were deduced by using neural network architecture.

As a result, the outputs of described neuro-fuzzy controller will be processed by microcontroller and
thus, they will be transmitted to vibration motors as signals defined by intervals of “S”, “M”, “L”,
“VL” for turning action in order to guide user. Before microcontroller programming, the success of

the multi-layer fuzzy controller was given with comparison of one layer fuzzy inference system.

4.1.7 Implementation and comparison of multi-layer fuzzy controller

with one layer fuzzy controller

The success of the proposed system was tested in real environment for its detection and avoidance
capability. Data taken by real time experiment results were used to compare multi-layer fuzzy

inference systems (left, right, front) with one layer fuzzy inference system.

One layer fuzzy system was designed using the same 77 rules presented in Appendix-C. The rules in
left, right and front obstacle avoidance neurons (30, 30 and 16 rules) were gathered into one fuzzy

inference to define one layer fuzzy inference system.

In order to validate the efficiency of the proposed system, it has been implemented on the real data
acquired in the experimentation phase (using Table 3.3). Our system is then compared with a basic one

layer FIS described above.
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The outputs of these two systems are presented in Figures 4.37-4.39. These results demonstrate that in

most of cases, the outputs of the two systems are the same or very close (less than 15°) of the target
angles.
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Fig. 4.37: Outputs of the multi-layer FIS and one-layer FIS and target angles when the obstacle is at

the right
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Fig. 4.38: Outputs of the multi-layer FIS and one layer FIS and target angles when the obstacle is in
the front
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Fig. 4.39: Outputs of the multi-layer FIS and basic FIS and target angles when the obstacle is at the
left
However, in specific cases that we explained earlier (see Section 4.1.6.3), the multi-layers FIS
outperforms the basic FIS. Indeed, the basic FIS is not able to find the right direction especially for

right and left avoidances.

In particular; when the obstacle is at the right, user should be guided by turning left in order to avoid
it. Therefore; the expected output value of the fuzzy controller should be “Turn left with an angle and
Turn right=0". According to Fig.4.37, in some cases, basic one layer FIS presented unacceptable
output values such as Turn Right with an angle of 30° instead of 0°. On the contrary, when the
obstacle is at the left, user should be guided by turning right in order to avoid obstacle. Then, the
expected output value of the fuzzy controller should be “Turn right with an angle and Turn Left=0".
Again, in some cases as seen in Fig.4.39, single FIS presented some unacceptable output values by
giving wrong decision as “Turn Left with an angle” instead “Turn Left=0". Therefore, in some cases

single FIS did not present right decision output in terms of direction.

These errors are not acceptable in this kind of application since this leads to wrong orientation of the
user and a probable collision with the obstacle. On the other side, for all the cases, multi-layer FIS
presented right decision output in terms of direction. It has only errors in definition of angles like
single FIS also has. For instance, in some cases instead of 45°, it presented 30°, or instead of 30°, it
presented 15°. Indeed, the error in terms of angles can be acceptable because of the noisy data taken

by sensors. It does not let the user a direct collision with an obstacle.
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As a result, it is apparent that the multi-layer FIS gives better results than the one layer FIS and it is

capable of guiding user in right decision output in terms of direction.

4.1.8 Microcontroller programming

In our study, Lilypad Arduino® microcontroller board was used. The board was based on ATmega328
(20MHz, 6-channel 10-bit ADC, 14-channel programmable 1/0O Lines) which the instruction set and
technical specifications of the chip was given in ATMEL® Technical Data Manual [286]. In order to
program microcontroller, Arduino developed a C based software. Thus, in this study Arduino’s own

software® was preferred against assembly language due to easy programming.

The design of program is aimed at analysing signals acquired by the ultrasonic sensors and
transforming them into different vibration intervals in the case of obstacles as mentioned earlier
section for guiding person with recommended turning action. Fig. 4.40 shows the flow diagram of the

microcontroller’s main program used in our study.

Set vanables, /0s

v

Calibration ;
L :
Data acquisition R :
& Sampling :
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Decision output

CPU |

Vibraticn
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Fig. 4.40: Flow diagram of microcontroller’s main program
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The main program works as follows: Firstly, program goes through an initialization phase where all

variables are set, all I/0 (Input/Output) ports are initialized and the external devices are enabled.

Next the processor waits for calibration during 5 seconds. In the calibration phase, all sensor outputs
assign to the same range. Thus, they are capable of measuring the same interval.

Then, data acquisition and sampling loop starts. Signals acquired by ultrasonic sensors are processed
within a sampling period. In that period, data processing is done in order to understand if there is an

obstacle on the way of user or not.

According to data assessment, decision output is given as mentioned in earlier section such that if the
obstacle is detected at the right, then actuation signals are transformed to left vibration motors in order
to guide person by turning left or vice versa. If data assessment results in there is no obstacle on the
way of the user, then there is no decision output as turn left or right, that means no actuation signals
are transformed to vibration motors (zero=go straight) and by this way the next data acquisition and

sampling loop takes place within a next time interval.

During the sampling process, smoothing algorithm was used in order to prevent noise or unexpected
rapid changes. In this way, data sets are smoothed or in other words moving average values of data

sets are calculated as shown in Fig. 4.41.

In microcontroller programming, the critical point is the period for sampling of data acquisition and
output order. For our study, in order to determine sampling period as well as output order to guide user
at a right time interval before crashing obstacle, first walking speed of visually impaired people was
searched. Some studies reported that walking speed of normal pedestrian is between 1.22 m/sec

(younger pedestrians) and 0.91 m/sec (older pedestrians) [287-288].
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Fig. 4.41: Smoothing algorithm working principle

Considering this known fact and our observations, walking speed of visually impaired person was
assumed as 0.6 m/sec. Furthermore, during walking the distance to be checked for obstacles was

defined as 2.5 meters in earlier section.
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Hence, maximum timing diagram for microcontroller programming including sampling loop and

decision output period in a safety margins is shown in Fig. 4.42. At the 1* second, data acquisition as
well as sampling is performed. Minimum sampling time of data was calculated and determined as
approximately 10 ms (1 sampling loop ~10 ms). According to one data assessed after the sampling;
one element of the decision matrix is updated. Hence, for the new condition, the decision output can
be given after the ten sampling process at least approximately in 100 ms. As soon as decision output is
given, actuation signals are transferred to vibration motors and thus, user can sense vibration motions
in one second time. Sensation of vibration motions can start before the 2™ time interval (tstartvin < 18,
taurationvib < 18) due to decision output (The intervals given in the Fig. 4.42 shows the maximum timing
including safety margins in order to be able to guide user before crashing an obstacle). After the
sensations, one more second is given to user to compensate forward motion during turning action. In

this manner, user’s avoidance from an obstacle within a 2-2.5 m range is guarantied.
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Fig. 4.42: Timing diagram for microcontroller

Thus, considering timing diagram and above mentioned information microcontroller programming has

been done.

4.2.Design and Development Concept of Smart Clothing
Prototype for Visually Impaired People

A smart clothing system is essentially a hierarchical process. At each level of hierarchy there are
different factors which should be taken into account in order to transform garment into an interactive,

intelligent infrastructure to facilitate information processing. During the design of interactive garment
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two main critical issues which are requirements for electronic software and hardware components, and

wearability performance should be elaborated together and compromised. Therefore a smart clothing
system is a combination of different research fields especially electronics, information technology,
control engineering, and textiles design.

Present research is aimed at designing and developing a smart clothing system to be able to guide
visually impaired people during navigation by detecting as well as avoiding obstacles. In chapter 2,
sensors and actuators have been realized for designing e-textile architecture of the aimed smart
clothing system. In chapter 3, the system of e-textile architecture has been analyzed in detail. Towards
our aim, how many sensors, actuators should be placed on the garment, which areas of the garment are
suitable for higher vibrotactile perception as well as position of actuators, which type of conductive
yarns should be used for acquiring better signal quality from the sensors have been found. In chapter
4, the algorithm for obstacle detection and avoidance was developed and by this way, microcontroller
programming of the smart clothing prototype has been done. Within this section, all results and
findings have been combined into a unique smart clothing system. Thus, the prototype development
combined four key research fields; electronics, control engineering, information processing-

technology and textiles.

During the development of prototype, firstly, the electronic circuit of the system according to
electronic software and hardware requirements has been designed and then by considering wearability

requirements and comfort of the user, the layout of the system has been devised.

4.2.1. Circuit design

The circuit was designed mainly considering multi-connection of ultrasonic sensors as discussed in

Chapter 2.The schematic diagram of smart clothing system circuit is shown in Fig. 4.43.

The function of this circuitry is to digitize as well as transform analog signals acquired by sensors into
vibration signal. It modulates analog signals into different levels of vibrations by identifying

correlation between position of obstacle and required turning action (direction and angle) for user.

There are four key connections and elements for this circuitry; (i) one microcontroller, (ii) four
ultrasonic sensors, (iii) eight vibration motors, and (iv) two power supply. Owing to findings earlier,
four sensors were used to detect obstacles, eight vibration motors (each of four on the left and right)
were used in order to guide user by recommending him/her turning direction and angle. As mentioned
in the developed algorithm section commands for required turning action, which were processed
through microcontroller by linguistic variables namely; turning left or right with an angle of small (S),
medium (M), large (L), and very large (\VVL), were provided by eight vibration motors. In that purpose,

microcontroller was used in order to process as well as transform data into commands.
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4.2.1.1 Schematic circuit diagram of microcontroller

The LilyPad Arduino® microcontroller board was used. The LilyPad Arduino has a circle shape,
approximately 50mm in diameter. The thickness of the board itself is 0.8mm and with the attached
electronics it is approximately 3mm. As mentioned in section 4.1.8, the LilyPad Arduino can be
powered via USB connection or with an external power supply. In our circuit design, it was powered
with a 4.8V NiMH flat battery. The board is based on ATmega328 [289]. The schematic diagram of
the board is shown in Fig. 4.44.

Fig. 4.44: Schematic diagram of LilyPad Mainboard Microcontroller [289]

With reference to Fig. 4.43 and 4.44, the pins for analog inputs; A0(23), A1(24), A2(25) and A3(26)
were connected with the analog output pins of ultrasonic sensors. Vcc and GND pins were connected
with the power supply, the pins for the digital outputs D2(32), D3(1), D4(2), D5(9), D6(10) and

D7(11) were connected with the vibration motors’ input pins.

4.2.1.2 Schematic circuit diagram of ultrasonic sensors

Fig. 4.45 shows the schematic circuit diagram of ultrasonic sensor. Sensor functions using active
components consisting of an LM234, a diode array, PIC 16F676 microcontroller, together with a

variety of passive components [204].

Here, the out pins GND, 5V, TX, RX, AN, and PW of each sensor were connected with the whole
circuit according to multiconnection principles of sensor as discussed in Section 2.3.4. GND and Vcc
(operates on 2.5V - 5.5V) pins were connected with 4.8V NiMH flat battery.
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Fig. 4.45: Schematic circuit diagram of LV-MaxSonar®-EZ3 sensor [204]

The TX pin of the first sensor was connected with the RX pins of the second sensor (follow red colors
in Fig. 4.43), and this was repeated up to 4™ sensor. By this way the RX pin of each sensor was
internally pulled high. This synchronization yields the communication of sensors within each other.
The AN (analog output) pin of the each sensor was connected with the microcontrollers analog inputs
(Al). AN pin of the sensor outputs analog voltage with a scaling factor of Vcc/512 per inch. This
voltage calculation was used in microcontroller programming for interpreting distance to an obstacle.
Moreover, BW pin of each sensor was held high by connecting it to VVcc pin of the sensor (follow red
discrete line in Fig. 4.43). It was done in order to get low noise chaining. As mentioned in Section
2.3.4, a resistor 1 KQ was added to circuit between the last sensor’s TX back to the RX of the first
sensor in order to keep running and constantly loop sensors. Furthermore, to “kick start” or in other
words to trigger sensors, Arduino Lily Pad Button Board ® was added to circuit. In Fig. 4.46, Arduino
L ilyPad Button Board® is shown. It has small dimensions (8x16mm) with a thickness of

0.8mm. It was connected to circuit from GND and Vcc pins [290].

Fig. 4.46: Arduino LilyPad Button Board® [290]
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4.2.1.3 Schematic circuit diagram of vibration motors

Fig. 4.47 shows the schematic circuit diagram of Ardunio LilyPad Vibe Board®. Here, the GND pin
of the each vibration motor was connected with the GND of the circuit. Vcc pin of the each vibration
motor was connected with the microcontroller digital outputs.

RL
33

D1

M
Vibe Motor

GND

Fig. 4.47: Schematic circuit diagram of Ardunio LilyPad Vibe Board® [291]

4.2.2. Design Layout

Considering Fig. 4.43, the circuit layout of the prototype was designed as seen in Fig. 4.48. In Fig.
4.44 (a) and (b), the circuit was designed over the front and back of garment, and over the arms,

respectively.

(a) (b)

Fig. 4.48: Circuit layout design on the garment
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4.2.2.1 Sensor placement

In Chapter 3, it was found that the best scenario was to use four sensors with an angle of 0°. Moreover,
since the distance between four sensors were previously adjusted to 20 cm considering human body
physiology, the position of sensors on the garment were decided as placing them under the breast zone

of the garment taking account of both women’s and men’s body.

Indeed, the position of sensor plays a great role on the detection of obstacles. They should be placed in
a region where the garment does not move so much during the walking. Within this concept, there can
be two alternative zones: Shoulders zone or zone under the breast. If the sensors are placed over the
shoulders zone, then obstacles with higher height such as wardrobe, wall will be detected. On the other
hand, if the sensors are placed over the zone under breast, then the obstacles not only with higher
height but also lower than that of height such as tables can also be detected. Towards our aim and
considering environmental conditions, since there are more obstacles with lower height, then the zone
under the breast on the garment was chosen for position of sensors in order to avoid more obstacle

collision.

4.2.2.2 Actuator-vibration motor placement

According to Section 3.4 results, it was found that the highest level of vibrotactile sensation was
perceived over the outer wrist and hip bone area of the evaluators’ body. Therefore, to guide user,
vibration motors were decided to be placed over the outer wrist and hip bone area of the garment.
Three of the vibration motors were decided to be placed on the wrist of left arm, whereas the other
three on the wrist of right arm. The left and right hip bone area was chosen for summer clothing usage.
The garment was designed for both summer and winter periods. Therefore, when the arms of the
proposed garment are taken out, the system is designed to be able to generate control by the vibration
motors placed on the left and right hip bone area of the garment. To sum up, eight vibration motors
were decided to be placed as follows: Each three of the six vibration motors are on the left and right
arm over the outer wrist of garment and the other two are on the left and right hip bone area of the
garment. Three vibration motors are used on one arm to give to user information about the location of

obstacles as well as about required turning angle.

For instance, in the case of right turn with a small angle, only the 1% vibration motor on the right arm
will act. Similarly, if the required turning action is right turn with a large angle, then three vibration

motors on the right arm will act.
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4.2.2.3 Microcontroller and power supply placement

After the decision of actuator’s and sensor’s placement, the positions of microcontroller and power
supplies were planned out. Considering circuit and resistance constraints, microcontroller and power
supplies should be placed as close as possible to each other. Moreover, critical point in microcontroller
placement is that it is the network of inputs and outputs. Therefore, it should be placed in a region that
is able to gather all analog outputs from sensors and send inputs to actuators without any overlapping.
Therefore, the best possible position for microcontroller is in the center of garment regarding to whole

circuit.

Due to microcontroller position and circuit constraints, positions of power supplies were determined
close to microcontroller. Hence, they were decided to be placed around the vertical centerline of the

garment.

4.2.3. Smart clothing prototype

4.2.3.1 Base structure of interactive garment

In order to obtain the circuit layout design shown in Fig. 4.48 on the garment, production of seamless
products was considered. By this way, MBS Merz ® single-jersey circular knitting machine as seen
in Fig. 4.49, with a cylinder diameter of 13 inches and E28 gauge was used to produce base structure

of interactive garment.

Fig. 4.49: MBS Merz ® single-jersey circular knitting machine
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Considering wearability and durability performance requirements mentioned in Section 2.1 such as

comfortable, breathable, moisture absorption, lightweight, strength etc., Polyamide 66 yarns with a
linear density of 78/68x2 dtex were used. Additionally, in order to get tightly fit in the garment,
elastomeric yarns composed of PA (22 Denier) including Lycra® (16 Denier) were also used during

the production of base structure of interactive garment.

According to results of Section 3.1, since the silver plated nylon 66-4ply yarns with a linear density
and resistance of 312/34x4 dtex and 50€2/m, respectively, presented the best compromise between
signal quality and textile properties, they were used to satisfy electrical conduction in the garment. The
arm and body parts of the garment were produced seamless. Then, they were sewn together in order to
produce a base structure of the interactive garment (see Fig. 4.50). As shown in that figure, conductive
yarns are in grey color, whereas polyamide yarns are in white. This structure is also washable. The
other electronic parts are removable and their washing is not recommended.

Fig. 4.50: Base structure of developed interactive garment

4.2.3.2 Removable structures of interactive garment

Since the higher vibrotactile perception was obtained by woven fabric samples according to Section
3.4 results, woven structure was chosen for vibration motors’ integration. Indeed, the compactness of
woven structure provides better impact resistance than knitting structure and by this way, it will
prevent the swinging of sensors and actuators during walking. Therefore, instead of knitting structure,
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woven structure was considered to produce removable parts. Ultrasonic sensors and vibration motors

integrated to textile structure were designed as described in Section 2.3-2.4.

L N NAASRN TeEm

AR

Fig. 4.51: The production of removable parts for sensor and vibration motor integration

The production of removable parts for sensors and vibration motors was done by a hand loom weaving
machine as shown in Fig. 4.51. Double-woven structure was defined. Again, the same conductive
yarns and polyamide 66 yarns with a linear density of 78/68x4 dtex were used. Conductive yarns were
inserted as well as hidden in the middle part of the double woven structure. Fig. 4.52 - Fig. 4.54 show

the removable parts for vibration motor and sensor integration.

Frontside appearance

Fig. 4.52: Ultrasonic sensor integrated to woven fabric to attach under the breast zone of garment
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To build electrical circuit and to connect sensor and vibration motor with fabric, loops were formed

among conductive yarns, and snap fasteners were sewn onto these loops. As seen in the figures, the

conductive yarns are in grey color in the middle part of fabric and polyamide yarns are in white color.

Frontside appearance

Fig. 4.53: Vibration motors integrated to woven fabric to attach over hip bone area of the garment

After weaving Backside appearance

Fig. 4.54: Vibration motors integrated to woven fabric to attach over wrist area of the garment
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Fig. 4.55: Removable fabrics for sensor and actuator connections to main circuit

The total removable parts for sensor and actuator connections are shown in Fig 4.55. There are totally
four sensors and eight vibration motors integrated to woven fabrics. The connection of these
removable parts to main circuit in base structure of the interactive garment was provided by snap

fasteners.

The removable fabric for microcontroller connection was produced by sewing. Similarly, snap
fasteners provided connections among main circuit and microcontroller. The fabric used for producing
base structure of interactive garment was also used to produce both microcontroller connection and
pockets for batteries (see Fig. 4.56). The conductive yarns were again inserted as well as hidden in the
middle part of knitted fabric.

Microcontroller integrated to knitted fabric

Pockets for batteries

Fig. 4.56: Removable fabrics for microcontroller and pockets for batteries
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4.2.3.3 Interactive garment prototype

Finally, an interactive garment with its removable parts is shown in Fig. 4.57. Sensors were positioned
in front of the garment under the breast zone. Vibration motors were positioned over the wrist and hip
bone area of the garment. Microcontroller and batteries were positioned along the vertical centerline of
the garment.

Fig. 4.57: Interactive garment with its removable parts

Parts for ultrasonic sensors, vibration motors and batteries were designed to be attached from the inner
side of the garment and thus, they are not visible when they are attached. However, only
microcontroller is visible on the garment when attached. By this way, user can open and close the
system easily via button on the microcontroller.

Fig. 4.58 shows the final smart clothing prototype worn by mannequin. The weight of the final
prototype without batteries is about 250 g, whereas the weight including two batteries is 458 g. Smart
garment enabling detection and avoidance of obstacles is easy to handle, light enough to wear and
carry, and washable when removable parts are detached from the main structure.
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Fig. 4.58: Final smart clothing prototype for visually impaired people

4.3. Final Experiments and Performances of Smart Clothing System

Our smart clothing was tested for the following purposes:

v

v
v
v

Detection capability and robustness
Power consumption
Heating behaviour

Washability performances
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4.3.1. Detection capability and robustness of the developed system

Detection capability of the developed system was defined as the degree of detection range in terms of
distance along y and x-axis that is able to detect obstacles during operations. Robustness was defined
as the ability of developed system to detect obstacles’ position accurately in order to navigate avoiding

collisions.

For experimental purposes, intelligent garment placed on the mannequin was tested for its detection
range as shown in Fig. 4.59. During measurements, obstacles were placed in front of the mannequin in
different positions in order to find maximum detection range. For instance, (see Fig. 4.59), white

drawings on the ground were obtained during operation in different time intervals.

Fig. 4.59: Measurements for detection capability of the developed system

According to measurement results, during the first two hour the detection capability of the system was
up to 2.5 m in y-axis as seen in Fig. 4.60. However, as the operation time increased, the detection
range decreased. After 4 hour and 6 hour working time, the detection range decreased to 2.2 m and 1.8
m, respectively. This result can be attributed to a decrease in battery voltage. As the time passes,
batteries run out. Thus, the feeding voltage going to sensors decreases. Since the analog voltage output
of our ultrasonic sensor works with a scaling factor of Vcc (Feeding voltage)/512 per inch as
mentioned in Section 3.2, the measured distance values acquired by sensors decrease due to a

decrease in Vcc and the detection range as time passes also decreases.

151

© 2011 Tous droits réservés. http://dOC.UHiV-|i||e1 fr



Thése de Senem Kursun Bahadir, Lille 1, 2011

Chapter 4: Design and development of smart clothing prototype with an algorithm for
obstacles avoidance

Obtained maximum detection range

y-axis (cm)

180
—H&EFA

== in 2 hours

140
‘ —a—in4 hours
in6 hours

' 100 ——
\ 20

1 X-axis (cm)
150

D

@

o
w1
=)
=
=)
S

-150 -100 -50

Fig. 4.60: Detection capability of the developed smart clothing

Moreover, as shown in Fig. 4.60, it was observed that detection ranges of left and right sensors are a
little bit different. The areas detected by left and right sensors are not symmetrical. This may be

related to different sensitivities of sensors.

For experimental environment, different indoor configurations with various layouts were chosen in
order to identify obstacle’s position. For instance, one layout of the environment including obstacles is

shown in Fig. 4.61.

Before conducting experiments since lengths and widths of obstacles are critical issues for obstacle
detection due to sensors’ locations on the garment, following assumptions were made: (i) the widths of
obstacles used in experiments were larger than 30cm, (ii) the heights of obstacles used in experiments

were higher than 90cm.
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Fig. 4.61: Layout of environment including obstacles

Experimental results showed that developed system is able to identify obstacle’s position without any
failure within the detection range (see Fig. 4.60). It means system is able to detect obstacles
accurately, when they are at the right, system gives an output to turn left or vice versa. When obstacles

are in front, system gives an output to turn right and left at the same time.

Therefore, an user can choose his/her way randomly by turning right or left in order to avoid an
obstacle. In case of smaller obstacles having a width of ~15cm, it was observed that our system is still
able of detecting an obstacle when it is located left or right. It is however unable to detect it when it is
in front. It detects the obstacle as it was right or left randomly. This result may be explained by the
distance between two sensors equal to 20cm defining the threshold value regarding the detection of the
smallest possible obstacle. Therefore, obstacles smaller than 20cm in width are not correctly detected.
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In conclusion, it may be noted that the increase in obstacle width increases accuracy of its detection.

Similarly, the height of obstacles is critical for their detection. They should be higher than sensors’

height.

Overall, the developed smart clothing detection system is robust and reliable if obstacles are large and
tall.

4.3.2. Power consumption

Smart clothing system power supply system consists of two 4.8V NiMH flat batteries with a capacity
of 2200mAh. As mentioned previously, in the circuit one of them supplies four ultrasonic sensors,
while the other supplies the rest of the circuit, especially microcontroller and vibration motors.

Therefore, in order to find the life time of the smart clothing system (without any spare battery),

experiments were made as follows:

First, the currents drawn by the vibration motors, ultrasonic sensors and microcontroller were
investigated. It was observed that voltage coming to one vibration motor during the operation was
measured as approximately 3.3 V. Therefore, the current passing through this vibration motor can be

computed as:

Iy = Vi (4.27)
vib .
Rvib

where V.1, R,;, represents voltage, current, and resistance value of one vibration motor.

Vi

According to datasheet of Ardunio LilyPad Vibe Board® [291], since (see Fig. 4.47), R, =33Q

then 1, =100mA. Therefore, the current passing through one vibration motor is 100mA. According

to our control algorithm, all vibration motors can be activate (e.g. when the obstacle in front of the
visually impaired person, six vibration motors should be turned on at the same time in order to warn).

In this manner, the total current is equal to 6x100mA=600mA in the case of winter period utilization.

For summer period, only a hip bones area vibration motors (2 vibration motors) will be turned on and

the maximal current will be equal to 2x100mA=200mA.

Concerning sensors and microcontroller according to technical datasheet of our microcontroller [286],
as shown in Fig. 4.62, the current is about 5mA for 4.8V, at 25°C during the operation (active mode).
However, microcontroller is functioning all the time and the vibration motors are activated only during

short periods of time (1S) when necessary.
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Fig. 4.62: ATmega328: Active Supply Current vs. V¢ [286]

Similarly, according to datasheet of ultrasonic sensors, it was found that the current for one operating
sensor at 5V is 3mA. As there are four sensors the total required current is 4x3mA=12mA. Sensors
are also supplied continually, it means that in the operating mode the power necessary to supply our
detection system is less than 12mA, therefore the life time is equal approximately to 8 days with one
2200mAh battery. Concerning vibration motors, six of them may vibrate during approximately 4

hours without interruptions.

Like microcontroller’s current draw, sensors’ current draw is highly smaller than the vibration motors’
current draw. It has been considered the power loss in conductive yarns was negligible. Therefore,

those currents would also be eliminated against vibration motors’ current in the circuit.

In real experimental conditions with a lot of obstacles, measurements approve the our estimations and

the battery supplying vibration motors runs out faster than the other one.

4.3.3. Heating behavior

Thermal analysis was carried out in order to find out whether the garment heats up above the level

when the comfort of user can be affected or it may provoke injures.

A thermal camera (Testo 880 ®, Testo Inc.) was used to take infrared images of the structure. Testo
880 ® Thermal Camera has a thermal resolution of <0,1 °C at 30 °C and was set to record

temperatures every 5 seconds.

A multichannel DC power source (Keithley 2400 SourceMeter®, Keithley Instruments Inc.) was used
as power supply. Experiments were done in standard laboratory conditions (20°C, %65RH). The base
structure of the interactive garment was placed on a plastic stand about 50cm away from thermal

camera. Then, conductive parts of the garment were clamped with the probe of the DC power supply.
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At first, measurement started with supplying 5V to the garment considering system’s real working

conditions. Afterwards, measurements were conducted by increasing voltage value from 1V to 16V in
order to test the system’s heating behaviour. During the measurements, Testo IRSoft software® was

used to acquire images of temperature distribution on the fabric sample.

For instance, Fig. 4.63 shows the thermal image of a structure at 5V with its temperature distribution
along conductive yarn. Moreover, Fig. 4.64 shows the thermal images of the structure over the sample

area along conductive yarns when the voltage value is adjusted to 1V, 4V, 10V and 16V respectively.

Minumum: 20.7 °C Maximum: 24.5 °C  Average: 22.8 °C
250
245
240
235
230

225
220
215
210

23'SPointA Distance |A P Point P
(a) (b)
Fig. 4.63: Thermal image of the structure at 5V (a) and its temperature distribution along conductive

yarn with a distance of |AP| (b)

According to Fig. 4.63, it was observed that the average temperature along the conductive yarn is
about 22.8 °C. Concerning our intelligent garment, since the system’s working range is around 5V, it
can be concluded that during the operation mode the temperature on the intelligent garment will be
around 22 °C along the conductive yarns (transmission lines). Indeed, this result was found as

satisfying regarding thermal comfort of a human body.

According to ASHRAE STANDARD 55-2010 [292], to maintain comfort of human body, the amount
of insulation required to keep a resting person warm in a windless room at 70 °F (21.1 °C) is equal to

one clo.

Moreover, as shown in Fig. 4.64 it was observed that the temperature of the conductive yarns
increases rapidly with the voltage increase (see Fig. 4.65). With five voltages 1 V, 4V, 8 V, 12 V and
16 V, the obtained average temperature values are 18.3 °C, 20.8 °C, 30.5 °C, 46 °C, and 64.4 °C,
respectively.
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Fig. 4.64: Thermal images of the structure over a sample area at 1V, 4V, 10V,16V

Based on these results, the recommended voltage range to be applied on intelligent garments should
not exceed 6-7 V in case of utilization of silver plated conductive yarns (<50ohm/m) in order to

guarantee comfort and safety.
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Fig. 4.65: Average temperatures over the transmission lines on the garment vs. voltage
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4.3.4. Washability

In order to test the changes in electrical conductivity of the system after home laundering, a sample of
base structure(without microcontroller, sensors and vibration motors) was washed 10 cycles under
AATCC Test Method 135-2004 [293]. Test conditions were chosen according to Table I-I11 in the
standard (see Appendix-D) as follows:

. Table 1---(1) Normal/cotton sturdy machine cycle, (111) 40 °C, (A) tumble drying
= Table 11---Normal
= Table I11---Cotton sturdy

Hence, specimen was washed with a detergent of 66 g/l, dummy load of 1.8 kg, water level of 18+1
gal (washing time:12 min and final spin time: 6 min). After each washing cycle, the conductivity of
the transmission line was tested. No significant difference could be noticed after 10 washing cycles

along transmission line as shown in Table 4.3

Table 4.3: Resistance variation along transmission line after washing

Wash cycle
0 1 2 3 4 5 6 7 8 9 10
Resistance () 11.43 11.71 11.82 12.22 12.245 12.263 12.272 12.293 12.32 12.342 12.37

4.4. Summary

In this chapter, an algorithm based on neuro-fuzzy controller has been developed for smart clothing
system in order to guide visually impaired people successfully. In this algorithm, system inputs
acquired by sensors have been evaluated in terms of fuzzy relations, and then the outputs
corresponding to recommended turning angles, indicated by vibration motors, have been deduced by
using neural network architecture. Afterwards, a microcontroller programming has been realized

according to a control algorithm.

In the second part of the chapter, design and development concepts of the smart clothing prototype
have been introduced. Finally, prototype has been tested for detection capability, power consumption,

heating behaviour and washability.

Results showed that developed system is able to identify obstacle’s position without any failure within
its detection range. It is capable of detection of obstacles accurately such that when obstacles are at the
right, system gives an output turn left or vice versa. When obstacles are in front, system gives an
output like turn right and turn left at the same time. Therefore, it can be concluded that developed

system is successful, reliable and robust.
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Regarding power consumption, it was found that due to power consumption calculations previously

mentioned, the first battery, which supplies vibration motors and microcontroller, runs out more
quickly than the second one. Additionally, it was observed that system can work for at least one day

(8hours) without any additional battery, however depending on environment this result may change.

Concerning heating behaviour of the system, during the operation mode (Voltage = 5V), it was found
that temperature along transmission lines on the garment is around 22 °C. In addition, when the
voltage value is increased from 1 V up to 16 V, it was observed that the temperature increases over the

transmission line (conductive yarns) rapidly from 18 °C to 64 °C.

Moreover, washing experiments showed that there is no significant change on the conductivity of

transmission lines after 10 washing cycles.
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GENERAL CONCLUSION AND FUTURE
RESEARCHES WORKS

Summary of Major Results and Conclusions

Based on extensive literature review on theories subjecting both visually impaired issues and
intelligent textiles, a smart clothing system able to detect obstacles in order to guide visually
impaired people has been successfully developed and studied experimentally and theoretically
in this thesis. Major findings obtained from the experiments and the conclusions are

summarized as follows:

(1) An overview of the electronic travel aids developed for visually impaired people’s
navigation concerns has been presented. A state of the art of intelligent textiles from fibres to
interactive garment has been given as well. A survey of the literature has shown that there are
various types of navigation travel aids developed for visually impaired people that can be
mainly classified as (i) GPS Based Systems, (ii) RFID Tag Based Systems, (iii) Camera-
Based Systems, and (iv) Sonar Based Systems. In those systems, most of the work does not
consider user comfort. However, it is important for a usable electronic travel aid to let the
visually impaired be hand free and comfortable during navigation. Therefore, the most
suitable approach to let the user be hand free is embedding whole system into clothes. In the
literature, some of the researchers suggested this idea. However, none of the studies
developed such kind of system; a garment fully integrated with electronics that enables

detection of obstacles as well as guidance for visually impaired people.

(2) In order to determine the most suitable electronic components of an intelligent garment
structure enabling detection of obstacles as well as guidance for visually impaired people, an
algorithm based on fuzzy AHP and fuzzy information axiom has been presented. In the scope
of the study, various electronic components sensors, actuators and power supplies were
considered and their alternatives in industry and literature were determined. The linguistic
judgments of experts for the alternatives under the defined criteria with respect to defined
functional requirements led to a conclusion that ultrasonic sensor, vibration motor, and
chemical cell batteries are the most solution alternatives for the proposed smart clothing

system.
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Moreover, the accuracy criterion was found to be the most important among all criteria, while

the cost was the least.

(3) In order to decide which conductive yarn is suitable for the planned smart clothing system,
the performance of ultrasonic sensor integrated to textile structure regarding its monitoring
performance, signal quality and accuracy was analyzed by using various conductive yarn
types. Considering real utilization conditions of the garment, mobile phones were only taken
into account as disturbance source. Results reported that linear resistance of conductive yarns
affects the signal quality of sensors. It was found that when the linear resistance increases,
noise level increases and signal quality decreases. Owing to less linear resistance, insulated
copper yarn showed the best signal quality. Nevertheless, our experiences showed that silver
plated nylon 66-4ply yarn achieved the best compromise between signal quality and preserved
textile properties e.g. handle, stable and elastic, easy to weave, easy to integrate sensor etc.
Another result issued was that the direction of calling and standby situation of the mobile
phones has an important effect on the signal quality of sensor and it gives us an idea about

sensors’ working range.

(4) Detection capability of single sensor integrated to textile structure was analyzed and
compared with its datasheet in terms of detection range. The results showed that the
determined beam pattern matches with the actual one given in its datasheet. However,
according to our results it should be noted that as the distance to an obstacle increases
measurement error also increases. Thus to get right results, it is recommended to add some

corrective coefficients into microcontroller programming due to errors related to distances.

(5) In order to find the optimal number of sensors as well as develop suitable obstacle
avoidance algorithm for smart clothing system, different scenarios were developed by
connecting sensors together. Finally, during the experiments with textile structure, four
sensors were decided to be positioned horizontally onto textile surface with an angle of 0°,
30°, and 45° in 1%, 2" and 3™ scenarios, respectively. Additionally, in the 4™ scenario, two
sensors at down were positioned horizontally, on the contrary two sensors at up were
positioned vertically with an angle of 0°. Results showed that the total detection success rate
of scenario 1 in which four sensors were placed at 0° is higher than the others are. It was
found that as the angle of sensor increases from 0° up 45°, detection success rate decreases.
Moreover, in all scenarios the rate of detection success of down sensors was higher than those
of up sensors. This was related with height of obstacle. It was concluded that height of

obstacle has a considerable effect on the detection success. Therefore, it is obvious that if the
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obstacle’s height is smaller than the sensors’ position height relatively, the detection of
obstacles will be difficult. Another result issued was that position of detection range of
sensors was shaped by position of sensors. This means, if the position of sensor is at the right
then the number of detected obstacles will be greater at the right side than the left side and
vice versa. To sum up, the scenario 1 in which all sensors were placed horizontally at 0°
presented the best compromising results not only in terms of detection success rate, detection
error and detection range capabilities, but also in terms of integration and mounting onto
textile structure. Hence, four sensors at 0° arrangement were chosen for the proposed smart

clothing system.

(6) Vibrotactile perception level was investigated in terms of fuzzy relations in order to find
out the influence of conductive yarns, signal waveforms and frequencies, and different body
local areas on the resulting vibrotactile perception level. By this way, decisions were taken
on a kind of fabric structure that should be used, an area of smart clothing system where
vibration motors should be fixed and kind of signal waveform and frequency that should be
applied to vibration motors. Results showed that e-textile structure type influenced the
vibrotactile perception level. Nevertheless, conductive yarn type had no significant effect on
the perception level of vibrotactile when the distance (resistance) between snap fastener and
vibration motor (in the e-textile circuit) is small. The highest perception level in e-textile
structures was obtained by woven e-fabric integrated with highly conductive yarn. Moreover,
signal waveform and the frequency had resulted in a significant effect on the vibrotactile
perception. It was noticed that when the frequency of signal increases perception level
decreases. Therefore, it was deduced that people prefer to feel discrete vibrations instead
continuous vibrations as an alert. According to experimental results, sine wave form at 0.5 Hz
showed highest vibrotactile perception level within the signal type alternatives. Another
important result issued from this study was that perception level of vibrotactile sensation
changes according to contact areas of human body. The highest level of vibrotactile sensation
was perceived over the outer wrist and hip bone area of the evaluators’ body, whereas the
lowest was perceived over thigh. To conclude in order to get highest vibrotactile perception,
the use of woven e-fabric including highly conductive yarn over the outer wrist and/or over
the hipbone by applying sine wave form at 0.5 Hz was recommended. Therefore, regarding
this result, the placement of actuators over the intelligent garment was identified as wrist and
hip bone area and the fabric structure for actuators (attachable part) were decided as woven e-

fabric including highly conductive yarns.
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(7) Smart clothing prototype enabling detection of obstacles named as “Wearable Obstacle
Detection System” has been successfully developed. Considering smart clothing system an
algorithm based on neuro-fuzzy controller for obstacle avoidance has also been developed in
order to navigate visually impaired people through this smart clothing system. The design and
development concept of smart clothing prototype has involved four key areas of research,
namely (i) electronics, (ii) information technology, (iii) control engineering, and (iv) textiles.
The prototype has been tested for detection capability, power consumption, heating behaviour
and washability. Results showed that developed system is able to identify obstacle’s position
without any failure within its detection range. System is capable of detecting left, right, and
front obstacles’ position accurately and giving right output while detecting obstacles such that
when obstacles are at the right, system gives an output turn left; when obstacles are at the left,
system gives an output turn right. When obstacles are in front, system gives an output like
turn right and turn left at the same time, hence user can understand there is an obstacle just in
front of user and randomly he/she can choose his/her way by turning right or left at that
moment. Therefore, it may be y concluded that developed system is successful, reliable and
robust. Regarding power consumption of the system, it was found that system can work for at
least 1 day without any additional battery, however depending on environment this result can
change. Therefore, it is recommended to users to have spare battery for much longer usage
and to overcome upsets. Concerning heating behaviour of the system, during the operation
mode (Voltage~ 5V), it was found that temperature along transmission lines on the garment
is around 22 °C, which approximately corresponds with ASHRAE STANDARD 55-2010’s
thermal comfort degree (21.1 °C). However, owing to findings earlier, it is highly notable that
before designing a smart clothing system, since the applied voltage value effects heating
behaviour of smart clothing system, comfort level of user should be taken into consideration.
Therefore, according to our results recommended voltage range that would be applied to
intelligent garments (including silver plated nylon <500hm/m) should not exceed 6-7V due to

comfort and safety margins.

Herewith, four key areas of research, namely (i) electronics, (ii) information technology, (iii)
control engineering and (iv) textiles have been combined in order to develop this smart
clothing system. The research work presented here holds promises for further development of
efficient and reliable smart clothing system named as “Wearable Obstacle Avoidance System”

for guiding visually impaired people among obstacles during walking.

The successful outcome of this research will absolutely provide an impetus for future

developments of electronic textiles as well as interactive garments.
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Recommendations For Future Work

Within this thesis, we have demonstrated that with the aid of developed smart clothing system
named as “Wearable Obstacle Detection System”, obstacles with a height of 90 cm or more
can be easily detected and their positions can be accurately determined as well. However,

based on the study presented here, the following future research works are suggested:

(1) In order to detect smaller obstacles, system could be combined with whole garment of the
user such as trousers. In addition, in order to detect obstacles on the ground such as big holes

or in order to detect stairs system could be integrated with shoes as well.

(2) This system currently offers accurate detection statically. To guide user during walking
accurately avoiding collisions, implementing newly developed neuro-fuzzy controller
algorithm for obstacle avoidance into microcontroller programming should be extremely
useful. Upgrading the microcontroller to one that has more memory and upgrading
programming language by implementing digital filters in microcontroller in order to attenuate

noise in signals that are processed inside microcontroller are recommended.
By this way, the degree of navigation and guidance accuracy during walking should increase.

(3) For outdoor environment, developed system can be fully integrated with GPS, RFID,
camera and vocal guidance, not only can it track the user, but also find a route to specific
destination, and then guide the user to this destination using synthesized speech by ensuring
localization information to user such as the street address of the current location etc.

(4) Regarding power consumption of the developed system, a control to warn the user about
battery level or the level of voltage supply can be implemented to the system e.g voltage
monitoring circuit. Due to information on voltage level decrease, some coefficients related to
detection range capability have to be added to microcontroller programming in order to

prevent decrease in detection range as well.

(5) Due to the technology miniaturization and reduction of costs in electronics and textile
industry, new sensing elements, new flexible technologies, new actuators, new functional
yarns can be implemented to our developed system. For instance, flexible textile based solar
cells, which is expected to be thinner, lighter in weight and more powerful in the future,
would be embedded to newly developed smart clothing system as power supply for further
improvement. As an actuator, artificial muscles would be interesting. Finally, a fully textile
flexible sonar systems may be developed in order to replace existing miniaturized rigid

Sensors.
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Ultrasonic Rangefinder Comparison
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-g mm w:qt:t proportional 'lh'dypncal, S0ma
17 mm Helg ax
Daevansec SRF04 to range.
A3 Thin Positive TTL
Lenath lavel signal, Voltage: 5V
- 9 . icm to 4m width Current: 4ma
20 mm Width reportional | Typical
17 mm Height fo r:ngc ¥p
1S .
Devantec SRFOS
43 mm Voltage: 5V
Length o Snkon Standard I12C |Current: 15ma
20 mm wiqth Bus Typical, 3ma
Devantec SRFOS 17 mm Height Standby
" \
“ 32 mm Voltage: 5V
Length S i Standard I12C |Current: 15ma
15 mm Wiglth Bus Typical, 3ma
Bk SRRID 10 mm Height Standby
34 mm
e Voltage: 5V
m 5‘8”35.?1 Width |20¢m to 1.2m 3?5""""' 1€ [current: 25ma
19 mm Height Typical
Devantec SRF235
24 mm <
Length Standard 12C Voltage: SV

Devantec SEF02

20 mm Width
12 mm Height

15cm to 6m

Bus
Senal (0-5V)

Current: dma
Typical

Fig. A.1 : Comparison of ultrasonic sensors
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Appendix-A2

LV-MaxSonar -EZ3

LV-MaxSonar-EZ3™ &=
High Performance
Sonar Range Finder

With 2.5V - 5.5V power the LV-MaxSonar®-
EZ3™ provides very short to long-range
detection and ranging, in an incredibly
small package. The LV-MaxSonar®-EZ3™
detects objects from O-inches to 234-inches
{6.45-meters) and provides sonar range
information from 6-inches out to 234-inches
with I-inch resolution. Objects from 0-
inches to O-inches range as 6-inches. The
interface output formats included are pulse
width output, analog voltage output, and

serial digital output. actual size

. —

approximataly

Data Sheet

Al 0.785° 18.8 mm Hl 01007 | 2.54 mm
K Bl 0.870" | 221 mm Ji 0.845 18.4 mim
C| 0.100" | 254 mm K| 0810 15.5 mm
_l_ D] 0.100° | 254 mm L] 0735 18.7 mm
E| 0.670° 17.0 mm M| 0085 1.7 mm
Fl 4.5:40 126 mm NJ 0.038" a= |1.0 mm aa
G]0.124" 2= [3.1 mmaa waight, 4.3 grams

valuas ara nominal

Features Benefits
¢ Continuously variable gain = Very low cost sonar
for beam control and side ranger
lobe suppression = Reliable and stable
* (Object detection includes range data

= Sensor dead zone
virtually gone

= Lowest power ranger

= Quality beam
characteristics

= Mounting holes
provided on the
circuit board

TVery low power
ranger, excellent for
multiple sensor or
battery based
systems

= Can be triggered
externally or
internally

= Sensor reports the
range reading
directly, frees up
USEr PrOCESSOr

zero range objects
o 25V 1o 3.5V supply with
2mA typical current draw
* Readings can occur up to
every 30mS, (20-Hz rate)
¢ Free run operation can
continually measure and
output range information
* Triggered operation provides
the range reading as desired
s All interfaces are active
simultaneously
* Serial, 0o Voo
¢ O600Baud, BIN
¢  Apalog, (Vee/512)/ inch
* Pulse width, (147uS/inch)
* Learns ringdown pattern
when commanded to starn
ranging

* Designed for protected = Fast measurement
indoor environments cycle

* Sensor operates at 42KHz = Usar can choose any

[ ]

High output square wave
sensor drive (double Vec)

of the three sensor
outputs

Beam Characteristics

Many applications require a narrower beam

or lower sensitivity than the LV-MaxSonar®-EZ1™,

Cc:-ngi'ﬂ:quem_]'}-', MaxBE[ixs Inc., is offering, the

EZ2 ,EZ3 , & EZ4 with progressively narrower

beam angles allowing the sensor to match the

application. Sample results for the LV-Max Sonar*-

EZ3" measured beam patterns are shown below on

a | 2-inch grid. The detection pattern is shown for;

(A4)0.25-inch diameter dowel, note the narrow
beam for close small objects,

(B) I-inch diameter dowel, note the long narrow
detection pattern,

(C) 3.25-inch diameter rod, note the long
controlled detection pattern,

(D) 1 1-inch wide board moved left to right with the
board parallel to the front sensor D
face and the sensor stationary.
This shows the sensor's range
capability.

Nota: The displayed beam width of (D) is

& function of the specular nature of sonar

and the shape of the board (i.e. flat mirror

like) and should never be confused with
actual sensor beam width. C

201t

- 15 1t

- 10 ft.

=5V
*33v

A

9

beam characteristics are approximate

-5t

MaXBotixﬁlnc.

Max Botix, MexS5onar, EZ2, EZ3 & EZ4 sre trademarks of MaxBaotix Inc.
LV-EZ3™ .« v3.0c « 01/2007 - Copyright 2005 - 2007

Email: info@maxboriv.com

8757 East Chimney Spring Drive, Tucson AZ, B5747 USA
4613 Countv Road 8, Brainerd, MN, 36401 USA

Web: www maxbotxcom

Fig. A.2: LV-MaxSonar® EZ3 Type ultrasonic sensor datasheet.
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Apendix B.1

Table B.1 :

Detection error calculations for scenario 1

Actual distance to obstacle

fromsensors (cm

[«

If object is detected by sensor ther

Position of object

measured avarage distance (cm tXJ

Calculation for MSE(X)

Case No (xy) Sensor1 Sensor2 Sensor3 Sensor4 Sensorl Sensor2 Sensor3 Sensor4 Sensorl Sensor2 Sensor3 Sensor4
1 (-40,40) 50,0 64,0 64,0 50,0 2393 238,0 242,0 239,0 - - b b
2 (-40,60) 67,1 78,1 78,1 67,1 2390 238,0 242,0 239,0 - - - -
3 (-40,80) 854 943 943 85,4 2392 2383 2424 2394 - - - -
4 (-40,100) 1044 us ms 1044 2393 2384 2424 2395 - - - -
5 (-40,120) 237 130,0 130,0 237 239,2 2383 2427 239,7 - - - -
6 (-40,140) u32  wus7  wusy w32 [ 2382 2426 2396 1975 - - -
7 (-40,160) 1628 1676 17,6 62,8 2394 2385 2427 2396 - - - -
8 (-40,180) 1825 1868 186,8 1825 2392 2382 2425 239,7 - - - -
9 (-40,200) 202,2 206,2 206,2 202,2 239,22 2384 2425 239,6 - - - -
10 (-30,40) 447 56,6 56,6 447 239,22 2382 242,6 239,6 - - - -
u (-30,60) 63,2 72,1 72,1 63,2 224,0 238,0 242,0 239,0 - - - -
r (-30,80) 82,5 89,4 89,4 82,5 2383 2426 239,7 157 - b N
3 (-30,100) 102,0 1077 07,7 102,0 2383 2425 239,6 438 - - -
14 (-30,120) 217 1265 26,5 217 2384 2425 2395 878 - - -
5 (-30,140) 1414 1456 145,6 1414 2382 2425 2395 2044 - - -
16 (-30,160) 1612 1649 1649 612 2384 2418 2394 2272 - - -
17 (-30,180) 1811 1844 1844 1811 2384 2425 239,6 3263 - - -
8 (-30,200) 2010 204,0 204,0 2010 238,1 2426 2399 4473 - - -
19 (-20,40) 412 50,0 50,0 412 238,0 242,0 239,0 77 - - -
20 (-20,60) 60,8 67,1 67,1 60,8 238,0 242,0 239,0 3.3 - - -
21 (-20,80) 80,6 854 854 80,6 2383 2425 2396 18,3 - - -
22 (-20,100) 1005 1044 1044 100,5 2383 2424 2394 50,5 - - -
23 (-20,120) 204 23,7 23,7 1204 238,2 2425 2395 03,7 - - -
24 (-20,140) 1404 1432 1432 1404 29,1 2427 239,6 2427 199,6 - -
25 (-20,160) 160,3 1628 1628 160,3 1482 2425 2395 2627 2138 - -
26 (-20,180) 180,3 82,5 1825 180,3 1649 242,7 239,6 366.,8 308,3 b N
27 (-20,200) 200,2 202,2 202,2 200,2 1819 2425 239,6 494.6 4128 - -
28 (-10,40) 40,0 44,7 44,7 40,0 238,0 242,0 239,0 4,0 - - -
29 (-10,60) 60,0 63,2 63,2 60,0 64,0 242,0 239,0 9,0 0,6 b b
30 (-10,80) 80,0 825 825 80,0 78,0 242,0 239,0 36,0 19,9 - -
31 (-10,100) 100,0 102,00 102,0 100,0 95,5 2424 239,4 80,8 416 - -
32 (-10,120) 20,0 217 217 120,0 14,1 2427 95,4 57,7 - 428
33 (-10,140) 140,0 114 414 140,0 28,9 2425 2332 155,6 - 99,8
34 (-10,160) 160,0 1612 1612 160,0 1459 2427 2595 2363 - 15513
35 (-10,180) 180,0 1811 1811 180,0 162,8 2426 357,7 3355 - -
36 (-10,200) 200,0 2010 2010 200,0 79,6 242,6 593,2 458,0 - -
37 (0--,40) 40,0 412 412 40,0 47,0 242,0 4,0 333 - 810
38 60,0 60,8 60,8 60,0 60,0 242,0 9,0 0,7 - 4,0
39 80,0 80,6 80,6 80,0 78,0 242,0 16,0 6.9 - 10
40 100,0 100,5 1005 100,0 93,6 2425 771 478 b 338
41 20,0 1204 1204 120,0 10,4 2424 916 100,5 - 478
42 140,0 1404 1404 140,0 271 2424 166,8 1759 - 97,8
43 160,0 160,3 160,3 160,0 1438 2425 260,1 273,0 b 734
44 180,0 1803 180,3 180,0 160,8 2424 4492 380,1 - 2659
45 200,0 200,2 200,2 2000 776 2424 575,9 514,7 - 460,6
46 40,0 40,0 40,0 40,0 429 56 8,6 28,1 1010
47 60,0 60,0 60,0 60,0 57,8 6,7 49 B7 6.8
48 80,0 80,0 80,0 80,0 78,6 2,8 21 233 16
49 00,0 100,0 100,0 100,0 956 219 19,0 24 2,0
50 20,0 20,0 1200 120,0 1083 111 136,5 348 475
51 (0,140) 140,0 140,0 140,0 140,0 27,0 169,2 67,7 47,6 60,6
52 (0,160) 160,0 160,0 160,0 160,0 148,2 134,0 1399 353 816
53 (0,180) 180,0 1800 180,0 180,0 62,8 2904 2949 23,2 -
54 (0,200) 200,0 200,0 200,0 200,0 w97 4832 412 - 2956
55 (0++,40) 412 40,0 40,0 42,4 45,0 239,7 30,9 24,6 136,2 -
56 (0++,60) 60,8 60,0 60,0 616 56,0 2395 10,8 15,7 17 -
57 (0++80) 80,6 80,0 80,0 812 76,8 2395 4,5 104 22,5 N
58 (0++,100) 1005 100,0 100,0 1010 93,6 239,6 251 411 0,1 -
59 (0++120) 1204 20,0 1200 20,8 10,2 2395 68,1 95,7 33 -
60 (0++140) 1404 140,0 140,0 40,7 291 239,6 814 18,3 - -
61 (0++,160) 160,3 160,0 160,0 160,6 1478 242,6 239,7 48,7 1483 - -
62 (0++,180) 180,3 180,0 180,0 180,6 160,9 239,6 296,7 366,2 w54 -
63 (0++,200) 2002 2000 2000 2005 774 2424 2396 4946 510,7 - -
64 (10,40) 44,7 40,0 40,0 447 45,0 239,7 - 252 - -
65 (10,60) 63,2 60,0 60,0 63,2 57,8 239,6 0,2 4.8 373 -
66 (10,80) 825 80,0 80,0 825 76,8 2393 31 10,4 71 -
67 (10,100) 102,0 100,0 100,0 102,0 93,6 2394 429 404 03 -
68 (10,120) 217 20,0 20,0 »17 10,2 240,0 2394 - 954 - -
69 (10,140) 114 40,0 140,0 1414 273 2414 239,6 - 160,6 - -
70 (10,160) 612 160,0 160,0 612 1459 2422 2395 19,5 98,7 - -
71 (10,180) 1811 180,0 180,0 1811 12,8 2426 239,7 - 2958 b N
72 (10,200) 2010 200,0 200,0 2010 1795 242,6 239,6 359,2 4207 - -
73 (20,40) 50,0 412 412 50,0 449 2403 239,6 - 37 - -
74 (20,60) 67,1 60,8 60,8 67,1 57,7 2409 2395 - 98 b b
75 (20,80) 854 80,6 80,6 854 78,8 2404 2395 - 3.2 - -
76 (20,00) 1044 100,5 1005 1044 93,6 2422 2395 - 47,0 - -
7 (20,120) 1237 1204 1204 237 10,2 2405 239,7 - 104,8 - -
78 (20,140) 1432 1404 1404 1432 130,2 2425 239,6 - 1025 - -
79 (20,160) 162,8 160,3 160,3 162,8 148,22 2415 2394 - 1473 - -
80 (20,180) 1825 1803 180,3 1825 164,9 2425 2395 - 236,0 - -
81 (20,200) 202,22 200,2 200,2 202,2 79,6 242,6 239,6 - 4276 - -
82 (30,40) 56,6 44,7 44,7 56,6 238,4 2404 239,6 - - - -
83 (30,60) 72,1 63,2 63,2 72,1 619 2404 2395 - 18 - -
84 (30,80) 89,4 825 825 89,4 811 2403 239,6 - 2,0 - -
85 (30,00) 07,7 102,0 102,0 07,7 978 2403 239,6 - 73 b N
86 (30,120) 1265 217 »17 26,5 14 4 240,3 239,6 - 52,7 - -
87 (30,140) 1456 114 414 145,6 2384 240,7 2394 - - - -
88 (30,160) 164,9 1612 1612 164,9 48,0 2411 2395 - 1765 - -
89 (30,180) 1844 1811 1811 1844 1648 2425 2395 - 2674 - -
90 (30,200) 204,0 2010 2010 204,0 182,0 2426 2398 - 359,9 - -
91 (40,40) 64,0 50,0 50,0 64,0 2382 2404 239,6 - - - -
92 (40,60) 78,1 67,1 67,1 78,1 2382 240,3 239,6 - - - -
93 (40,80) 94,3 854 85,4 94,3 239,22 238,22 240,2 2395 - - - -
94 (40,100) 118 1044 1044 ms 2393 238,5 240,2 2395 - - - -
95 (40,120) 130,0 1237 23,7 130,0 2390 238,1 240,6 239,7 - - - -
96 (40,40) 48,7 1432 1432 48,7 2394 238,4 2415 2393 - - - -
97 (40,160) 167,6 62,8 162,8 167,6 2392 150,1 242,6 2395 - 1610 - -
98 (40,180) 186.,8 1825 82,5 186,8 239,1 166,8 2425 2395 - 2447 - -
99 (40,200) 206,2 2022 2022 206,2 2394 2383 2425 2395 - - b N

TOTAL 9359,1 101153 8154 2045,7
58 66 b 20
Detection ERROR 161,4 153,3 48,0 102,3
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Table B.2 :

Detection error calculations for scenario 2

Actual distance to obstacle

fromsensors (cm)

If object is detected by sensor ther_ _.
measured avarage distance (cm) [X]

Calculation for MSE(X)

Case No Position of object (x,y)

Sensor1 Sensor2 Sensor3 Sensor4 Sensorl Sensor2 Sensor3 Sensor4 Sensorl Sensor2 Sensor3 Sensor4

T (-40.40) 500 | 640 | 640 | 500 2393 2881 2361 2335 - E
2 (-40,60) 671 781 781 671 2391 2382 2403 2343 - -
3 (-40.80) 854 943 943 854 2412 2383 2360 2338 - -
4 (-40,100) R -
5 (-40,120) 237 B0O = 100 1237 2391 2382 2398 2333 - -
6 (-40,140) “32 487 1487  U32 2423 2385 2362 2336 - -
7 (-40.150) 128 1676 1676 1628 2391 2882 2361 2334 - -
8 (-40,180) B25 B6S 1868 1825 2413 2381 2361 2335 - -
9 (-40,200) 2022 2062 2062 2022 2389 2381 2360 2333 - -
0 (-30,40) 447 566 566 | 447 2393 2384 2360 2333 - -
1 (-30,60) 632 721 721 632 2309 2382 2360 2333 - -
2 (-30.80) 825 894 894 825 2404 2381 2359 2335 - -
B (-30,100) 020 W77 077 1020 2373 2385 2390 2336 - -
1 (-30,120) 217 165 1265 1217 2390 2383 2368 2341 - -
5 (-30,140) ¥4 u5E | 1456 114 2392 2382 2361 2337 - -
3 (-30,150) 612 1649 1649 1612 083 2377 2362 2334 - -
v (-30,180) B11  B44  B44  BI11 2055 2273 2362 2340 - -
B (-30,200) 2010 2040 2040 2010 2280 2372 2380 2334 - -
1 (-20,40) 412 500 | 500 412 2393 2382 2361 2334 - -
20 (-20,60) 608 671 671 608 2381 2374 2333 02 -
21 (-20,80) 806 854 854 806 2379 2360 2334 60 -
22 (-20,100) 005 44 044 1005 2383 2467 2354 264 -
23 (-20,120) 204 237 237 1204 566 2382 2368 2334 - -
24 (-20,140) uo4 w32 w32 wos [ 2ve 2361 2334 1588 -
25 (-20,150) 103 1628 128 1503 2226 1969 2362 2334 - -
26 (-20,180) 803 125  B25 1803 _ 2363 2381 2361 2334 - -
27 (-20,200) 2002 2022 2022 2002 2297 2361 2333 3846 - -
28 (-10,40) 400 447 447 | 400 2381 2362 0.0 - 25
29 (-10,60) 600 632 632 600 2380 2360 05 - 11
30 (-10,80) 800 825 825 800 2378 2369 2285 .2 - .
31 (-10,100) 000 120 1020 1000 2384 2377 2334 815 - -
32 (-10,120) 200 217 217 1200 2040 236, 00601 1456 - 711
33 (-10,140) 400 1414 W14 1400 2013 2379 2333 2300 - -
34 (-10,150) 100 1812 1612 160,0 2333 2361 2336 3908 -
35 (-10,180) 800 Bl 1811 1800 2002 2361 2332 5436 3660
36 (-10,200) 2000 | 2010 2010 | 2000 2235 2360 2333 6029 5072 -
37 (0--40) 400 | 412 412 400 2369 2398 00 - 32,9
38 (0--60) 600 608 608 600 227 2451 76 - 350
39 (0--80) 800 806 806 800 618 139 368 - 79,6
40 (0--,100) 000 1005 1005 100, B89 2387 66,7 - 00,3
41 (0--,120) 200 1204 1204 1200 287 2391 2037 683 236,0
42 (0--,140) oo | woa | wmos | woo w24 2362 2298 - 576
43 (0--,150) 100 1603 1603  160,0 2360 2320 3365 - -
44 (0--,180) 1800 1803 1803 1800 2386 [NI68A] 5441 4192 2747
45 (0--,200) 2000 2002 2002 2000 2362 2333 - 19,2 - -
a6 T (0,40) 400 400 400 400 0.0 0.2 72 10
ar r (0,60) 600 600 600 600 9.2 74 6.9 350
a8 ¥ (080) 800 800 800 800 35 329 282 | 821
4 ¥ (0.100) 000 100 1000 10,0 467 | 460 801 999
s T (0.120) 200 1200 200 1200 957 961 1483 1138
51 ¥ (0.140) 400 | 400 1400 140, 185 2295 3022 2938
2 F (0,150) 600 1600 1600  160,0 3408 3454 4373 4755
53 F (0.180) 800 1800 1800 1800 4551 4623 318 | 212
54 (0,200) 2000 2000 2000 = 2000 4950 5164 | 2738 -
55 (0++40) 412 400 | 400 424 - 05 65
56 (0++60) 608 600 600 616 - 61 58
57 (0++80) 806 800 800 8L - 319 323
58 (0++100) 005 000 1000 110 - 221 470
59 (0++120) 204 1200 1200 1208 - 955 | 144
60 (0++140) 404 1400 1400 1407 - 2346 3083
61 (0++150) 103 1600 1600 1606 - 2378
62 (0++180) B0O3 1800  BOO 106 16,3 2347 2331 4549 5607
63 (0++200) 2002 2000 2000 2005 2388 150 2349 2333 - 6233
64 (.40) 447 400 400 447 2473 2332 - 75 -
65 (1,60 632 600 600 632 2472 2333 - 6.3 54
66 (1 ,80) 825 800 800 825 2471 764 2207 2348 - 3,0 -
67 (10,100) 020 1000 1000 020 2474, 910 2352 - 801 287
68 (10.120) 217 1200 1200 217 2471 137 2332 - 400 966
69 (10,140) ¥14 1400 1400 ¥14 2412 1688 2437 2366 - -
70 (10,160) 612 5600 1600 B12 2470 857 2345 2334 - -
7 (10,180) B11  B0O 1800 B11 2396 2002 2425 2340 - 4092
72 (10,200) 2010 | 2000 2000 2010 2389 W73 2343 2335 - 51,4
73 (20.40) 500 412 412 500 2398 638 2357 2330 - 508,0
74 (20,60) 671 608 608 671 2476 734 2378 2411 - 1578
75 (20.80) 854 806 806 854 2443 2382 2338 2402 - -
76 (20,100) L4405 105 w44 2392 2382 2441 2362 - -
i (20.120) 237 204 1204 237 2476  B82 2423 2334 - -
8 (20,140) ¥32 404 | 1404 ¥32 2433 w1 2341 2333 - -
79 (20.150) 628 1603 1603 128 2388 837 2360 2334 - 5475
80 (20,180) 825 1803 1803 825 2392 2006 2361 2333 - 4119
81 (20,200) 2022 2002 2002 2022 2391 2180 2361 2335 - 62,9
82 (30.40) 566 | 447 447 566 2475 2362 2419 2332 - -
83 (30.,60) 721 632 632 721 2435 2369 2457 2333 - -
84 (30.80) 804 825 825 894 2476 2381 2508 2336 - -
85 (30,100) 077 020 1020 077 2438 2367 2393 2329 - -
86 (30,120) 265 @17 1217 265 2475 1605 2360 2334 - -
87 (30.,140) u56 W14 114 456 2414 1710 2339 2347 - -
88 (30.150) 649 112 1612 649 2390 1857 2362 2333 - -
89 (30,180) B4a4  BL1 | 1BLL B44 2392 2012 2362 2335 - 4051
90 (30,200) 2040 2010 2010 2040 2392| 2153 2361 2333 - 2035
91 (40.40) 640 500 500 640 2467 2361 2447 2365 - -
92 (40,60) 81 671 671 781 2475 2380 2425 2456 - -
93 (40.80) 943 854 854 943 2475 2378 2339 2376 - -
94 (40,100) ms 044 044 m8 2446 2382 2349 2331 - -
95 (40,120) B0O | 1237 1237 BOO 2393 1508 2340 2387 - -
96 (40,140) u87 132 32 187 2391 W31 2355 2352 - -
97 (40,150) 676 128 1628 676 2390 1878 2358 2334 - -
98 (40,180) 868 1825 1825 868 2391 2027 2358 2332 - -
99 (40,200) 2062 2022 2022 2062 2389 2171 2360 2332 - -
TOTAL 61320 85277 19910 21962
32 37 B B
Detection ERROR 1916 2305 1106  122,0
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Table B.3: Detection error calculations for scenario 3

Actual distance to obstacle If object is detected by sensor then _
fromsensors (cm) 4] measured avarage distance (cm) [x] Calculation for MSE(X)
Position of
Case No object (xy) Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 1 Sensor 2 Sensor 3 Sensor 4
1 (-40,40) 50,0 64,0 64,0 50,0 2475 2466 2443 2436 - - - E
2 (-40,60) 67.1 78,1 78,1 67,1 2477 246,7 2442 2437 - - - -
3 (-40.80) 85,4 943 943 854 2473 2465 2443 2439 - - - -
4 (-40,100) 04,4 ms me 044 2477 246,7 2444 2442 - - - -
5 (-40,120) 237 1800 10,0 237 2475 2466 2443 2437 - - - -
6 (-40,140) 43,2 1487 1487 1432 2394 2395 2443 2437 - - - -
7 (-40,160) 12,8 1676 1676 1628 2386 2383 2459 2437 - - - -
8 (-40,180) 825 186,8 186,8 825 2439 2449 2446 2439 - - - -
9 (-40.200) 202,2 2062 206,2 202,2 2474 2466 2444 2439 - - - -
0 (-30.40) 44,7 56,6 56,6 44,7 2474 2465 2444 2439 - - - -
1 (-30,60) 63,2 72,1 72,1 63,2 2448 2457 2440 2426 - - - -
2 (-30,80) 82,5 894 894 825 2473 2465 2444 2438 - - - -
3 (-30,100) 102,0 07,7 077 02,0 2475 246,7 2444 2437 - -
1 (-30,120) 217 265 1265 217 54,5 2466 2445 2439 - - - -
15 (-30,140) 114 1456 1456 114 2215 2317 2445 2438 - - - -
5 (-30,160) 612 14,9 14,9 612 2402 2381 2444 2437 - - - -
g (-30.180) 811 184,4 1844 1811 2460 2459 2443 2438 - - - -
B (-30,200) 2010 2040 204,0 2010 2477 2468 2443 2438 - - - -
1 (-20,40) 412 50,0 50,0 412 2474 2464 2445 2472 - - - -
20 (-20,60) 608 67,1 67,1 608 2418 2434 2405 2387 - - - -
21 (-20.80) 80,6 854 854 80,6 2475 2466 2447 2434 - - - -
22 (-20,100) 005 1044 044 005 2473 2465 2443 2437 - - - -
23 (-20,120) 204 237 237 204 2477 246,7 2443 2435 - - - -
24 (-20,140) 1404 1432 1432 1404 2393 1710 2443 2438 - - - -
25 (-20,160) 10,3 12,8 12,8 1603 240,7 2405 2444 2437 - - - -
26 (-20,180) 180,3 B25 B25 1803 2358 2272 2444 2437 - - - -
27 (-20,200) 200,2 2022 202,2 200,2 2475 2466 2453 2437 - - - -
28 (-10,40) 40,0 447 44,7 s00 [ 2467 2444 1582 2355 - - P
29 (-10,60) 60,0 632 63,2 60,0 137.2 2461 2444 180,6 - - - -
30 (-10,80) 80,0 825 825 80,0 2465 244 1[83E 62 - 2.1
31 (-10,100) 100,0 02,0 102, 1000 246,7 2443 3290 6145 - -
32 (-10,120) 120,0 217 217 20,0 253,9 2464 24450 H0T - - 4279
33 (-10,140) 40,0 U14 1“14 140,0 3394 711 2445 392,0 - - -
34 (-10,160) 160,0 1612 1612 10,0 2531 2432 2442 3052 - - -
35 (-10,180) 80,0 1811 1811 80,0 2409 2416 2448 255,7 - - -
36 (-10,200) 200,0 2010 2010 2000 2476 2468 2043 [NB3E - - 475
37 (0--40) 40,0 412 412 s00 I 2445 2433 770 4088 - -
38 (0--60) 60,0 60,8 608 60,0 3816 2319 2406 - - 1829
39 (0--80) 80,0 80,6 80,6 80,0 2463 2443 23 - 27
40 (0--,100) 100,0 005 005 00,0 1393 2450 246 - 16
41 (0-120) 1200 1204 204 20,0 354,7 677 2444 - - - 78,3
42 (0--,140) 40,0 1404 1404 1400 691 2442 159,4 - - 1485
43 (0--160) 1600 1603 1603 160,0 164,9 2441 99 209 - 3852
44 (0--180) 180,0 1803 1803 80,0 2264 2446 4144 4612 - - -
45 (0--200) 200,0 200,2 200,2 200,0 24756 246,7 2442 2452 - - - -
46 T (040) 40,0 40,0 40,0 s00 [N 495 65,9 751 2317 89,4 - -
47 ¥ (060) 60,0 60,0 60,0 60,0 99,4 625 - 63 2162 58,7
48 ¥ (080) 80,0 80,0 80,0 80,0 3 79,1 1120 - 08 50,9 -
49 7 (0100) 00,0 100,0 100,0 1000 3452 957 1311 - 87 4485
50 T (0,120 20,0 20,0 20,0 oo (NN 1416 2536 2958 2796 4658 -
551 7 (00 40,0 140,0 140,0 1400 3274 5683 3939 384,3 - - - -
52 ¥ (060) 160,0 160,0 160,0 10,0 3065 45,9 265,1 512,9 - - - -
53 (0.180) 180,0 180,0 180,0 180,0 249.1 12,2 [ESE 1827 - 50 2.0 73
54 (0.200) 2000 2000 2000 2000 N 2238 2465 2406 796 - - -
55 (0++40) 412 40,0 40,0 424 1455 49,0 66.4 2436 - 815 - -
56 (0++60) 608 60,0 60,0 616 2492 626 2437 - 6.6 1462 -
57 (0++80) 80,6 80,0 80,0 812 2476 812 2437 - 15 48,9 -
58 (0++100) 005 100,0 00,0 010 2292 95,6 2439 - 92 01 -
59 (0++120) 1204 20,0 20,0 208 2357 20,6 2440 - 04 4710 -
60 (0++,40) 1404 40,0 140,0 40,7 2474 1613 2439 - 4536 448 -
61 (0++160) 15603 160,0 160,0 1606 2287 12,6 2437 - 67 1092 -
62 (0++180) 803 180,0 180,0 1806 2473 815 54,3 2439 - 22 - -
63 (0++200) 200,2 200,0 200,0 2005 2385 2285 310,0 2438 - - - -
64 (10,40) 447 40,0 40,0 447 2492 54,8 146,0 2437 - 2183 - -
65 (10,60) 63,2 60,0 60,0 63,2 2478 3122 2438 - - 216,7 -
66 (10,80) 825 80,0 80,0 825 2476 28,2 2437 - - 225 -
67 (10,100) 102,0 100,0 00,0 020 2476 978 2440 - 49 28 -
68 (10,120) 217 20,0 20,0 217 2332 18,7 2439 - 16 4705 -
69 (10,140) 114 40,0 40,0 114 2475 1585 4387 2441 - 3440 - -
70 (10,160) 612 160,0 160,0 612 216,6 165,0 4869 2439 - 251 - -
7 (10,180) 811 180,0 180,0 BLL 2474 2258 2464 2437 - - - -
72 (10,200) 2010 200,0 200,0 2000 I~ 2440 2464 2438 719 -
73 (20,40) 50,0 412 412 50,0 2475 55,5 246,2 2435 - 2046 - -
74 (20,60) 67.1 608 60,8 67,1 2474 32,1 2464 2438 - - - -
75 (20,80) 85,4 80,6 80,6 854 2473 2465 2444 2437 - - - -
76 (20,100) 044 005 005 044 2475 246,7 2443 2439 - - - -
7 (20,120) 237 1204 204 23,7 217,4 611 2443 2437 - - - -
8 (20,40) 43,2 1404 1404 1432 2472 18,6 2443 2437 - - - -
79 (20,160) 12,8 10,3 10,3 1628 2222 2284 2446 2439 - - - -
80 (20,180) B25 1803 1803 1825 2475 2287 2469 2466 - - - -
81 (20,200) 202,2 2002 2002 2022 [ 2417 2444 2436 231 - - B
82 (30,40) 56,6 44,7 44,7 56,6 2414 2406 2460 2434 - - - -
83 (30,60) 721 632 63,2 72,1 2475 2465 2465 2438 - - -
84 (30,80) 89.4 825 825 894 2345 202,0 2444 2439 - - -
85 (30,100) 07,7 102,0 02,0 07,7 2210 2153 2446 2439 - -
86 (30,120) 265 217 217 26,5 2218 156,5 2465 2439 - - -
87 (30,40) 1456 114 114 1456 2476 246,7 2443 2437 - - -
88 (30,160) 649 612 612 1649 2451 2124 2443 2440 - - -
89 (30,180) B44 811 B11 844 2477 2468 2445 2438 - - - -
90 (30,200) 204,0 2010 2010 2040 [N 2216 2442 2437 3640 4232 - -
91 (40,40) 64,0 50,0 50,0 64,0 2408 239,7 2460 2436 - - - -
92 (40,60) 78,1 67,1 67,1 781 2492 246,7 2466 2438 - - - -
93 (40,80) 943 854 854 943 2475 2468 2444 2448 - - - -
94 (40,100) msg 1044 044 18 2474 2090 2443 2440 - - - -
95 (40,120) 30,0 237 237 10,0 2193 2199 2445 2438 - - - -
96 (40,140) 1487 1432 1432 18,7 2475 2468 2443 2439 - - - -
97 (40,160) 676 12,8 12,8 1676 217,8 2185 2444 2440 - - - -
98 (40,180) 186,8 B25 B25 18638 2474 246,7 2442 2436 - - - -
99 (40,200) 206,2 2022 2022 206,2 [N 2174 2443 2437 1350 2313 - -
TOTAL 31073 26314 B12,0 8132
i 23 ] 2
Detection ERROR 194,2 14,4 1394 151,1

193

© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Senem Kursun Bahadir, Lille 1, 2011
Appendices

Table B.4 :

Detection error calculations for scenario 4

Actual distance to obsta
fromsensors (cm)

(4]

If object is detected by sensor ther_ _
measured avarage distance (cm) X]

Calculation for MSE(X)

Case No  Positionof object (x,y) = Sensorl Sensor2 Sensor3 Sensor4 Sensorl Sensor2 Sensor3 Sensor4 Sensorl Sensor2 Sensor3 Sensor4
1 (-40,40) 50,0 640 640 500 2386 2375 2393 2386 - E E E
2 (-40,60) 67,1 781 78,1 67,1 2386 2377 2391 2385 - - - -
3 (-40,80) 854 943 943 854 2385 2376 2392 2386 - - - -
4 (-40,100) 044 118 ms 1044 2385 2376 2394 2387 - - - -
5 (-40,120) 237 B0O | 1300 1237 2386 2376 2392 2382 - - - -
6 (-40,140) 432 | 187 | U8T  U32 2384 2378 2395 2384 - - - .
7 (-40,160) 628 1676 | 1676 1628 2387 2379 2393 2384 - - - -
8 (-40,180) B25 1868 1868 1825 2385 2377 2391 2384 - - - -
9 (-40,200) 2022 | 2062 | 2062 20272 2385 2361 2391 2384 - - - -
0 (-30,40) 447 566 56,6 447 2386 2378 2392 2386 - - - -
1 (-30,60) 63,2 72,1 721 632 2362 2377 2390 2383 - - - -
2 (-30,80) 825 894 894 825 2387 2373 2393 2384 - - - -
3 (-30,100) 020 w77 w077 w20 [ 2373 2393 2384 935 - - -
1 (-30,120) 217 | 1265 1265 1217 2385 2376 2393 2386 - - - -
15 (-30,140) ¥14 1456 1456 1414 2388 2378 2390 2382 - - - -
5 (-30,160) 612 1649 1649 1612 2384 2375 2395 2386 - - - .
g (-30,180) BL1 1844 1844  B11 2281 2376 2392 2385 - - - -
B (-30,200) 2010 2040 2040 2010 [ 2362 2302 2383 6832 - - -
19 (-20,40) 412 50,0 50,0 412 2387 2376 2393 2386 - - - -
20 (-20,60) 608 671 671 608 2373 2391 2383 359 - - -
21 (-20,80) 806 854 854 80,6 801 2391 2383 519 289 - -
22 (-20,100) 005 044 D44 1005 94,7 2395 2386 1026 945 - -
23 (-20,120) 204 | 237 | 1237 1204 095 2392 2384 2319 2004 -
24 (-20,140) 404 | 1432 | 1432 1404 2386 2376 2391 2383 - - - -
25 (-20,160) 1503 1628 1628 1603 2373 2392 2384 - - - -
26 (-20,180) 1803 = B25 1825 1803 2378 2393 2385 5007 - - -
27 (-20,200) 2002 2022 2022 2002 2336 2390 2383 6335 - - -
28 (-10,40) 400 447 447 400 2371 2392 71 - - 00
29 (-10,60) 600 632 632 600 503 2393 308 59 - 87
30 (-10,80) 800 825 825 800 759 2391 2382 76,9 42,6 - -
31 (-10,100) 000 1020 | 020 1000 926 2390 2382 13373 882 - -
32 (-10,120) 200 | 217 | 17 1200 060 2394 2384 2898 2455 - -
33 (-10,140) 400 | 414 | W14 1400 2375 2392 2055 4038 - - -
34 (-10,160) 1800 | %12 | 1612 1600 %07 2394 5493 | 4226 - 348,7
35 (-10,180) 1800 1811 | 1811 1800 B79 2392 5633 5364 - 4002
36 (-10,200) 2000 = 2010 2010 | 200,0 2392 2384 - - - -
37 (0--40) 40,0 412 412 40,0 72 02 - 00
38 (0--60) 600 608 608 600 304 337 - 8.7
39 (0--80) 800 806 806 800 72,6 76,0 - 36,6
40 (0--100) 000 1005 | 1005 1000 B55 1381 - 835
41 (0--120) 200 | 1204 | 1204 1200 2893 | 2264 - 153,1
42 (0--,140) 400 | 1404 | 104 400 3959 3215 - 2528
43 (0--160) 600 = 1603 | 1603 1600 6045 4639 - 4312
44 (0--180) 1800 = 1803 | 1803 1800 5796 | 3606 - 4711
45 (0--,200) 2000 | 2002 | 2002 2000 173,0 - - - 13,1
46 (0.40) 400 400 400 400 01 01 342 48
47 (0,60) 600 600 600 = 600 3316 | 3103 2045 2503
48 (0,80) 800 800 800 800 371 1673 21 993
49 (0.100) 000 1000 | 1000 = 1000 878 859 342 509
50 (0.120) 200 200 | 1200 1200 2746 2735  1B00 | 1536
51 (0,40) 400 | 1400 | 1400 400 2422 2479  B15 | 1749
52 (0.160) 1600 = 1600 | 1600 1600 6731 7107 | B22 2106
53 (0.180) 1800 1800 | 1800 1800 4676 | 4714 3515 3672
54 (0200 2000 | 2000 = 2000 = 2000 6098 | 6200 4702 5201
55 (0++40) 412 400 400 | 424 06 00 33,9 .
56 (0++60) 608 600 600 616 3526 3881 2009 -
57 (0++80) 806 800 800 812 212 344 64 -
58 (0++100) 005 1000 1000 1010 56,6 842 | 354 -
59 (0++120) 204 | 1200 | 1200 1208 2183 2065 12239 -
60 (0++140) 404 | 1400 | 1400 107 2523 | 3086 = 2083 -
61 (0++160) 1503 1600 1600 1606 2392 3565 | 4282 - -
62 (0++180) 1803 = BOO | 100 1806 2208 2392 - 566,2 - -
63 (0++200) 2002 2000 2000 2005 SR 3625 - 4836 -
64 (10,40) 447 400 400 447 2377 - 0.1 353 -
65 (10,60) 632 600 600 ; 219,9 - 3894 - -
66 (10.80) 825 800 800 ! 214 644 386 -
67 (10,100) 02,0 1000 1000 020 492 | 844 156 -
68 (10,120) 217 1200 1200 217 074 2089 1264 -
69 (10,140) “14 | 1400 400 114 42,0 3090 1550 -
70 (10,160) 612 1600 | 1600 612 265 | 4412 2404 -
7 (10,180) 811 1800 1800 B11 2381 - 565,2 - -
72 (10,200) 2010 2000 = 200,0 2010 2371 - - - -
73 (20,40) 50,0 412 412 500 2389 - - - -
74 (20,60) 671 608 608 671 2390 - - - -
s ¥ (20,80) 854 806 806 854 1715 - 442 B .
% F (20,100) 044 005 | 1005 044 1B96 - 55,1 - -
nor (20,120) 237 1204 | 1204 1237 237 131 - -
. r (20,140) 432 1404 1404 1432 2989 | 2499 - -
9 r (20,160) 628 1603 | 1603 628 2298 - 4477 - -
g0 ¥ (20,180) 825 1803 1803 825 2389 - 4816 - .
81 ¥ (20,200) 2022 | 2002 | 2002 2022 2388 - 6596 - -
82 ¥ (30,40) 56,6 447 447 56,6 2390 - - - -
83 ¥ (30,60) 721 632 632 721 2225 - - - -
8a ¥ (30,80) 894 825 825 894 1635 - 37,7 -
85 ¥ (30,100) 077 1020 | 1020 077 2386 - 726 - -
86 " (30,120) 265 217 | 1217 265 2348 - 19,1 - -
87 ¥ (30,40) 456 414 1414 456 2389 - 3270 - -
88 ¥ (30,160) 649 112 | 1612 149 2381 - 300,1 - -
8y ¥ (30,180) 844 1811 B11 84,4 2394 - 1003 - -
90 F (30,200) 2040 | 2010 | 2010 2040 2302 - - - -
91 ¥ (40,40) 640 500 50,0 640 2391 - - - -
92 ¥ (40,60) 781 67,1 67.1 781 2344 - - - -
93 ¥ (40,80) 943 854 854 943 2384 - - - -
9 ¥ (40,100) ms 1044 | 1044 ms 2383 - - - -
95 ¥ (40,120) 800 | 237 | 1237 B00 2388 - - - -
9% (40,140) 487 1432 | 432 487 2387 B16| 2393 2384 - 8349 - -
97 ¥ (40,160) 176 1628 1628 1876 2346 2027 2392 2385 - - - -
98 ¥ (40,180) 1868 = 1825 1825 1868 2381 1619| 2390 2383 - 4230 -
9 (40,200) 2062 | 2022 2022 2062 2376 2360 2392 2385 - - - -
TOTAL 117099 138971 32642 41393
48 57 22 22
Detection ERROR 2440 2438 1484 1882
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<Rules for left obstacle avoidance>
Algorithm 1 (Rule-2): Xd; <2 & Xd,; <2 & (Xd, >2 | Xd, >2)
- Rule1:
If Xd,; = Near & Xd,, =Near & Xd,, =VeryFar & Xd,, =Near =>Turn Right VL
- Rule 2:
If Xd,; = Near & Xd,, =Near & Xd., =VeryFar & Xd,; =Far => Turn Right VL
— Rule 3:
If Xd,; = Near & Xd,, =Far & Xd,, =VeryFar & Xd,; =Near => Turn Right VL
- Rule 4:
If Xd,; = Near & Xd,, =Far & Xd,; =VeryFar & Xd,; =Far => Turn Right L
- Rule 5:
If Xd,; =Far & Xd,, =Near & Xd,, =VeryFar & Xd,; =Near =>Turn Right VL
- Rule 6:
If Xd,; =Far & Xd,,; =Near & Xd,; =VeryFar & Xd,; =Far => Turn Right L
- Rule7:
If Xd,; =Far & Xd,, =Far & Xd,; =VeryFar & Xd,; =Near => Turn Right L
- Rule 8:
If Xd,, =Far & Xd,, =Far & Xd,, =VeryFar & Xd,, =Far => Turn Right L
- Rule 9:
If Xd,; = Near & Xd,, =VeryFar & Xd,,=Near & Xd,; =Near =>Turn Right VL
- Rule 10:
If Xd,; = Near & Xd,, = VeryFar & Xd,, =Near & Xd,; =Far => Turn Right VL
- Rule 11:
If Xd,; = Near & Xd,, = VeryFar & Xd,, =Far & Xd,; =Near => Turn Right VL
- Rule 12:
If Xd,; = Near & Xd,, = VeryFar & Xd,, =Far & Xd,; =Far => Turn Right L
- Rule 13:
If Xd,;, =Far & Xd,, = VeryFar & Xd; = Near & Xd,; =Near =>Turn Right VL
- Rule 14:
If Xd,; =Far & Xd,, = VeryFar & Xd,; = Near & Xd,; =Far => Turn Right L
- Rule 15:
If Xd,;, =Far & Xd,, = VeryFar & Xd,, = Far & Xd,; =Near => Turn Right L
- Rule 16:
If Xd,; =Far & Xd,, = VeryFar & Xd,, = Far & Xd,; =Far => Turn Right L
Algorithm 1 (Rule-4): (Xd; <2 | Xd,; <2) & Xd,, >2 & Xd,; >2
- Rule 17:
If Xd,; = Near & Xd,, =VeryFar & Xd,, =VeryFar & Xd,, =VeryFar =>Turn Right S
- Rule 18:
If Xd,; =Far & Xd,, =VeryFar & Xd,, =VeryFar & Xd,, =VeryFar => Turn Right S
- Rule 19:
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If Xd,; = VeryFar & Xd,, = VeryFar & Xd,; =VeryFar & Xd,; =Near => Turn Right S
— Rule 20:

If Xd,; =VeryFar & Xd,, = VeryFar & Xd,, =VeryFar & Xd,; =Far => Turn Right S

Algorithm 1 (Rule-6): Xd; <2 & Xd,; <2 & Xd,; >2& Xd,; > 2

if Xd,; > Xd,, obstacle at the right; else obstacle at the left

— Rule 21:

If Xd,; = Near & Xd,; =Near & Xd,; =VeryFar & Xd,; =VeryFar =>Turn Right L
— Rule 22:

If Xd,; =Far & Xd,, =Far & Xd,, =VeryFar & Xd,, =VeryFar => Turn Right M
— Rule 23:

If Xd,; = Near & Xd,, = Far & Xd,; =VeryFar & Xd,, =VeryFar => Turn Right S

Algorithm 1 (Rule-7): Xd;, >2 & Xd,, >2 & Xd,; <2& Xd,; <2

if Xd,, > Xd,; obstacle at the right; else obstacle at the left

- Rule 24:

If Xd,; =VeryFar & Xd,, =VeryFar & Xd,,=Near & Xd,, =Near =>Turn Right L
- Rule 25:

If Xd,; =VeryFar & Xd,, =VeryFar & Xd,, =Far & Xd,; =Far => Turn Right M
- Rule 26:

If Xd,; = VeryFar & Xd,, = VeryFar & Xd,; =Far & Xd,, =Near => Turn Right S

Algorithm 1 (Rule-8): Xd; <2 & Xd,; >2 & Xd, >2& Xd,; <2

- Rule 27:
If Xd,, =Near & Xd,, =VeryFar & Xd, =VeryFar & Xd,, =Near =>Turn Right S
- Rule 28:
If Xd,; =Near & Xd,, =VeryFar & Xd, =VeryFar & Xd,; =Far => Turn Right S
- Rule 29:
If Xd,, = Far & Xd,, = VeryFar & Xd,, =VeryFar& Xd,, =Near => Turn Right S
- Rule 30:

If Xd,; =Far & Xd,, = VeryFar & Xd, =VeryFar& Xd,, =Far => Turn Right S

<Rules for right obstacle avoidance>

Algorithm 1 (Rule-3): (Xd; >2 | Xd,; >2) & Xd,; <2 & Xd,; <2

- Rule1:

If Xd,, =Near & Xd,, =Near & Xd,, =Near & Xd,, =VeryFar=>Turn Left VL
- Rule2:

If Xd,; =Near & Xd,, =Near & Xd,, =Far & Xd,; =VeryFar => Turn Left VL
- Rule3:
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If Xd,; =Near & Xd,, = Far & Xd, =Near & Xd,, =VeryFar => Turn Left VL
— Rule 4:
If Xd,; = Near & Xd,, = Far & Xd,; =Far & Xd,; =VeryFar => Turn Left L
— Rule5:
If Xd,;, = Far & Xd,, =Near & Xd,, =Near & Xd,; =VeryFar=>Turn Left VL
— Rule6:
If Xd,; = Far & Xd,, =Near & Xd,, =Far & Xd,, =VeryFar => Turn Left L
- Rule7:
If Xd,;, =Far & Xd,, = Far & Xd,; =Near & Xd,; =VeryFar => Turn Left L
— Rule8:
If Xd,; =Far & Xd,, = Far & Xd,; =Far & Xd,; =VeryFar => Turn Left L
— Rule9:
If Xd,, =VeryFar & Xd,, =Near & Xd,; =Near & Xd,; =Near=>Turn Left VL
— Rule 10:
If Xd,; =VeryFar & Xd,; =Near & Xd,; =Near & Xd,; =Far => Turn Left VL
— Rule 11:
If Xd,; = VeryFar & Xd,, = Near & Xd,, =Far & Xd,; =Near => Turn Left VL
- Rule 12:
If Xd,; = VeryFar & Xd,, = Near & Xd,, =Far & Xd,; =Far => Turn Left L
— Rule 13:
If Xd,, =VeryFar & Xd,; = Far & Xd, =Near & Xd,; =Near=>Turn Left VL
— Rule 14:
If Xd,;, = VeryFar & Xd,, = Far & Xd,; =Near & Xd,; =Far => Turn Left L
— Rule 15:
If Xd,; = VeryFar & Xd,, = Far & Xd,; =Far & Xd,; =Near => Turn Left L
— Rule 16:
If Xd,; = VeryFar & Xd,, = Far & Xd,; =Far & Xd,; =Far => Turn Left L
Algorithm 1 (Rule-5): Xd; >2 & Xd,; >2 & (Xd,; <2 | Xd;; <2)
— Rule 17:
If Xd,; =VeryFar & Xd,, = Near & Xd,, =VeryFar & Xd,; =VeryFar =>Turn Left S
— Rule 18:
If Xd,;, = VeryFar & Xd,, = Far & Xd,; =VeryFar & Xd,; = VeryFar => Turn Left S
— Rule 19:
If Xd,;, = VeryFar & Xd,, = VeryFar & Xd,; =Near & Xd,, =VeryFar => Turn Left S
— Rule 20:

If Xd,; = VeryFar & Xd,, = VeryFar & Xd,; =Far & Xd,; =VeryFar => Turn Left S
Algorithm 1 (Rule-6): Xd; <2 & Xd,; <2 & Xd,; >2& Xd,; > 2

if Xd,; > Xd,; obstacle at the right; else obstacle at the left

— Rule 21:
If Xd,; = Near & Xd,, = Near & Xd,, =VeryFar & Xd,, = VeryFar => Turn Left L
— Rule 22:
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If Xd,, =Far & Xd,, = Far & Xd,; =VeryFar & Xd,; =VeryFar => Turn Left M
— Rule 23:

If Xd,; =Far & Xd,, = Near & Xd,, =VeryFar & Xd,, =VeryFar => Turn Left S

Algorithm 1 (Rule-7): Xd; >2 & Xd,, >2 & Xd,; <2& Xd,; <2
if Xd, > Xd,, obstacle at the right; else obstacle at the left

— Rule 24:

If Xd,;, = VeryFar & Xd,, = VeryFar & Xd,, =Near & Xd,, = Near => Turn Left L
— Rule 25:

If Xd,;, = VeryFar & Xd,, = VeryFar & Xd,; =Far & Xd,; =Far => Turn Left M
— Rule 26:

If Xd,; = VeryFar & Xd,, = VeryFar & Xd,; =Near & Xd,, =Far => Turn Left S

Algorithm 1 (Rule-9): Xd; >2 & Xd,; <2 & Xd,; <2& Xd,; >2

— Rule 27:

If Xd,; = VeryFar & Xd,, = Near & Xd,; =Near & Xd,, =VeryFar=> Turn Left S
— Rule 28:

If Xd,; = VeryFar & Xd,, = Near & Xd, =Far & Xd,, =VeryFar=> Turn Left S
— Rule 29:

If Xd,; = VeryFar & Xd,, = Far & Xd,;=Near & Xd,; =VeryFar => Turn Left S
— Rule 30:

If Xd,;, = VeryFar & Xd,, = Far & Xd,; =Far & Xd,; = VeryFar => Turn Left S

<Rules for front obstacle avoidance>

Algorithm 1 (Rule-10): Xd; <2 & Xd,; <2 & Xd,; <2& Xd,, <2

- Rulel:

If Xd,;=Near & Xd,, =Near& Xd,, =Near& Xd,; =Near =>Turn Left/Right VL
- Rule 2:

If Xd,;=Near & Xd,, =Near & Xd,; = Near & Xd,; = Far => Turn Left VL
- Rule 3:

If Xd,=Near & Xd,, = Near & Xd,, = Far & Xd,; = Near => Turn Right VL
- Rule 4:

If Xd,; = Near& Xd,, =Near & Xd,, =Far & Xd,, =Far =>Turn Left/Right VL
— Rule5:

If Xd,; = Near & Xd,, = Far & Xd,, =Near & Xd,; = Near =>Turn Right VL
- Rule6:

If Xd,;=Near & Xd,, =Far & Xd,; =Near & Xd,, =Far => Turn Left/Right VL
- Rule7:

If Xd,; = Near & Xd,, = Far & Xd,, = Far & Xd,, = Near => Turn Right VL
— Rule8:

If Xd,; = Near & Xd,, = Far & Xd,, =Far & Xd,; = Far => Turn Right L
- Rule9:
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If Xd,; =Far & Xd,; =Near & Xd,; =Near & Xd,; =Near=>Turn Left VL
— Rule 10:
If Xd,, =Far & Xd,; =Near & Xd,; =Near & Xd,; =Far => Turn Left VL
— Rule 11:
If Xd,;, =Far & Xd,; = Near & Xd,; =Far & Xd,; =Near =>Turn Left/Right VL
— Rule 12:
If Xd,; =Far & Xd,, = Near & Xd,; =Far & Xd,; =Far => Turn Left L
— Rule 13:
If Xd,;, =Far & Xd,, =Far & Xd,; =Near & Xd,; =Near=>Turn Left/Right VL
— Rule 14:
If Xd,; =Far & Xd,, = Far & Xd,; =Near & Xd,; =Far => Turn Left L
— Rule 15:
If Xd,, =Far & Xd,, = Far & Xd,; =Far & Xd,; =Near => Turn Right L
— Rule 16:
If Xd,;, =Far & Xd,, = Far & Xd,; =Far & Xd,; =Far => Turn Left/Right L
<Rule for there is no obstacle>
Algorithm 1(Rule 1): Xd; >2 & Xd,; >2 & Xd,; >2 & Xd,, > 2
there is no obstacle (data filtration and pre-processing)
Algorithm 1(Rule-10): Xd; <2.5 & Xd,; <2.5 & Xd,; <2.5& Xd,; <2.5
there is no obstacle when:
— Rule77:
If Xd,; =VeryFar & Xd,, =VeryFar & Xd, =VeryFar & Xd,; =VeryFar => Go straight
(Zero)

199

© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Senem Kursun Bahadir, Lille 1, 2011

Appendices
Appendix-D1
Table D.1 : AATCC Test Method 135-2004 Tables [293]
Table |—Alternative Washing and Drying Conditions (see 7.1)
Machine Cycle Washing Temperature Drying Procedure
(1) Normal/Cotton Sturdy {ll) 27 +£3°C (80 = 5°F) (A) Tumble
(2) Delicate {ll) 41 £3°C (105 £ 5°F) i. Cotton Sturdy
(3) Permanent Press {IV) 49 + 3°C (120 + 5°F) ii. Delicate
(V) 60+3°C (140 £5°F) iii. Permanent Press
(B) Line
(C) Drip
(D) Screen
Table Il—Washing Machine Conditions Without Load (see 7.1)
Normal Delicate Permanent Press
(A) Water Level 18+1 gal 18 +1 gal 18+1gal
(B) Agitator Speed 179 £ 2 spm 119 £ 2 spm 179 =2 spm
(C) Washing Time 12 min 8 min 10 min
(D) Spin Speed 645 =15 rpm 430 = 15 rpm 430+ 15 rpm
(E) Final Spin Time & min 4 min 4 min
Table lll—Dryer Seiting Conditions (see 7.1)
Cotton Sturdy Delicate Permanent Press
Exhaust Temperature High Low High
66 = 5°C (150 = 10°F) < B0°C (140°F) 66 + 5°C (150 = 10°F)
Cool Down Time 10 min 10 min 10 min
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Abbreviations

A : Ampere, Sl unit of electric current
AD : Axiomatic Design

ADC : Analog to Digital Converter

AHP : Analytic Hierarchy Process
ANOVA : Analysis of Variance

App : Appendix

CCF : Carbon Coated Fibers (CCF)
CLR/MLR  : Carbon or Metal Loaded Rubber
CNTs : Carbon Nanotubes

CPCs : Conductive Polymer Composites
DAQ : Data Acquisition

DC : Direct Current

dtex : Decitex-measuring unit for yarn count: weight in grams per 10,000m
ECG : Electrocardiograph

ETA : Electronic Travel Aid

FIS : Fuzzy Inference System

FLC : Fluorescent Light Communication
FNN : Fuzzy Neural Networks

GHz : Gigahertz (10° Hz)

GIS : Geographic Information System
GPS : Global Positioning Systems

Hz : Hertz (SI unit of frequency; the number of cycles per second)
1/10 : Input/Output

IR > Infrared

kHz : Kilohertz (10° Hz)

LCD : Liquid Crystal Display

mA > mili-ampere

MEMS : Microelectromechanical Systems
NiMH : Nickel-Metal Hydride Cell

PCBs - Printed Circuit Boards

PDA : Personal Digital Assistant

PET : Polyethylene Terephthalate

PFM : Potential Field Method

PIC : Peripheral Interface Controller
POF : Plastic Optical Fibers

PP : Polypropylene

PVA : Polyvinyl Alcohol

RBFN : Radial Basis Function Network
RF : Radio Frequency

RFID : Radio Frequency Identification
RTA : Robotic Travel Aids

Si . International System of Units
SNR : Signal to Noise Ratio

Tex : Measuring unit for yarn count; weight in grams per 1 km of yarn
TFN : Trapezoidal Fuzzy Numbers

TOF : Time of Flight

TOPSIS : Technique for Order Preference by Similarity to Ideal Solution
usB : Universal Serial Bus

V : Voltage
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Wearable obstacle avoidance system integrated with conductive yarns for visually
impaired people

Abstract: In this study, an innovative wearable obstacle avoidance system fully integrated to textile
structures, enabling detection of obstacles, for visually impaired people has been developed.
Electronic system components of the proposed smart clothing system were determined using an
algorithm based on fuzzy AHP and fuzzy information axiom. Adaptation of sensor and actuator
methodology to textile structures and their performances in terms of signal quality and accuracy have
been analyzed. In order to find out optimal number of sensors as well as develop suitable obstacle
avoidance algorithm, various scenarios have been developed and compared by chaining different
number of sensors together at different angles. Vibrotactile perception level has been investigated in
terms of fuzzy relations. In this manner, the kind of fabric structure, the area where smart clothing
system actuators should be fixed, the kind of actuation signal waveform and its frequency level that
should be applied to actuators, have been determined. An algorithm based on neuro-fuzzy controller
for obstacle avoidance has also been developed by using neural network and fuzzy logic in order to
guide visually impaired people with smart clothing system. Based on neuro-fuzzy control algorithm,
microcontroller programming has been done. Finally, smart clothing protoype that combines garment
with sensors, actuators, power supplies and a data processing unit has been developed This system is
easily worn as a garment and is able to detect and identify obstacle’s position accurately. The
proposed smart clothing system would become united part of visually impaired people’s lifestyle
without imposing upon them any physical or aestetical load.

Systéeme portable autonome d'évitement d'obstacles intégré avec des fils conducteurs
pour les personnes malvoyantes

Résumé : Dans cette étude, un systeme portable d'évitement d'obstacles, novateur, totalement intégré
aux structures de textile, permettant la détection d'obstacles pour les personnes malvoyantes, a été
développé. Les composants du dispositif électronique du systeme de vétement intelligent proposé ont
été déterminés en utilisant un algorithme basé sur un systéme d’inférence hiérarchique. L’adaptation
de la méthodologie des capteurs et actionneurs aux structures textiles et leurs performances en termes
de qualité de signal et d'exactitude ont été analysés. Afin de trouver le nombre optimal de capteurs
ainsi que de développer l'algorithme d'évitement d'obstacles adapté, différents scénarii ont été
développés et comparés par enchainement de plusieurs ensembles de capteurs a différents angles. Le
niveau de perception vibrotactile a été quantifié par des relations floues. De cette maniere, le type de
structure du tissu, la zone ou le systéme d’actionneurs du vétement intelligent, doivent étre fixés ; le
type de signal de déclenchement d'onde et de son niveau de fréquence qui devrait étre appliqué aux
actionneurs ont été déterminés. Afin de guider les personnes malvoyantes avec le systéme de vétement
intelligent, un algorithme basé sur un contréleur neuro-flou pour I'évitement d'obstacle a également été
développé et implanté au microcontréleur. Enfin, un prototype de vétement intelligent avec des
capteurs, des actionneurs, des alimentations et une unité de traitement des données intégrés aux
structures textiles a été développé. Ce prototype est facilement portable comme un vétement et est
capable de détecter et de localiser les obstacles avec précision et en temps réel. Le systeme de
vétement intelligent proposé pourrait faire partie intégrante de la vie quotidienne des personnes ayant
une déficience visuelle, sans toutefois leurs imposer une contrainte physique et esthétique.

Keywords: E-textiles, smart clothing, intelligent textiles, visually impaired people, fuzzy logic, neuro-
fuzzy controller
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