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H u m a n sense of touch is used to explore the environment that surrounds us, and 
to identify and learn about objects through the surface properties. In the design of a 
robotic system that is able to analyze and identify textures, it is essential to unders tand 
the perceptual factors of the h u m a n sense of touch, wh ich presents a significant cha l -
lenge in control , sensing and learning. However, recent developments in hapt ic sensing 
have made it possible to explore surface textures and classify them through a learning 
algori thm. 

T h i s thesis investigates the use of Haptic feedback as an approach to improve and 
classify surface textures by a robot ic system. A review of hapt ic interactions indica ted 
that hapt ic in format ion provided by the sense of touch, are used successfully to convey 
important da ta of the surface texture properties. 

Hapt ic feedback, expressed through the kinesthetic measurements of the surface 
waveform that arises when prescr ibing a predefined mot ion over the surface texture, was 
collected from four ca rdboard samples w i t h different surface properties. T h e m o t i o n 
trajectory t raced by the spherical probe shows some intr insic properties that facil i tate 
the data ext rac t ion and that reproduce the way humans identify the texture of a sur-
face. Features were extracted from this da ta through frequency spec t rum by Four ier 
analysis and used for t ra in ing and classification by a supervised k-NN machine learning 
algorithm. 



The results from this work, obtained i n a control led environment test r ig , shows 

that the a lgor i thm could correct ly classify 100% of the surface texture samples and 

confirm that the informat ion provided by the hapt ic sense has the potent ia l to improve 

the performance of many act ivi t ies that require surface texture classification. 

v i i i 



Contents 

Acknowledgements v i 

Abstract v i i 

List of Tables x i 

List of Figures x i i 

Chapter 1 Introduct ion 1 

1.1 Mot iva t i on 3 

1.2 P rob lem Def in i t ion 4 

1.3 Hypothesis 6 

1.4 Objectives 7 

1.5 Methodology 7 

1.6 Organiza t ion 8 

Chapter 2 Theoret ica l B a c k g r o u n d 10 

2.1 Hapt ic percept ion 10 

2.2 Hapt ic devices 12 

2.2.1 Importance of Hap t i c devices on perception experiments . . . . 13 

2.3 Percept ion of surface texture properties 14 

2.4 Systems for Surface Texture Classi f icat ion 17 

2.4.1 V i s i o n Systems for Surface Texture Class i f icat ion 17 

2.4.2 Hap t i c Systems for Surface Texture Class i f icat ion 18 

2.4.3 Fourier A n a l y s i s 19 

2.5 Summary 20 

Chapter 3 H a p t i c Texture Classification Methodo logy 21 

3.1 Con t ro l sampl ing overview 21 

3.1.1 Con t ro l l i ng Compute r G U I 22 

3.1.2 Hap t i c Sensing element 26 

3.1.3 End-effector 27 

ix 



3.1.4 Kines the t i c pos i t ion measurement cycle 29 

3.1.5 Pos i t i on C o n t r o l overview . . . 30 

3.2 E x p e r i m e n t a l methodology 33 

3.2.1 E x p e r i m e n t a l setup 34 

3.3 Class i f ica t ion framework 36 

3.3.1 Class i f icat ion overview 36 

3.3.2 Class i f ica t ion method 37 

3.3.3 Feature Space 38 

3.3.4 S u m m a r y 39 

Chapter 4 E x p e r i m e n t s / R e s u l t s 40 

4.1 Measurements cycles 40 

4.2 Out l i e r detect ion 41 

4.3 Expe r imen ta l opera t ional parameters selection 43 

4.4 Texture Class i f icat ion 44 

4.4.1 Surface Texture S1 45 

4.4.2 Surface Texture S2 46 

4.4.3 Surface Texture S3 48 

4.4.4 Surface Texture S4 49 

4.4.5 Discussion 50 

4.5 Results 50 

4.6 S u m m a r y 51 

Chapter 5 Conclusions and Future W o r k 52 

5.1 General Conclus ions 52 

5.2 Cont r ibu t ions 53 

5.3 Future W o r k 54 

Appendix A Novint Falcon 55 

Appendix B H D A L Layers Nov in t Falcon 56 

Appendix C End-Effector Bluepr ints 57 

C.1 Blueprint : De t a i l V i e w 57 

C.2 Blueprint : Sect ion V i e w 58 

C.3 Blueprint : E x p l o d e d V i e w 59 

C.4 Blueprint : B o t t o m V i e w 60 

C.5 Blueprint : V i e w s 61 

Bibliography 62 

Vita 66 

x 



List of Tables 

3.1 M o t i o n pa th parameter iza t ion 30 

3.2 Surface Texture parameter iza t ion 34 

4.1 Confus ion M a t r i x of the surface texture classification 51 

x i 



List of Figures 

1.1 K l a t z k y and Lede rman exploratory procedure to determine texture. A d a p t e d 

from [1] 5 

2.1 I l lustrat ion for the in teract ion of movements between the finger pad and 

a frictional surface 11 

2.2 Explora tory procedures described by Lederman and K l a t z k y [2] and the 

object properties w i t h wh ich is associated 11 

2.3 Act ive Hap t i c Devices (a). Passive Hap t i c Devices (b) 13 

2.4 Novint Fa lcon Hap t i c Device and P i s t o l grip 13 

2.5 Device for recording finger movements dur ing the finger explora t ion of 

various types of paper [3] 15 

2.6 Stimulus gra t ing w i t h relevant physical parameters indica ted [4] 16 

3.1 Cont ro l sampl ing overview. Integrat ion of the dis t inct components of 

the system required for the y-axis da ta acquis i t ion 22 

3.2 G U I screenshot w i t h a measured S2 sample (a). G r a p h i c display (b). . 23 

3.3 Novint Fa lcon M a n u a l In i t i a l i za t ion 24 

3.4 M o t i o n pa th of the S2 sample measurement 25 

3.5 Novint Fa lcon C A D model w i t h its axis coordinated system[5] 26 

3.6 End-effector 27 

3.7 Modif ica t ion of the Fa lcon grip, (a) T h e or iginal grip, (b) M o u n t i n g 

plate after removing the lower hemisphere, (c) Modi f i ed component 

placed i n the mount ing plate 28 

3.8 Spherical Tact i le P robe 28 

3.9 P lo t of the S2 sample referring to the y-axis pos i t ion mapp ing 29 

3.10 M o t i o n pa th perform by the E F 30 

3.11 Mass-Spr ing-Damper M o d e l 31 

3.12 F i l te r ing process plot . Before the filtering (a), and after the filtering (b). 32 

3.13 Sampling area 33 

3.14 Segmentation process plot (a) before the segmentation and (b) after the 

segmentation 34 

x i i 



3.15 Ca rdboa rd surfaces used for the experiment, (a) S1-smooth cardboard , 

(b) Cor ruga ted cardboard t rapezoidal waveform (b.1) S2-corrugated card-

board, (b.2) S3-corrugated cardboard , (b.3) S4-corrugated cardboard . . 35 

3.16 Different surface textures samples cou ld be mounted i n this setup, wh ich 

is shown as an overview i n (a). T h e deta i l of the E F placed on a texture 

is shown i n (b) 35 

3.17 S2-sample measurement, the y-axis mapp ing (a) and the corresponding 

frequency doma in representation used as a feature for the classification 

process 36 

3.18 Overv iew of the surface texture classification process 38 

4.1 y-axis pos i t ion control 40 

4.2 Measured y-axis pos i t ion segmented 41 

4.3 Sample scat ter ing da ta of 5 instances selected randomly from de t r a in ing 

classification da ta of S1 (a), S2 (b), S3 (c) and S4 (d) 42 

4.4 E F spherical probe on the x-axis perpendicular to the surface texture . 43 

4.5 Measured y-axis pos i t ion (a) and Measured frequency spec t rum (b) for 

sample S1 45 

4.6 Measured y-axis pos i t ion (a) and Measured frequency spec t rum (b) for 

sample S2 46 

4.7 Measured y-axis pos i t ion (a) and Measured frequency spec t rum (b) for 

sample S3 48 

4.8 Measured y-axis pos i t ion (a) and Measured frequency spec t rum (b) for 

sample S4 49 

B . 1 H D A L Layers [6] 56 

C. 1 Deta i l V i e w 57 

C.2 Section V i e w 58 

C.3 Exp loded V i e w 59 

C.4 B o t t o m V i e w 60 

C.5 Top V i e w , F ron ta l V i e w and R i g h Side V i e w 61 

x i i i 



Chapter 1 

Introduction 

In robotics, the sense of "touch" is not wel l unders tood by the major i ty of people, 
including those who specialize i n this area of research. A c c o r d i n g to Sa l i sbury et a l . 
[7], in the early 20th century, the word Haptics (from the Greek haptesthai, meaning 
to touch) was in t roduced to label the subfield of studies that addressed h u m a n touch-
based perception and man ipu la t ion . 

Further research i n the field of robotics focused on the man ipu l a t i on and percep-
tion of touch (See section 2.4.2). A t the beginning concerned w i t h the development of 
autonomous robots, researchers such as O k a m u r a et a l . [8], Johnsson et a l . [9], Payeur 
et al. [10], and Nata le et a l . [11] soon found out that the development of robots w i t h a 
sense of touch s imi lar to that of humans, was more complex than their i n i t i a l thoughts 
suggested. T h i s complexi ty is unders tood by the researcher and describes the hap t ic 
sense-in terms of forces, f r ic t ion and frequency. T h e Hap t i c sense, however, is m u c h 
more complicated and detai led than the aforementioned explanat ion . 

Salisbury defines Haptics as the "touch interactions (physical contact) tha t occur 
for the purpose of percept ion or man ipu la t ion of objects. These interact ions can be be-
tween a human hand and a real object; a robot end-effector and a real object; a h u m a n 
hand and a s imulated object (v ia hapt ic interface devices); or a variety of combina t ions 
of human and machine interactions w i t h real, remote, or v i r t u a l objects" [7]. 

C i t i n g Ar i s to t l e , " i f touch is not a single perception, but many instead, its purposes 
are also manifold" [12]. Hence it is noted that its versat i l i ty describes the funct ional i ty 
and complexity of the structure contained i n the sense of touch. 
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Thus, subsequent research was d iv ided into a variety of disciplines that have been 

focused on different aspects of the hapt ic sense, however for formal methods the inves-

tigation w i l l be focused i n two directions: (i) the development of robot ic hands and (ii) 

the creation of devices that enable users to be able to get the feeling of touch whi le 

manipulating objects. Development i n these areas led to the creat ion of another sub-

specialization of computer science cal led "computer haptics" [7]. 

Srinivasan and Basdogan [13] describe computer haptics as a science that displays 

simulated objects to humans i n an interactive manner. Compu te r haptics uses a display 

technology through which objects can be touched and palpated. One of the major ad-

vantages i n a user-haptic in teract ion is that the flow of informat ion and energy is a two 

way process between the user and the device. Incorporat ing the hapt ic component into 

environments facilitates the tact i le sensation and impar ts a more realist ic experience 

to the user. 

A l t h o u g h K n o l l demonstrated hapt ic interact ion w i t h s imple v i r t u a l objects i n 

the early 1960s [7], hapt ic in teract ion is nowadays possible due to the technological 

developments w i t h complex computer s imulated objects. Fur thermore , Sa l i sbury [7], 

and Srinivasan and Basdogan [13] stated that since 1990 there has been noteworthy 

progress in the potent ia l to s imulate hapt ic interactions w i t h 3 D v i r t u a l objects i n real 

time. 

Current research trends, i n contrast w i t h the const ruct ion of robot ic hands and 

the overall implementa t ion of the sense of touch for autonomous robots, requires a 

set of bo th cognit ive and motor characteristics of human tact i le percept ion. T h i s work 

considers the combina t ion of high-performance force-controllable hapt ic interfaces, c o m -

putational techniques, cost-effective processing and memory, and an unders tanding of 

the perceptual needs of the human hapt ic system, and proposes a computer hapt ic 

system that can recognize and classify surface textures extracted not from the v i r t u a l 

environment, but from the real wor ld . 

W i t h i n the thesis, the a i m of this work is to gather the t ex tu ra l properties that 

can be extracted from the tact i le feedback through a s imple explora t ion strategy per-

formed by a hapt ic device. Tex tu ra l properties that w i l l construct a representation 

of the texture under s tudy and classify it by analyz ing differences on their pat terns 

through the spectral analysis given by the discrete Fourier t ransform. 

It is also impor tan t to ment ion the impor tance of texture sensing i n robotics , since 

it provides physical properties such as surface roughness, hardness, softness and orien-

tation that cannot be acquired by other senses, e.g. sight. 

2 



A c c o r d i n g to Z h o u [14], textures can be d iv ided into two categories, tact i le and 
visual. W h i l e tact i le textures refer to the immedia te tangible feel of a surface, the 
visual textures refer to the discernible impression that textures produce on the human 
observer. 

Th i s thesis focuses only on tact i le textures, henceforth the t e rm "texture" is re-

ferred to tact i le texture, i.e. those surfaces wh ich can be extracted th rough the sense of 

touch. A l s o , whereas the p r ima ry goal of the haptic system is recogni t ion and texture 

classification based on surface properties, it also seeks to provide a deeper insight into 

human percept ion of textures. 

1.1 Motivation 

Accord ing to G r u n w a l d [12], the sense of touch is sine qua non for thought, ac t ion , 
and consciousness. In v iew of this fascinating thought, it is w o r t h ment ioning that no 
other sense exhibi ts properties that al low awareness of the sur rounding and ourselves 
to the same degree as our ab i l i ty to touch. G i v e n the technological developments i n 
recent decades, i t is possible to s tudy this field of knowledge. 

A s said before, the hapt ic sense is ga in ing impor tance w i t h i n the academic com-
munity, and this can be noted th rough the increasing number of publ ica t ions i n recent 
years, and the development of new devices that al low a better unders tanding of hapt ic 
research. A t this point , it is obvious the reason about why the sense of touch is v i t a l 
and why the interest of this thesis to seek and s tudy the human sense as a channel for 
information acquis i t ion. 

In addi t ion , the recent developments i n force feedback devices that enable users to 
touch and feel objects have given rise to not only see objects, but also to feel the tact i le 
sensation of those objects, and let one to obta in informat ion like the sense of h u m a n 
touch. In this context , i t becomes necessary to understand how this technology could 
be used to extract the t ex tu ra l in format ion of a given surface to recognize and classify i t . 

Nevertheless, despite the wide variety of projects i n indus t ry and academics, few 
have been focused on the development of a robot ic system w i t h the sense of touch that 
is able to acquire informat ion from its sur rounding environment and generate a decision 
based on the analyzed objects. 

3 



As described above, the par t icu lar interest of human hapt ic percept ion i n robot ic 

Systems results from the need to provide the robots w i t h the sense of touch that a l -

lows humans to perform many tasks i n their na tura l environment when combined w i t h 

senses such as sight and hearing. 

Current research on ar t i f ic ia l percept ion has focused on texture analysis by v is ion 

systems. Considering the perspective of how human v i s ion allows us to analyze the 

textured world surrounding us, wi thou t emphasiz ing the na tura l way humans perceive 

surfaces that leaves a det r imenta l vo id i n the s tudy of the human condi t ion . 

Wi th in the context of this research work, we ask ourselves "Do we find s imi la r i ty 

between two textures using touch or v is ion?" It can be mentioned that the v i sua l tex-

ture classification is a widely-researched topic in image analysis, however, l i t t l e is k n o w n 

of its counterpart, i.e. the hapt ic texture classification. A l s o , surface texture is among 

the most important hapt ic characterist ic of objects, wh ich helps i n object identif icat ion. 

On the other hand, in tegrat ion of hapt ic sensors appears to be a very p romis ing 

approach in the development of autonomous robot ic systems because i t reproduces the 

multiplicity of sensing sources used by humans. 

Also, it is indeed na tura l for humans to touch objects i n order to get a more pre-

cise idea of their shape and texture when v isua l percept ion does not provide enough 

information, like i n dark environments. 

Finally, this work is a imed to tackle the need for hapt ic percept ion i n robot ic 

systems. Par t icu lar ly on service robots, where careful and precise hand l ing of objects 

is required, in order to make-decisions s imi lar to the way a person w i l l do i t . 

1.2 Problem Definition 

Despite the valuable work done i n recent years by the research c o m m u n i t y i n the 

field of haptic-related technologies, many problems s t i l l prevent wide spreading of hap-

tic enabled applications and devices. Surpr i s ingly enough, one of these problems is the 

access to haptic devices for software developers [15]. In the same context , it wou ld seem 

that as the comput ing technology progresses, so would the number of hapt ic a lgor i thms 

examined and created. 
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G i v e n these considerations, we must ask why there is so l i t t le research i n a field 

that can change the way a runn ing computer system is able to provide a realistic sen-

sation of touch to a robot. There are many possible approaches to answering this 

question, but the two m a i n reasons are: (i) good and cheap qual i ty hapt ic technology 

is not wide ly available, and (ii) knowledge on the use of this technology is l imi t ed . 

Fur ther exp lora t ion into the sense of touch is imperat ive i n order to max imize the 

potential of humano id robots ab i l i ty that unlike a l l other senses is not d i rec t ly con-

nected to any organ. 

Note that the sense of touch specializes not on ly on the perceptions of the bound-

aries of the body, but on the analysis of surface properties as wel l . These propert ies 

serve as a way to d iscr iminate against a l l structures and provide a unique and unpar-

alleled ab i l i ty to differentiate among the acquired informat ion. 

Consequently, the sense of touch allows the d i sc r imina t ion of surface propert ies 

and structures, process i n w h i c h humans have developed a very c o m m o n but effective 

way to interact w i t h the surfaces, enabl ing the ab i l i ty to draw conclusions based on 

this mechanism. T h i s me thod consists of mov ing the finger along the surface (La te ra l 

motion, See F i g . 1.1), a l lowing shear-forces to interact w i t h the sk in , and w i l l be the 

starting point for so lv ing the p rob lem proposed i n the development of this thesis. 

Lateral Motion 
Texture 

Figure 1.1: K l a t z k y and L e d e r m a n explora tory procedure to determine texture. 
Adapted from [1]. 

To address these challenges, this document examines the hapt ic texture classifica-

tion i n order to investigate how wel l i t cou ld be used to extract informat ion that a l low 

us to generate a descriptor that recognizes and classifies a given texture, descriptor 

that w i l l be the discrete Fourier t ransform coefficients. 
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Finally, this research tackles the problem of texture recognit ion and classification 

using a robotic hapt ic system, wh ich w i l l calculate the required informat ion based on 

the real world measured data . 

1.3 Hypothesis 

A haptic texture recogni t ion sys tem w i l l provide the robots the ab i l i ty to recognize 

and classify textures. Feature ext rac t ion w i l l play an impor tan t role i n the recognit ion 

and classification process. T h e effectiveness of such a process relies greatly on the choice 

of this feature and the m o t i o n pa t te rn that w i l l s imulate the way that humans use to 

interact wi th the surface properties. In this suitable ext rac t ion method w i l l be 

used to achieve the goal. 

In order to guide the development of the theoretical framework for solving the 

research problem and achieve the hypothesis described above, the fol lowing research 

questions have been identified: 

• C a n force feedback and m o t i o n be created through implementa t ion of force models 

in the haptic device? 

• Wha t k ind of hapt ic device w i l l be used to implement the hapt ic system for 

surface texture classification? 

• Wha t k ind of end-effector w i l l be implemented on the hapt ic system to gather 

the surface texture properties? 

• W i l l be suitable the use of the discrete Fourier t ransform as a feature for texture 

recognition and classification? 

• How to compare the efficiency of the implemented hapt ic system for surface tex-

ture classification? 

6 



1.4 Objectives 

As part of the research work, the following of objectives are set to demonstrate 
the veracity of the proposed hypothesis: 

• Develop a prototype system for surface measurement and mapping. The devel-
opment of an automatic haptic system capable of surface measurement will be a 
starting point to acquire the information necessary for the feature implementa-
tion. In order to achieve a full control of the system, its basic functionality has 
to be tested. 

• Determine the appropriate design of the haptic system end-effector to allow the 
acquisition of the surface properties by mapping its waveform using the motion 
pattern performed by the system. 

• Provide an approach for texture classification using Fourier coefficients as a suit-
able feature of a given surface and obtain parameters for its classification, feature 
that has to be able to differentiate between different surfaces textures. 

Additionally, this methodology seeks to provide a first approach for texture clas-
sification by the sense of touch. Furthermore, this work proposes a robotic system 
that reproduces the way humans identify and characterizes the textured world that 
surrounds them. 

1.5 Methodology 

This section presents the required steps for the implementation of this proposal. 
Steps that wil l be needed to achieve the proposed objectives and will provide founda-
tion for the next step. 

1. Review the state of the art for texture classification to justify the proposed ap-
proach based on human tactile perception. 

2. Select a proper haptic device that allows us to interact with the surface textures 
for purposes of implementing the robotic haptic system for texture classification. 

3. Test and implement motions in the haptic device to validate its properties. Ensure 
that you can have precise control of the device. 

4. Select the appropriate surface texture stimuli. 
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5. Test the end-effector in teract ion w i t h the surfaces. Such test w i l l be a s ta r t ing 

point for making adjustments to the end-effector and ensure its proper operat ion. 

6. Decide a mot ion pa th that allows us to generate a da ta map of the surface. 

7. Select a classification a lgor i thm that allows us to validate our approach. 

8. Select the appropriate feature from the hapt ic feedback device informat ion to use 

as input into the classification a lgor i thm. 

9. Test and implement the overal l system automat ica l ly to prove that the results 

are conclusive. 

This methodology seeks to prove that it is possible to recognize and classify tex-

tures through the haptic sense generated by a hapt ic device and feature ext rac t ion 

using a mathematical transform. A l s o , based on the experiment, it seeks to demon-

strate similarities i n the analysis of the same texture and differences between different 

textures. 

1.6 Organization 

The research thesis is d iv ided into five chapters. Chap te r one introduces the 

problem. In order to solve the p rob lem the hypothesis and the research questions are 

presented and w i l l become the foundations that support this thesis. A l s o , the objectives 

proposed and the methodology for so lv ing the problem is presented. In the organiza-

tion, a brief description of the fol lowing chapters is inc luded. 

Chapter two presents the state of the art related to this work. T h i s chapter 

presents the theory concerning haptics, hapt ic systems, some commercia l hapt ic de-

vices, and describes the v i s ion and hapt ic texture classification systems. Subsequently, 

emphasis is placed on pat te rn recognit ion, learning and classifying systems. 

Chapter three presents the proposed methodology for the generation of the system 

that allows texture learning, de ta i l ing the use of the hapt ic device, sampl ing mecha-

nism and the feature ext rac t ion for pa t te rn recognit ion, classification, and the learning 

process. 

Chapter four describes the tests and scenarios that were designed to evaluate the 

performance of the system and w i l l discuss the results of the examinat ion performed on 

the machinery. It is wor th ment ion ing that the implementa t ion of the proposed system 

is performed i n a control led environment. 
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Finally, conclusions are presented i n Chap te r five wh ich summarizes and discusses 

the tests results. It also emphasizes the contr ibut ions made and determines the future 

work aimed at complement ing the proposed system. 
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Chapter 2 

Theoretical Background 

T h i s sect ion presents the fundamentals concepts of hapt ic perception, v is ion and 

haptic systems for texture classification. These general concepts bu i ld a theoretical 

perspective for the further development of the technical part of this invest igation. In 

the previous section a number of terminologies or ig inat ing from the context of hapt ic 

science were in t roduced. In this chapter a systematic in t roduc t ion into the state of the 

art w i l l be presented. 

2.1 Haptic perception 

In the design of a robot ic system that is able to analyze and identify textures, i t 

is essential to unders tand the perceptual factors of the human sense of touch. H u m a n 

tactile percept ion is used to explore the environment that surrounds us, and to identify 

and manipula te objects (See F i g . 2 .1) .Whi le humans depend on the sense of touch to 

carry out many act ivi t ies , the real potent ia l of this interact ion is undervalued. T h e 

sense of touch percept ion allows the d i sc r imina t ion of surfaces that come i n contact 

with us, w h i c h is as tounding considering that the properties of such surfaces range 

from smooth to rough. No te that these categories lead to an infinite number of inter-

mediate ranges. 
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Figure 2.1: Illustration for the interaction of movements between the finger pad and a 
frictional surface. 

Although the reader might believe that the sense of touch is only present in the 
skin, this is not the only system in the body capable of haptic perception. Klatzky and 
Lederman proposed three sensory systems within the sense of touch: (i) cutaneous, (ii) 
kinesthetic and (iii) haptic systems, based on the underlying neural inputs [16]. The 
cutaneous system receives inputs from the receptors embedded in the skin, the kines-
thetic system employs receptors located within the muscles, tendons and joints while 
the haptic system is associated with active touch and uses combined inputs from both 
cutaneous and kinesthetic systems (See Fig. 2.2). 

Figure 2.2: Exploratory procedures described by Lederman and Klatzky [2] and the 
object properties with which is associated. 
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In order to identify the difference between passive and active touch, the author 

proposes the example of the cutaneous tact i le system. W h i l e the passive percept ion 

occurs between the movements of the fingertip i n a static state w i t h a moving surface, 

the active perception occurs between a static surface and the fingertip on mot ion . W i t h 

this in mind, the overall difference between active and passive touch w i l l be considered 

as the presence or absence of motor act ivi ty . 

2.2 Haptic devices 

A t this point of the thesis, it has been insisted about the impor tance of the sense 

of touch for unders tanding the environment around us. W i t h the increase i n human-

computer interactions, the use of force feedback hapt ic sensations to replicate a v i r t u a l 

environment th rough a hapt ic interface has been studied intensively. 

O n the other hand, unl ike the informat ion acquired by the other senses that have 

a well-located organ, reproducing the sense of touch through a mechanical device is a 

task that involves many technical difficulties. 

Hence, it becomes of interest to investigate the hapt ic percept ion and related 

phenomena. W i t h i n this scope, the importance of haptic technology becomes the basis 

for new applicat ions not only w i t h i n the area of scientific research, but also commerc ia l . 

Current advances i n hapt ic technology, al low exert ing considerable cont ro l over 

important variables i n hapt ic percept ion mechanical experiments. A c c o r d i n g to G r u n -

wald [17], hapt ic devices can be classified as passive or active (See F i g . 2.3). Passive 

devices include those where the user applies power to the device and the d iss ipa t ion of 

energy is generated i n the device. O n the other hand, active devices provide energy to 

the user in the form of forces. 

For purposes of this thesis, a hapt ic device w i l l be defined as a system that can 

transmit a n d / o r acquire informat ion through force feedback and posi t ion. A l s o , there 

is a part icular emphasis on the use of hapt ic devices for force feedback and its ab i l i t y to 

generate hapt ic signals that correspond to user actions. In a l l , the capacities of hapt ic 

devices range from the ab i l i ty to replicate v i r t ua l textures to reproducing motions that 

generate hapt ic force feedback. 

It is noteworthy to ment ion that i n section 3.1.2 the Novin t Fa lcon hapt ic device 

is used as part of the interface for the development of the texture classifier sys tem 

corresponding to the active hapt ic devices that w i l l be analyzed i n this thesis. 
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Figure 2.3: Active Haptic Devices (a). Passive Haptic Devices (b) 

2.2.1 Importance of Hapt ic devices on perception experiments 
In the 1990s, commercial desktop haptic devices that cost thousands of dollars 

emerged, bringing high-fidelity and three-dimensional force. Most recently, Novint 
Technologies has introduced the Novint Falcon (See Fig . 2.4) which offers an invest-
cost alternative and enables realistic-force feedback for entertainment and training ap-
plications. 

Figure 2.4: Novint Falcon Haptic Device and Pistol grip 
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Fur thermore the hapt ic in teract ion w i t h real wor ld environment is complex and 
wide in terms of in format ion gained. A s a result, a hapt ic device that can play a l l 
aspects of real hapt ic in teract ion has not been affordable or possible u n t i l recently. 
Therefore, the current hapt ic devices only generate certain signals or forces that rep-
resent the current interactions. 

However, the fundamental l i m i t a t i o n of haptic v i r t ua l real i ty devices consists that 
the users cannot s imp ly interact w i t h v i r t ua l objects i n the same manner as w i t h their 
real counterparts. T h i s is explained by considering that the device used to relay the 
haptic sensation to the user dictates the nature of the v i r t u a l object tact i le sensation. 
This tacti le sensation equals to touch the object surface through a probe and not d i -
rectly w i t h our sk in . 

2.3 Perception of surface texture properties 

The percept ion of surface texture properties is a task of the sense of touch; this 
system refers to the ident if icat ion and d i sc r imina t ion of surface features being analyzed. 
A majority of the act ivi t ies that humans perform requires the ident if icat ion of objects 
through its surface, w i t h this i n m i n d , K a t z [3] identified the impor tance of deter-
mining the movements for o p t i m a l identif icat ion of surface properties th rough hapt ic 
exploration. To accompl ish this, K a t z conducted an experiment where the purpose was 
to identify the different surface properties of several types of paper (See F i g . 2.5). 

Also , K l a t z k y and Lede rman explained two methods of ident if icat ion of textures 
using features. In contour following [16], the contour of the surface is followed i n lat-
eral mot ion produc ing shear forces that are informative about the pa t te rn texture. O n 
the other hand, i n haptic glance [18] the object identif ication is performed from in i t i a l 
contact, this refers to a space of contact that involves l i t t le or no fingertip movement; 
additionally it is wor th ment ioning how through this latter me thod of ident i f icat ion 
great accuracy was achieved i n smal l areas of contact that resulted i n the recogni t ion 
of patterns textures. Besides, the use of contour following for shape de te rmina t ion was 
not only op t imal , but necessary i n order to achieve h igh performance. 
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Figure 2.5: Device for recording finger movements during the finger exploration of 
various types of paper [3]. 

The experiments conducted by Klatzky and Lederman show an interesting rela-
tionship between feature size and contact area during the perception of the surface. 
Studies on the identification and detection of texture parameters are of particular in -
terest for the development of this thesis. However, for the purpose of designing the 
recognition system proposed for this thesis, the kinesthetic perception for the interac-
tion of the haptic device end-effector and the texture surface wil l be of interest (See 
Section 3.1.3). 

Regarding the roughness texture perception, Lederman et al. [19], [20] have con-
ducted extensive research on real surface textures. In these experiments the stimuli 
were metal plates with equally spaced grooves. The depth profile of these plates is a 
periodic rectangular waveform. The textures provided by the grooves can be defined 
by the groove depth, groove width and spacing between the grooves, where the groove 
width was the most meaningful for the roughness perception (See Fig . 2.6). 

Katz [21] suggested that the roughness is perceived by the combination of vibra-
tions directly through the skin. The evidence shows that the static pressure distribution 
plays an important role in the textures with features larger than 1 mm [19], but in order 
to perceive fine textures it is necessary to acknowledge the vibrations generated by the 
movement. 
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Figure 2.6: S t imulus gra t ing w i t h relevant physical parameters indica ted [4]. 

O n the other hand, the identif icat ion of textures using a robot ic system involves 

the interaction between two objects; i n this regard it is wor th ment ioning the studies 

related to the object-object percept ion of textures t ransmit ted to the subject. These 

studies consider the factors that affect the perception roughness through a r ig id probe; 

however, for the design of the robot ic system for hapt ic texture classification, the focus 

is centered i n the factors related to the interact ion between objects: object geometry, 

applied force and speed [22]. 

K l a t z k y and Lederman [23] concluded that when a texture is perceived th rough 

a rigid spherical probe, the roughness increases w i t h higher w i d t h of the spaces i n the 

texture up to a m a x i m u m value which decreases again. Cons ider ing this f inding, the 

roughness of a surface can be considered i n relat ion to the length of the spacing that 

is in the texture. 
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Furthermore, it was showed that the diameter of the spherical probe plays an i m -

portant role in the percept ion of roughness as the latter increases w i t h smaller spacing. 

In relation to the appl ied force, it was concluded that the roughness of the texture 

increases as the force is greater. F ina l ly , it was determined that at higher speeds the 

texture is perceived softer i n smal l spaces and rougher at larger spacing [22]. In Sect ion 

3 its described how these factors are addressed i n the robotic system design for texture 

identification and classification. 

2.4 Systems for Surface Texture Classification 

When a subject is i n contact w i t h an object, the sense of touch gives h i m the ab i l -

ity to extract informat ion that allows the object identif ication, this in format ion is based 

on their shape, size, weight and temperature to name a few. However, to determine the 

properties of smoothness or roughness, the human being recurs to texture ident i f icat ion. 

According to the Oxfo rd Dic t ionary , texture is defined as "the feel, appearance, or 

consistency of a surface or a substance" [24]. However, this defini t ion is quite general 

and does not consider that different texture definitions appear i n different contexts. 

For the purpose of this thesis, the meaning of texture i n v is ion and hapt ic systems w i l l 

be explored. The foregoing, i n order to sustain the background that w i l l differentiate 

the way surface textures are classified. B o t h scenarios are discussed i n Sect ion 2.4.1 

and 2.4.2 as part of the theoret ical framework of this thesis. 

2.4.1 Vision Systems for Surface Texture Classification 

In vision systems, surface texture can be perceived at different resolut ion scales 

and in many contexts is defined as the var ia t ion of p ixe l intensities. For example , 

consider the texture represented on a br ick wa l l . T h e texture is represented at low 

resolution by the i nd iv idua l bricks, losing the interior details of the bricks, whi le higher 

pixel intensity allows us to appreciate the details of them and this affects the smooth-

ness or roughness of the surface texture [25]. 

17 



C o m p u t e r v i s ion pa t te rn recogni t ion has evolved over the last decade and now 

appears as s tandard approaches i n robot ic applicat ions where objects or textures have 

to be recognized. A c c o r d i n g to Z h o u [14], a fundamental goal of research i n computer 

vision texture is the development of methods for the acquis i t ion of v i sua l in format ion 

and unders tanding of the image based on tex tura l properties. T h e p r imary focus of 

his research is the development of a generic s t ructura l identif icat ion of a M a r k o v - G i b b s 

random field mode l of textures. T h e idea behind the M a r k o v - G i b b s r andom field is 

to incorporate pr ior in format ion about the image model for the Bayes decision theory, 

which can be appl ied to the p rob lem of image segmentation. A d d i t i o n a l in format ion 

about this mode l can be found i n [14]. 

Targhi has developed research i n the area of classification of textures from one 

image by t ak ing this as a p rob lem of s ta t is t ical learning [26]. In general, the clas-

sification of textures from images has been extensively investigated theoret ical ly and 

experimentally by C a p u t o et a l . [27], C u l a et a l . [28], and V a r m a et a l . [29] resul t ing 

in a large number of databases. However, i n order to accompl ish true recogni t ion of the 

texture, prior knowledge of the tact i le sensation of the texture image being analyzed is 

necessary to determine its roughness or smoothness. 

2.4.2 Haptic Systems for Surface Texture Classification 

Kern defines hapt ic texture as the properties of objects wh ich can be exclus ively 

felt by touch [30]. W i t h this statement as a s tar t ing point , it is impor tan t to ment ion 

that haptic perception is characterized by its ab i l i ty to feel textures th rough direct 

stimulation of forces when the surface of an object comes into contact w i t h the h u m a n 

body. Considering the above, this section ma in ly focuses on texture classif icat ion v i a 

tactile sensing of a robot ic system, i l lus t ra t ing the working principles and g iv ing an 

insight into the current state of the art. 

Before proceeding to deta i l i n this section, it should be emphasized that the re-

search presented w i l l be part of the state of the art corresponding to those methods of 

haptic perception that has been done on real textures and not i n v i r t ua l environment 

like many other investigations characterized by using hapt ic devices for feel or analyze 

virtual textures like the research works presented i n [13], [31], and [32]. 
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A number of studies has addressed the problem of using robot ic fingers i n ex-

ploratory procedures. O k a m u t a and C u t k o s k y [17] analyzed the feature detect ion i n 

robotic explora t ion . T h e analysis consisted i n detecting surface features of an object 

such as ridges and bumps. T h e y observed that dur ing the process of hapt ic explora t ion, 

the detection of some properties depends on the size of the fingertip, e.g. i f the contact 

area is very large, deta i l can be lost. It also showed that the pa th t raced by the fingertip 

has intr insic properties that facili tate the detect ion of cer tain characterist ics. S imi l a r 

research has been conducted i n [33], [9], and [11]. 

In the context of surfaces classification, Hoepfliriger et a l . [34] present a me thod 

for classifying na tura l terra in using hapt ic feedback, v i a the acquis i t ion of propert ies 

through contact forces and joint angles. 

Payeur et a l . [10] provide an approach for the refinement of in format ion gained 

through a v is ion system for the design of autonomous robots by integrat ing a tac t i le 

sensor that plays the sk in component , p rov id ing the geometry of the sensed object. 

Under the same concept of using the sense of touch i n conjunct ion w i t h the sense 

of vision, Na ta le et a l . [11] explored the poss ibi l i ty of ext rac t ing the propert ies of an 

object to unders tand the type of parameters that could be extracted th rough the tac t i le 

perception. 

2.4.3 Fourier Analysis 

A s a part of the classification process is wor th ment ioning the related work that 

has used the frequency spec t rum provided by Fourier analysis as a proper feature for 

pattern recognit ion. 

A number of studies i n percept ion of surface textures have used Fourier analysis 

as a reference point for s imula t ion models i n v i r t ua l environments and de tec tabi l i ty 

of surface textures i n [35], [36], [37], and [38]. A c c o r d i n g to Cho lewiak , the i m p l i c i t 

reasons behind this fact is that (i) the human sensory system might be able to per form 

a spectral analysis of a s t imulus derived from the interact ion w i t h the surface texture , 

and (ii) the percept ion of i n d i v i d u a l spectral components can be combined l inear ly 

from a overall approach [38]. V a l i d a t i o n of these assumptions was first suggested i n the 

study of visual gra t ing percept ion [39]. 

It is wor th ment ioning a s imi lar work to the v isua l gratings used i n the C a m p b e l l 

and Robson s tudy [39], but implemented as a tact i le analog i n surface height grat-

ings at the micro-scale (i.e., surface texture) proposed by Cho lewiak [38]. In the g iven 

study, Cholewiak et a l . used v i r t u a l surfaces w i t h s inusoidal and square-wave grat ings 

to analyze the detectabi l i ty of the gratings i n the frequency domain . 
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Simi la r ly , W a l l et a l . [36] proposed a me thod which employs Fourier analysis to 

describe the surface profiles of several s t imul i surfaces. T h e obta ined results suggest 

that a l imi t ed band of Fourier series can be used to provide a realistic approx imat ion 

to the ampl i tude of the profiles. 

Cons ider ing the related works that have employed the use of Fourier analysis, i ts 

worth to ment ion that to the best of our knowledge, the research developed i n th is 

thesis differs not on ly i n the acquis i t ion of real environmental da ta instead of v i r t u a l 

textures s imula t ion , but also i n the process of classifying them v i a the da t a p rov ided 

by Fourier analysis. 

2.5 Summary 

T h i s chapter deals w i t h the spec t rum and influence that Hapt ics has on the h u m a n 

begins beyond technological descriptions. It is also a hint for the development engineer, 

to be responsible and conscious when considering the capabi l i t ies of the hapt ic sense. 

Furthermore, this section shows how the sense of touch is special ized on the percept ion 

of the physical boundaries of the body and also on the analysis of surface propert ies. 

Based on the above statement, a number of studies related to the texture analysis 

from the point of v iew of v is ion and haptics have been conducted, and the two streams 

of analysis for the classification of textures have been presented. 

F ina l ly , a l though hapt ic feedback is often taken for granted i n real life, it is s t i l l 

not common when in teract ing w i t h computers; this chapter discusses that by us ing a 

haptic device, it is possible to feel and to acquire some characterist ics of a ma te r i a l 

such as smoothness, roughness, and viscosity, among others. 
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Chapter 3 

Haptic Texture Classification Methodology 

T h i s chapter covers the methodology developed for the robot ic hapt ic sys tem 

design for texture classification. T h e system consists of the fol lowing subsystems: (i) 

control sampl ing overview, (ii) the exper imental methodology and (iii) the classif ication 

process. T h e cont ro l sampl ing overview explains the m a i n hardware components and 

the task they perform as wel l as the G U I (Graph ica l U n i t Interface). T h e exper imenta l 

setup covers the va l ida t ion of the s t imul i and the work ing interface for the research 

development. A d d i t i o n a l l y , the classification process covers the feature selection and 

the learning process. 

Before proceeding w i t h the subsystems descr ipt ion, it is impor tan t to note that 

the software design is d iv ided into two parts: C + + and M a t l a b . T h e communica t i on 

interface to the Novin t Fa lcon v i a the S D K (Software Development K i t ) of N o v i n t 

Falcon Technologies [6], the G U I , the learning a lgor i thm, a s imple signal f i l ter ing and 

segmentation, and the kinesthetic pos i t ion measurement cycle logger are implemented 

in C + + . O n the other hand, M a t l a b is used for feature ex t rac t ion (See Sect ion 3.3.3). 

3.1 Control sampling overview 

T h e control sampl ing integrates four m a i n components. C o n t r o l l i n g computer G U I 

( C C G ) , the hapt ic sensing element Novin t Fa lcon ( N F ) , the End-effector ( E F ) and the 

Position Measurement C y c l e ( M C ) . T h e perpendicular mo t ion across the surface and 

logger of the surface m a p da ta is generated by their interconnection. In F i g . 3.1 the 

components are i l lus t ra ted . 
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Figure 3.1: C o n t r o l sampl ing overview. Integrat ion of the dis t inct components of the 
system required for the y-axis da t a acquis i t ion. 

F i r s t , the hapt ic sensing element N F receives a predefined mo t ion t rajectory from 

the C C G ; this is done i n an update cycle of positions once per test. Af te r the N F has 

its configuration v i a the operat ional parameters, it proceeds to compute the servo po-

sitions to move the E F th rough a perpendicular pa th to the contact surface and record 

the surface m a p data . 

For more in format ion about the update cycle of posit ions see Sect ion 3.1.5. T h e 

initial condi t ions are that the N F motors are at homed pos i t ion (See Sect ion 3.1.1, 

Operat ional modes) at the start of the test cycle. 

3.1.1 Controlling Computer G U I 

T h e C o n t r o l l i n g C o m p u t e r G U I is used to provide v isua l feedback and control 

over the texture classification system. T h i s was made i n order to have cont ro l over the 

operational mode of the N F as a robot ic system. In this case, users need to know the 

mode i n wh ich they are current ly operat ing i n or swi tch between modes to perform the 

different tests to identify textures. 
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It also features the output fields of Actual position and Force that respectively 
provide information about the E F current position and the force generated to bring 
the E F to the desired position. These issues have been addressed by providing all nec-
essary information in an understandable GUI . (See Fig . 3.1a). Additionally, it has a 
graphic display developed with OpenGL and O p e n G L U T in conjunction with the S D K 
provided by Novint Technologies, which shows the current position of the E F by a blue 
sphere in a 3-D space (See Fig . 3.1b). 

Once the analysis to predict the texture is performed, Matlab plots the different 
data. These plots can be used to get an overview of the measurement data of that 
specific sample or just to see if the measurement delivers meaningful results. 

Figure 3.2: G U I screenshot with a measured S2 sample (a). Graphic display (b). 

Comprehensively, the G U I components can be divided into (i) Operational Modes, 
(ii) Output / Input Fields and (iii) Buttons; each of them will be explained in detail 
as part of this section. 

O p e r a t i o n a l modes 

There are three principal operational modes represented in the Control Box, (i) 
Manual/Initialization, (ii) Automatic/Target position and (iii) Test; each of one per-
forms the following functions: 

• M a n u a l / I n i t i a l i z a t i o n : Allows the E F motion to the desired position by ap-
plying an external force e.g. move the E F to the desired position via the hand 
user force. This was done because it was necessary the initialization of the N F 
once the system is started and each time the test is preformed (See Fig. 3.3). 
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Figure 3.3: Novint Falcon Manual Initialization 

The Novint Falcon has its own initialization functions which have been supplied 
by the SDK.'"The main functions checked are the servos for each pair of motor 
and encoder, and that the device is homed (meaning by this that the x, y and 
2-axes are fully opened and then fully closed). If the device is not homed then 
the L E D lights at the center of the N F wil l be red and a dialogue appears asking 
to move the grip in and out until the L E D lights turn to blue. 

• A u t o m a t i c / Target p o s i t i o n : This mode was designed in order to move the 
N F to an arbitrary position by indicating the desired position in cm in the three 
coordinate axes as long as they do not exceed the limits of the work of the N F 
area hovering around 10 cm in the x, y and z-axes. For more information about 
how to specify input values for that field, see Output/Input Fields in this section. 

• Test : A n extension of the automatic mode, developed in order to have a prede-
fined motion path that was perpendicular to the contact surface texture analyzed. 
Figure 3.4 illustrates the motion path of the E F according to the indicated points 
in the space and coordinated system. Note that all units are in cm. 

O u t p u t / I n p u t F i e l d s 

The output fields provide information about the current position and force ex-
erted, while the input fields provide a space to put the target position for the E F . 

• The A c t u a l p o s i t i o n fields of the G U I provide visual feedback of the current 
position on the E F , this position register and display any motion along the coor-
dinate axes in the output fields in an update rate of 1 kHz. 
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Figure 3.4: M o t i o n pa th of the S2 sample measurement. 

• The Target posi t ion provides an input field for each one of the three coordinate 
axes to indicate the posi t ion you want to set the E F . T h e Pos i t ion value lias to 
be on c m . 

• The Ve loc i ty input value provides an arbi t rary factor to move the E F faster or 

slower, however it was determined by exper imentat ion that the mot ion w i t h a 

value of 6. wh ich refers to the change of value between one posi t ion and another, 

is s imi lar to the veloci ty that humans use to feel a texture. 

• The Force target posit ion section offers output fields for the generate force 

in each of the three coordinate axes, this force is necessary to set the E F in the 

required pos i t ion . Note that the value of this force is not expressed i n Newton 

but i n some internal uni ts used by the Novin t . 

• Pred ic ted texture field conforms the texture class predicted by the classifi-

cat ion a lgo r i thm (See Sect ion 3.3.1) and the image of the frontal v iew w i t h i ts 

parameters. 

Buttons 

There are three p r inc ipa l but tons modes in the G U I , each of one performs de fol-

lowing functions: 

• Pressing the Start Measurement bu t ton (considering that the user is i n the 

Test mode) w i l l start the automatic mot ion of the E F . 
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• Pressing the Store D a t a button is an alternate function that was built to save 
the position data of y-axis to a text file which is then used, preprocessed, and 
plotted (See Section 3.1.5). 

• The P r e d i c t button is used in order to start the feature extraction, classification 
process and, display the graphic results. 

3.1.2 Hapt ic Sensing element 
The haptic element used in this research is the Novint Falcon (See Fig . 3.5) and 

a modified version of the gripper (See Section 3.1.3) provided by Novint Technologies 
Company, Inc. [6] for the force measurement, in order to trace automatically various 
real world surface textures. See Appendix A for the Novint Technical Specification and 
the Recommended System Requirements. 

Figure 3.5: Novint Falcon C A D model with its axis coordinated system[5]. 

The Novint Falcon is a haptic device of 3-D O F (Degrees of Freedom) relatively 
inexpensive with a similar configuration to the delta robot proposed by Tsai [40], in 
which the ball joints from the Clavel design [41] are replaced by rotational joints. Also, 
the Novint Falcon design incorporates an end-effector that can be replaced with the 
pistol grip or the default grip offered by the commercial version of the system. 

The Falcon devices communicate via the U S B interface with information and 
commands to provide actuation commands sent from the computer. Furthermore, the 
encoder information is transmitted to the computer from the Novint Falcon; such trans-
mission is done via the S D K provided by Novint Technologies, Inc. 
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The interface uses an update rate of 1 kHz, however in accordance with Mart in 
et al . [5] the update rate varies between 800 Hz and 1 kHz. Furthermore, the authors 
discuss that the variation in the update rate is due to the U S B interface that is unable 
to sustain the communication and is prone therefore to miss commands or data acquisi-
tion. Also, it was noted a delay between force commands and encoder measurement. To 
the best of our knowledge, it is noted that these facts coupled with the significant non-
linearity of the system kinematics and dynamics can cause unexpected vibrations and 
oscillations that affect the motion control of the device. Additional information about 
the position control can be found in the Haptic Device Abstraction Layer ( H D A L ) on 
Appendix B . 

3.1.3 End-effector 
The prototype of the E F haptic system consists of a spherical tactile probe mounted 

on the default Falcon grip (See Fig . 3.6). The E F device wil l have a limited range of 
motion of approximately 10 cm on the x, y and z-axes within the working area of 
the Novint Falcon, which wil l make the kinesthetic measurements highly dependent on 
the position and orientation of the system in relation to the surface texture analysis. 
Moreover, direct measurements with the tactile probe imply that the orientation of the 
E F wil l be perfectly perpendicular to the surface in lateral motion while the force and 
position information are acquired. Additional information about the range of motion 
of the N F can be found in [5]. 

Figure 3.6: End-effector 
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Considering that the Novint Falcon does not work without the default gripper 
connected to the haptic device, it was necessary to modify the gripper through the 
steps shown in Fig . 3.7. 

Figure 3.7: Modification of the Falcon grip, (a) The original grip, (b) Mounting plate 
after removing the lower hemisphere, (c) Modified component placed in the mounting 
plate. 

A fundamental part of the E F is the spherical tactile probe of 2 mm in diameter 
and 12.53 mm length (See Fig . 3.8), which consists of a tungsten carbide ball for a 
proper motion on the surface test and the application of force in an uniform manner 
at a constant speed. Similar work in this field can be found in the work of Klatzky et 
al. [23], where a spherical probe is used to test the textures. 

Figure 3.8: Spherical Tactile Probe. 

The blueprints of the additional component mounted on the Novint Falcon gripper 
can be found in Appendix C. 

28 



3.1.4 Kinesthetic position measurement cycle 

To obta in meaningful da ta from the sensors and achieve the surface texture clas-

sification, the end-effector moves automat ica l ly perpendicular to the surface (motion 

along the + x-axis) w i t h a frequency of approximately 1 k H z . F i g . 3.9 shows the 

end-effector pos i t ion when the latter moves across the surface. T h i s information wras 

stored and later used for the feature space generation (See Section 3.3.3). 

F igure 3.9: P lo t of the S2 sample referring to the y-axis posi t ion mapping . 

Ideally, the signal would be ident ical to the shape of the texture ( trapezoidal wave-

form or planar form depending of the texture), but effects such as nonlinearit ies of the 

Falcon, the frequency var ia t ion in sampl ing , surface deformation, and the error of 1 

mm from the E F in Car tes ian space [5] cause signal degradation. 

O n the other hand . F i g . 3.10 shows the mot ion path by the E F in order to perform 

the surface m a p p i n g automatical ly . S imi lar ly , Table 3.1 shows the distances achieved 

in the three coordinate axes according to the l imi t s of movement marked. 
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Figure 3.10: Motion path perform by the E F . 

Table 3.1: Motion path parameterization 
P o s i t i o n l a b e l (x,y,z) c m 

1 (0,0,-6) 
2 (-4.5,1,-6) 
3 (-4.5,1,-2) 
4 (-4.5,-0.48,-2) 
5 (4.47,-0.48,-2) 

3.1.5 Posit ion Contro l overview 
To move the E F to an arbitrary position automatically, it is necessary to maintain 

the E F position in a particular position while keeping the force through Hooke's law 
(See Eq. 3.1) that simulates the mass-spring-damper force model (See Fig . 3.11) and 
is presented below: 
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(3.1) 

where i is the update counter in the haptic process, p is grip position, f is the 
keeping position and K is the spring constant, D is the constant of damper, A t is 
the update rate of the haptic process. It is possible to move the grip to an arbitrary 
position by changing f. 



Figure 3.11: Mass -Spr ing-Damper M o d e l 

It is noteworthy that the force mode l used is a second order system (See E q . 3.2), 

whose transfer funct ion is shown i n the fol lowing equation: 

(3.2) 

where u n is the na tura l frequency of the system, £ is the damping rat io and k is 

the steady-state gain. 

In order to ob ta in an under-damped system behavior , it was necessary to modify 

the value of D so that the £ value was main ta ined between 0 < £ < 1. T h e re la t ion 

between D and £ is shown i n E q . 3.3. 

(3.3) 

In order to perform a successful feature ext rac t ion necessary for the classification 

process (See Sect ion 3.3), and considering that the significant nonl inear i ty of the system 

kinematics and dynamics can cause unexpected vibrat ions and osci l lat ions that affect 

the mo t ion control of the device, a f i l tering and segmentation process has been appl ied 

to the data . 
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F i l t e r i n g 

Considering the update rate of 1000 Hz, it has been observed by experimentation 
that the signal was too noisy compared with the known waveform of the original smooth 
surface. To correct this situation the sampling process was decreased to a sampling 
position interval of 0.3 mm on the stable area (See Fig.3.12). 

Figure 3.12: Filtering process plot. Before the filtering (a), and after the filtering (b). 

S e g m e n t a t i o n 

Given the Delta configuration of the N F , it is well known that serial singularities 
occur on the boundary of the workspace of a parallel manipulator (Simaan, 2009). Since 
the under-damped system that controls the position is capable to produce a significant 
velocity, it has been determined to reduce the analysis area of the surface texture map-
ping. As a result, the first 6 cm were removed from the area, remaining a stable and 
effective dimension of 6-8.97 cm (See Fig . 3.13). 
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Analysi s Are a (8.9 7 mm) 

Figure 3.13: Sampling area 

Furthermore, the segmentation process results of the data obtained by measuring 
the position of E F while controlling it automatically are shown in Fig . 3.14. 

3.2 Experimental methodology 
The research includes one main experiment for the surface texture classification 

performance by haptic perception. The experimental methodology is the following: 

1. Set the surface texture on the workspace interface according to the proposed setup 
that can be consulted in Section 3.2.1. 

2. Place the end effector of the haptic device at home position (See Section 3.1.1, 
Operational Modes / Initialization). 

3. Perform the automatic motion of the E F to acquire the surface texture data 
mapping. 

4. Preprocess the collected y-axis position data to apply the spectral analysis using 
the D F T . 

5. Use the Discrete Fourier Coefficients as the input feature for the classifier system. 

6. Verify the analysis accuracy and determine whether the results are conclusive 
according to the proposed hypothesis in this thesis. 
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Figure 3.14: Segmentation process plot (a) before the segmentation and (b) after the 
segmentation. 

3.2.1 Exper imental setup 
For the experiment, a set of surfaces has been selected. The full set of texture 

surfaces is listed in Table 3.2 and Fig . 3.15. In these experiments the surfaces were 
corrugated cardboard plates with different spaced grooves (See Fig. 3.15b. 1-3). The 
depth profile of these plates is roughly a periodic trapezoidal waveform with some de-
gree of deformation by exerting a force on the material because is not completely rigid 
(See Fig . 3.15b). Furthermore, it is included a flat cardboard surface texture as a part 
of the stimuli (See Fig . 3.15a). 

Table 3.2: Surface Texture parameterization 
Surface T e x t u r e C lass A B C 

SI N A N A N A 
S2 1.9 mm 0.9 mm 1.3 mm 
S3 1.7 mm 1.9 mm 1.8 mm 
S4 2.1 mm 2.2 mm 3.5 mm 
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Figure 3.15: Cardboard surfaces used for the experiment, (a) Sl-smooth cardboard, 
(b) Corrugated cardboard trapezoidal waveform (b.l) S2-corrugated cardboard, (b.2) 
S3-corrugated cardboard, (b.3) S4-corrugated cardboard. 

In order to get repeatable results and to easily mount the stimuli on the test bed, 
the surface textures were placed on the working interface properly equipped for research 
development (See Fig . 3.16). 

(a) (b) 

Figure 3.16: Different surface textures samples could be mounted in this setup, which 
is shown as an overview in (a). The detail of the E F placed on a texture is shown in 
(b). 
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3.3 Classification framework 
The objective is that the implemented haptic robotic system can distinguish be-

tween different surface textures. For this task, the haptic system automatically draws 
a path of 8.97 cm perpendicular to the contact surface. The measurement of the po-
sition in the y-axis wil l allow the acquisition and observation of the surface map. Fig. 
3.17 shows a plot example of the surface map generation and a representation in the 
frequency domain. 

Figure 3.17: S2-sample measurement, the y-axis mapping (a) and the corresponding 
frequency domain representation used as a feature for the classification process. 

3.3.1 Classification overview 
Fig . 3.18 shows the classification process schematic. A C + + program performs 

the execution of the measurement cycle and records the position information provided 
by the sensors. These files are used afterwards by Matlab for preprocessed the data 
using a segmentation and filtering process (See section 3.1.5.1-2) to reduce noise and 
generate the feature extraction using the Discrete Fourier Transform (See section 3.3.3). 

In further steps, the feature extracted information was then used either to train 
the classifier or to evaluate the performance of a set of different tests. The difference 
between training and prediction files can be changed easily because both files contain 
the same structure. 
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Considering the above, a C + + program reads the da ta from a l l the previously 

generated logs files and use this da ta for the t ra in ing. A t the end, once t ra ined the 

system, a classification a lgo r i thm (See section 3.3.2) is used to evaluate the output of 

the classification. A d d i t i o n a l l y , M a t l a b plots different da ta from the test that has been 

performed. These plots can be used to get an overview of the measured da ta of that 

specific sample or just to see i f the measurements deliver meaningful results. 

For the learning a lgor i thm, the texture classification samples consisted of 20 t ra in-

ing samples and 10 test samples for each of the 4 classes (120 samples i n total . ) . T h e 

number of t r a in ing samples used was defined based on the number of samples that are 

considered necessary to ac tua l ly get good results w i t h the least amount of files by just 

removing t ra in ing samples, even w i t h the considerat ion of knowing that the learning 

algorithms tend to perform better w i t h a higher the number of t ra in ing samples, how-

ever, experimental ly the number of t ra in ing samples used led us to posit ive results (see 

Section 4.5). 

In addi t ion, 10 test samples were used, consider this number as a representative 

function of the number of samples needed to test the classification process t ak ing into 

account the specified number of t r a in ing samples. 

3.3.2 Classification method 

To confirm the va l id i ty of the thesis proposal , i t was employed the fc-Nearest 

Neighbor (fc-NN) classifier, p rov ided by O P E N C V , to identify the surfaces textures 

samples. A>NN is a supervised classification a lgor i thm based on t ra in ing examples i n 

feature space. T h i s is the one of the simplest classifier, but i t is used i n many appl ica-

tions. 

The fc-NN predicts the response to a new sample by analyz ing a number of nearest 

neighbors (k) and the vo t ing by its major i ty class. In pat tern recognit ion, it is needed 

to train the system before the input element can be classified. T h e a lgor i thm input is 

a set of labeled t r a in ing da t a ( / j , c n ) , i = 1 , 2 0 and n = 1, ...,4 where each fi is an 

example and cn indicates the t r a in ing da ta class. 

A n appropr ia te value of k = 10 is assigned to classify a surface texture sample 

among mul t ip le classes. Therefore, a mult iclass classification problem is faced for w h i c h 

the predict ion looks for the feature vector w i t h i n the t ra in ing da t a w i t h a k n o w n re-

sponse that is closest to the given vector. 

37 



Figure 3.18: Overview of the surface texture classification process. 

3.3.3 Feature Space 
A feature space is proposed consisting on the spectral analysis by identifying com-

ponent frequencies in the sampled data. For discrete data, the basis of the spectral 
analysis is the Discrete Fourier Transform (DFT) which was performed by the Fast 
Fourier Transform (FFT) which has computational complexity 0(nlogn) instead of 
0(n2) on the preprocessed sample vector x (consisting of the y-axis position measure-
ment). 

According to Matlab documentation [42], the D F T of vector x of length n is 
another vector y of length n: 

38 

(3.4) 

where w is the complex nth root of the expression: 

(3.5) 



T h i s no ta t ion uses i for the imaginary part , and p and j for vector y parameter 
that r u n from 0 to n — 1. 

In to ta l , 49 features were collected per sample of the 50 corresponding to the cc 

efficients ext rac ted by the D F T , this number of features results considering that t h 

D C component was removed from y (See E q . 3.4) so that i t does not obscure/interfer 

the posi t ive frequency content of the data . 

3.3.4 Summary 

T h i s chapter describes the series of steps followed for the development of th 

robot ic hapt ic sys tem for texture classification. In the first section of this chapter th 

hardware used and the G U I developed for the sampl ing process and control is describee 

It also justifies the measurement cycle and the da ta preprocessing for later use i n th 

classif icat ion process. 

Subsequently, the methodology section describes the s t imul i va l ida t ion and t t 
w o r k i n g interface so that research preform can be successfully developed under a co i 
t ro l led environment . Note that the surfaces s t imulus used are parameter ized i n ord< 
to have a compar i son between them. 

T h e last section of this chapter refers to the classification process, feature extrai 

t i on me thod , t r a in ing and the type of classifier used. F ina l ly , the fol lowing chapt* 

describes the preformed experiments for surface texture classification and the perfo 

mance achieved by the classifier considering the selected feature. 
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Chapter 4 

Experiments/Results 

Several p re l iminary experiments were required to ensure the qual i ty of the results 

of this work. T h i s section explains the nature of these experiments and the results 

obtained from them. 

4.1 Measurements cycles 

One measurement consists of one cycle p lac ing the E F perpendicular to the surface 

of analysis. D u r i n g the measurement, the y-axis posi t ion da ta is recorded and saved 

for later processing, feature extract ion, and classification. 

T o achieve the perpendicular mot ion , it was sought to chart a course as straight 

as possible on the y-axis, achieved by control l ing the posi t ion as explained previously 

in section 3.1.5, ob ta in ing the results shown in F i g . 4.1. Note that the da ta generation 

presented i n this figure was not i n contact w i t h any surface, but is the result of the 

mot ion of the E F avoiding any perturbations. 

F igure 4.1: y-axis posi t ion control 
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It is noteworthy that the E F must have reached a posi t ion of -4 m m i n the y-axis 

according to the pos i t ion indicated previously as pre-set parameters for the develop-

ment of the test. T h e establishment per iod occurs i n -0.48 m m as a result from the 

extra weight that involve the modificat ions made to the E F . These positions are taken 

considering the Novin t Fa lcon Car tes ian plane shown i n F i g . 3.10. 

F r o m Figure 4.1, we see that i n the first 6 c m a per iod of osci l la t ion occurs because 

the pos i t ion control is carr ied out as a mass-spring-damper system w i t h a damping ra-

leading to an under-damped system that reaches its desired posi t ion 

w i t h a significant velocity. 

Resul t of this under-damping per iod, to improve the success rate i t was necessary 

to segment the analysis area from 6 to 8.97 c m which recorded 100 posi t ion measure-

ments on the y-axis (See F i g . 4.2). 

F igure 4.2: Measured y-axis posi t ion segmented 

4.2 Outlier detection 

Since the outl ier detection in the t ra in ing stage of the a lgor i thm is an impor tant 

factor for increasing the success rate of the surface texture classification, the variance 

of each of the features is determined i n the experiment. T h e results obtained are con-

siderable low, ind ica t ing by this that the dispersion of da ta is very low. 
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In conclusion, the main result of the outlier detection was that there are not severe 
outliers in the measurements. The reason for the low number of outliers is because the 
test rig allowed repeatable tests. It is worth mentioning that in the experiments for 
obtaining the training values, non-repeatable measurements result of the incorrect use 
of the test configuration were omitted in further experiments. 

Fig . 4.3 shows the scattering data from a sample of five elements of the total train-
ing instances for each of the textures to graphically display the low variance involved 
that give as a result the demonstration of the desirability of the frequency spectrum as 
a learning feature. 

Figure 4.3: Sample scattering data of 5 instances selected randomly from de training 
classification data of SI (a), S2 (b), S3 (c) and S4 (d). 
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4.3 Experimental operational parameters selection 
B y conducting preliminary tests in the experimental phase, it was determined 

that if a very high K(Ky > 10) is maintained in Eq. 3.1 to keep the position of 
E F on the y-axis at -4 mm, it was difficult to move the E F spherical probe on the 
rc-axis perpendicular to the surface texture analysis. This was because the force ex-
erted to reach the desired position had prevented a displacement of E F y-axis in the 
positive sense (See Fig . 4.4). Similarly, the values of the constant K to generate the 
motion of the E F on x and z-axis were defined experimentally as Kx = 80 and Kz = 80. 

Figure 4.4: E F spherical probe on the x-axis perpendicular to the surface texture 

A n additional consideration that must be present on this last point, is that due 
to the extra weight provided by the modifications made to E F and the accuracy of ±1 
specified by the manufacturer of the Novint Falcon haptic device, is that although the 
reaching position of 4 mm is indicated, actually it reaches -4.8 mm. 

Considering the above, the use of a value of Ky = 9 was considered and even 
though it does not offer the same precision, it allows the necessary elasticity on the 
y-axis to achieve the correct mapping of the surface. 
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In add i t ion , a 6-speed value is chosen since higher speeds caused a poor mapp ing of 

the surface by miss ing details of the grooves and ridges, a s imi lar s i tuat ion is presented 

in the work of K l a t z k y and Lede rman [23]. It is wor th ment ioning, as w i t h speeds less 

than the value of 6 al lowed to ob ta in good mapp ing of the surface, but took longer 

tests, a cond i t ion that led to the selection as the op t ima l value. 

A n o t h e r point to be considered i n the selection of the parameters was that for 

each surface a dep th penetra t ion of 1 m m is exerted on the surface i n order to map 

it as accurately as possible, considering a l l its features. A higher force exerted by Fy 

blocked the perpendicular displacement of the probe on the surface and a lower value 

prevent the correct surface features mapping . 

A s part of the au tomat ic m o t i o n made by the E F , it is impor tan t to address tha t 

the values ind ica ted i n Table 3.1 from section 3.1.4 also has been exper imental ly defined 

in order to achieve the greatest possible area of texture analysis. 

F ina l ly , w i t h the objective of achieving greater success rate i n the texture clas-

sification it was necessary to op t imize the value of A:(nearest neighbors number) for 

the fc-NN classif icat ion a lgor i thm, given a predefined number of k = 10 and le t t ing 

the major i ty vote w i l l nearest neighbors decide the class to wh ich belongs the texture 

analysis. T h e reason why it was chosen a h igh value of k is that the classification is 

less sensitive to the loca t ion of the sample. 

4.4 Texture Classification 

T h i s section summarizes the results obtained by evaluat ing the texture classifica-

tion performance us ing the hapt ic system designed i n this thesis. A t first instance, i t 

provides a descr ip t ion of the m a p p i n g of each of the analyzed surfaces and its corre-

sponding frequency spec t rum for its classification. 

It is impor tan t to note, w i t h i n the frequency spectrum, that the ampl i tude at each 

frequency is the factor that is used for the surface texture analysis. 
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4.4.1 Surface Texture SI 

A c c o r d i n g to the results of the frequency spect rum from the D F T , one can observe 

that the surface S I (See F i g . 4.5) has a higher frequency range i n the first 5 H z , being 

this a characteris t ic feature of this surface. 

F igure 4.5: Measured y-axis posi t ion (a) and Measured frequency spect rum (b) for 
sample S I . 

However, the most interest ing factor that occurs i n the spectral analysis of S I 

is that it is p rac t ica l ly being performed the D C component Fourier transformed, more 

commonly k n o w n as the average of the input series. Consider ing the above, i t is observ-

able that frequency values present are prac t ica l ly nu l l as they only reflect the m i n i m a l 

irregulari t ies present i n the waveform of a constant function which i n the spectral anal-

ysis w o u l d be reflected only as the value of the D C (Freq = 0) or D i rac del ta function. 

Note that for th is s tudy the D C component was removed so that it could be appreciate 

the extent of the other frequencies. 
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4.4.2 Surface Texture S2 

T h e sample S2 has a t rapezoidal waveform whose surface mapping and frequency 
spectrum can be seen in F i g . 4.6. 

It is wor th ment ion ing that the resul t ing waveform is not completely s imi lar to the 

t rapezoidal surface geometry, this s i tuat ion arises due to the deformation that occurs 

in the ca rdboard at the moment of exert ing a force on it w i t h the spherical probe. 

However, since the t r a in ing and the surface sampl ing was done i n s imi lar condit ions, 

this type of wave parameters and their frequency spectrum are presented i n each test. 

Figure 4.6: Measured y-axis pos i t ion (a) and Measured frequency spectrum (b) for 
sample S2 
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F r o m the spectral analysis of this par t icular case is noticeable that the frequency 

w i t h larger ampl i tude is the frequency presented i n 7 H z , i n fact, this reflects that i f 

a s ignal is per iodic w i t h frequency / , the only frequencies composing the signal are 

integer mul t ip les of / , frequencies that are cal led harmonics . However, result of the 

d i s to r t ion considering that is not a perfect sine wave, the frequency domain is com-

posed of the peak i n 7 H z corresponding to the seven harmonic plus other harmonics 

of smaller ampl i tude . 
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4.4.3 Surface Texture S3 

In the case of sample S3, a l though the waveform (See F i g . 4.7a) is very s imi lar 

to the S2 is impor tan t to note how the shape parameters corresponding to the per iod 

and ampl i tude are different, wh ich subsequently generated a frequency spectrum char-

acterist ic for this surface. 

In F i g . 4.7b one can observe that the higher ampl i tude of frequencies is located 

i n the first five frequencies, the highest being 4 H z , however, a characteristic part of 

this wave is also how the ampl i tude of the other frequencies behave. 

F igure 4.7: Measured y-axis posi t ion (a) and Measured frequency spectrum (b) for 
sample S3 

T h e par t icu la r spectral analysis of this surface (S3), as well as the one of S2, 

shows that the Four ier analysis for periodic waveforms, according to the parameters 

of the funct ion, has a very par t icular pat tern composed of the fundamental harmonic 

(highest value) an the others which are result of the present dis tor t ion on the waveform. 
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4.4.4 Surface Texture S4 

T h e S4 sample analysis resulted i n the waveform and frequency spectrum shown i n 

Figure 4.8. Charac ter i s t ic feature of this type of surface was the deformation produced 

under the pressure exerted by the E F , as wel l as the greatest ampl i tude and per iod 

compared w i t h the other samples. 

T h i s sample l ike the S3 has its highest frequency i n the 4 H z , but by supplement-

ing their classification w i t h the other frequencies contrast w i t h i t . 

F igure 4.8: Measured y-axis posi t ion (a) and Measured frequency spectrum (b) for 
sample S4 

Cons ide r ing that S4 was the one w i t h the less s imil i tude to a sine wave, i t is 

va l id to th ink that the value of i ts fundamental frequency w i l l not be as pronounced 

when compared w i t h the others harmonics. T h e previous can be verified consider-

ing that the fundamental frequency located at 4 H z in this sample does not differ from 

the other frequencies so markedly as the spectral analysis of the S I , S2, and S3 samples. 
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4.4.5 Discussion 

For the app l ica t ion of this mathemat ica l t ransform i n hapt ic pat tern recognit ion, 
the overal l spectral analysis performed for each of the surfaces is consistent according 
to how behaves the D F T to per iodic waveforms. 

Cons ide r ing the above, the fact that the result ing waveforms (S2-S4) of the sur-
face m a p p i n g are s imi la r to that of a perfect sine wave w i t h some degree of d is tor t ion , 
consequence of the surface mapp ing by the spherical probe, makes possible to observe 
and demonstrate the behavior of the D F T and the relat ionship between the harmonics 
obtained by the D F T and the periodic component i n the space domain . 

A d d i t i o n a l l y , the behavior of S I , that resembles a constant function, shows that 
the ampl i tude of the resul t ing frequencies is negligible because the fundamental fre-
quency is located at zero frequency corresponding to the D C component. 

F i n a l l y , it is wor th ment ioning that the samples waveforms are the result of the 
dimensions of the spherical probe used to map the surface texture. T h e d imens ion of 
2 m m i n diameter was selected t ak ing into account the surface w i t h smaller ridges and 
grooves, (S2) so that it cou ld be mapped correctly. 

4.5 Results 

T h e final results of the m a i n experiment w i t h the op t imized parameters can be 
seen i n Table 4.1 that shows the confusion m a t r i x of the surface texture classif ication 
and that reflects the performance of the classifier for 10 test samples for each of the 
four types of surfaces. Shown i n each co lumn and row are the results for the different 
surface classes addressed throughout this chapter. T h e diagonal elements i n this m a t r i x 
represent the correct ly classified samples while the other elements located i n a different 
pos i t ion represent the incorrect ly classified. 

T h e parameters of Success Rate (SR) and Error Rate ( E R ) are used to evaluate 
the performance of the classification. T h e S R is the rat io of the number of elements i n 
a given class that are correct ly classified w i t h respect to the to ta l number of elements 
of the class. O n the other hand, the E R is the percentage of the class elements that 
have not been classified correct ly w i t h respect to the to ta l elements of the class. 
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In the experiment , h igh success rates were achieved for the classification of the 

surfaces textures tested (100% for a l l the samples). T h i s shows that the predic t ion of 

surface textures w i t h smal l geometries is possible, especially bear ing i n m i n d the smal l 

va r ia t ion among their parameters. 

Tab le 4.1: Confus ion M a t r i x of the surface texture classification 
Classified as S I S2 S3 S4 

S I 10 0 0 0 
S2 0 10 0 0 
S3 0 0 10 0 
S4 0 0 0 10 

S R ( % ) 100% 100% 100% 100% 
E R ( % ) 0% 0% 0% 0% 

4.6 Summary 

T h i s chapter analyzed the hapt ic system texture classif ication that use the fre-

quency spec t rum obta ined by the D F T for texture recognit ion. A t first instance, a 

series of p re l imina ry experiments for the measurement cycle are presented, detect ion 

of outl iers and parameter op t imiza t ion . Consequently, a descr ipt ion of the waveform 

and the corresponding hapt ic frequency spectrum from the da t a acquis i t ion system is 

performed, showing their d is t inct features. 

In add i t ion , the performance analysis of the proposed system is performed. A n a l -

ysis, wh ich was proved i n four different surface textures and found that its possible 

to ob t a in o p t i m a l performance of the proposed classification of surfaces i n this exper-

iment . It is concluded from the results that the approach used for the detect ion and 

classif icat ion of tex tured surfaces shows the potent ia l of this technique which can be 

implemented i n different autonomous robot ic systems. 
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Chapter 5 

Conclusions and Future Work 

T h i s chapter summarizes the work described i n this thesis and the achieved results 

by s ta t ing the m a i n contr ibut ions i n the area of hapt ic surface texture classification. 

In add i t ion , it also includes the further work that can be done i n the thesis research 

and discuss how its l imi ta t ions can be overcome. 

5.1 General Conclusions 

In this thesis, a novel approach for surface texture classif ication for hapt ic systems 

was presented. A cus tom low-cost hapt ic sensing device (Novin t Falcon) was integrated 

w i t h a modif ied E F to ob ta in hapt ic feedback that resulted from the waveform surface 

pa t te rn of a texture. 

A supervised learning classifier has been t ra ined w i t h real-world da ta samples of 

textures, wh ich inc luded features computed from the frequency spec t rum of the wave-

form of the surface texture measurements. T h e classifier could re l iably d is t inguish four 

different surfaces types of texture even w i t h the l imi ta t ions of the hapt ic device used 

as a base for the hapt ic surface waveform extract ion and subsequent feature generation. 

A c c o r d i n g to the research questions posed, and the results obtained i n the devel-

opment of this thesis, it can be concluded that it is possible to design a robot ic hap t ic 

sys tem for classifying surface textures by ext ract ing the frequency spec t rum from the 

surface waveform v i a the D F T . Furthermore, these results, as shown i n Chap te r 4, 

prove the efficiency of the implemented system and the way that emulates the behavior 

by wh ich humans identify textures. 
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In add i t ion , whi le the results were obtained i n a simplif ied test setup under a 

controlled environment , they point the way for the appl ica t ion of methods to identify 

and estimate the properties of the surface textures i n unknown environments. T h i s w i l l 

be helpful i n performing tasks using robot ic systems that require precise control of the 

action be ing done by ident i fying the hapt ic properties of objects and hence improve 

the overal l performance, as i n the case of the activit ies performed by service robots. 

Fur thermore , the obta ined hapt ic informat ion can be inc luded and combined w i t h 

data from other sensors as are the v i s ion systems. T h i s w i l l al low the implementa t ion 

of more complex act ivi t ies that require mult isensory informat ion as the ident i f icat ion 

of objects bo th i n form and texture. 

F i n a l l y , at the highest level of descr ipt ion this thesis is concerned w i t h f inding 

ways of improv ing the hapt ic in teract ion in robot ic systems and provides further mot i -

vat ion for the s tudy of hapt ic informat ion. W i t h this i n m i n d , the research provides a 

conceptual framework of how hapt ic da ta can be used to provide informat ion to robot ic 

systems and based on that , achieve learning and improve performance on the act ivi t ies 

developed. 

5.2 Contributions 

A t the highest level of descr ipt ion, the m a i n cont r ibut ion of this thesis to the state 

of art is the va l ida t ion of the methodology used for surface texture classif ication w i t h 

a robot ic hapt ic system that emulates the kinesthetic system by wh ich humans gather 

and identify the properties of the surface textures. T h i s methodology defines a con-

ceptual framework and characterizes haptics from the perspective of b o t h the hap t ic 

device and the human hapt ic system. 

A n a i m of this thesis was the development of a prototype system for measur ing 

and m a p p i n g au tomat ica l ly a surface using the Novin t Fa lcon as a hapt ic interface. A 

major con t r ibu t ion of this thesis was the implementa t ion of the mass-spring-damper 

force mode l for the au tomat ic mot ion of the end-effector as a force choice pa rad igm to 

use the Nov in t Fa lcon as a robot ic system. 

T h i s thesis has shown a modif ied version of the Novin t Fa lcon end-effector to a l -

low the acquis i t ion of the surface properties by mapping its waveform using the m o t i o n 

pa t te rn performed by the system. Ano the r cont r ibut ion of this thesis was the design 

and implementa t ion of the end-effector on the Novin t Fa lcon i n order to accurately 

achieve the waveform mapping . 
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A n objective of this thesis was to provide an approach for texture classif icat ion 

using Four ie r coefficients as a suitable feature. Despite previous research using Four ie r 

coefficients as a feature for classification, this research has shown that its implementa-

t ion is feasible not only for v i r t u a l textures but also for physical textures. 

5.3 Future Work 

T h e research examined i n this thesis was the haptic surface texture classif icat ion 

using the frequency spec t rum as a feature. Future work could adopt a s imi la r approach 

to tha t used i n this thesis to explore other hapt ic information. O n this context, further 

invest igat ion on human kinesthetic percept ion w i l l be undoubtedly beneficial for the 

overal l research i n hapt ic texture classification as well as the cutaneous percept ion. 

G i v e n the complex i ty of the sample surface textures used i n this research, it is also 

reasonable to assume that the work done could be replicate for other hapt ic propert ies 

of the objects. T h i s might include features as the hardness or viscosi ty of an object, 

among others. 

In add i t ion , the l imi ta t ions of this thesis research are par t ly consequence to as-

sumpt ions of a control led environment where the experiment was performed. In spite 

of this, i t w i l l be reasonable to seek the surfaces texture ident if icat ion in u n k n o w n en-

v i ronments w rhere other forms of hapt ic explorat ion need to be implemented . 

A n o t h e r area of research, that cou ld complement the work done, is the implemen-

t a t i on of mult isensory informat ion by combin ing the obtained hapt ic in format ion w i t h 

da t a from other sensors as are the v is ion systems, in order to perform more complex 

tasks. 

However, based on the obtained results i n this s implif ied research, it is bel ieved 

that the app l i ca t ion of hapt ic surface texture classification i n more complex robo t i c 

systems and under no control led environment is a challenge wor th to tackle. 
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Appendix A 

Novint Falcon 

Technica l Specifications for Novint Falcon [6] 

• 3 D Touch Workspace 4 i n x 4 i n x 4 in 

• Force Capab i l i t i e s > 2 lbs 

• P o s i t i o n Reso lu t ion > 400 dp i 

• Q u i c k Disconnect Handle < 1 second change t ime 

• C o m m u n i c a t i o n Interface U S B 2.0 

• Size 9 i n x 9 i n x 9 i n 

• Weight 6 lbs 

• Power 30 watts , 100V-240V,50Hz-60Hz 

R e c o m m e n d e d System Requirements [6] 

• Processor: 2.4 G H z Processor 

• O S : W i n d o w s X P Service Pack 2, W i n d o w s V i s t a 

• G r a p h i c card: 2 5 6 M b 3 D hardware accelerated graphics card 

• D i r e c t X Vers ion: D i r e c t X 9.0c 

• H a r d Dr ive : 1.5 G B free disk space 

• M e m o r y : 1 G B R A M 

• Other : B r o a d b a n d Internet Connec t ion , U S B 2.0 connection 
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Appendix B 

H D A L Layers Novint Falcon 

Figure B . l : H D A L Layers [6]. 
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