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Abstract 
 

Among the 5 senses, which connect us with the surrounding world, the sense of touch is 

between the most articulated and the least understood. While we are able to master the signals 

that underlie sight and hearing, rendering them using loudspeakers and visual interfaces, the 

mechanisms underlying the sense of touch are still largely unknown. Touch, originating by the 

contact between the skin and the explored surface and involving several types of stimuli, 

requires a strongly multidisciplinary approach and involves a wide range of disciplines, such 

as Medicine, Neurosciences, Psychology, Dynamics, Tribology, Materials Sciences, and 

beyond. Tribology and Dynamics are involved in the study of all those complex phenomena 

that occur at the contact and that generate mechanical stimuli such as Friction-Induced 

Vibrations and contact forces, at the origin of the stimulation of skin’s mechanoreceptors. This 

Ph.D. thesis is collocated into a research line closely dedicated to the investigation of the role 

of different features (amplitude, frequency distribution) of Friction-Induced Vibrations (FIV) 

in mediating between the characteristics of surface textures and the way in which textures are 

perceived and discriminated. Analyses of vibrational stimuli originating from the exploration 

of rigid periodic and isotropic textures have been carried out in the present work, revealing 

different key features in the discrimination of such textures: respectively the amplitude for 

isotropic textures, and the frequency distribution for periodic ones. At the same time, a tactile 

rendering device, named PIEZOTACT, has been developed to reproduce/mimic the FIV 

previously measured during the exploration of real surfaces. The developed vibrotactile device 

has been used to simulate periodic and isotropic textures and then to conduct campaigns on 

groups of volunteers, in order to evaluate their ability to discriminate real and simulated 

textures starting from the sole vibrational tactile stimuli. The good performances achieved by 

the volunteers in the discrimination campaigns made it possible to validate the device for 

rendering the tested textures and to correlate the different characteristics of amplitude and 

frequency distribution of FIV with perception of textures. Because the rendering methodology 

underlying the device is based on the characterization of the Transfer Function of the overall 

electromechanical system (consisting of the device and the user's finger), parametric analyses 

have been carried out on the Transfer Function of the human finger and the device as the 

participant and the contact conditions vary. Since the analysis revealed a slight deviation 

between the Transfer Function for different volunteers under the same contact conditions, the 

possibility of using an averaged Transfer Function to simulate textures using the PIEZOTACT 

device has been then validated by discrimination campaigns. Finally, as part of a multi-

disciplinary collaboration, a joint investigation, with laboratories form Neurosciences and 

Psychology, has been performed to evaluate the brain's response to the mechanical stimuli 

generated by the exploration of real and simulated surfaces, dealing as well with the role of 

signal attenuation during the touch motion.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Résumé 
 

Les 5 sens nous permettent de percevoir le monde qui nous entoure et d’interagir avec lui. 

Parmi les 5 sens, le sens du toucher demeure encore le moins compris. Alors que nous sommes 

capables de maîtriser les signaux à la base de la vue et de l’ouïe (ondes électromagnétiques et 

de pression), alors que nous sommes capables de les reproduire à l’aide d’appareils et 

d’interfaces graphiques et visuelles qui font désormais partie de notre vie quotidienne, les 

mécanismes sous-jacents au sens du toucher sont encore largement méconnus. Le toucher 

provient du contact entre la peau et la surface explorée et implique des stimuli mécaniques qui 

proviennent de l’ensemble du système musculosquelettique, ainsi que de la proprioception et 

des mécanismes qui lui sont associés. Diverses classes de mécanorécepteurs se situent dans la 

peau, les tendons et les ligaments. Ceux-ci sont capables de changer chimiquement et 

structurellement lorsqu’ils sont soumis à des stimuli mécaniques, générant un flux de courant 

qui est transmis à travers les nerfs au système nerveux central pour être décodé par le cerveau.    

L’étude des mécanismes de perception tactile nécessite donc une approche hautement 

multidisciplinaire qui  regroupe un large éventail de disciplines telles que la Médecine, les 

Neurosciences, la Psychologie, la Dynamique, la Tribologie, la Science des Matériaux, .... 

Ainsi la Tribologie et la Dynamique sont impliquées dans l’étude de tous les phénomènes 

complexes qui se produisent au contact et génèrent des stimuli mécaniques, tels que les 

vibrations induites par frottement (Friction-Induced Vibrations, FIV) et les forces de contact, 

à la base de la stimulation des mécanorécepteurs de la peau. De nombreux axes de recherche 

investiguent le rôle de différents stimuli mécaniques  générés lors du toucher, qui sont 

fondamentaux pour une compréhension plus approfondie des mécanismes à l’origine de la 

perception tactile.  

Cette thèse s’inscrit dans un axe de recherche plus étroitement consacré à l’étude du rôle des 

différentes caractéristiques (amplitude, distribution de fréquence) des vibrations induites par 

frottement, dans la médiation entre les caractéristiques de surface et la façon dont elles sont 

perçues et discriminées.  

Tout d’abord, dans le présent travail, nous avons effectué des analyses de stimuli vibrationnels 

issus de l’exploration de textures rigides périodiques et isotropes, révélant plusieurs 

caractéristiques clés dans leur discrimination : respectivement l’amplitude pour les textures 

isotropes et la distribution en fréquences pour les textures périodiques.  

Dans le même temps, un dispositif de rendu tactile, appelé PIEZOTACT, a été développé afin 

de reproduire/imiter les vibrations induites préalablement mesurées à partir de l’exploration 

de surfaces réelles. Le développement de dispositifs tactiles a trouvé une large place dans la 

recherche au cours de la dernière décennie, exploitant différents types de simulateurs tactiles 

basés sur différents stimuli mécaniques, tels que les vibrations, le frottement, les forces de 

contact. Les applications technologiques et l’impact social du rendu tactile sont immenses et 

couvrent de nombreux domaines de notre vie quotidienne, du commerce en ligne à la 

rééducation tactile, en passant par les technologies médicales telles que la chirurgie à distance 

et la télé-opération, les environnements virtuels et la réalité augmentée, le divertissement, 

l’apprentissage, l’art et bien plus encore... Malgré les efforts déployés par la recherche, le 



chemin à parcourir est encore long. Dans la présente thèse, le dispositif vibrotactile développé 

a été utilisé pour simuler des textures périodiques et isotropes ; après validation appropriée, il 

a ensuite été exploité pour conduire des campagnes sur des groupes de volontaires, visant à 

évaluer leur capacité à discriminer des textures réelles et simulées à partir de seuls stimuli 

tactiles vibratoires. Les bonnes performances réalisées par les volontaires dans les campagnes 

de discrimination ont permis de valider le dispositif pour les textures testées et de corréler les 

différentes caractéristiques de distribution d’amplitude et de fréquence de la FIV avec la 

perception. L’un des points forts de l’appareil est en effet sa capacité à isoler et à découpler 

les stimuli vibratoires des autres stimuli tactiles ; ce qui en fait un outil de recherche efficace 

pour étudier encore plus en profondeur le rôle des stimuli mécaniques vibratoires et leurs 

principales caractéristiques (telles que la distribution d’amplitude et de fréquences) dans la 

perception et la discrimination des textures. À cette fin, le dispositif a également été utilisé 

pour mener des campagnes de discrimination dans lesquelles les amplitudes FIV ont été 

modifiées pour évaluer leur impact sur la perception des textures isotropes, confirmant ainsi 

le rôle prépondérant de l’amplitude FIV dans la discrimination de telles textures. 

Étant donné que le toucher est basé sur l’interaction directe entre le doigt et la surface explorée, 

les conditions de contact et la réponse dynamique des corps en contact jouent un rôle crucial. 

Cela est également vrai lorsque le contact se produit entre le doigt et la surface d’un dispositif 

haptique. La méthodologie de rendu du dispositif PIEZOTACT est donc basée sur la 

caractérisation de la fonction de transfert de l’ensemble du système électromécanique 

constitué de l’appareil électromécanique et du doigt de l’utilisateur. Des analyses 

paramétriques ont été effectuées sur la fonction de transfert du doigt humain et de l’appareil 

en fonction du sujet et des conditions de contact (force et angle entre le doigt et la surface). 

L’analyse ayant révélé une légère variation de la fonction de transfert pour différents 

volontaires dans les mêmes conditions de contact, la possibilité d’utiliser une fonction de 

transfert moyenne pour simuler des textures à l’aide du dispositif PIEZOTACT . Les résultats 

obtenus lors de campagnes de discrimination permettent de valider l’utilisation d’une fonction 

de transfert moyenne, évitant ainsi d’avoir à caractériser la réponse dynamique du doigt de 

l’utilisateur individuel de l’appareil.  

Plusieurs groupes de recherche travaillent en combinant l’expertise de laboratoires liés à 

différents champs disciplinaires pour étudier  en synergie la chaîne globale de la perception 

tactile, depuis la caractérisation de surface, en passant par les stimuli mécaniques, jusqu’à la 

réponse et la perception cérébrales. Dans cette thèse, dans un cadre collaboratif 

pluridisciplinaire, le dispositif PIEZOTACT a été exploité pour fournir un retour tactile dans 

une étude visant à évaluer la réponse cérébrale aux stimuli mécaniques générés par 

l’exploration de surfaces réelles et simulées, tout en tenant compte des mécanismes 

d’atténuation des signaux tactiles dus aux mouvements effectués par le sujet pendant 

l’exploration des surfaces. L’utilisation du dispositif haptique a permis de mettre en évidence 

les similitudes et les différences dans la réponse cérébrale dans des conditions tactile réelles 

et simulées. 

D’une manière générale, les résultats obtenus ont fourni des informations importantes sur le 

rôle des vibrations induites par frottement dans la perception tactile.  Ces travaux ont permis 

le design d’un outil fiable pour la reproduction des stimuli mécaniques associés à ces 

vibrations. Il sera utilisé à l’avenir pour étudier plus en détail les phénomènes sous-jacents à 

la perception tactile.  



Cette thèse a été développée dans le cadre de la cotutelle de thèses entre le DIMA 

(Département de Génie Mécanique et Aérospatial) de l’Université La Sapienza de Rome, Italie 

et le LaMCoS (Laboratoire de Mécanique des Contacts et des Structures) de l’INSA (Institut 

National des Sciences Appliquées) de Lyon, France. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Riassunto 
 

I 5 sensi ci permettono di percepire il mondo circostante e di interagire con esso. Tra i 5 sensi, 

il senso del tatto è il più articolato e tutt’ora il meno compreso. Laddove siamo in grado di 

gestire i segnali che sono alla base della vista e dell'udito (onde elettromagnetiche e di 

pressione), e siamo in grado di riprodurli utilizzando dispositivi e interfacce grafiche e visive 

che fanno ormai parte della nostra vita quotidiana, i meccanismi alla base del senso del tatto 

sono ancora in gran parte sconosciuti. Il tatto ha origine dal contatto tra la pelle e la superficie 

esplorata, e coinvolge stimoli meccanici che provengono dall'intero sistema muscolo-

scheletrico, insieme alla propriocezione e ai meccanismi ad essa associati. Varie classi di 

recettori tattili si trovano nella pelle, nei tendini e nei legamenti. Questi sono in grado di 

modificarsi chimicamente e strutturalmente quando sottoposti a stimoli meccanici, generando 

un flusso di corrente che viene trasmesso tramite i nervi al sistema nervoso centrale, dove gli 

stimoli sono decodificati dal cervello.  

Lo studio dei meccanismi di percezione tattile richiede quindi un approccio fortemente 

multidisciplinare, e coinvolge una vasta gamma di discipline, come la Medicina, le 

Neuroscienze, la Psicologia, la Dinamica, la Tribologia, le Scienze dei Materiali, e molte altre. 

La Tribologia e la Dinamica sono coinvolte nello studio di tutti quei complessi fenomeni che 

avvengono al contatto e che generano stimoli meccanici, come le vibrazioni indotte dall'attrito 

(Friction-Induced Vibrations, FIV) e le forze di contatto, che sono alla base della stimolazione 

dei meccanorecettori. Molte linee di ricerca indagano il ruolo dei diversi stimoli meccanici 

nella percezione tattile, tutti fondamentali per una comprensione più profonda dei meccanismi 

all’origine della stessa.  

Questa tesi di Dottorato si colloca all'interno della linea di ricerca più strettamente dedicata 

allo studio del ruolo delle diverse caratteristiche (ampiezza, distribuzione di frequenza) delle 

vibrazioni indotte dall'attrito, nel mediare tra le caratteristiche topografiche superficiali e il 

modo in cui sono percepite e discriminate.  

In primo luogo, nel presente lavoro sono state condotte analisi di stimoli vibrazionali originati 

dall'esplorazione di “textures” rigide periodiche e isotrope, rivelando diverse caratteristiche 

chiave nella loro discriminazione: rispettivamente l'ampiezza per le textures isotrope, e la 

distribuzione in frequenza per quelle periodiche.  

Allo stesso tempo, è stato sviluppato un dispositivo di rendering tattile, denominato 

PIEZOTACT, al fine di simulare le textures, riproducendo le vibrazioni indotte 

precedentemente misurate a partire dall'esplorazione di superfici reali. Lo sviluppo di 

dispositivi tattili ha trovato ampio spazio nella ricerca nell'ultimo decennio, sfruttando diversi 

tipi di simulatori tattili basati su diversi stimoli meccanici, come vibrazioni, attrito, forze di 

contatto. Le applicazioni tecnologiche e l'impatto sociale del rendering tattile sono immensi e 

spaziano in molti campi della nostra vita quotidiana, dal commercio online, alla riabilitazione 

tattile, alle tecnologie mediche come la chirurgia a distanza e le teleoperazioni, agli ambienti 

virtuali e alla realtà aumentata, all'intrattenimento, all'apprendimento, all'arte e molto altro. 

Nonostante gli sforzi che la ricerca sta compiendo, la strada da percorrere è ancora costellata 

di complessità. Nella presente tesi, il dispositivo vibrotattile sviluppato è stato utilizzato per 



simulare textures periodiche e isotrope; dopo opportuna validazione, è stato successivamente 

sfruttato altresì per condurre campagne su gruppi di volontari, volte a valutare la capacità di 

discriminare textures reali e simulate a partire dai soli stimoli tattili vibrazionali. Le buone 

performance raggiunte dai volontari nelle campagne di discriminazione hanno permesso di 

validare il dispositivo per le textures testate e di correlare le diverse caratteristiche di ampiezza 

e di distribuzione in frequenza delle FIV con la percezione. Uno dei punti di forza del 

dispositivo è infatti la capacità di isolare e disaccoppiare gli stimoli vibrazionali dagli altri 

stimoli tattili, rendendolo un efficace strumento di ricerca per indagare ancor più 

profondamente il ruolo degli stimoli meccanici e delle loro principali caratteristiche (come 

ampiezza e distribuzione frequenziale delle FIV) nella percezione e discriminazione delle 

textures. A questo scopo il dispositivo è stato anche utilizzato per condurre campagne di 

discriminazione in cui le ampiezze delle FIV sono state alterate per valutarne l’impatto sulla 

percezione delle textures isotrope, confermando l’importante ruolo dell’ampiezza delle FIV 

nella discriminazione di tali textures. 

 Poiché il tatto si basa sull'interazione diretta tra il dito e la superficie esplorata, le condizioni 

di contatto e la risposta dinamica dei corpi in contatto giocano un ruolo cruciale. Questo vale 

anche quando il contatto avviene tra il dito e la superficie di un dispositivo tattile. La 

metodologia di rendering alla base del dispositivo PIEZOTACT si basa quindi sulla 

caratterizzazione della Funzione di Trasferimento dell'intero sistema elettromeccanico 

costituito dal dispositivo e dal dito dell'utilizzatore. Sono state quindi effettuate analisi 

parametriche sulla Funzione di Trasferimento del dito umano e del dispositivo al variare del 

soggetto e delle condizioni di contatto, come la forza e l'angolo tra dito e superficie. Poiché 

l'analisi ha rivelato una ridotta variazione della Funzione di Trasferimento per i diversi 

volontari a parità di condizioni di contatto, la possibilità di utilizzare una Funzione di 

Trasferimento media per simulare le textures utilizzando il dispositivo PIEZOTACT è stata 

validata mediante campagne di discriminazione delle textures isotrope. I risultati ottenuti 

permettono di validare l’utilizzo di una Funzione di Trasferimento media, evitando quindi la 

necessità della caratterizzazione della risposta dinamica del dito del singolo utilizzatore del 

dispositivo.  

Diversi gruppi di ricerca lavorano unendo le competenze di laboratori inerenti a diverse 

discipline per indagare sinergicamente la catena complessiva della percezione tattile, a partire 

dalla caratterizzazione superficiale, passando per gli stimoli meccanici, fino alla risposta 

cerebrale e alla percezione. In questa tesi, nell'ambito di una collaborazione multidisciplinare, 

il dispositivo PIEZOTACT è stato sfruttato per fornire un feedback tattile in uno studio volto 

a valutare la risposta cerebrale a stimoli meccanici generati dall'esplorazione di superfici reali 

e simulate, tenendo in conto anche i meccanismi di attenuazione dei segnali tattili dovuti ai 

movimenti eseguiti dal soggetto per l’esplorazione della superfice. L’utilizzo del dispositivo 

tattile ha permesso di mettere in luce le similitudini e le diversità nella risposta cerebrale in 

condizioni di tatto reale e simulazione tattile. 

In generale, i risultati ottenuti hanno permesso di fornire importanti informazioni sul ruolo 

delle vibrazioni indotte dal contatto nella percezione tattile, e si è fornito altresì uno strumento 

affidabile di riproduzione degli stimoli meccanici associati a tali vibrazioni, che sarà in futuro 

utilizzato per ulteriormente investigare i fenomeni alla base della percezione tattile.  



Questa tesi di Dottorato è stata sviluppata nell’ambito della cotutela di tesi fra il DIMA 

(Dipartimento di Ingegneria Meccanica e Aerospaziale) dell’Università La Sapienza di Roma, 

Italia, e il LaMCoS (Laboratoire de Mécanique des Contacts et des Structures) dell’INSA 

(Institut National des Sciences Appliquées) di Lione, Francia. 
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The sense of touch is one of the channels through which the human beings perceive, 

apprehend, and interact with the external environment. Touch is the most articulated among 

the 5 senses, involving a complex interplay of the musculoskeletal and proprioception systems, 

and encompassing a wide range of stimuli, including forces, friction, vibrations and 

temperature, which activates different types of receptors located in the skin. The mechanisms 

that lie at the origin of touch are still largely unknown. They need to be investigated with a 

multidisciplinary approach by mechanical and material engineers, physiologists, 

psychologists, neuroscientists, physiochemists and so on. The mechanical stimuli are detected 

by mechanoreceptors, transduced as electrical signals, carried by nerves, and then decoded by 

the brain, passing through the filter of the human psychology. Tribology and dynamics aim to 

investigate the mechanical stimuli arising from the finger/surface contact, as well as the 

phenomena which occurs at the interface, correlating such stimuli with the surface 

characteristics and texture topography. Understanding the relationship between mechanical 

stimuli and tactile perception needs the synergistic effort of tribology, neuroscience, and 

psychology. Research is largely pursuing this goal, aiming to reconstruct the entire chain of 

tactile perception, starting from the characteristics of the surface, passing through mechanical 

stimuli, up to the cerebral and psychological response, pushing the knowledge about touch 

processes by means of workgroups which combines the knowhow of laboratories from 

different disciplines. 

Understanding how the different mechanical stimuli play their role in tactile perception is not 

only important for the basic understanding of touch, but pave the way as well to the possibility 

to render tactile stimuli and simulate perception by tactile devices. We are already able to 

artificially recreate sight and hearing trough visual and acoustic devices of every sort, which 

integrates our life from decades. Sight and acoustic stimuli, i.e. electromagnetic and pressure 

waves, are already well understood and mastered. Although in recent years the development 

of tactile devices, mimicking the different mechanical stimuli (friction, vibrations, forces, 

etc.), has surged, tactile rendering of textures is still an ongoing challenge, due to the variety 

and complexity of such stimuli. Tactile rendering technologies would find application in all 

fields of our everyday life such as augmented reality, virtual reality, e-commerce, sensory 

rehabilitation, tele-surgery, sensory substitution and beyond. Thus, replicating touch would 

have a strong social and technological impact. The development of different tactile devices 

based on different tactile stimuli would allow as well to decouple different mechanical signals 

as vibrations or forces in order to investigate their role in the tactile perception processes. 

The present Ph.D. work is collocated into a recent line of research which investigates the 

relationship between tactile perception of surface textures and the Friction-Induced Vibrations 

(FIV) that are generated during the tactile exploration. In fact, whenever a sliding contact 

occurs, vibrations are generated at the interface. Texture induced vibrations stimulate specific 

classes of mechanoreceptors and are identified as one of the key stimuli, along with friction 

and forces, which mediate tactile perception. The approach of the present research is focused 

from one hand on a deeper comprehension of the role of FIV in tactile perception of textures 

and from another hand on the possibility to render tactile vibrational stimuli by a tactile device.  

Different rigid textures, periodic and isotropic ones, have been tested in this work. Mechanical 

stimuli from surface exploration are measured and analysed in order to investigate the different 
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features of the FIV, such as acceleration amplitude and frequency distribution, which encode 

the texture characteristics. A vibrotactile texture rendering device, able to render the 

vibrational stimuli by means of a piezoelectric actuator and its driving chain, has been 

developed. The possibility to discern textures based on FIV has been then addressed. 

Perceptual and discrimination campaigns have been carried out on volunteers, both with the 

real textures and the ones simulated using the developed device, mimicking FIV. The aim is 

to correlate the FIV features both with the texture topography and the discriminative 

perception, up to spot into the brain response in a collaborative work where the 

multidisciplinary approach, needed to study touch-related phenomena, is expressed.  

The thesis is structured as following: In the first instance, the context in which this work is 

collocated and an overview of the current literature in the field of tactile perception is outlined 

in Chapter 1, focusing on the mostly related aspects of literature to the present work. Chapter 

2 (materials and method) provides a description of the tools, test benches and protocols that 

have been developed and exploited throughout all the thesis. Chapter 3 is then dedicated to 

analyses of FIV induced by active and passive exploration of isotropic and periodic surface 

samples. The main features of FIV induced by the scanning of both types of textures are 

identified and compared. In Chapter 4, the rendering methodology underlying the tactile 

rendering device is presented and verified; the device is then validated trough discrimination 

campaigns of real and simulated periodic and isotropic textures, involving panels on 

volunteers. Chapter 5 is dedicated to address the interaction between the finger and the 

vibrotactile device, by parametrically characterising the Transfer Function of the finger and 

the one of the overall system, constituted by the tactile device and the user’s finger, as a 

function of the contact boundary conditions and for panels of volunteers. Finally, Chapter 6 

reports a collaborative work with the Cognitive Neuroscience Laboratory (LNC) of the Aix-

Marseille University (France) aimed to correlate mechanical stimuli and 

electroencephalographic (EEG) signals during the exploration of real and simulated textures. 

Chapter 7 provides general conclusions and future perspectives of the thesis work.  

This Ph.D. thesis has been developed in joint supervision between the DIMA (Dipartimento 

di Ingegneria Meccanica e Aerospaziale) of the Sapienza University of Rome, Italy, and the 

LaMCoS (Laboratoire de Mécanique des Contacts et des Structures, UMR CNRS 5259) of the 

INSA (Institut National des Sciences Appliquées) of Lyon, France. 
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Chapter 1 

State of the art 

 

 

This work is focused on the analysis and rendering of mechanical stimuli involved in the tactile 

perception of textures, with a particular focus on vibrational stimuli. This chapter provides an 

overview of the context and of the literature concerning the different aspects of tactile 

perception, which will be reencountered in the manuscript. While the current literature on 

tactile perception, within the different disciplines, is extremely huge and variegate, this 

Chapter aims to overview the most relevant contributions on the specific fields and topics 

addressed by the Ph.D. work. The positioning of the work is then discussed. 

 

 

 

 

 

 

 

 

 

 



10 

 

 

1.1 Context of the Ph.D. work 
 

The sense of touch is the least understood of the 5 senses. Despite the great advancement of 

research and knowledge that is moving forward, the mechanisms behind touch are still largely 

unknown. Touch originates with the exploration of the surface, from which static and dynamic 

mechanical signals are generated. Such signals, together with the motion of the body parts, i.e. 

the proprioception, contribute to stimulate the mechanoreceptors contained in the entire 

musculoskeletal system. These signals are then encoded into electrical signals that are 

transmitted to the brain, to be decoded and allowing the tactile sense. Unlike sight and hearing, 

touch requires physical interaction between the finger and the object to be explored, and this 

generates a series of complex phenomena related to the contact. For this reason, Tribology and 

Dynamics are between the disciplines suitable to address the study of touch mechanisms. To 

date, among the many questions that researchers have only partially managed to answer, there 

is the role of different mechanical stimuli (vibrations, friction, forces, etc.) in codifying the 

different characteristics of surfaces (roughness, periodicity, hairiness, compliance, hardness, 

and so on); as well, how these mechanical stimuli are related to the perception and 

discrimination of surface features. The challenge is made much more difficult by so many 

factors that come into play, such as nonlinearity of the mechanical contact interaction, 

proprioception, brain treatment of tactile stimuli, psychological response etc. Tactile 

perception is in itself a highly multidisciplinary problem, that needs to be investigated by 

different points of view, with the joint skills of Mechanics, Neurology, Neurosciences, 

Psychology, Material Science, Medicine, Biology, and so on. Specifically, being an interactive 

sense involving direct physical contact with the explored object, touch is affected by all those 

parameters that influence a contact between two bodies, and which is the subject of study of 

Tribology. Kinematics of surface exploration, contact boundary conditions (such as velocity, 

contact forces, finger/surface angle, etc.), physiochemical characteristics of the finger, etc., 

need to be investigated in order to understand their role in the encoding of stimuli that mediate 

perception. The coupled dynamics of the two bodies in contact, i.e. the finger and the explored 

surface, depends as well from all the boundary parameters. As discussed in the next section, 

dedicated to the related state of the art, vibrations, friction, and forces stand among the most 

important mechanical stimuli involved in tactile perception. The analysis of such mechanical 

stimuli hides many complexities and requires extensive dedicated lines of research aiming to 

investigate their role in perception. In this context, this Ph.D. thesis is focused on vibrational 

stimuli (namely Friction-Induced Vibrations) that arise from the contact between the finger 

and the surface during tactile exploration, aiming to contribute to the understanding of the 

relationship between the different features of such stimuli, the texture topography, and the 

texture perception. 

As research proceeds into the mechanisms underlying tactile perception, investigating the 

mechanical stimuli that mediate it, another challenge arises from a social and technological 

point of view: the possibility of artificially recreating tactile sensation, as we already do with 

sight and hearing. In fact, we are already familiar with the stimuli that are the basis of sight 

and hearing, and we are able to capture and reproduce them through visual and acoustic 

devices. Given its complexity, tactile rendering is still an ongoing challenge. Artificially 
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recreating touch, through tactile rendering of surfaces, could enhance the existing technologies 

in a countless number of fields, such as online commerce, where we could feel the intricate 

details of fabrics and objects from a distance, virtual reality, augmented reality, videogaming, 

movies, multimedia contents, art, learning and development, teaching, tactile rehabilitation, 

teleoperation, remote surgery, sensory substitution (e.g. Braille displays for visually 

impairment), and beyond. Such advancements in haptics and tactile rendering could have a 

very strong social and technological impact (Figure 1). Because tactile stimuli are so varied 

and complex, a huge amount of different haptic devices are under development, based on 

haptic feedback generated by different tactile stimuli (vibrations, forces, friction, etc.). An 

overview of the main tactile rendering methods is given in the following sections. The future 

hope is to put together the various tactile feedback based on different mechanical stimuli to 

recreate the tactile sensation in a more faithful and comprehensive way. This Ph.D. thesis work 

deals as well with the development, and exploitation for research purposes, of a vibrotactile 

device capable of reproducing "the texture vibration". On the one hand, the development of 

tactile devices necessarily involves the understanding of the role of the different mechanical 

stimuli, and of the different features of mechanical stimuli, in tactile perception. On the other 

hand, the development of devices that reproduce specific mechanical stimuli is useful for 

research purposes to isolate and decouple the class of mechanical stimuli in question from 

other tactile stimuli, to investigate their actual role in perception. The development of tactile 

rendering devices is therefore a two-way challenge. Combining the direct investigation of 

mechanical stimuli underlying tactile perception, the development of a tactile device and the 

exploitation of such tactile device to study the role of stimuli in perception, is the philosophy 

behind this Ph.D. thesis. 

 

 

Figure 1: Fields of application of tactile rendering. 
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The present thesis is inscribed in a more general framework including different disciplines 

involved in the overall investigation and comprehension of touch (Figure 2). In fact, the sense 

of touch originates from the interaction between human body parts and the surface, generating 

mechanical stimuli of different types (concerning Tribology, Dynamics, Material Science, 

Physics etc.) that stimulate receptor’s response (Physiology, Medicine, Biology), which are 

then processed by the peripheral and central nervous system and decoded by the brain 

(Neuroscience, Neurology), along with all the phenomena involved thank to proprioception. 

Tactile perception is then the result of the combination between brain processing of mechanical 

stimuli and Psychology of the human being. Derived social and technological applications 

involves a wide spectrum of disciplines as well, such as Engineering, Medicine, Neurology, 

Psychology, Economy, Informatics, Teaching and so on (Figure 1). In terms of research, it is 

clear that understanding the processes underlying touch needs the synergistic effort of different 

laboratories from different disciplines and a multidisciplinary overall view. In this context, the 

present Ph.D. thesis had the opportunity to collaborate with the laboratories involved in the 

framework of the “ANR COMTACT” project [1] and the “GDR TACT” workgroup [2].  

 

 

Figure 2: Touch: a multidisciplinary matter. 
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1.2 Background on tactile perception 
 

This section provides an overview of the literature in the field of tactile perception, focused 

on the aspects that concern the present Ph.D. work. The section begins with an introduction to 

the physiology of touch; Then, an overview of the literature concerning exploration procedures 

and kinematics is provided. Subsequently, the most important lines of research on the 

mechanical stimuli underlying tactile perception are presented, with a particular focus on 

vibrational stimuli. An overview of haptic and tactile rendering devices is finally provided, 

focusing in particular on the most exploited rendering methodologies in the literature.  

 

1.2.1 Physiology of tactile perception 
 

Human beings perceive, apprehend, and interact with the external world by means of different 

sensory channels that operate synergistically. The senses of sight, taste, smell, hearing and 

vestibular sense are called ‘special senses’[3]. Instead, the ‘general somatic senses’ are 

constituted by the exteroceptive senses, which detect the information coming from the body 

surface (touch, pressure, temperature…), the proprioceptive senses, that are related to the 

physical state of the body and the spatial and motor information (kinesthetic sense, mediated 

by joints and ligaments), and the visceroceptive senses, that relate to the detection of the 

stimuli coming from the internal organs. The somatic senses can be divided in three different 

categories: the mechanoreceptive somatic sense (involving the mechanical stimuli on the 

tissues), the thermal sense, and the sense of pain. The sensory stimuli (afferences) are detected 

by different types of receptors, then the coded signals are carried by the nerves to the central 

nervous system and then decoded by the brain. Each receptor is a sort of transducer that 

generates a voltage and a flow of electricity on its nerve termination, when undergoes a 

physical or chemical variation of its structure. Different receptors can detect different stimuli. 

In the field of somaesthetic senses, the mechanoreceptors detect their mechanical deformation, 

the thermoreceptors the changes in temperature, the nociceptors pain or tissue damage etc. 

Sensory receptors are located also into the muscles, joints, tendons, ligaments and provide the 

kinesthetic sense (i.e. the perception of the relative motion of the body parts) [3]. 

The haptic perception is the process of recognizing and discriminating objects through touch. 

It involves both the kinesthetic sense (proprioception) and the cutaneous inputs, which arises 

when the contact between the skin and the surface of an object occurs, and the mechanical 

deformation of the skin stimulate the mechanoreceptors [4]. Each type of mechanoreceptor 

constitutes a specific channel able to decode a different information [5]. The mechanoreceptors 

(Table 1) are Pacinian corpuscles, Ruffini endings, Meissner’s corpuscles and Merkel disks, 

which can be divided into two categories based on their speed of adaptation with respect to 

the mechanical stimuli: slow adapting receptors (SA), able to detect constant mechanical 

stimuli (like pressure and skin stretch), and rapidly adapting receptors (RA), able to detect 

transient mechanical stimuli (vibrations). The skin is densely populated by mechanoreceptors, 
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in particular the hands and the fingertips. The spatial resolution of each type of 

mechanoreceptor is linked to the number and position of receptors that lie in a certain portion 

of tissue. The receptors located in the deeper layers of the skin show a larger receptive field, 

rather than the afferents located in the more superficial cutaneous layer. They are classified in 

type I (small receptive field) and type II (large receptive field). 

 

Table 1: Mechanoreceptors classification and main characteristics [6]. 

 

 

1.2.2 Active and passive touch 
 

The sense of touch has been strongly explored from a behavioural point of view, as well as 

from a physiological one. Gibson is among the first to emphasize the difference between 

touching and being touched [7], i.e. active and passive touch. Active touch couples both the 

kinesthetic sense and the proper sense of touch, and is the real way through which we perceive 

the external world. Quoting the words of Gibson [7], “active touch is an exploratory rather 

than a merely receptive sense”, with a purposive connotation, and the act of touching is a 

search for stimulation to obtain the desired information about the explored object, which is 

possible thank to the concomitant excitation of receptors contained in the skin but also in joints 

and tendons. In other words, it relates on inputs coming from the whole skeleto-muscular and 

vestibular system, providing a definite channel of information about the external environment, 

which can be seen as something much similar to a special sense organ [7]. Moreover, according 

to Gibson, the simple formula that the active touch consists of passive touch plus kinesthesis 

is insufficient and the hypothesis of two components of stimulation, one exterospecific and 

one propriospecific, contributing to generate a wholly unified sensory experience, is more 

promising [7].  

In passive touch the object is perceived only by means of the passive stimulation of the skin, 

but no kinesthetic sense is involved, since the static or dynamic contact between the body and 

the object is caused by an outside system. Nevertheless, passive touch is very useful to study 

the mechanisms of stimulation of the mechanoreceptors and to decouple the influences of the 
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parameters involved in the contact pairs constituted by the body and explored object. 

According to some studies [8], [9], it does not necessary determines a deficiency in tactile 

perception and in accuracy during a discrimination task; nevertheless, this point is still 

controversial.  

 

1.2.3 Exploratory procedures in active touch 
 

If the haptic mechanism is a purposive exploratory function [7], [10], it may be worthy to 

wonder what determines the sequence of exploratory activities when objects are haptically 

apprehended and how happens the choice of the next hand movement to be performed, that is 

the question that Lederman and Klatzky address in [7], [11], [12]. In the first instance, 

Lederman and Klatzy observed that we interact with objects using stereotyped hand 

movements, that they called exploratory procedures (EPs), which aim to obtain information 

on specific object properties. They observed that each fundamental property of an object (such 

as texture, hardness, temperature, weight, size, global shape) is instinctively explored by 

human being with an exploratory procedure that has certain invariants and typical features. 

For example, the EP that emerges spontaneously when testing the hardness of an object is 

pressure, thermal properties are explored with static contact, weight with unsupported holding, 

global shape and volume with enclosure, exact shape with a contour following. Lateral motion 

is the procedure used to inspect the texture of a surface, and its invariant is a repetitive lateral 

movement (tangential rubbing) between skin and surface. 

The choice of the EPs to be used is strictly linked to the object properties and to the task. 

Moreover, Lederman and Klatzky classified the EPs in optimal (in terms of accuracy and 

time), necessary and sufficient, and they observed that in free exploration people tend to use a 

certain EP because it is optimal or even necessary and not because it is merely sufficient [10]. 

They observed also that the exploratory and manipulatory movements occur in consecutive 

stages (two-stages theory), first with more general EPs to obtain a coarse information about 

the object properties and then, if the information collected are judged insufficient for the task, 

with a deeper exploration involving more specific EPs. This means that the choice of the next 

exploration movement is driven by a step-by-step acquired knowledge, following a “bottom-

up” logic as well as a “top-down” one [10], [12]. More recent studies [13]–[16] confirm 

Lederman’s and Klatzky’s observations.  

A study [13] that investigates the interdependences between finger movement direction and 

haptic perception of oriented textures shows that freely chosen movements used in free active 

exploration aim for a maximization of perceptual information gain; in case of orientated 

texture (e.g. grating surface, composed of periodically repeating grooves with a clear 

orientation defined by the grooves), people are better in discriminating the spatial period of 

the texture as they move more orthogonal to the texture. In fact, the frequency of the temporal 

cues is maximized when finger movements are directed orthogonally to the texture orientation 

and decrease as the finger movements direction moves from the orthogonal, until the 

frequency associated to the spatial period of the texture becomes zero with the finger moving 
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parallel to the groves [13]. This study highlights also that people optimize texture perception 

by adjusting their movements in directions that maximize the perceptual performance; this 

adjustments of the movements in course of exploration appear only in the final stages of the 

exploration but not in the earlier stages. Thus, exploratory movements are adjusted on the basis 

of previously accumulated perceptual signals. The adjustments occur only after enough signals 

related to texture orientation are available, so haptic perception becomes more accurate as long 

as the exploration proceeds. Moreover, since the movement adjustment is influenced by the 

task and the movement kinematics depends on both the task and the texture characteristics, 

sometimes the task provokes some people to use cognitive strategic decisions that lead to 

nonoptimal and unnecessary exploratory movements, rather than natural and optimal 

exploratory procedures.  

Another study [16] enhances this concept investigating the “expectancy-driven” adjustment of 

the exploratory movements, comparing the movements in the first stage of the exploration in 

case of predictable perceptual situation (i.e. situations in which a previous knowledge of the 

object is available) and in case of unpredictable ones (i.e. unknown objects). The results 

remark that only when a prior knowledge of the objects is available the exploratory movements 

are already adjusted in the earlier stages of the exploration, while in unpredictable situations 

the exploration occurs following the logic of the two-stages theory. Furthermore, people do 

not always try to optimize the exploratory strategies, especially when a high differential 

sensitivity is not required by the task.  

As highlighted by Lederman and Klatzky [10]–[12], the instinctive exploration procedure for 

the perception of surface textures is lateral motion, rubbing the surface texture. The work in 

[14] investigates the kinematics of unconstrained tactile texture exploration using samples 

large enough to better reflect each subject’s natural exploratory strategies, avoiding the 

movements to be constrained by the sample surfaces geometry, and confirms that the EPs are 

dependent by the perceptual task as well as the surface characteristics. The used samples cover 

a wide range of perceptual qualities. According to the study, people explore the texture most 

of all (70%) using simple linear movements of the finger like distal-proximal movements and 

lateral scanning (radial-ulnar movements) (Figure 3), followed by complex motion such as 

circular ones (22%), followed by stationary movements like pressure (8%). The exploratory 

kinematics depends on the task and on the surface characteristics. Moreover, according to the 

study, people tend to use different scanning speeds when scanning different textures. For 

example, subjects tends to scan surfaces that are judged to be slippery faster than surfaces that 

are judged to be sticky, regardless of the task. Subjects adjust their exploratory strategy during 

exploration, for example the scanning speed evolves over time increasing significantly as the 

trial progresses.   

Moreover, in [17] it is evaluated if perception of roughness of texture is independent of the 

manner in which we touch the surface, by testing six scanning conditions, such as direct touch, 

where the finger is in contact with the surface, and indirect touch, where the surface is scanned 

with a hand-held probe, active (moving the hand across a stationary surface), passive (moving 

the surface across a stationary hand), and pseudo-passive (subject's hand is moved by the 

experimenter across a stationary surface. The study [17] highlights that roughness constancy 
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is preserved during active touch and pseudo-passive touch but not passive scanning, 

emphasizing the role of proprioception in tactile perception.  

Considering these observations, during the thesis work, passive touch has been exploited to 

analyse mechanical tactile stimuli with fixed boundary conditions, while perception 

campaigns have been performed with active touch.  

 

Figure 3: Sliding directions: proximal, distal, ulnar, radial. 

 

1.2.4 Duplex-Theory of texture perception and tactile 

mechanical stimuli 
 

The basic understanding of the mechanisms that lie at the origin of touch necessarily pass 

through the investigation of the mechanical stimuli that are detected by mechanoreceptors. 

Firstly Katz [18], and then Hollins and Risner [19], introduced the Duplex-Theory of tactile 

perception, which represent a turning point for researchers. According to the Duplex-Theory, 

the tactile perception of a surface texture is mediated by two coupled but different 

mechanisms: a "spatial sense" that allows the discrimination of coarse textures, and a 

"vibration sense" for the discernment of fine textures. Therefore, for discriminating the fine 

textures, a sliding contact between finger and surface is needed, generating transient cues 

(vibrations, transient skin deformations, mainly detected by RA II receptors). Instead, the 

coarse textures can be perceived with the sole static contact between fingers and surface (static 

pressure, skin stretch), and sliding contact is not necessary. Hollins and Risner [19] identified 

as coarse textures those having a spatial period > 200 µm, and as fine textures those with a 

spatial period < 100 µm. More recent studies confirm the theory and emphasize the main role 

of fingerprints in thresholding between coarse and fine textures [6], [20]–[25].  

 

1.2.5 Friction-Induced Vibrations in tactile perception 
 

From a mechanical point of view, sliding contacts involve presence of friction and vibrations. 

Whenever a sliding contact between two bodies occurs, Friction-Induced Vibrations (FIV) are 

generated at the contact (Figure 4) [26]. The interaction at the contact interface results in a 
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distribution of micro-impacts, local ruptures, 3rd body cracking and impacts that generate 

impulsive excitations and thus propagation of elastic waves that excite the system dynamics 

(FIV). According to the dynamic response of the system, the FIV may be stable or unstable 

(macroscopic stick-slip instability, negative friction-velocity slope instability, and modal 

instability) [27]–[33]. The FIV that occur at the contact between fingertip and surface of an 

object during a haptic process are mostly stable contact-induced vibrations: the system 

dynamics remain stable, and the vibrations excited by the contact are damped by either the 

material damping and the energy dissipation at the contact interface. Moreover, in an active 

free exploration of a surface, the brain is able to perceive the contact information in real time 

to adjust the boundary conditions to avoid possible stick-slip instabilities. 

 

 

Figure 4: Friction-Induced Vibrations generation at the sliding contact pairs. 

 

The Duplex-Theory enlighten the role of vibrational stimuli in fine texture discrimination [18], 

[34], [35], giving rise to a line of research investigating the role of FIV in tactile perception. 

Although we are still far from achieving a clear understanding of the phenomena underlying 

the texture perception, in the past two decades research in this field had significantly advanced. 

Several works investigate how Friction-Induced Vibrations encode the topographic 

characteristics of textures and mediate perception and discrimination of textures.  

According to these studies, the acceleration RMS and frequency distribution of the FIV, 

originated by the fingertip scanning of a texture, show typical features depending on the 

surface topography, the exploration dynamics, the contact boundary conditions, the direction 

of exploration, and the fingerprints characteristics [6], [21], [22], [24], [25], [36]–[45]. Key 

features of the FIV stimuli (as well as friction and forces) have been investigated when 

exploring different kind of textures: textiles [22], [37], [40], [44],[22], [46]–[48], periodic [6], 

[22], [25], [36], [48], isotropic [36], [41], and common object’s surfaces [24], [38], [42], [49]. 

For example, FIV spectra associated to fabrics can show well-defined frequency peaks, linked 

to the spatial period of the texture, and a broadband frequency content, linked to the isotropic 

component of the fibre hairiness [22], [44]. In [37] induced vibrations are investigated in 

woven fabrics as a function of yarn density, yarn fineness, and number of yarns in unit pattern. 

In periodic textures, the fundamental frequency peak of the induced vibrations is given by the 

ratio between the sliding speed and the smaller wavelength between the one of the fingerprints 

and the one of the sample roughness [6], [20], [25], [36], [38], [43]. In fact, the fingerprints 

wavelength are found to play a fundamental role in filtering the FIV stimuli, affecting as well 

the threshold between coarse and fine textures perception fields [6], [21]–[24], [36]. It has 

been observed as well that sliding speed affects almost linearly the amplitude (RMS) of FIV 
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induced by the texture exploration, and implies as well a shift of the acceleration spectra 

towards higher frequency contents, independently from the texture [22]–[25], [36], [38], [42], 

[45]. Higher velocity means more energy exchanged at the contact. Studies focused as well on 

the FIV (and mechanical stimuli in general) dependence by the sliding direction [20], [41], 

[47], highlighting the proximal as the direction which maximizes tactile signals, while lateral 

scanning is characterized by more frequent occurrence finger instability and stick-slip 

phenomena. Moreover, in [41] mechanical stimuli and discriminative perception have been 

evaluated when sliding the finger both in proximal and distal direction, showing that distal 

direction is characterised by a high occurrence of stick-slip and discontinuous contact and a 

different fingerprint deformation, leading to a lower performance in discrimination than distal 

sliding. The role of stick-slip in altering the perceived surface roughness has been furtherly 

investigated in [48]. Moreover, the surface discrimination has been found to be less performing 

with lower scanning speed, because of occurrence of stick-slip instability [41] and lower 

power furnished at the contact. FIV features, such as amplitude and frequency distribution, 

have been found to mediate between texture topography and discriminative perception [6], 

[24], [50], since the tactile discrimination is found to be more linked to the characteristics of 

the mechanical stimuli rather than the texture topography. This is not surprising, since the 

coding of texture information passes through stimuli detected by mechanoreceptors and 

translated then into electric signals, sent to the brain. In particular, according to recent studies 

[6], [50] investigating the relation between the topographical characteristics of well-defined 

periodic textures and mechanical tactile stimuli, FIV mediation of the perception is well 

testified by a strong correlation with both the hedonistic feeling (such as ‘I like’, ‘I like a lot’, 

‘I do not like’, ‘I do not like at all’) of the textures and surface perceptual descriptors (such as 

‘smooth’, ‘rough’, ‘adhesive’, textured’, ‘vibrating’).  

The present thesis is collocated into the line of research investigating the role of FIV in tactile 

perception, giving continuity to the works discussed in this section. 

 

1.2.6 Forces and friction in tactile perception 
 

Sliding contact in surface exploration also means the presence of frictional forces: a broad line 

of research focuses on the role of contact forces and friction in surface perception, ranging 

from isotropic [41], [51]–[53] and periodic [22], [54] rigid textures, to textiles [47], [55],[22], 

[56] and beyond [57]. The investigation of the role of contact forces, and particularly friction, 

in mediating tactile perception is of extreme importance, but studded with complexities. As an 

example, the contact pairs between a finger and a rigid surface (i.e. rigid with respect to the 

finger) involves the finger with its fingerprints topography and sebum production, which 

provides a highly nonlinear behaviour with respect to the contact parameters. In fact, changes 

in finger/surface contact force provoke deformation in the skin relief constituting the 

fingerprints and the ejection of sebum, bringing to changes in the real contact area with respect 

to the theoretical one, altering the constraint between finger and surface; The same happens 

when changing other contact boundary conditions, such as the sliding speed, or direction of 

exploration, or the texture features [22], [41], [54]. Adhesion and stick-slip occurrence need 
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to be taken into account as well [26], [54]. When dealing with textiles, the investigation on 

friction and forces becomes even more complex, since both surfaces are deformable, with 

relating compliance and accommodation phenomena. Moreover, the variability of the friction 

coefficient for different subjects must to be taken into account [47], [53], [55]–[61], since the 

physiochemical and mechanical characteristics of the finger affect the friction behaviour.  

Although its outmost importance in tactile perception, the role of friction is not deepened in 

this work, since the present thesis is focused on tactile vibrational stimuli. 

 

1.2.7 Mastering of tactile stimuli: an ongoing challenge 
 

In the vast panorama of sensory experiences that connect us to the external world, the sense 

of touch remains one of the most enigmatic and least comprehended. For decades, we have 

conquered the mastery of acoustic and sight stimuli, and the signals underlying them, i.e. 

pressure and electromagnetic waves, which can be well rendered by acoustic devices and 

visual displays. Acoustic and visual interfaces have been integrated into our daily lives, 

becoming indispensable companions in our modern world. On the contrary, understanding and 

replicating the intricate mechanisms of tactile perception continues to elude our complete 

grasp. The comprehension of tactile mechanical stimuli and the ability to render these stimuli 

(as we make for acoustic and visual ones) go hand in hand. However, differently from hearing 

and sight, touch involves a complex interplay of the musculoskeletal and proprioception 

systems, and it encompasses a wide range of mechanical stimuli, including forces, friction, 

vibrations and temperature, among others, activating numerous types of receptors. Mastering 

the world of haptics and tactile rendering is still an ongoing challenge. The so-called “surface 

haptics” (i.e. haptics for interactive surfaces [62]) represents a great enhancement of the 

current human-machine interface technologies and a new channel to interact with virtual 

environments. Haptics encompasses a wide range of different applications and types of haptic 

feedback, of varying complexity and very different goals. As an example, in our daily life we 

are all used to deal with devices like mobile phones, tablets, and videogame controllers, that 

are already able to deliver some simple haptic feedback, such as vibrations, pulses, bumping 

and buzzing effects. More recent research in the field of surface haptics aims to the possibility 

of rendering shapes, surface features and fine textures with computer interfaces, displays, 

handheld or wearable devices, creating the sensation of roughness, smoothness, softness, or 

hardness when users interact with virtual surfaces or objects.  

The present work addresses the development of a tactile devices, specifical to simulate surface 

textures, thus, in the following, literature more specifically related to texture rendering devices 

is provided. 
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1.2.8 Tactile rendering of textures 
 

In the vast panorama of haptics, the focus of the present work is on the rendering of textures. 

In recent years, the development of tactile rendering devices is surging, exploring a variety of 

mechanisms whose tactile feedback is based on different mechanical signals such as friction, 

forces and vibrations [62]–[66]. The most commonly used approaches for rendering surface 

shapes and textures include vibrotactile [67]–[74], electrostatic [75]–[82], and ultrasonic [55], 

[59], [60], [83]–[86] devices. Some efforts are being made to combine multiple rendering 

modalities, such as vibrotactile and friction modulation, into a singular device to simulate 

touch in a more complete manner [87]–[90]. Electrostatic and ultrasonic devices are based on 

friction modulation [66], while vibrotactile rendering is achieved by evoking tactile sensations 

through vibrations generated by different actuators and dynamic exciters. In electrostatic 

devices, modulation of friction is achieved by generating electrostatic attraction forces 

between the user’s fingertip and the device’s surface. Ultrasonic devices are based on the air 

film that is generated between the user’s fingertip and the vibrating display, that is actuated at 

ultrasonic frequencies, which fall in the frequency range that can not be directly detected by 

mechanoreceptors. The vibrotactile rendering approach is already used to recreate some 

simple haptics effects or feedback, for example in mobile phones and videogame controllers. 

Recently the possibility of using it to obtain a vibrotactile rendering of textures and fine surface 

roughness has been explored [67]–[72]. For the three rendering modalities (vibrotactile, 

electrostatic, ultrasonic), a data-driven approach is often used: mechanical signals are acquired 

from real surface textures to be subsequently reproduced by the device [55], [67]–[71], [75]–

[77], [83], [88]. Databases of mechanical signals, such as acceleration, velocity and friction 

forces, measured during real texture exploration, can be found in literature [91]–[93]. The most 

common approach in vibrotactile rendering consists in scanning the surface using an object or 

a rigid tool such as a stylus, equipped with vibration and force transducers, which mediates 

the contact between finger and texture, both in the measurement phase and in the tactile 

rendering one [67]–[71], [88], [93]. However, this approach ignores the primary role of the 

skin, and therefore the fingerprints, in the generation of the stimuli at the contact interface (see 

sections 1.2.4, 1.2.5, 1.2.6). Touch involves manipulation and physical interaction between the 

finger and the object to be perceived, and this is what happens when interacting with a tactile 

rendering device as well. In this regard, several studies investigate the interaction between 

fingertip and tactile device [25], [73], [94]–[97].  

Within this broad framework of different tactile devices, working with different physical 

principle to modulate friction, induced vibration or both of them, a particular focus is here 

placed on the role of vibrational stimuli and the respective mimicking device.  
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1.3 Positioning of the Ph.D. Thesis 
 

Although a considerable knowledge is being acquired in the field, much is still unknown about 

the path from surface texture, through mechanical stimuli, to tactile perception and 

discrimination. We are still far from mastering tactile stimuli, both in terms of basic 

understanding and in terms of development of haptic devices able to deliver a faithful and 

global reproduction of tactile sensation (section 1.2). As reported in the previous sections, 

different lines of research, all of main importance, focus on the role of different mechanical 

stimuli in touch processes.  

The present Ph.D. thesis collocates in the line of research that investigates the role of 

vibrational stimuli (FIV) in the tactile perception of textures, of which an overview has been 

given in section 1.2.5. On one hand, needing to clarify the features of the stimuli that are 

strictly related with our perception of textures, analyses of mechanical vibrational stimuli are 

carried out on different rigid textures having different topographies (isotropic, periodic), in 

order to identify the main features of FIV stimuli (amplitude, frequency distribution) which 

encode the topographical characteristics and mediate their tactile perception. On the other, a 

vibrotactile device, able to reproduce the FIV stimuli, is developed. The approach is based on 

measuring, and then rendering by a vibrational actuator, the FIV stimuli generated by texture 

exploration, collocating it in the panorama of tactile devices presented in section 1.2.8 

(vibrotactile, data-driven approach). Apart from possible technological applications, the 

developed vibrotactile device is used in this work to decouple mechanical stimuli from other 

tactile ones, as a tool to push over research on the role of different FIV features in tactile 

perception of textures. To achieve a correct simulation of the FIV stimuli, the dynamic 

response of the finger when interacting with both real surface textures and the device has been 

investigated as well. During the whole development of the Ph.D. work, the tribological and 

dynamic analyses have been accompanied by discrimination campaigns, on real and simulated 

textures, with the aim of deepen the relationship between mechanical vibrational stimuli and 

perception, up to a specific campaign (in collaboration with the Cognitive Neuroscience 

Laboratory (LNC) of the Aix-Marseille University) where the brain response has been 

monitored as well by EEG technics. 
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Chapter 2 

Materials and method1 

 

 

 

This chapter offers an overview of the approach and a comprehensive description of the test 

benches, protocols, and methodologies employed to carry on the presented work. The opening 

section provides an overview of the work and outlines the overall approach exploited for its 

execution. Then, the different sample surfaces, exhibiting either periodic or isotropic 

topography, are presented and the experimental setups are described. The tactile rendering 

device called “PIEZOTACT” used throughout this work, is introduced as well. Finally, details 

are provided on the protocols for the discrimination campaigns of real and simulated surfaces, 

by outlining the procedures and methodologies employed to assess participants' ability to 

discriminate different surfaces when interacting with various real and simulated textures. 

 

It should be noticed that the test benches, presented in their reference configuration in this 

chapter, will be revisited and utilized, in the subsequent chapters, with slight variations as a 

function of the various experimental campaigns object of this work. 

 

 

 

 

 

 

1 The content of this chapter has been partially published in [98]–[100]. 
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2.1 Work overview and overall approach 
 

This PhD thesis aims to delve into the complex phenomenon of tactile perception, with a 

specific focus on exploring the relationship between surface topography, mechanical stimuli, 

perception and discrimination of different surface textures, up to the mimicking of significant 

mechanical stimuli by a tactile device, with a spot into the brain response. Within the 

multidisciplinary panorama of disciplines involved into touch (Figure 2), Figure 5 shows the 

areas of investigation and contributions involved in this PhD thesis, focused on biomechanics, 

with some bricks in psychology and neuroscience.  

 

 

 

Figure 5: Areas of investigation of the PhD thesis, within the several disciplines involved into tactile 

perception. 

 

 

From the interaction between finger and surface, tactile stimuli are generated when exploring 

a surface. In order to understand the correlation between mechanical stimuli and the perception 

of textures, both the analysis of mechanical stimuli and their mimicking by means of a tactile 

rendering device are treated in a synergistic way. Figure 6 shows a scheme of the overall 

approach. 
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Figure 6: Flow block scheme of the overall approach. 

 

In the first instance, the link between mechanical stimuli and texture topography has been 

investigated when the finger interacts with either periodic or isotropic textures. Mechanical 

stimuli (contact forces, friction, Friction-Induced Vibrations) have been measured and 

analysed using two different methods of exploration:  active and passive touch. Particularly, 

the Friction-Induced Vibration (FIV) stimuli have been analysed to identify the key features 

of the signals (amplitude, frequency distribution), which encode the topographical and 

perceptual characteristics of the different textures (Chapter 3). 

In parallel, the vibrotactile rendering device PIEZOTACT has been developed to mimic, by 

means of a dynamic actuator, the FIV measured during the exploration of the real surfaces. 

The developed rendering strategy, which allows to reproduce the vibrational stimuli, is based 

on the exploitation of the overall Transfer Function of the device, including the user's finger. 

The device, and the rendering methodology that underlies it, have been experimentally verified 

(by comparison between original and mimicked FIV) and then validated through texture 

(periodic and isotropic) discrimination campaigns, carried out on panels of participants. 

involving both real and simulated surfaces (Chapter 4).  

A special attention has been paid on the interaction between the finger and the tactile device 

as well. Being at the basis of the developed rendering device, the Transfer Function has been 
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extensively investigated through parametric analyses for different contact conditions and 

participants. An average Transfer Function among participants has been calculated to feed the 

tactile device. Discrimination campaigns on real and simulated isotropic textures have been 

conducted to validate the effectiveness of using the average Transfer Function to process the 

FIV signals for tactile rendering (Chapter 5). 

A spot into the brain response arose from a collaboration with the Cognitive Neuroscience 

laboratory of the University of Marseille and the Cognitive Psychology laboratory of the 

University of Bourgogne, in which the mechanical stimuli and the electroencephalographic 

(EEG) signals have been contextually measured during the exploration of real surfaces and 

during the reproduction of such surfaces by the PIEZOTACT device, in different test 

conditions (Chapter 6).  

The different bricks of the work have been developed in a complementary manner: while the 

analysis of the mechanical stimuli allowed for identify their role and features in tactile 

perception of texture, the rendering vibro-tactile device has been exploited to decouple the 

stimuli and to specifically modify their features for investigating their role in the 

discrimination of textures. In a similar way, thanks to the rendering device, the isolation of the 

FIV stimuli, from other mechanical stimuli arising from the contact interaction or the motion 

of the subject, allowed to depict some features in the brain response to texture exploration.   

 

 

2.2 Surface samples 
 

Although a particular emphasis given to isotropic textures, this work ranges between the 

analysis of periodic and isotropic surfaces and the comparison of the stimuli associated with 

them, aiming to a deeper understanding of the interplay between topography, mechanical 

stimuli, perception and discrimination of textures, with a look to the brain response. The 

periodic and isotropic surfaces, that will find ample space in this work, are accurately 

described in the following.  

 

2.1.1 Periodic surface samples 
 

A collection of 12 microtextured periodic surface samples, with well-controlled periodic 

topography, has been employed to generate tactile stimuli. These samples, provided by the 

FEMTO-ST Institute of Besançon, have been previously subjected to comprehensive 

psychological and mechanical analysis in prior studies [6], [50]. 

The samples consist of rectangular plates made of polyurethane resin (Rencast FC52), 

measuring 25 × 60 mm² and having a thickness of 3 mm. Their production involved a complex 

series of steps, encompassing photolithography and plasma etching of silicon wafers, followed 
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by a moulding and replication procedure [6], [50]. These samples present a surface topography 

characterized by cylindrical "dots" arranged in a hexagonal pattern (Figure 7). The 

characteristic dimensions defining them include the height of the dots (H), the diameter of the 

dots (D), and their spatial period (Sp), representing the distance between the dots. The surface 

periodicity (intended as the periodicity of the texture along a line parallel to the dot series) is 

quantified using the equivalent wavelength λ = D + Sp as a unique indicator. 

In preceding research, these samples underwent psychological assessment to delineate 

perceptual descriptors [50], together with an extensive tribological investigation establishing 

strong links between their topographical characterization, mechanical stimuli (especially 

friction-induced vibrations) and their perceptual and hedonistic classification [6]. Table 2 

furnishes the topographical data, acquired through a 3D variable focus microscope (Alicona 

InfiniteFocus), and their perceptual and hedonistic categorization [6], [50].  

 

 

Figure 7: Periodic surface samples topography and geometric features: (a) scheme of an overall 

textured sample, (b) optical microscopic observation of a sample surface, (c) scanning electron 

microscopic observation of a cylindrical dot. 

 

Table 2: Periodic samples topographical data and perceptual and hedonistic categorization. 

Sample 

denomination 

Height 

H [µm] 

Diameter 

D [µm] 

Spatial 

period 

Sp [µm] 

Equivalent 

wavelength 

λ [µm] 

Perceptual 

category 

Hedonistic 

category 

Uniformity 

of 

judgment 

M1 27 107 13 120 smooth I like a lot ✓ 

M2 24 107 53 160 smooth I like a lot ✓ 

M3 19 22 28 50 smooth I like a lot ✓ 

M4 38 108 111 218 textured I like ✓ 

M5 55 208 109 317 textured I like ✓ 

M6 18 71 113 184 textured I do not like ✓ 

M7 14 207 111 318 textured I do not like ✓ 

M8 18 106 607 716 rough I do not like at 

all 
✓ 

M9 14 207 318 524 rough  x 

M10 27 502 114 616 adhesive  x 

M11 29 797 116 913 adhesive  x 

M12 15 12 126 138 textured  x 
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2.1.2 Isotropic surface samples 
 

Aiming to investigate the link between surface topography, mechanical stimuli, tactile 

perception and discrimination of textures with isotropic (randomly rough) topography, a set of 

sample surfaces has been manufactured starting from sandpaper of different granulometry, by 

pouring epoxy resin into silicone moulds (Figure 8).  

A detailed description of the production procedure follows below. 

• A mould matrix has been designed and then produced by additive manufacturing out 

of PLA.  

• A squared sample of sandpaper, having a 50 mm edge, has been glued on the mould 

matrix (Figure 8b). 

• Bi-component silicone (ELKEM BLUESIL RTV 3428) has been prepared and poured 

in a container; then, the mould matrix has been immersed into the silicone (Figure 8c).  

• Once the silicone solidified, the matrix has been extracted (Figure 8d) to obtain the 

silicone mould.  

• Epoxy resin (Prochima E-30) has been poured into the obtained silicone mould.   

• Once the resin solidified, it has been extracted, and squares having side of 50 mm and 

thickness of 4 mm have been obtained (Figure 8e).  

• The sample identifier (i.e. the order of the corresponding sandpaper) have been 

engraved on the back of the sample. 

The entire process described above has been replicated for each of the 13 samples, using 

sandpaper with varying granulometry, ranging from P40 to P4000. The selection of sandpaper 

with different grain sizes has been done purposefully to achieve a comprehensive set of 

samples covering a wide spectrum of textures, ranging from very coarse to very fine, all 

exhibiting isotropic randomly rough topography. 

Additionally, an extra sample has been created as a reference, which did not have any specific 

applied texture. This reference sample has been obtained from the free surface of the epoxy 

resin and has been termed 'no texture.' However, it is worth noting that even the 'no texture' 

sample possessed its own texture, namely the surface topography resulting from the crystalline 

structure of the epoxy resin.  In conclusion, the completion of the entire process yielded a 

collection of 14 sample surfaces (Figure 8a).  
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Figure 8: Manufacturing of isotropic samples: (a) the 14 isotropic epoxy resin surface samples; (b) 

mould matrix with the sandpaper glued on it; (c) mould matrix into the silicone; (d) obtained silicone 

mould; (e) obtained epoxy resin sample. 

 

A topographic analysis has been conducted on the manufactured isotropic samples to obtain 

their topographical characteristics. The analysis has been carried out by a numerical 

microscope WHX-2000 Keyence (an example in Figure 9). 

 

 

Figure 9: From sandpaper to epoxy resin sample (P40): observation with Keyence microscope of 

sandpaper (a), observation of epoxy resin sample (b) and its 3D topography colormap (c). 

 The data collected from the Keyence microscope have been then processed using the 

MountainsMap software, enabling the extraction of various roughness parameters (Figure 11) 

and the respective topographies (Figure 10).  
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Figure 10: Isotropic sample topographies (VHX-2000 Keyence). 

 

The trends of the three most common roughness parameters, Ra, Rz and Rq, exhibit a 

consistent pattern across the different samples. Their values are decreasing as the fineness of 

the texture increases, except for minor fluctuations in the samples with finer topography. 

Among these parameters, Ra has been deemed the most significant for this study, being the 

average of the absolute value of the profile. As it will be described in the following chapters, 

in this work, significant correlations have been identified between the roughness Ra and the 

perceptual and mechanical analysis of isotropic surfaces. 
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Figure 11: Isotropic sample roughness parameters obtained by the (WHX-2000 Keyence). 

 

The samples have been then sorted according to the measured Ra roughness. Table 3 presents 

the roughness parameter Ra values for the manufactured samples, along with their 

corresponding original sandpaper grades. It should be noticed that samples S7 and S8, derived 

from P400 and P600 sandpapers, respectively, have been found to exhibit the same measured 

Ra, despite having distinct topographies (Figure 10). Therefore, it has been decided to order 

them based on their original sandpaper grades. The only inversion found in the Ra 

classification, with respect to the original sandpaper grade, has been obtained between samples 

P1000 and P4000 (denoted S10 and S13, respectively).  

The roughness of the "no texture" surface, present in Table 3, has been obtained using a 

MarSurfPS10 mechanical profilometer, since it has not been possible to observe it under the 

microscope, due to excessive transparency. 
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Table 3: Isotropic sample roughness (Ra) and original sandpaper grade.  

Sample 

denomination 
# Sandpaper Ra [µm] 

S1 P40 74.6 

S2 P60 43.7 

S3 P80 33.6 

S4 P120 14.4 

S5 P180 11.7 

S6 P240 6.6 

S7 P400 5.2 

S8 P600 5.2 

S9 P800 4.6 

S10 P4000 4.5 

S11 P2000 4.4 

S12 P2400 4.3 

S13 P1000 3.8 

NO / 0.1 

 

 

2.3 Measurement of tactile mechanical stimuli 
 

In this section, the experimental setups and the protocols used to measure the mechanical 

stimuli during the exploration of surface textures are described. Two distinct types of protocols 

have been employed: one based on active touch, and another one based on passive touch. 

In active touch, the subject interactively and voluntarily explores the surface, imposing the 

contact boundary conditions (sliding speed, contact forces, exploratory movements, angle 

between finger and surface, etc.). Both the proper sense of touch and the kinesthetic sense are 

activated.  

In passive touch, no kinesthetic sense is involved, the finger is kept fix, and the surface is set 

in motion by an external mechanical system, which partially controls the contact boundary 

conditions.  

The approach based on active touch facilitates measurements with semi-controlled or free-

exploratory protocols, enabling replication of more realistic touch conditions. On the other 

hand, the approach based on passive touch enables more deterministic measurements with 

controlled parameters, particularly sliding speed, allowing as well for the possibility of 

conducting parametric analyses, providing valuable insights into the influence of different 

parameters on the mechanical stimuli elicited by touch.  
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Throughout the present work, two test benches have been designed and then used 

synergistically to obtain combined and complementary information about the phenomena 

under investigation, i.e. a comprehensive understanding and replication of the mechanical 

stimuli associated with different surfaces, tactile perception and discrimination processes. 

 

2.3.1 Active touch test bench (ActTouch) 
 

A test bench (Figure 12) has been developed to measure the mechanical stimuli during active 

touch, which is the natural mode used to explore the surface textures. The sample surface is 

fixed with double sided tape on the top of a triaxial force transducer (Testwell K3D60) to 

recover the contact forces (normal and two tangential components, from which the friction 

coefficient is then obtained). To perform the active touch tests, the participant slides the finger 

on the surface sample, while an accelerometer (PCB 352A24, PCB Piezotronics, Inc.) is fixed 

by wax on the fingernail to measure the FIV (acceleration) signal originated by the finger 

scanning on the surface sample.  This allows ample freedom of movements for the subject, 

who can freely explore the surface in various directions, in a circular motion, or in a completely 

free way, as in real conditions of tactile interaction with a rigid surface. 

The active touch experimental setup, used to measure the forces and FIVs originated by the 

finger/surface sliding contact, is shown in Figure 12. The boundary conditions, such as sliding 

velocity, contact forces and finger/surface angle are imposed by the participant. The signals 

from the transducers are acquired by a SIRIUSi (DeweSoft) DAQ system at a 5kHz sampling 

frequency.  

Although this test bench allows active touch measurements to be made with any exploratory 

movement, for the tests object of this work a semi-controlled measurement protocol has been 

opted for. The following constraints have been therefore introduced on the boundary 

conditions, imposed by the participant. It has been decided to explore the samples in proximal 

direction, by sliding the finger on the sample and then lifting it between subsequent strokes, 

so that a longitudinal (sliding velocity parallel to the finger axis) non-alternating proximal 

exploratory motion has been achieved, allowing for maximizing vibratory signals and 

reducing the occurrence of stick-slip phenomena (see section 1.2). It has been asked to the 

participant to maintain a normal contact load approximately around 0.2 N and a finger/surface 

angle of approximately 15-20 degrees. Moreover, the participant has been asked to maintain 

(autonomously or with the aid of a metronome) approximately the same exploration time 

during all the trials. For each surface, the protocol of the surface exploration has been repeated 

at least 15 times. The acquired data have been then exported to Matlab software to be post-

processed. 
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Figure 12: Active touch test bench for measurement of tactile mechanical stimuli. 

 

Through the active touch test bench ActTouch, it is possible to explore the samples by 

longitudinal, transversal, circular or completely free movements. The aim of this work is to 

test a procedure for measuring and reproducing FIV for a tactile rendering of surface textures. 

Therefore, for a preliminary approach, an exploration trajectory has been chosen to optimizes 

vibrational signals for tactile rendering.  

On the basis of the literature (Chapter 1) and a preliminary analysis [101] a proximal 

longitudinal exploratory movement has been opted for. Figure 13 shows an example of 

longitudinal and transversal exploration of a sample from [101]: the contact during the 

transversal sliding is characterized by a strong mechanical instability of the finger, leading to 

the occurrence of stick-slip and lower reliability of the measurements. Moreover, when stick-

slip is avoided, the main frequency content can be recovered in both sliding directions, but the 

amplitude of vibration is lower in case of transversal sliding, with respect to the longitudinal 

one (in Figure 13 the Y-scale is different to facilitate the plot readability). The main frequency 

peaks are more defined and characterized by a smaller bandwidth in the longitudinal direction. 

These findings are in agreement with the literature [6], [41], [43], [45]. In the first instance, 

these observations suggested to prefer the longitudinal sliding, rather than the transversal one, 

for FIV analysis and rendering.  

In [101], a circular exploration of the samples has been evaluated, as well, trough FIV signal 

analysis and reproduction, and through a preliminary discrimination campaign of surfaces, 

which has shown that the discrimination performance was superior for longitudinal rather than 

circular exploration. Moreover, circular exploration has been observed to be strongly affected 

by a frequent occurrence of stick-slip instability as well (as transversal exploration), while the 

longitudinal sliding is characterized by a more stable frictional and dynamic response. 
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Figure 13: FIV from active longitudinal (a) and transversal (b) exploration of a periodic sample. 

 

About the contact force to be exercised during the surface exploration, on the basis of FIV 

measurements and reproduction tests carried out in [101], it has been decided to set the normal 

force during surface exploration at 0.2N. In fact, from the literature [6], [102] the most used 

value for the force maintained during the surface exploration was 0.4N, but this value has been 

judged unnatural and associated with a strong occurrence of stick-slip and adhesion when 

exploring the samples used for this work, both the periodic [101] and the isotropic ones. In 

fact, it should be noticed that the contact force, exerted by a subject when exploring a surface, 

is strongly affected by the adhesion (sticking) between surface and fingertip skin. The more 

adhesive the surface is, the more easily stick-slip occurs, leading the subject to decrease the 

applied force. Preliminary tests [101] led to set a contact force of 0.2 N for the used samples. 

Finally, the finger/surface angle has been fixed at about 15 – 20 degrees, considering the data 

available in literature [6], [102]. 

 

2.3.2 Passive touch test bench (TriboAir) 
 

The TriboAir test bench (Figure 14) is a linear tribometer that has been developed, before the 

current study, to investigate the mechanical signals arising from the sliding contact between 

two bodies, in particular the Friction-Induced Vibrations.  

Since the FIV, induced by the finger/surface interaction, are generally characterised by low 

amplitudes, it is important to prevent parasitic vibration and noise coming from the mechanical 

system and other contact interfaces. The Triboair test bench allows to avoid parasitic vibrations 

thanks to the design of the moving platform (on which the surface sample has been mounted) 

driven by four air bearings, moving along two shafts, and a voice coil actuator. Thus, the 

platform is completely suspended on air, and the only contact originating FIV is the one under 

investigation. The controlled sliding motion is ensured by a linear voice coil actuator (BEI 

KIMCO LA30-75-001A) and a linear optical encoder (MicroE OPS-200-1-1), which allow to 

define the law of motion and the platform sliding velocity thanks to a PID controller (ELMO 
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Gold DC Whistle, G-DCWHI10/100EE). The contact forces are measured by two tri-axial 

force transducers (KISTLER 9017C) mounted on the platform. 

It is a multi-purpose test bench, which has been developed and has found application in the 

investigation of various tribological phenomena (e.g. contact instability and stick-slip 

phenomena in dry and lubricated contacts) spanning from the aerospace engineering field, to 

applications in various kinds of braking systems, to tactile perception and beyond [25], [29]–

[33], [99], [103]. In the present work, it has been exploited to investigate the mechanical 

stimuli associated with passive touch in controlled conditions, allowing parametric analyses 

with respect to the contact parameters and more deterministic and repeatable measurements. 

In particular, it is possible to control the sample sliding speed, in order to perform tests with a 

constant relative velocity between fingertip and surface. 

 

 

 

Figure 14: TriboAir test bench configuration for passive touch measurements of mechanical stimuli. 
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To perform the passive touch measurements, the participant is asked to place the finger on the 

surface sample, fixed on the top of the moving platform. A trapezoidal profile of the speed is 

imposed to assure a constant sliding speed of the platform within the measurement track 

(Figure 15). The normal contact force between finger and surface, which can be monitored 

during the test on the monitor, is imposed directly by the participant. The participant is asked 

to maintain a constant normal load of approximately 0.2 N, (consistently with the active touch 

protocol). The participant arm can be placed on a support to maintain a constant finger/surface 

inclination (about 15-20 degrees), and to help the participant to keep the finger stationary and 

the normal force constant. Before the platform motion starts, the participant places the finger 

on the surface sample. Since the finger is motionless and the Triboair platform slides in distal 

direction, with respect to the finger, the relative velocity of the finger with respect to the 

surface sample results to be in proximal direction. Then, after the surface sliding motion ends, 

the participant lifts the finger. The same test is repeated at least 6 times for each surface. The 

FIV (acceleration) signal is acquired by an accelerometer (PCB 352A24, PCB Piezotronics, 

Inc.) glued by wax on the fingernail of the participant. The data are acquired by a National 

Instruments (NI4472) acquisition board, at a sampling frequency of 5kHz. The acquired data 

are then exported to Matlab and post-processed. 

 

 

Figure 15: Trapezoidal sliding speed profile imposed to the TriboAir. 
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2.4 Tactile rendering device PIEZOTACT 
 

This paragraph describes the tactile rendering device, named PIEZOTACT, that represents one 

of the highlights of this work. In this section it is introduced and detailed from the point of 

view of its components, while the actual tactile rendering methodology, its experimental 

verification and validation trough discrimination campaigns on periodic and isotropic textures, 

will find ample space in the dedicated Chapter 4.  

 

The purpose of the device is to reproduce by means of an actuator, the FIV previously 

measured from the exploration of real surfaces. The actuated vibration can be perceived by 

placing the fingertip in contact with the surface of the actuator. The used actuator is an electro-

active polymer (EAP) piezoelectric actuator, supplied by CEA LITEN of Grenoble (France). 

It has been chosen because of its interesting characteristics from a technological point of view, 

such as its lightness, its small thickness and its flexibility (which therefore allows it to be 

integrated even in flexible surfaces); moreover, a certain degree of transparency can be 

achieved [104]–[107]. These characteristics make it suitable to be applied in in wearable 

devices, such as tactile gloves, as well as in tactile display, touchscreens etc. The actuator is 

printed with a piezoelectric ink, constituted by the EAP vinylidene fluoride-trifluoroethylene 

(PVDF-TrFE) copolymers, on a flexible polyimide substrate. The printed piezo ink film 

expands when a voltage is applied, resulting in the bending of the actuator, and thus allowing 

out-of-plane vibrations. The used printed actuator has a typical actuation voltage up to 200Vpp 

in the frequency range from 1Hz to 10000 Hz, a capacitance of 80nF at 1000 Hz and a current 

consumption of 1mA at 200Vpp and 300Hz. The design, fabrication, and characterisation of 

the used PVDF-TrFE actuator are detailed in [104].  

 

 

 

Figure 16: PIEZOTACT vibrotactile rendering device. 
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The actuator is held into an ergonomic support produced by additive manufacturing out of 

PLA (Figure 17). The actuator membrane is suspended over a central hole of the support, 

bounded along its circumference. The shape of the upper part of the support presents a sloped 

design to allow a comfortable placement of the finger on the actuator.  

 

 

Figure 17: The EAP piezoelectric actuator has been bounded into a PLA ergonomic support 

produced by additive manufacturing. 

 

An electronic card (Texas Instruments DRV2667EVM-CT) is used to drive the EAP piezo 

actuator. This electronic card integrates a boost converter that allows the amplification of the 

input signal according to 4 different gain levels, designated by the manufacturer as B1, B2, 

B3, B4. Starting from preliminary experiments [101], it has been decided to fix the gain on B3 

for the tactile rendering protocol. The Texas Instruments (TI) board accepts as input an audio 

signal, which can be directly sent from a PC analogue output. 

A commercial PC is therefore sufficient to send the analogue signal to the TI board, which 

drives the piezoelectric actuator EAP. This adds wide versatility to the device. During the 

course of this work, different commercial PCs have been tested, with similar performances 

(Lenovo Ideapad 520S-14IKB, HP Elitebook 830 G5 and Acer Nitro 5). The signal is sent by 

the PC audio card using the Matlab software. 

 

The developed tactile rendering methodology will be discussed, verified and validated in the 

dedicated Chapter 4. The rendering method is essentially based on the preliminary 

characterization of the Transfer Function of the PIEZOTACT device, including the user's 

finger, and on its subsequent use in processing the FIV signals previously measured by 

exploring the real surfaces. This step is fundamental because it is not possible to send the FIV 

measured on real surfaces directly to the device: they would be strongly modified by the 

Transfer Function of the electro-mechanical system, so that the signal that would be 

reproduced by the actuator and perceived by the user would be a completely different one.  
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2.5 Characterization of finger Transfer Function 
 

Therefore, the evaluation of the transfer function is crucial to process the input signals and to 

achieve the correct FIV signal by the device. This requires an in-depth analysis of the human 

finger transfer function and the transfer function of the overall system constituted by the 

PIEZOTACT and the finger. This section concisely describes the theoretical bases, the 

developed test benches used for the parametric analyses of the transfer function, which will 

then presented in the dedicated Chapter.  

 

2.5.1 Theoretical bases on Transfer Function 
 

The Transfer Function characterization is a crucial point when investigating and mimicking 

FIV, and is at the basis of the tactile rendering technique underlying the PIEZOTACT device. 

 

 

Figure 18: Transfer Function TF, input x and output y. 

 

From a theoretical point of view, in case of deterministic signals (such as the FIV), in a 

dynamical LTI (linear time-invariant) system, the Transfer Function (TF(ω)) represents the 

ratio between the output signal Y(ω) and the input signal X(ω) in the frequency domain (Figure 

18): 

𝑋(𝜔)𝑇𝐹(𝜔) = 𝑌(𝜔)    (1) 

Where X(ω) and Y(ω) are, respectively, the Fourier Transform of the input time signal x(t) and 

the output time signal y(t): 

𝑋(𝜔) = ∫ 𝑥(𝑡)
+∞

−∞

𝑒−𝑗ωt𝑑𝑡 (2) 

𝑌(𝜔) = ∫ 𝑦(𝑡)
+∞

−∞

𝑒−𝑗ωt𝑑𝑡 (3) 

It represents an intrinsic characteristic of the system. 

A real system, such as the one under investigation, is generally non-linear, not time-invariant, 

and affected by measurement noise. In these cases, a statistical treatment is more appropriate. 
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In this optics, the Frequency Response Functions (FRF) (i.e. Transfer Functions) can be 

estimated on the basis of the following relations [108]: 

 

𝐻1(𝜔) =  
𝑆𝑦𝑥(𝜔)

𝑆𝑥𝑥(𝜔)
 (4) 

𝐻2(𝜔) =  
𝑆𝑦𝑦(𝜔)

𝑆𝑦𝑥(𝜔)
 (5) 

𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒(𝜔) =  
|𝑆𝑦𝑥(𝜔)|2

𝑆𝑥𝑥(𝜔)𝑆𝑦𝑦(𝜔)
=  

𝐻1(𝜔)

𝐻2(𝜔)
 (6) 

 

where Syx estimates the Cross Power Spectral Density between the output and input signals, 

while Sxx and Syy estimate the Power Spectral Densities of the input and output signals, 

respectively: 

𝑆𝑦𝑥(𝜔) =  𝑌∗(𝜔)𝑋(𝜔) = ∫ 𝑅𝑦𝑥(𝜏)𝑒−𝑗𝜔𝜏𝑑𝜏

+∞

−∞

 (7) 

𝑆𝑥𝑥(𝜔) =   𝑋∗(𝜔)𝑋(𝜔) =  |𝑋(𝜔)|2  = ∫ 𝑅𝑥𝑥(𝜏)𝑒−𝑗𝜔𝜏𝑑𝜏

+∞

−∞

 (8) 

𝑆𝑦𝑦(𝜔) =   𝑌∗(𝜔)𝑌(𝜔) =  |𝑌(𝜔)|2  = ∫ 𝑅𝑦𝑦(𝜏)𝑒−𝑗𝜔𝜏𝑑𝜏

+∞

−∞

 (9) 

where Ryx and Rxx are the Correlation Functions, which estimate how much two signals are 

correlated: 

 

𝑅𝑦𝑥(𝜏) = 𝐸 {𝑦(𝑡 + 𝜏)𝑥(𝑡)∗} (10) 

𝑅𝑥𝑥(𝜏) = 𝐸 {𝑥(𝑡 + 𝜏)𝑥(𝑡)∗} (11) 

𝑅𝑦𝑦(𝜏) = 𝐸 {𝑦(𝑡 + 𝜏)𝑦(𝑡)∗} (12) 

 

With 𝐸 {°} = expected value operator, which for a continuous signal c, having Probability 

Density Function p(c), is defined as ∫ 𝑐 𝑝(𝑐)𝑑𝑐
+∞

−∞
.  

The following relations insist, in frequency, between H1, input X and output Y: 
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𝑆𝑥𝑥(𝜔)𝐻1(𝜔)2 = 𝑆𝑦𝑦(𝜔) (13) 

𝑋(𝜔)𝐻1(𝜔) = 𝑌(𝜔) (14) 

 

H1 and H2 are used, in real systems, to estimate the FRF by reducing the effects of 

measurement noise: the H1 estimator reduces the effects of output noise, while the H2 estimator 

reduces the effects of input noise. In the absence of input or output noise it would be H1=H2. 

H1 tends to better estimates anti-resonances, while H2 tends to better estimates resonances. 

The Coherence function estimates the signal/noise ratio and thus provides information on how 

consistent the system response is with the excitation.  

The system under investigation (PIEZOTACT and finger) is highly non-linear, due to either 

the device nonlinearities and even more the finger and the contact nonlinearities. As example, 

different contact forces deform the finger and modifies the contact area. Therefore, in theory, 

it would not be suitable for a treatment by the Transfer Function. The effectiveness of the 

approach has been therefore directly verified through experimental tests and validations 

through tactile perception campaigns. In addition, parametric analyses of the transfer function, 

with respect to contact parameters and variation of the human finger, have been performed to 

manage the influence of such parameters on the transfer function and its use in mimicking 

FIV.  

 

2.5.2 Test bench for the characterization of the finger Transfer 

Function  
 

A test bench (Figure 19) has been developed to characterize the human finger transfer function, 

by means of an electrodynamic shaker (2075E The Modal Shop INC. A PCB Group CO., 

driven by the amplifier SmartAmp Power Amplifier 2100E21 The Modal Shop INC. A PCB 

Group CO.). The SIRIUSi DAQ and the Dewesoft software are used both to drive the shaker 

(via the power amplifier in open loop) and to acquire the signals from the transducers and, at 

a sampling frequency of 5KHz for all the input and output channels. An accelerometer (PCB 

PIEZOTRONICS 352A24) is fixed by wax on the fingernail of the participant to measure the 

acceleration. A piezoelectric charge force transducer (ENDEVCO 2321, driven by the 

amplifier Kistler KIAG SWISS Type 5001) is used to measure the contact force. This kind of 

force transducer allows to measure both the dynamic (AC) and the static (DC) component of 

the contact force, indispensable to perform the parametric analysis of the finger transfer 

function while monitoring the applied force. The force transducer is fixed on the top of the 

shaker. By its nature, this type of transducer is highly sensitive to temperature changes, which 

in this case are present due to the participant's finger temperature. To prevent temperature 

sensitivity, a ceramic plate is glued to the force transducer to thermally and electrically insulate 

the force transducer from the participant's finger. A support for the participant's arm is set up 

to maintain an angle of approximately 20 degrees between the participant's finger and the 
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contact surface. To experimentally characterize the finger transfer function, a random signal 

up to 1kHz is delivered while the participant holds his finger on the force transducer, with the 

accelerometer on the fingernail. The H1 transfer function between the force and the 

acceleration (Inertance) is then calculated. The transfer function calculated in this way also 

considers the ceramic plaque between the force transducer and the finger. Nevertheless, the 

transfer function of the ceramic plaque, characterized in a preliminary stage, is constant within 

the frequency range of interest, due to it high stiffness, and has no relevant effect on the results. 

 

 

Figure 19: Shaker test bench for parametric analysis of the finger Transfer Function. 

 

 

2.5.3 Test bench for the characterization of the PIEZOTACT 

and user’s finger Transfer Function 
 

The experimental setup to characterize the overall transfer function of the PIEZOTACT device 

(including the user's finger) is shown in Figure 20. The piezoelectric actuator, in its PLA 

support, is mounted on top of a triaxial force transducer (Testwell K3D60) to monitor the force 

exerted by the participant on the actuator membrane. The participant places his finger on the 

actuator to perceive the reproduced vibration (without touching the support, to avoid altering 

the force measurement between the finger and the actuator membrane). An accelerometer 

(PCB 352A24, PCB Piezotronics, Inc.) is glued by wax to the participant's fingernail to 

measure the acceleration. The transducer signals are acquired using a SIRIUSi (Dewesoft) 

acquisition system at a sampling rate of 5kHz. During the test, the participant can monitor the 

contact force exerted between finger and actuator on the PC screen, through the Dewesoft 

acquisition software.  
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Figure 20: Experimental setup to characterize the overall PIEZOTACT and finger Transfer Function. 

 

At the same time, the PC is used as a signal generator for the PIEZOTACT device. To 

characterize the transfer function, a random signal up to 1kHz (maximum receptivity range of 

the mechanoreceptors) is sent to the device using the Matlab software. The Transfer Function 

between the random signal (input) and the acceleration recovered by the accelerometer on the 

participant's fingernail (output) is calculated. The theoretical dissertation in section 2.5.1 is 

numerically implemented in Matlab (Figure 21). To calculate the Transfer Function for tactile 

rendering, an H1 estimator has been opted for, more appropriate in the case of measurement 

noise and nonlinearities at the output. The H2 estimator and Coherence have always been 

monitored as control parameters as well. 
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Figure 21: Scheme of the overall Transfer Function characterization between output acceleration 

measured on the fingernail and random signal sent by Matlab to the PIEZOTACT device. 

 

Figure 22 shows an example of Transfer Function of the PIEZOTACT device including user's 

finger for normal finger/actuator contact force values selected in the range affected by tactile 

perception. An in-depth parametric characterization of the Transfer Function as the contact 

parameters vary will be discussed in Chapter 5. 

 

Figure 22: Example of Transfer Function of the PIEZOTACT device including the user's finger for 

different contact forces in the range interested in tactile perception. 
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2.6 Discrimination campaign protocols 
 

This paragraph describes in detail the protocols used to carry out discrimination campaigns on 

participants. These campaigns are carried out both on the real surfaces (isotropic or periodic) 

and on the corresponding surfaces simulated by means of the PIEZOTACT device (i.e. FIV 

stimuli reproduced by means of the device).  

In the case of discrimination campaigns on simulated textures, the aim is to investigate whether 

participants are able to associate to each of the surfaces simulated by PIEZOTACT to the 

corresponding real surface. It is important to take into account that the device reproduces only 

the FIV acting on the finger during the surface exploration, so the discrimination campaign 

provides interesting information on the role of FIV in the discrimination of textures. The 

device, in fact, allows to decouple the vibratory component of tactile stimuli and to study their 

role in the perception of textures. Moreover, the PIEZOTACT device allows as well to 

manipulate the FIV signal obtained from the scanning of real surfaces, for example by altering 

its amplitude and frequency content, to carry out tests specifically aimed at investigating the 

impact of the different features of the vibrational signals on tactile perception.  

The discrimination of simulated surfaces is always accompanied by the discrimination of real 

surfaces. During this phase the participants are asked, in different ways (which will be detailed 

below), to recognize the real textures relying solely on the sense of touch. The phase of 

discrimination of real surfaces is important for two reasons: 

• First of all, it allows to evaluate whether two samples are actually clearly discriminable 

in reality, before carrying out the test on the simulated surfaces. If two samples are not 

correctly discriminated in the case of simulated surfaces, it is essential to know whether 

the corresponding real samples are discernible. 

• Moreover, the discrimination of real surfaces provides, in itself, very interesting 

information on the relationship between discriminative perception of textures and 

mechanical signals. By investigating the mechanical signals associated with errors in 

real texture discriminations, it is possible to advance more deeply in the understanding 

of which features of the mechanical stimuli are involved in the discrimination of 

textures. An example is provided by a previous work of [6], although the 

discrimination protocol and goal is completely different from the one used in the 

present work. In [6], it has been found that the periodic textures, classified from the 

psychological point of view in different perceptual and hedonistic descriptors, were 

markedly associated with mechanical signals having certain characteristics of FIV.  

The present work provides further insights into the world of discrimination of real and 

simulated textures and the associated mechanical stimuli.  The protocols used to carry out the 

campaigns of discrimination of real (periodic and isotropic) and simulated surfaces, by means 

of the PIEZOTACT device, are described in detail in the following paragraphs.  
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2.6.1 Discrimination protocol of periodic textures 
 

This paragraph describes the protocol adopted to carry out the discrimination campaign of 

periodic samples.  

The campaign consists in two different discrimination tasks, the first dealing with the 

discrimination of real sample surfaces (TASK 1) and the second one with the rendered textures 

by the PIEZOTACT device (TASK 2). To perform the campaign, the 12 periodic surface 

samples are regrouped into 18 sets, each constituted by either 3 or 4 randomly chosen samples 

(shown in Table 4); the sets are built such that each sample is compared at least once with all 

the other samples during the campaign. For each set of samples, first the discrimination of real 

surfaces is performed and then the one relating to the corresponding simulated surfaces. In 

order to obtain the simulated surfaces, starting from the original real ones, the FIV signals are 

previously acquired by the scanning of the real surfaces and then processed to be reproduced 

by the PIEZOTACT device: 

• The participant undergoes first a measurement session in which the FIV, obtained 

during active touch, are measured; During this measurement session, the Transfer 

Function of the PIEZOTACT with the participant finger is as well measured by the test 

bench presented in section 2.5.3. 

• Then, the signals are processed by the experimenter to obtain the simulated textures to 

be reproduced by the PIEZOTACT. 

• Next, the participant is recalled to perform the discrimination test on real and simulated 

textures. The two discrimination task protocols are described in the following. 

 

 

 

Figure 23: Discrimination campaign of periodic real (a) and simulated (b) textures. 

 

TASK 1 

The TASK 1 consists in the discrimination of the real periodic surfaces (Figure 23a). In the 

first instance, for the subset of 3 (or 4) samples under investigation, the participant can freely 

explore the real textures to acquire familiarity with their tactile perception. In this phase, the 

participant can touch the surfaces and read the sample numbers (printed on the back side of 
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the samples), learning to associate to each perceived texture the corresponding number. Then, 

the participant is blindfolded and equipped with earmuff to avoid acoustic and visual feedback. 

The samples are then presented in a random order to the participant, who is asked to touch and 

discriminate the samples, by associating each sample to the correct number, entrusting only 

with the tactile sense. No time limit is imposed to the participant to perform the test. 

 

TASK 2 

The TASK 2 involves the simulated surfaces (reproduced FIV signals) by the PIEZOTACT 

device (Figure 23b). For each set of samples in Table 4, a random sequence of 5 or 6 simulated 

textures is defined, also with repetitions of the same surface, in order to prevent the remaining 

samples to be recognized by exclusion by the participant. The random sequence of simulated 

textures is then presented to the participant, which is asked to touch the vibrating surface and 

to associate each simulated texture to the corresponding real one, declaring each surface 

number. During the test, the participant is let free to touch the set of real samples to compare 

the real and simulated textures. The participant is also allowed to perceive the sequence of 

simulated surfaces more than once, and the test is declared as finished when the participant is 

satisfied by its answers (no time limit is imposed to the participant to perform the 

discrimination task). The participant wear noise-cancelling earmuff to avoid the acoustic 

feedback by the actuator. 

 

Table 4: Sets of samples used for the discrimination campaign, each constituted by 3 or 4 periodic 

surfaces. 

Set Samples Set Samples 

A M1, M8, M10 L M3, M6, M1 

B M11, M9, M12 N M1, M5, M9 

C M4, M2, M3 O M8, M9, M7, M3 

D M6, M7, M5, M11 P M12, M8, M4, M6 

E M1, M11, M4 Q M6, M9, M2 

F M8, M11, M2 R M2, M10, M5, M12 

G M10, M11, M3 S M4, M7, M5 

H M10, M9, M4 T M8, M5, M3, M12 

I M12, M7, M1, M2 U M10, M7, M6 

 

 

The protocol described above was the first protocol defined, after preliminary tests, for the 

discrimination campaign of the periodic textures. Nevertheless, during the overall campaign, 

some limitations in the procedure have been highlighted, which were then overcome in the 

discrimination protocols of subsequent campaigns: 

• First of all, it has been realized that subsets composed of 4 samples (which sometimes 

corresponded to a sequence of 6 simulated surfaces) were too tiring for the participant. 
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In the following campaigns a maximum number of 3 surfaces per subset has been then 

fixed.  

• Because of the difficulties in memorizing the sample number, in the subsequent 

campaigns, the participant has been avoided to remember the number associated with 

the sample, by providing position identifiers (example: A, B, C, as can be seen in the 

following paragraph on the isotropic textures discrimination protocol).  

• Another intrinsic limitation to the methodology of discrimination of periodic textures 

is linked to the fact that it was not possible to define a definite order (a well-defined 

sequence), as they are associated with different tactile descriptors (smooth, textured, 

rough, adhesive) and topography, in which there is not a single parameter that varies. 

This means that in the discrimination of real surfaces (TASK 1) necessarily intervenes 

a component given by tactile memory (the participant, in fact, has to became familiar 

with the surfaces and has to memorize them, to discriminate them later). For this 

reason, when developing isotropic textures, similar textures with increasing average 

roughness have been chosen. 

 

2.6.2 Discrimination of isotropic textures 
 

This paragraph describes in detail the protocol adopted to carry out the campaign of 

discrimination of isotropic surfaces on panels of participants. The randomly rough isotropic 

surfaces are identified by a sequence of increasing roughness (as defined in section 2.1.2), 

according to which the surfaces have been ordered. This sequence is the one used a reference 

when asking participants to sort samples from the roughest to the smoothest ones.  

 

The discrimination campaign on participants is carried out for both the real and the simulated 

(reproduced FIV by the PIEZOTACT device) textures. The aim is to investigate the correlation 

between the mechanical stimuli, and particularly the FIV, and the capability of the participants 

to discriminate between the different isotropic randomly rough surfaces.  

For each participant, the test is split into two sessions:  

▪ During the first session (duration of approximately one hour), measurements of FIV 

and contact forces, according to the active touch protocol described in section 2.3.1, 

are performed for each of the 14 isotropic surfaces. The Transfer Function of the 

PIEZOTACT device with the participant finger is obtained as well, as described in 

section 2.5.3. 

▪ Before moving on to the second session (i.e. the proper discrimination tests), the 

obtained signals are post-processed by the experimenter to be reproduced by the 

PIEZOTACT device. 

▪ For the second session (duration of approximately one hour and a half), the participant 

performs the discrimination campaign on real and simulated surfaces. The 

discrimination campaign consists into 3 different tasks, described in the following. 
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The measurement session and the discrimination session do not take place on the same day, to 

avoid fatigue for the participants and to allow the experimenter to process the acquired data 

and obtain the signals needed to simulate the textures by the PIEZOTACT device. The 

participant undergoes first the measurement session, and he/she is then recalled in order to 

carry out the discrimination session.  

 

 

Figure 24: Discrimination campaign, articulated into 3 different tasks: (a) TASK 1; (b) TASK 2; (c) 

TASK 3. 

 

TASK 1 

The first task consists into a preliminary test performed on all the 14 surface samples (Figure 

24a). The samples are presented in a random order to the participant. The participant is 

blindfolded with scratched spectacles, allowing to distinguish the shape and position of the 

samples but not the surface textures. Before starting the test, the participant is asked to wash 

the hands with soap and water and then let them dry. He/She is then asked to touch and explore 

the 14 samples and to put them in order, from the roughest to the smoothest ones. No 

constraints concerning the used exploration procedure are imposed to the participant. No time 

limit is imposed to the participant to perform the task. This preliminary task allows to 

investigate if the participant put the 14 samples in the corresponding order of the physical 

surface roughness; moreover, the participant can acquire familiarity with the tactile perception 

of the 14 surfaces. The task is repeated 3 times and the declared sequences by the participant 

are annotated by the experimenter. 
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Then, to perform the second and third tasks, the surface samples are randomly divided into 12 

groups, each constituted by 3 samples. The "no texture" sample has been excluded from the 

second and third tasks. In fact, being very smooth, the “no texture” sample gave rise to 

adhesion and stick-slip phenomena during the measurement phase, which resulted in high 

amplitude vibrations that could generate confusion for the participants. The used sets of 

samples are reported in Table 5.  

After performing TASK 1, for each set (triplet) of samples, the second and the third task are 

consecutively performed. More specifically, for each subset of samples, the participant 

performs TASK 2 and immediately after performs TASK 3. Afterward, the next set of samples 

is presented to the participant. This protocol is performed consecutively for all sets of samples 

in Table 5. 

 

Table 5: Used sets of isotropic samples for discrimination TASK 2 and TASK 3. 

Set Samples 

A S2, S4, S8 

B S5, S7, S9 

C S6, S11, S10 

D S1, S3, S13 

E S5, S8, S12 

F S5, S9, S10 

G S2, S3, S4 

H S1, S8, S13 

I S1, S7, S12 

L S4, S13, S10 

M S4, S8, S9 

N S13, S12, S10 

 

TASK 2 

The second task consists into the discrimination of real surface samples. The participant is 

blindfolded with scratched spectacles, which allow to see the shape and position of the 3 tested 

samples but prevent the participant to see the surface textures. Before starting the test, the 

participant is asked to wash the hands with soap and water and then let them dry. The 3 

surfaces belonging to the tested set are presented to the participant in a random order. The 

participant is then asked to touch and freely explore the 3 surfaces, and to put them in order, 

from the roughest to the smoothest, entrusting only with the tactile sense. The participant is 

suggested to explore the real surfaces with the index finger of the dominant hand in a proximal 

direction, in conditions similar to those used for measuring FIV. No time limit is imposed to 

the participant to perform the task. Then, an identifier A, B, C is assigned to the samples, 

which are left in the order chosen by the participant for the next task (Figure 24b). The declared 

sequence by the participant is annotated as well by the experimenter. 
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TASK 3 

The third task consists into the discrimination of the simulated textures, thanks to the 

vibrational signal (FIV) mimicked by the PIEZOTACT device. For each set of samples, a 

random sequence of 3 or 4 simulated textures (reproduced FIV by the PIEZOTACT), chosen 

between the surfaces belonging to the same set previously tested in TASK 2, is proposed to 

the participant. In the sequence there can be repetitions of the same signal, or a signal 

corresponding to one of the sample can not be reproduced in from the sequence. This prevented 

the participant to answer by exclusion. It is asked to the participant to perceive the sequence 

of signals by touching the vibrating actuator, and then to associate the reproduced signal to the 

corresponding real surface (A, B, C) (Figure 24c). The participant is allowed to perceive a 

reproduced signal, or the entire sequence, more than once and to touch the real samples to 

compare the real and simulated surfaces. The participant wear earmuffs to avoid acoustic 

feedback from the actuator. No time limit is imposed to the participant to perform the task. 

The declared sequence by the participant is then annotated by the experimenter. 

 

2.6.3 Building of Association Matrices 
 

This paragraph provides a concise overview of the methodology employed to present the 

results from all the discrimination campaigns conducted in this study.  

The results of each discrimination campaign conducted in this work have been analysed by 

means of Association Matrices constructed as follows. On the horizontal plane of the matrix 

there are, on the abscissa axis x, the sample surfaces (real or simulated) presented to the 

participants, and on the ordinate axis y, the corresponding real sample sequence, so that each 

pairs {x,y} represents a sample association declared by the participant. With this structure, the 

correct associations of the samples lie on the main diagonal of the matrix, while the 

discrimination errors lie outside the diagonal. The vertical axis presents the association 

percentages. These percentages are calculated as the ratio between the number of times that a 

particular association is declared by the participants and the number of times that the sample 

is presented to the participants in the whole discrimination test, expressed as a percentage. 

Figure 26 shows an example of how an Association Matrix is built. The chosen association 

values and axis tick labels are completely casual, as the aim is uniquely to show the matrix 

structure and how to build and to read it. Let’s suppose to have 4 surface samples, named SA, 

SB, SC, SD. Let’s suppose we have the results in Figure 25a from the discrimination campaign. 

The associated rough association matrix is reported in Figure 25b: from the first column in 

Figure 25a it is possible to observe that each sample has been presented 3 times to the 

participants in the entire campaign, so the denominator in the columns of the matrix in Figure 

25b is always 3; then, the numerator is the number of times each association has been declared 

by the participants, kept from the second column in Figure 25a. For example, from the first 

column in Figure 25a, the presented sample SC has been confounded once with the declared 

sample SD, and thus a score of 1/3 of association is assigned in Figure 25b corresponding to 
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the row SC and the column SD, and so on. The resulting associations matrices are reported in 

Figure 26, in terms of percentages.  

 

Figure 25: Example showing the logic of building of the association matrix (b) from the data 

obtained by the discrimination test (a). The discrimination errors are highligthed in red. 
 

 

Figure 26: Schema of building of Association Matrix: 3D plot (a) and 2D plot (b). 

 

2.6.4 Ethics Committee 
 

Informed consent for experimentation was always obtained by all the involved participants in 

the campaigns and the privacy rights of human participants has been observed. All participants 

gave their written informed consent to take part in this study, which conformed to the ethical 

standards set out in the Declaration of Helsinki. 
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Chapter 3 

Mechanical signals analysis2 

 

 

 

This chapter presents the analysis of mechanical signals, with a particular focus on FIV, 

obtained from the active and passive exploration of the investigated surfaces. The analysis is 

carried out on the isotropic surfaces described in section 2.1.2. The results obtained are 

subsequently compared with those found in previous works [6], [101] involving periodic 

surfaces (described in section 2.1.1). The main purpose is to investigate what are the main 

features of FIV, and more in general, mechanical stimuli, that encode the perception and 

discrimination of surface textures.  

 

 

 

 

 

 

 

 

 

2 The content of this chapter has been partially published in [99]. 
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3.1 From measurement to processing of tactile 

mechanical stimuli  
 

The procedure used to analyse the data obtained from the measurements of the mechanical 

stimuli (contact forces and acceleration) is described below.  

Figure 27 provides an example (4 proximal strokes during surface exploration) of the 

mechanical signals obtained from active touch, measured using the protocol described in 

section 2.3.1. Figure 28 shows the acceleration (FIV) and the three components (normal and 

tangential) of the contact force, as they result from the measurement, according to the active 

touch protocol. Since longitudinal exploration is in the Y direction, the tangential force is 

almost completely concentrated along the Y component. 

The signals are then cut, as represented by the red rectangles in Figure 27, to isolate the part 

of the signal of interest, consisting in the exploration phases of the sample. 

Figure 29 shows the selected signal related to a single stroke. For each sample exploration, a 

dynamic analysis of the FIV and contact forces is carried out. In Figure 29, an example of time 

and spectral (FFT) distributions of the FIV (acceleration) are presented. From the acceleration 

(time signal), the RMS amplitude is computed. The friction coefficient (COF) is calculated 

from the three components of the contact force, according to Coulomb's law.   

 

 

Figure 27: Example of measured mechanical signals (acceleration (FIV) and three components of 

contact force) for 4 active strokes on a sample; red rectangles highlight the signal selections 

postprocessed with Matlab for signal analysis. 
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Figure 28: Example of selected mechanical signals for processing. 

 

 

Figure 29: Acceleration (a) and its FFT (b), from the example of the cut signal in Figure 28. 

 

Figure 30 shows an example of average FFT and PSD calculated on the 4 explorations of the 

surface sample shown in Figure 27, compared with the individual FFTs and PSDs of the 

individual strokes. For each exploration, the FFT (resp. PSD) is calculated, then the average 

spectrum is computed between the 4 FFT (resp. PSD). It should be noticed that the 

characteristic spectrum of the surface sample is well repeatable at each single stroke, despite 

it comes from active touch, where the velocity is not controlled. The frequency distribution 

stays the same and the amplitude is quite similar. These observations are valid for all the tested 

samples. Then, average spectra are used, as well as single spectra, to obtain information about 

the main features of the FIV stimuli. 
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Figure 30: Average FFT (b) and PSD (b) between the 4 strokes in Figure 27, compared with the 

single FFTs and PSDs. 

 

The shown example is extracted from measurements obtained from the exploration of the S8 

sample by a participant. For each of the analysed surfaces and each participant, the average 

FFT and PSD spectra are calculated for at least 10 sample explorations. 

 

3.2 Analysis of isotropic textures 
 

This paragraph presents the analysis of the mechanical stimuli generated during the 

exploration of the isotropic surfaces (being periodic textures analysed in previous works [6], 

[101]), by active and passive touch, as well as the comparison of the results from the two 

approaches.  

  

3.2.1 Mechanical stimuli by active touch 
 

The FIV (acceleration) signals, obtained during active tactile exploration of the 14 isotropic 

samples, have been measured by the protocol presented in section 2.3.1.  

The average Power Spectral Density (PSD), associated to 10 active touch measures (i.e. 10 

strokes of the participant finger) on each isotropic sample, has been then computed by the 

MATLAB software. The PSD spectra associated to active touch of each of the 14 isotropic 

samples, by a participant, are compared in Figure 31.  

The isotropic samples show an overall large band spectrum, within the frequency range of 

mechanoreceptor main sensitivity (10-600 Hz). Qualitatively, the FIV associated to the 14 

tested samples show a very similar frequency distribution. What varies the most between 

samples is the FIV amplitude, that goes from higher FIV amplitudes for coarser textures 
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(higher roughness) to lower FIV amplitudes for smoother samples (lower roughness). 

Moreover, coarser textures show a relatively large frequency peak corresponding to the 

fingerprints width, as expected by the literature [6], [21], [22].  

 

 

Figure 31: Comparison between the PSD spectra associated to the active touch of the 14 isotropic 

samples, for a participant. 

 

The active touch measurements have been performed for each participant (with his/her own 

finger’s characteristics) involved in the subsequent discrimination campaigns, to obtain the 

FIV signals to be mimicked by the PIEZOTACT device. The same overall qualitative trend 

has been recovered for all the participants. This qualitative trend suggests that, when 

considering isotropic textures, the most important feature of the FIV spectra, allowing to 

distinguish one texture from another, is the amplitude of vibration rather than the frequency 

distribution.  

 

3.2.2 Mechanical stimuli by passive touch 
 

A test campaign with controlled contact parameters has been carried out on a participant, in 

order to investigate the FIV spectrum when both the contact velocity and load are controlled 

(passive touch). To perform FIV measurements during finger/surface interaction in controlled 

conditions, the TriboAir test bench and the protocol described in section 2.3.2 have been used.  

The campaign of measurements under controlled conditions, carried out on a participant, 

allows to obtain more deterministic and repeatable measurements, to investigate whether it is 

possible to identify indicators capable of explaining the relation between topography, 

mechanical stimuli, and discrimination of textures. 
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Figure 32 compares the average FIV spectra associated to each of the 14 isotropic samples, 

measured for the participant, with a constant sliding velocity of 30 mm/s, imposed by the test 

bench, and a contact force of 0.2N. 

The analysis of the PSD, obtained with controlled sliding velocity, confirms the trend found 

in active touch (section 3.2.1, Figure 31). The 14 samples present large band spectra, with a 

similar FIV frequency distribution, and a variation in the FIV amplitude is recovered between 

samples. As well, the general qualitative trend shows that higher FIV amplitudes are associated 

to coarser textures, while lower FIV amplitudes are obtained for smoother samples.  Also in 

this case, this qualitative trend suggests that the most important FIV feature to discriminate 

isotropic textures is the amplitude of vibration, rather than the frequency distribution. 

 

 

Figure 32: Comparison between the PSD spectra associated to the passive touch of the 14 isotropic 

samples for a participant. 

 

Figure 33 shows the sample roughness (Ra) compared with the RMS of the FIV measured 

during passive touch (controlled velocity of 30mm/s and load 0.2N) for a reference participant. 

The Ra roughness is decreasing from S1 to S14, as defined in section 2.1.2. When considering 

the FIV amplitude, the RMS shows a decreasing trend with the physical roughness from 

sample S1 to sample S9, while, from sample S10 to sample S13, the trend of the FIV RMS 

starts to present some fluctuation characterised by similarities and inversions with respect to 

the roughness. Moreover, samples from S2 to S4 have close RMS values, even if the roughness 

are well differentiated.  
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Figure 33: Ra roughness vs RMS of FIV (acceleration) for passive touch of the 14 isotropic samples 

for a reference participant. 

 

Figure 34 shows the RMS of the acceleration (FIV) and the Friction Coefficient (COF) 

associated to the 14 isotropic samples, tested under controlled boundary conditions (load 0.2 

N and velocity 30 mm/s) during passive touch. The friction coefficient shows an overall 

decreasing trend with respect to the decreasing of the physical roughness of the samples. This 

trend tends to follow the one of the FIV RMS, except for few fluctuations. In fact, higher 

friction means higher power exchanged at the contact, and consequently higher acoustic 

energy. As expected, the “NO TEXTURE” sample presents a very low FIV RMS amplitude 

and a very high friction coefficient, due to the higher adhesive resistance.  
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Figure 34: RMS of acceleration and friction coefficient for the 14 isotropic samples, measured with 

passive touch, for a reference participant. 

 

The FIV analysis has been carried out for three different values of the sliding velocity, imposed 

by TriboAir: 10 mm/s, 20 mm/s and 30 mm/s. The same general behaviour has been found for 

each tested velocity. For the same sliding velocity, the FIV amplitude increases as the sample 

roughness increases. Nevertheless, some other considerations can be made from the FIV 

parametric analysis with respect to the sliding velocity.  

In the first instance, as an example, Figure 35 shows the FIV PSD spectra associated with three 

different samples (S1, S2 and S3), obtained for the three tested velocities. For a given sample, 

a significant increase in the FIV amplitude with increasing sliding speed can be noticed, while 

the frequency distribution remains similar, with a slight shift toward high frequencies as the 

sliding speed increases, consistently with literature. For what concerns the frequency peak 

associated to the fingerprints, the shift toward higher frequency with increasing velocity is 

clearly evidenced.  
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Figure 35: FIV PSD for the three tested sliding velocities for three test samples, S1 (a), S2 (b) and S3 

(c). 

 

Figure 36 reports, for each of the three tested velocities, the comparison between the FIV PSD 

spectra associated to the three samples S1, S2 and S3: for the same sliding velocity, the samples 

present the same frequency distribution, while the amplitude increases as the roughness of the 

sample increases. The first well defined frequency peak can be ascribed to the participant 

fingerprint period; in fact, the frequency value of the peaks (in Hz) corresponds to the ratio 

between the considered sliding velocity and the participant fingerprint wavelength [6], [21], 

[22], [24], [36]. 
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Figure 36: Comparison between the FIV PSD of 3 samples for a sliding velocity of (a) 10 mm/s, (b) 

20 mm/s and (c) 30 mm/s. 

 

Figure 37 reports the FIV RMS amplitude for the three tested velocities (10, 20 and 30 mm/s) 

for the 14 isotropic samples. In agreement with the example in Figure 35, for each sample the 

FIV RMS amplitude increases as the sliding speed increases. The same trend of FIV RMS 

with respect to sample roughness can be highlighted for the three tested velocities.  
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Figure 37: RMS amplitude of FIV for the tested sliding speeds of 10 mm/s, 20 mm/s and 30 mm/s. 

 

 

3.2.3 Active vs passive touch FIV 
 

The FIV spectra obtained by active and passive touch (Figure 31 and Figure 32), when 

exploring isotropic surface samples, show a similar overall trend with respect to the surface 

roughness.  

The FIV spectra by passive touch (Figure 32) are obtained for a sliding velocity of 30mm/s, 

imposed by the TriboAir test bench. The spectra are grouped in subsets (for facilitating the 

comparison between FIV by active and passive touch) in (Figure 38, Figure 39, Figure 40). 

The same subsets will be discussed for the discrimination results in Chapter 4.  

Even if, in active touch, the contact boundary conditions (e.g. sliding velocity) depends on the 

participant’s movement, and therefore are not always constant during the stroke, the qualitative 

behaviour of FIV in active conditions and in passive conditions is in a very good agreement. 

In particular, the same trend of the FIV amplitude with the samples is observed. The overall 

trend of the amplitude of the FIV spectra increase with the increase of the surface roughness, 

and the frequency distribution are consistent in both cases. The vibrational energy is recovered 

in the same frequency range, with a large band profile.  

Moreover, for FIV measured from both passive and active touch, a main frequency peak can 

be distinguished at about 55 Hz for the coarser textures (from S1 to S4 in particular), which is 

due to the fingerprints width of the reference participant for a sliding velocity of 30 mm/s, in 

agreement with previous results [6], [21], [22] for coarse textures. 

This overall agreement is of main relevance because it allows to validate using active touch, 

which reflects the natural surface exploration, to measure and mimic the FIV signals. 
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Figure 38: Comparison between FIV spectra by passive touch (a) and active touch (b), for 4 test 

samples, from S4 to S8 (for the same reference participant). 

 

Figure 39: Comparison between FIV spectra by passive touch (a) and active touch (b), for the 

samples S2 and S3 (for the same reference participant). 

 

Figure 40: Comparison between FIV spectra by passive touch (a) and active touch (b), for 5 test 

samples, from S9 to S13 (for the same reference participant). 
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3.3 Isotropic vs periodic textures 
 

When comparing the trend observed for the tested isotropic randomly rough surfaces with the 

results of a previous study [6], related to periodic textures, different key features of the FIV 

mechanical stimuli can be highlighted to discriminate the textures.  

In periodic textures [6], the frequency distribution of the induced vibrations showed clearly 

different FIV frequency distributions, with well-defined frequency peaks which could be 

associated both a “descriptive” and a “hedonistic” perception of the textures; in particular, 

their frequency distribution was well correlated to the clustering of the surfaces with different 

perceptual descriptors, such as “rough” or “adhesive”, “textured” and “smooth”. The FIV 

amplitude played a role only in the perception of the coarser periodic textures, for which the 

FIV had a similar frequency distribution, and the surfaces were clustered, on the basis of the 

FIV amplitude, in either “rough” or “adhesive”. Thus, for the periodic textures, finer textures 

were well clustered by the frequency distribution, while the amplitude of the induced 

vibrations played a role only in discriminating the coarser textures. More detailed information 

on the referred previous study on periodic surfaces can be found in [6].  

Isotropic textures, object of this work, show FIV spectra characterized by a similar wide 

frequency band, with no significant differences in the frequency distribution between samples, 

independently from the roughness associated to each sample. On the contrary, the vibration 

amplitude varies significantly between the 14 samples, quite consistently with the trend of the 

sample roughness. Therefore, for isotropic random textures, the most important FIV feature, 

distinguishing between the surface samples, seems to be the amplitude of the induced 

vibrations.  

For what concerns the friction coefficient, in periodic textures [6], for the tested samples, no 

correlation was found between friction coefficient and perceptual clustering of the surfaces. 

Indeed, the focus of the present work is mostly of the Friction-Induced Vibrations and their 

role in tactile perception, so the role of the friction coefficient in the discrimination of textures 

has not been deeply investigated. 

This finding will be tested and corroborated by discrimination campaigns of real and simulated 

isotropic textures in chapters 4 and 5. 
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3.4 Concluding remarks 
 

In this chapter, Friction-Induced Vibrations associated to active and passive exploration of 

isotropic surface textures have been investigated. FIV amplitude has been highlighted as a key 

feature to discriminate isotropic textures, in opposition to what was found in previous works 

[6] for periodic textures.  

The parametric FIV analysis of isotropic samples by passive touch confirmed that the RMS 

amplitude increases as the sliding velocity increases, while the frequency distribution remains 

consistent.  

Moreover, a decreasing trend of the friction coefficient and FIV RMS amplitude has been 

found with respect to the physical surface roughness. 

Isotropic textures turn out to be characterized by different FIV amplitudes, with a similar wide 

band frequency distribution. The FIV amplitude increases as the physical surface roughness 

increases for the coarser textures, while similarities and inversions between roughness and 

FIV amplitude have been observed for the finer textures.  

The results on the FIV analysis suggest that the main FIV feature to discriminate isotropic 

textures is the amplitude of the signal, rather than its frequency distribution. This finding has 

been corroborated by the following discrimination campaigns of real and simulated isotropic 

surfaces (see chapters 4 and 5). Contrarily, periodic textures were perceived and discriminated 

by the FIV frequency distribution, characterized by well-defined frequency peaks according 

to the surface and fingerprint topography and sliding contact boundary conditions [6].  

A strong agreement has been found as well in the FIV spectra recovered by active and passive 

touch, allowing to validate the use of active touch, which is the natural way to explore textures, 

in FIV reproduction for tactile rendering, which will be presented in the following Chapter.  
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Chapter 4 

Texture rendering by FIV stimuli3  

 

 

 

 

This chapter presents the development and exploitation of a tactile rendering device based on 

the reproduction of Friction-Induced Vibrations. The tactile device, named PIEZOTACT, 

already introduced in section 2.4, is based on the idea of reproducing the FIV, previously 

measured during the exploration of real surfaces, by means of a piezoelectric actuator and its 

driving chain. To achieve a correct mimicking of the vibrational stimuli through the device, a 

tactile rendering strategy is developed and is presented in detail in this chapter. An 

experimental verification, by comparing the spectra of the acceleration measured on the real 

surface and the one reproduced by the actuator, is therefore presented. Subsequently, the 

validation of the PIEZOTACT device and rendering methodology is obtained by means of 

discrimination campaigns of real and simulated textures. In addition, a discrimination 

campaign carried out by generating fake textures through PIEZOTACT, by inverting the FIV 

amplitudes, is carried out to further investigate the role of FIV amplitude in the perception of 

the isotropic textures under examination. 

 

  

 

 

3 The content of this chapter has been partially published in [98], [99]. 



72 

 

 

4.1 FIV rendering methodology 
 

A tactile rendering device based on Friction-Induced Vibrations has been developed. The aim 

is to reproduce, by means of an actuator, the FIV previously measured during the exploration 

of real surface textures. The idea is to return the same tactile vibrational stimuli, coming from 

real textures, on the user's fingertip, placed on the vibrating actuator. This approach allows to 

decouple the vibrational part of the mechanical stimuli (friction, forces etc.) generated at the 

contact during the exploration of the surfaces. The decoupling of the vibrational stimuli, from 

other mechanical tactile stimuli, is very useful to investigate and better understand their role 

in the tactile perception, which a particular focus to perception of textures. In addition, this 

approach allows to insert another brick in the development of tactile rendering devices: in the 

future, the goal is to synergistically combine different types of tactile feedback (such as 

vibrational, frictional and/or temperature feedback) in the same device to obtain truly 

immersive haptic technologies that faithfully reproduce tactile perception. While the device 

used in this work, called PIEZOTACT, has been presented in section 2.4, the respective 

rendering strategy is detailed in the following.  

The goal is to faithfully reproduce the FIV, measured with the accelerometer during the 

exploration of real surfaces, by means of the actuator. The first important observation that must 

be made is that, to achieve this, it is not possible to simply send the FIV signal directly in input 

to the tactile device: this signal would in fact be strongly modified by the Transfer Function 

of the system. This would be a wrong rendering strategy (Figure 41 and Figure 42), which 

would lead to have in output of the device the FIV transformed by the Transfer Function. An 

example of signal resulting from this wrong strategy is presented in Figure 42, where the target 

FIV signal (Figure 42a) and the one obtained by the device (Figure 42b) would be definitely 

different. In Figure 42 the two signals are not compared on the same plot because of the 

different order of magnitude.  

 

 

Figure 41: Wrong rendering strategy: the FIV signal cannot be directly sent to the device since it is 

modified by the device's Transfer Function. 
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Figure 42: Example of result when applying the wrong strategy: (a) FFT of FIV measured when 

exploring a surface (target signal to be reproduced by the device) and (b) FFT of FIV modified by the 

Transfer Function of the device, which would be the result of sending the FIV target signal directly as 

input to the device. 

 

In order to obtain the correct reproduction of the signal it is therefore necessary to take into 

account the Transfer Function of the overall electro-mechanical system constituted by the 

device and the user's finger. The overall Transfer Function has been characterized as explained 

in detail in section 2.5 and in particular in section 2.5.3, starting from a random signal sent by 

the computer, and recovering the acceleration on the fingernail, while the finger is maintained 

on the device.  

The Transfer Function is then used to process the FIV signals measured when exploring real 

textures (i.e. the signals that we want to faithfully reproduce) and obtain a signal that, given 

as input to the device, allows to achieve the correct reproduction of the FIV by the device. 

Figure 43 shows a scheme of the developed rendering strategy, which will be described in 

detail below. 

 

Figure 43: Scheme of the tactile rendering strategy to correctly mimic FIV by the PIEZOTACT 

device. 
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In the following the theoretical signal processing to render the FIV is reported. This theoretical 

approach will be then implemented in MATLAB. 

Let’s define FIV(t) the acceleration signal to be reproduced (i.e. the FIV measured when 

exploring a real surface), while FIV(ω) is its Fourier Transform (Eq. 15), and TF(ω) is the 

Transfer Function (Eq. 4), defined in section 2.5.1. 

 

𝐹𝐼𝑉(𝜔) = ∫ 𝐹𝐼𝑉(𝑡)
+∞

−∞

𝑒−𝑗ωt𝑑𝑡 (15) 

 

To obtain the desired input to the tactile device, let’s define a new frequency signal Z(ω) as 

the ratio between the signal FIV(ω) and the Transfer Function TF(ω): 

 

Z(ω) =   
FIV(ω)

TF(ω)
 (16) 

 

Then, the Inverse Fourier Transform of Z(ω) can be calculated as: 

 

𝑧(𝑡) =
1

2𝜋
∫ 𝑍

+∞

−∞

(𝜔)𝑒𝑗ωt𝑑𝜔 (17) 

 

The calculated z(t) is then the input time signal to be sent to the tactile device.  

According to the definition of TF(ω), when z(t) is sent as input to the system (tactile rendering 

device and user’s finger) the following relation is satisfied in frequency: 

 

W(ω) =  Z(ω) TF(ω) = (
FIV(ω)

TF(ω)
) TF(ω) = FIV(ω) (18) 

 

Figure 44 shows the role of the terms in Eq. 18 in the rendering strategy. 

At the end, the obtained output signal W(ω), i.e. the Fourier Transform of the acceleration 

measured on the fingernail touching the tactile device, must be equal to the one (FIV(ω)) 

measured on the fingernail when exploring the real surface. This is the basis of the 

experimental verification proposed in section 4.2. 
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Figure 44: Scheme of the rendering strategy highlighting the terms in Eq. 18.  

 

Figure 45 shows  an example of signal processing according to the described rendering 

strategy: Figure 45a shows the frequency signal FIV(ω) and the new signal Z(ω) obtained by 

dividing FIV(ω) by the Transfer Function (Eq. 16); Figure 45b show the acceleration signal 

FIV(t) in the time domain, measured by exploring the real surface, and the new time input 

signal z(t) obtained by performing the Inverse FFT of the signal Z(ω), which is the input to be 

given to the device (voltage); Figure 45c shows the Transfer Function used to process the 

signal. The signals represented in Figure 45 obviously have different units of measurement, 

but they have been equally overlapped on the same plot to show the diversity of the shape of 

the signals.  

As highlighted in Figure 45a, the input signal for the tactile device is modified according to 

the shape of the system’s Transfer Function (Figure 45c). For frequencies where the Transfer 

Function increase, the input for rendering amplitude decrease, with respect to the measured 

one, and vice versa. The input time signal z(t), green curve in Figure 45b, is then sent to the 

tactile device in order to obtain the reproduction of the FIV on the fingernail. 
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Figure 45: (a) comparison between the spectrum of the FIV measured when touching the real surface 

and the spectrum of the input signal to drive the tactile device. (b) comparison between the respective 

time signals. (c) the used Transfer Function to process the signal. 

 

It is interesting to notice that this strategy has a more general validity: whatever a transient 

signal to be reproduced (not necessarily FIV), and whatever the Transfer Function of the 

system is known, the signal processing remains valid. The only precaution is to correctly 

characterize the Transfer Function. In fact, since the Transfer Function is defined for linear 

and time-invariant (LTI) systems, it is still necessary to appropriately characterize the specific 

system under investigation to evaluate the influence of the different parameters involved on 

the response of the system, to verify the appropriateness of the characterization of the Transfer 

Function.  

The system under investigation (PIEZOTACT device and user’s finger), as already highlighted 

in section 2.5.1, is strongly non-linear because of the non-linearities arising from the contact, 

the finger, and the device, so it is necessary to verify the approach through experimental 

verifications and perception campaigns, which are described in the next sections. Instead, a 

parametric characterization of the Transfer Function, as a function of the involved parameters 

(participant, applied force, finger angle with respect to the device, etc.), will be discussed in 

chapter 5. 
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4.2 Experimental validation of FIV rendering 
 

The correct FIV rendering has been experimentally verified by comparing the original FIV 

signal, measured by exploring the real texture, and the one rendered by the PIEZOTACT 

device (Figure 46). The FIV have been measured using the active touch protocol described in 

section 2.3.1, and then reproduced using the rendering methodology presented in section 4.1.  

 

 

Figure 46: Scheme of the approach to verify the correct FIV mimicking by the PIEZOTACT device 

and rendering strategy. 

 

Figure 47 and Figure 48 show examples of the achieved FIV reproduction, by the PIEZOTACT 

device and the developed rendering strategy. Figure 47 shows an example using a periodic 

texture, while Figure 48 using an isotropic one. The FFT and PSD spectra of the accelerations 

measured during the exploration of the real surfaces and the ones recovered when the finger 

is placed on the actuator are compared. In both examples, the spectra of the acceleration are 

very similar, almost overlapping, for the real (black curves) and simulated (green curves) 

textures. These results testify that the device can correctly reproduce the target FIV signal, and 

experimentally validate the device and rendering methodology.  
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Figure 47: Verification of FIV mimicking trough the comparison of the FFT (a) and PSD (B) spectra 

obtained by a real and simulated periodic sample (up to 500 Hz where the significant FIV content is 

located). 

  

Figure 48: Verification of FIV mimicking trough the comparison of the FFT (a) and PSD (B) spectra 

obtained by a real and simulated isotropic sample. 

 

Figure 49: Comparison of finger configuration and experimental measurement setup in the 

exploration of the real surface (a) and during the perception of mimicked FIV by the PIEZOTACT(b). 
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The correct signal reproduction assures the possibility to simulate a target signal by processing 

it by the Transfer Function, with the presented rendering strategy, whatever the target signal 

is. It should be noticed that, in the case of real textures, the vibrational stimulation of the 

mechanoreceptors in the fingertip comes from the dynamic interaction between skin and 

surface, due to the sliding of the fingertip on the surface. On the other hand, in the case of the 

mimicked signal, the vibrational stimuli come from the actuator, without any motion of the 

finger, by the normal vibration of the contact surface (Figure 49). 

Moreover, in terms of tactile rendering, an important consideration must be made. The 

acceleration (FIV) is measured during the exploration of real surfaces with the configuration 

in Figure 49a. On the other hand, the acceleration, when touching the actuator surface vibrating 

with the mimicked FIV, is measured with the configuration in Figure 49b. The similarity of 

the two configurations can be easily noticed in Figure 49. 

In both cases (real and mimicked FIV), the acceleration is measured by the accelerometer fixed 

by wax on the fingernail of the participant. The underlying hypothesis is that, being the finger 

configuration (as is shown in Figure 49) the same for the two cases, having a similar spectrum 

of the vibrations measured at the fingernail means having similar excitation of the 

mechanoreceptors at the fingertip for a subject. This assumption would lead to similar 

perceptive response when touching real and simulated textures. To verify such hypothesis, and 

to verify the key role played by the FIV in the discrimination of textures, perception campaigns 

on real and simulated surfaces have been performed, and reported in the following sections. 
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4.3 Discrimination campaigns 
 

Texture discrimination campaigns on volunteers have been conducted in order to validate the 

tactile device, using both periodic and isotropic textures. The goal is to investigate the ability 

of participants to discriminate (recognize) the simulated textures by PIEZOTACT, associating 

them with the corresponding real surfaces. The results of the campaigns have been analysed 

through the Association Matrices discussed in section 2.6.3. Following the first experimental 

validation described in section 4.2, the discrimination campaigns on real and simulated 

textures allow to validate the device from a point of view of the tactile perception.  

Moreover, for both periodic and isotropic textures, the results of the discrimination have been 

interpreted in the light of the most important features of FIV (amplitude and frequency 

distribution) to investigate the role of such features in the discriminative perception of real and 

simulated textures. 

 

 

4.3.1 Discrimination of periodic surfaces 
 

A preliminary pilot discrimination campaign on a participant (male, 41 years old) has been 

conducted using the periodic textures described in section 2.1.1. The protocol detailed in 

section 2.6.1 has been operated. The protocol involves the measurement of FIV and the 

characterization of the Transfer Function of the participant, followed by the proper 

discrimination campaign on both real and simulated surfaces (Figure 50). The FIV have been 

measured using the active touch protocol described in section 2.3.1 for all the involved 

periodic surfaces, and then reproduced using the rendering methodology presented in section 

4.1. 

 

 

Figure 50: Discrimination of periodic textures. 
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The overall result of the campaign is reported in Figure 51 and Figure 52. Figure 51a and 

Figure 52a show the result of the discrimination of the real periodic surfaces, while Figure 51b 

and Figure 52b present the results of the discrimination of the simulated textures by the 

PIEZOTACT device. 

 

 

Figure 51: Results of discrimination campaign on real (a) and simulated (b) periodic textures (3D 

Association Matrices). 

 

 

Figure 52: Results of discrimination campaign on real (a) and simulated (b) periodic textures (2D 

Association Matrices). 
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As shown in Figure 51 and Figure 52, the participant achieved a very good performance in 

discriminating both the real and simulated textures. In fact, very high percentages of 

association can be localized on the principal diagonal of both the matrices for all the tested 

samples. Let’s recall that on the main diagonal there are the correct discrimination of the 

samples.  

Moreover, the results in the discrimination of the simulated textures (by mimicking FIV) can 

be compared to those in the discrimination of the real samples. The matrix related to the 

simulated surfaces presents few more discrimination errors, but overall, a good agreement is 

found between the results obtained when discriminating real and simulated surfaces. The most 

frequent discrimination errors, which occurred in the tests with the simulated textures, have 

been recovered in the case of the real ones too. As an example, samples M5, M7, M11 and 

M12 have been frequently confused in both campaigns, and they present the lowest 

percentages on the main diagonal of both the matrices. 

The results of the discrimination campaign have been then interpreted by means of the FIV. In 

the cases of the most occurred wrong discriminations, the FIV spectra, measured when 

touching the real surfaces (which have been then reproduced by the tactile device), are very 

close each other, justifying the errors in the discrimination of both the real and the simulated 

surfaces. 

 

 

Figure 53: Spectra of FIV associated to the samples that have been mostly confused in the 

discrimination of both real and simulated textures (M5, M7, M11, M12). 
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As an example, Figure 53 reports the compared FIV spectra of the 4 most confused samples 

in the discrimination campaigns of both real and simulated textures, M5, M7, M11, M12. The 

3 samples M7, M5 and M12, are characterized by very similar FIV spectra both in terms of 

FIV amplitude and frequency distribution. These samples have been frequently confused. In 

particular, the samples M7 and M5 have very similar topographic parameters (Table 2) and 

FIV characteristic spectra, and they resulted always hard to discriminate. Sample M11 show a 

lower FIV amplitude with respect to samples M5, M7 and M12, but the same frequency 

distribution. This emphasizes the importance of the frequency distribution, rather than the 

amplitude, of FIV signals in the perception and discrimination of fine periodic textures, in 

agreement with [6].  

On the contrary, as an example, samples M8 and M4 show different FIV spectral distributions 

(Figure 54) and they never got confused during the campaign. More examples and discussions 

on this pilot discrimination campaign on periodic textures can be found in [101]. 

 

 

Figure 54: Example of FIV associated to sample that have been always well discriminated both in 

case of real and simulated textures (M4, M8). 

 

The implications of such results are very interesting. First of all, the high discrimination 

success highlights the main role played by FIV in the discrimination of textures, especially 

fine ones. This also testifies the effectiveness of the PIEZOTACT device in vibrotactile 

rendering, and, moreover, its usefulness in being used as a tool to decouple and mimic the 

vibrational part of tactile stimuli and to better understand the link between vibrational tactile 

stimuli (FIV) and texture perception. Moreover, good and wrong discrimination of real 

periodic samples, as well as the simulated ones by FIV, have been linked to their associated 

FIV, especially in terms of frequency distribution (in agreement with [6]).  

A further validation of the device has been then provided by the discrimination campaign on 

isotropic textures presented in the following section. 



84 

 

 

4.3.2 Discrimination of isotropic surfaces 
 

A discrimination campaign has been conducted on 10 participants (1 female and 9 males, with 

age ranging between 21 and 44 years, 1 lefthander and 9 righthanders) using the isotropic 

textures described in section 2.1.2. The FIV have been measured using the active touch 

protocol described in section 2.3.1, for all the involved periodic surfaces, and then reproduced 

using the rendering methodology presented in section 4.1. The specific Transfer Function of 

the PIEZOTACT device, with each participant’s finger, has been measured as well. 

The protocol detailed in section 2.6.2 has been followed. For each of the 3 discrimination 

tasks, described in section 2.6.2, the results related to the 10 participants are presented in the 

following section. The results have been represented and analysed by means of the association 

matrices described in section 2.6.3.  

Figure 55 reports the results of the campaign. 

 

 

Figure 55: Results of discrimination campaign: results of the preliminary TASK 1 (a) on real 

surfaces; results of TASK 2 (b) on subsets of real textures; results of TASK 3 (c) on the simulated 

textures by the PIEZOTACT. 
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RESULTS OF TASK 1 

Figure 55a shows the results of the discrimination task 1. In this task (Figure 56), the 

participants dealt with the sorting of the entire set of 14 samples (real surfaces), from the 

roughest to the smoothest one. High percentage of association are localized on the main 

diagonal of the matrix, testifying a good performance of the participants to identify the 

sequence of the explored textures. On the other hand, discrimination errors interested in 

particular the samples S2 and S3, which have been often confused. As well, discrimination 

errors occurred for the group of samples from S9 to S13. The “no texture” sample was always 

correctly positioned in the sequence by all the participants.  

 

 

Figure 56: the Task 1 involves the discrimination of the entire set of 14 surfaces, by sorting them from 

the roughest to the smoothest one. 

 

RESULTS OF TASK 2 

Figure 55b shows the results of the task 2 of the discrimination campaign. The task (Figure 

57) was related to the discrimination of the real surface samples, divided into sets, each 

constituted by 3 samples. The results related to all the sets are reported in the matrix. High 

percentages of association are localized on the main diagonal of the matrix, testifying an 

overall good performance of the participants to discriminate the real samples. Some 

discrimination errors interested again the samples S2 and S3, and most of the errors have been 

registered for the group of samples from S9 to S13, confirming the results obtained for the 

preliminary task 1.  

 

 

Figure 57: The Task 2 involves the discrimination of isotropic samples divided into triplets, by 

sorting them from the roughest to the smoothest. 
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RESULTS OF TASK 3 

Figure 55c shows the results of the discrimination task 3, related to the simulated textures 

(reproduced FIV), by the PIEZOTACT device (Figure 58). High percentage of association are 

localized on the main diagonal of the matrix, testifying a good performance of the participants 

to discriminate the textures mimicked by the device, thanks to the reproduced FIV stimuli. 

Again, some discrimination errors are related to the samples S2 and S3, confused with each 

other, while most of the errors have been registered again between samples from S9 to S13. 

 

 

Figure 58: The Task 3 involves the simulated textured by mimicking the FIV with the PIEZOTACT. 

 

 

RESULT DISCUSSION 

The resulting matrices have been compared in Figure 59, highlighting the areas of the matrices 

where the discrimination errors are localized for each task.  

Let’s recall that the first task was related to the ordering of the entire sequence of 14 isotropic 

samples, the second task to the discrimination of the real isotropic samples, arbitrary divided 

into sets (each constituted by 3 samples), and the third tasks concerned the simulated surfaces, 

mimicking the FIV by the PIEZOTACT device.  

Figure 59 highlights that there is a clear agreement between the results of the 3 discrimination 

tasks. The overall discrimination campaign shows good results for all the tasks, either with 

real or simulated textures, with high percentages of association on the main diagonal of the 

matrices. In all the 3 tasks the main discrimination errors are localized into the same areas of 

the matrices. In particular, the samples S2 and S3 have been confused during all the 3 tasks, 

both with real and simulated textures. Moreover, the group of samples, from S9 to S13, 

underwent to highest percentages of discrimination errors in the all the 3 tasks. On the contrary, 

the group of samples from S4 to S8 have always been correctly discriminated in the 3 tasks.  
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Figure 59: Comparison between the matrices associated to the 3 tasks constituting the discrimination 

campaign. In all the matrices, the groups of samples that have been confused the most are 

highlighted. 

 

The agreement between the results found for the real textures (Task 1 and Task 2) and for the 

discrimination of the simulated textures by mimicking the FIV by the PIEZOTACT device 

(Task 3) testifies the good rendering performance of the device and the developed rendering 

methodology.  Moreover, while touch is a very complex sense, which involves many stimuli 

(vibrations, pressure, contact stresses, friction, temperature, humidity, etc.), the PIEZOTACT 

device and the underlying signal processing allow the rendering of textures, decoupling the 

FIV stimuli by the other stimuli involved into the overall tactile perception. The results 

obtained by the discrimination tasks, with the good correlation in discriminating real and 

simulated surfaces (by only FIV), allows thus to emphasize once more the main role played 

by the FIV stimuli in the perception and discrimination of fine textures.  

The found correlation between the FIV spectra and the results of the entire discrimination 

campaign (composed by the 3 tasks) is here discussed in detail. 

Figure 60a and Figure 60b show examples of FIV spectra associated to the groups of confused 

samples into the entire discrimination campaign, for both real and simulated textures, while 

Figure 60c shows an always correctly discriminated group of samples.  
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Figure 60: Examples of FIV spectra associated to confused groups of samples in (a) and (b) and 

correctly discriminated samples in (c). 

 

The following observations can be then highlighted by comparing the discrimination and the 

FIV spectra: 

▪ The samples S2 and S3, which have been often confused in the 3 tasks, show FIV with 

very similar amplitude and frequency distribution (Figure 60a).  

▪ Similarly, the group of samples from S9 to S13 undergone to confusion in the entire 

campaign. The 10 participants had difficult to discriminate this group of samples both 

in the case of the real samples and in the one related to the mimicked FIV. During the 

task 1, related to the entire sequence of 14 real samples, the percentages of error were 

very high for the considered group of samples. Again, the FIV spectra, associated to 

these samples (Figure 60b), show similar amplitudes, and inversions of amplitudes 

with respect to the surface roughness.  

▪ On the contrary, by observing the FIV spectra related to the samples from S4 to S8 

(Figure 60c), which have been always correctly discriminated during the 3 tasks, it 

turns out that they show clearly different amplitudes of the FIV spectra.   
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The results of the discrimination campaign have been analysed in the light of the RMS of FIV 

acceleration as well. Figure 61 shows the sample roughness (Ra) compared with the RMS of 

the FIV, measured during passive touch (controlled velocity of 30 mm/s) for a reference 

participant, where the roughness is decreasing from S1 to S13. 

 

 

Figure 61: Ra roughness vs RMS of FIV for passive touch of the 14 isotropic samples for a reference 

participant. 

 

When considering the FIV amplitude, from sample S1 to sample S9, the RMS decreases with 

the roughness, while, from sample S10 to sample S13, the trend of the RMS of the FIV presents 

inversions with respects to the roughness. When considering the results from the 

discrimination campaigns, the following considerations can be made: 

▪ Samples from S1 to S9 have been generally well discriminated, with the following 

exceptions: 

▪ The samples S2 and S3, which have been confused in the entire discrimination 

campaign, present very similar RMS of induced vibrations, although they 

present clearly different Ra.  

▪ As well, the samples S8 and S9 present a very similar RMS but a different Ra 

and, in some cases, the samples have been confused in the discrimination 

campaigns.  

▪ On the contrary, the samples from S10 to S13 underwent the highest percentage of 

errors in the entire discrimination campaign, both on real and simulated textures. In 

accordance, their RMS present similarities and inversions with to respect to the sample 

roughness. 
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▪ Moreover, samples S7 and S8 present similar values of Ra, but they have been always 

well discriminated in the entire campaign. In accordance, the associated RMS of FIV 

and the FIV spectra (Figure 61 and Figure 60c) are clearly different. 

Summarising, the trend of the FIV (RMS and spectral distribution) agrees with the results 

obtained in the discrimination campaign on real and simulated textures. For isotropic textures, 

the discrimination errors occurred each time the FIV amplitude were similar or reversed, with 

respect to the roughness.  

The FIV, and in particular the RMS amplitude of FIV, have been then directly correlated the 

perception and discrimination of the textures under examination, while the surface roughness 

(Ra) did not prove to be a good indicator. Effectively, it should be kept in mind that the 

mechanical signal directly received by the mechanoreceptor is the skin transient deformation 

(vibrations) and not the topography. 

From Figure 61 it can be noticed as well that the samples with higher difficulty to be 

discriminated are the ones under a certain level of FIV amplitude (about 0.7 m/s2 in Figure 

61). In future works it would be interesting to investigate if there is a sensitivity threshold 

below which the vibrations, induced by the tactile exploration of the surface, are too low to 

allow the clear discrimination of textures. For the reference participant, presented in Figure 

61, this threshold could be identified by an RMS value of about 0.7 m/s2. 

 

4.3.3 Discrimination of periodic textures vs discrimination of 

isotropic textures 
 

The results of the discrimination campaign on isotropic randomly rough samples presented in 

section 4.3.2 agree with the results obtained for periodic textures in section 4.3.1:  

▪ In both cases, for periodic and random textures, the participants have been able to 

associate the simulated textures (reproduced FIV) by the PIEZOTACT device to the 

real ones, with very good percentages of success. This good discrimination 

performance found for two different types of textures, periodic and isotropic, validates 

the developed PIEZOTACT device and texture rendering methodology. 

▪ Moreover, in both cases (periodic and isotropic textures), it has been possible to well 

correlate the results of the discrimination campaign with the FIV spectra, despite the 

discrimination of periodic textures turned out to be mainly driven by the FIV frequency 

distribution, while the isotropic textures resulted to be discriminated by the FIV 

amplitude. Moreover, this shows how useful the PIEZOTACT device is as a tool to 

investigate the effect of the different features of vibrational tactile stimuli (amplitude, 

frequency distribution) in the perception and discrimination of textures.  
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4.4 Modifying texture perception by FIV 

rendering 
 

The developed PIEZOTACT device holds not only technological applications, in which the 

hope is to be able to merge a rendering of textures by FIV with that based on other mechanical 

stimuli, such as friction, to obtain a faithful reproduction of surface perception. The primary 

purpose behind the development of PIEZOTACT is to serve as a research tool, specifically for 

exploring the influence of various features of tactile vibrational stimuli on the perception and 

discrimination of textures. In this perspective, the device is capable of isolating and decoupling 

vibrational stimuli (FIV) from other tactile stimuli, enabling an in-depth investigation into 

their role in perception. Moreover, it can also be used to appropriately manipulate signals, alter 

their features (e.g. amplitude and frequency distribution of FIV), and create fake textures that 

allow to deepen the investigation into the relationship between surface topography, mechanical 

stimuli and tactile perception.  

Since the present work already emphasized the important role of the amplitude of the 

vibrational stimuli in the discrimination of isotropic textures, a further discrimination 

campaign on textures simulated by the tactile device has been conducted here by inverting the 

amplitude of the measured FIV, to evaluate whether participants consistently discriminated 

textures in accordance with this inversion.  

The used protocol and the results of the discrimination campaign are reported in the following 

sections. 

 

4.4.1 Protocol of discrimination campaign with FIV 

amplitude inversions 
 

A discrimination campaign has been performed on a panel of 5 participants (1 female and 4 

males, with ages ranging between 23 and 45 years). Fake textures, simulated by the 

PIEZOTACT device, have been built by inverting the amplitude of the FIV measured on the 

real surfaces, to investigate whether this amplitude inversion is followed by the participants 

during the discrimination tests. 

Two sets of surface samples have been selected: a first set constituted by the samples S2, S6, 

S13, and a second set constituted by the samples S5, S8, S11. For each of the sets, the FIV 

signals corresponding to 2 surfaces have been inverted in terms of amplitude on the basis of 

their RMS ratios. An example is reported in Figure 62, related to the first sample set. Figure 

62a shows the FIV signals measured when exploring the real surface samples S2 and S13. 

Figure 62b shows the same FIV, but inverted on the basis of their RMS ratio, as the ‘S2 

INVERTED’ has the same RMS amplitude of the ‘S13’ and the ‘S13 INVERTED’ has the 

same RMS of the ‘S2’. As an example, ‘S2 INVERTED’ is obtained by dividing the 



92 

 

 

acceleration signal (FIV) of ‘S2’ by the ratio between the RMS acceleration of ‘S13’ and the 

RMS acceleration of ‘S2’. Figure 62c and Figure 62d show the corresponding PSD spectra: 

the FIV PSD of the inverted samples (Figure 62d) maintain the same frequency distribution 

with respect to their corresponding originals (Figure 62c), although the RMS amplitudes are 

inverted. Then, the obtained signals have been processed to be rendered by the PIEZOTACT 

device. 

 

 

 

Figure 62: Example of inversion of FIV spectra of two surfaces based on FIV RMS amplitude: (a) 

FIV measured on the real surfaces; (b) FIV with amplitude inversion; (c) PSD of FIV measured on 

the real surfaces; (d) PSD of FIV with amplitude inversion. 

 

For each set of samples, a discrimination test has been performed on the real surfaces 

according to the protocol of TASK 2 (see section 2.6.2), which involves the discrimination of 

the real samples, sorting them from the roughest to the smoothest. Then, for each set of 

samples, 4 discrimination tests with the simulated textures by the PIEZOTACT have been 

carried on, according to the protocol of TASK 3 (see section 2.6.2). For each of the sample 

sets, 2 tests have been conducted with 2 out of the 3 simulated textures inverted in terms of 

RMS FIV amplitude, and 2 tests with the 3 textures simulated with their original FIV 
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amplitude. The discrimination campaign is resumed in Table 6, where the simulated textures 

by the PIEZOTACT, starting from the FIV signals inverted in terms of RMS amplitude, have 

been conventionally named as ‘S2 INVERTED’, ‘S13 INVERTED’, ‘S5 INVERTED’ and 

‘S11 INVERTED’. Each of the 5 participants underwent to the same discrimination test. 

 

Table 6: Resume of discrimination campaign of simulated textures by the PIEZOTACT with 

inversions of FIV RMS amplitude. 

Set of samples 

(triplets) 

Discrimination test: presented 

simulated textures to participants 

 

SET #1: 

samples 

S2, S6, S13 

 

S2 INVERTED, S6, S13 INVERTED 

S6, S13, S2 

S13 INVERTED, S2 INVERTED, S6 

S2, S13, S6 
 

 

SET #2: 

samples 

S5, S8, S11 

S11, S8, S5 

S5 INVERTED, S8, S11 INVERTED 

S8, S5, S11 

S8, S5 INVERTED, S11 INVERTED 
 

 

 

4.4.2 Results of discrimination campaign with FIV amplitude 

inversions 
 

The results, relating to the 5 participants, have been analysed by means of association matrices 

constructed with the same logic used for the matrices in section 2.6.3, but with some 

modifications, explained in the following. 

For each of the 2 sets of samples (see section 4.4.1), 3 matrices have been constructed (Figure 

63): one for the discrimination of the real surfaces (Figure 63a and Figure 63b), one for the 

discrimination of the simulated textures starting from the original FIV, without inversions, 

(Figure 63c and Figure 63d), and one for the discrimination of the simulated textures with 

inversion of the FIV amplitude (Figure 63e and Figure 63f). 

The matrices in Figure 63a and Figure 63b, relating to the discrimination of real surfaces, have, 

as usual, on the abscissa x the real samples presented to the participants, and, on the ordinate 

y, the same sequence of real samples. In such a way, the pairs {x,y} represent the participants' 

associations, and the correct sample discrimination lie on the main diagonal. The obtained 

matrices show that all the real surfaces have always been correctly discriminated. 
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The matrices in Figure 63c and Figure 63d, relating to the discrimination of the simulated 

textures, starting from the original FIV, have, as usual, on the abscissa x the textures simulated 

by the PIEZOTACT (exactly reproducing the original FIV) presented to the participants, and, 

on the ordinate y, the associated real samples. Figure 63c and Figure 63d show that all the 

simulated textures have been correctly discriminated (except for an error that occurred only 

once by a participant in set #2). 

Figure 63e and Figure 63f present the results of the discrimination of the textures simulated 

with inversion of the FIV amplitude. The matrices are constructed as follows. They are built 

by placing on the abscissa x the simulated textures by the PIEZOTACT (built with inversions 

according to the FIV RMS) presented to the participants. On the ordinate y there are the real 

surfaces arranged so that each simulated texture with inverted FIV RMS is associated with the 

real sample having the corresponding FIV RMS (example: the simulated texture ‘S2 

INVERTED’ is arranged in correspondence with the real surface which has the same FIV 

RMS, i.e. surface S13, instead of the original S2 sample). This arrangement ensures that on 

the main diagonal of the matrix there are the expected associations, i.e. the associations which 

confirm the hypothesis that, by inverting the FIV RMS amplitude, the participants invert the 

original surfaces in the discrimination test. In this case, the results will therefore be referred, 

in the following, as ‘expected results’ (‘expected associations’) and ‘unexpected results’ 

(‘unexpected associations’) instead of ‘correct/incorrect discriminations’. High association 

percentages are located on the main diagonal, testifying that the participants discriminated the 

textures, constructed with inversion of the FIV RMS amplitude, according to the expectation 

(Figure 63e and Figure 63f). As hypothesized, by inverting the FIV amplitude of two samples, 

the participants were misled to invert them in the discrimination. 
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Figure 63: Results of discrimination tests for real samples ((a) and (b)), for textures simulated 

without amplitude inversions ((c) and (d)), and for simulated textures with RMS FIV amplitude 

inversions ((d) and (e)). On the left ((a), (c), (e)) the results related to set#1 and on the right ((b), (d), 

(f)) the results related to set#2. 

 

The correct and incorrect discriminations (or expected and unexpected results) of the textures 

have been then analysed in the light of the FIV RMS amplitudes (Figure 64) and the FIV 

spectra (Figure 65). 
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The real samples present well distinct RMS and spectra of FIV and have been always correctly 

discriminated. When the simulated samples, presenting inversions in FIV RMS amplitude (see 

Table 6), have well distinguished amplitudes (Figure 64a and Figure 64b) and spectra (Figure 

65a and Figure 65b), they led to the expected results in the discrimination. 

Nevertheless, in the association matrix in Figure 63f it is possible to find some not negligible 

unexpected associations, which came from 2 different participants. Observations in the 

analysis of the FIV spectra (Figure 65c) and the relative RMS (Figure 64c), associated to those 

2 participants, explain the obtained unexpected results. In fact, the 2 participants associated 

the simulated texture S11 INVERTED with the real sample S8. Let’s keep in mind that S11 

INVERTED was constructed having the same RMS FIV as sample S5, but maintaining the 

original spectral distribution of the sample S11. In this case, for 2 participants, this made the 

S11 INVERTED and S8 spectra very similar, as can be seen in Figure 65c. Their RMS of FIV 

are quite similar as well, as can be seen in Figure 64c. This explain the found unexpected result 

in the discrimination task (matrix in Figure 63f). It should be kept in mind that FIV results 

from the interaction between the surface and fingertip topographies, and different subject will 

generate different spectra for the same surface. 
 

 

 

Figure 64: Examples of FIV RMS for different real and simulated textures. In (a) and (b) FIV RMS 

associated to expected associations/correct discriminations for SET #1 and SET #2 respectively, for a 

representative participant. In (c) FIV RMS associated to unexpected associations (SET #2), for a 

representative participant between the two who confused the samples S11 INV and S8. 
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Figure 65: Examples of FIV spectra associated to real and simulated textures. In (a) and (b) spectra 

related to expected associations/correct discriminations for SET#1 and SET#2 respectively, for a 

representative participant. In (c)spectra related to unexpected associations (SET #2), for a 

representative participant between the two who confused the samples S11 INV and S8. 
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4.5 Concluding remarks 
 

In this chapter, a vibrotactile rendering methodology based on Friction-Induced Vibrations has 

been presented, experimentally verified, and validated by perceptual campaigns.  

In the first instance, a tactile rendering strategy has been presented that allows to faithfully 

mimic the FIV measured during the exploration of real surface textures. This methodology is 

based on the characterization and exploitation of the Transfer Function of the whole system 

consisting of the device, including the user's finger.  

Therefore, the methodology has been experimentally verified by comparing the original FIV 

measured when exploring the real textures and the FIV mimicked by the developed device. 

The rendering method has been then validated trough tactile perception campaigns. Different 

textures, both periodic and isotropic, have been simulated by the device. Excellent 

performances in the discrimination of real and simulated textures have been achieved in the 

discrimination campaigns. Agreement has been found as well between the results in 

discriminating real and simulated textures.  In both cases, the correct and incorrect 

discriminations for real and simulated textures have been interpreted and explained by means 

of the FIV, emphasizing a fundamental link between FIV and texture perception.  

Moreover, a discrimination campaign on isotropic textures involving pairs of samples with 

inverted RMS amplitudes of the induced vibrations, when rendered by the PIEZOTACT, has 

been performed. The textures with FIV amplitude inversions were coherently discriminated 

by participants, as expected, emphasizing once more the role of FIV amplitude in the 

discrimination of isotropic textures. This campaign has shown as well how the PIEZOTACT 

device is a useful tool to study the impact of each feature of the vibrational signal generated 

by the exploration of textures in tactile perception. In fact, it allows to “play” with the different 

features of the FIV signal (amplitude, frequency distribution) and create artificially fake 

textures to investigate more deeply the relationship between FIV features and perception of 

textures. In the next future, other campaigns will be conducted, for example, on periodic 

textures, reversing and modifying the frequency distribution, with an approach similar to that 

used in this work. 

 

 

Due to its mail role in the FIV rendering methodology, the dynamic response of the system, 

consisting of the device and the user's finger, has been investigated more in detail in the 

following Chapter.  
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Chapter 5 

Role of finger Transfer Function in 

vibrotactile rendering4 
 

 

 

When dealing with the design of tactile devices, the interaction between the device and the 

user's finger becomes crucial and is worth to be deeply investigated. The sense of touch, by its 

nature, relies on the physical interaction with the object being explored. This principle holds 

true for tactile rendering devices as well; the interaction between the touched surface and the 

user's finger plays a key role in designing effective systems. In this context, when mimicking 

the vibrational stimuli, it is of utmost importance to consider the dynamic response of the 

finger during its interaction with the device/surface. 

More specifically, since the texture rendering methodology proposed in section 4.1 is based 

on the processing of the target FIV signal, by the Transfer Function of the whole electro-

mechanical system, its characterization is fundamental for mimicking the FIV signals with 

accuracy.  

Different users mean different fingers, placed on the actuator, with their proper Transfer 

Function. Furthermore, being the system nonlinear, a role is also played by the contact 

parameters between the user's finger and the surface, such as the normal contact force and the 

finger/surface angle. In chapter 4 the Transfer Function was re-characterized for each 

individual user to perform discrimination campaigns and to validate the device. Moreover, the 

contact boundary conditions between finger and actuator were maintained fixed for all users. 

 

 

4 The content of this chapter has been partially published in [100]. 
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In this Chapter, with a view to optimize the tactile device and the rendering methodology, a 

parametric analysis of the Transfer Function of the human finger, and then of the vibrotactile 

device including the user’s finger, has been carried out on panels of participants. 

 

Subsequently, the possibility of using an average Transfer Function between participants, to 

process the FIV signals, has been evaluated. The exploitation of the average Transfer Function 

to simulate textures using the PIEZOTACT device has been validated by discrimination 

campaigns on isotropic textures. The results obtained from the discrimination campaign 

carried out with the average Transfer Function have also been compared with the results 

obtained in section 4.3.2, where the individual Transfer Functions of each user of the device 

were exploited.  
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5.1 Parametrical analysis of the Transfer Function 
 

A “step by step” approach has been exploited to first investigate the dynamics of the finger 

alone, and then the overall Transfer Function of the overall system constituted by the 

PIEZOTACT device and the finger. First a preliminary campaign of the finger Transfer 

Function has been carried out using a dynamic exciter (shaker), with the test bench described 

in section 2.5.2 on 5 participants. In the light of the encouraging results of this preliminary 

campaign, a broader parametric analysis has been then performed directly on the vibrotactile 

rendering device (with the setup in section 2.5.3), which is of interest for the processing of the 

FIV signals. In the campaign conducted on the device, the analysis has been extended to 20 

participants, and further contact configurations.  

 

5.1.1 Parametric analysis of the finger Transfer Function  
 

The parametric campaign on the finger Transfer Function has been carried out using the test 

bench described in section 2.5.2 (Figure 66). The parametric study has been carried out on 5 

participants (2 females and 3 males, with ages ranging between 21 and 55 years, 1 lefthander 

and 4 righthanders).  

For the parametric analysis, the angle between the finger and the ceramic surface on the top 

of the shaker has been set at 20 degrees, maintained thanks to an arm support. For each 

participant, measurements have been performed with a contact load of 0.2N, 0.4N and 0.6N. 

The participant could hold the target contact load by observing the mean load displayed on the 

monitor.  

 

 

Figure 66: Test bench for parametric analysis of the finger transfer function. 
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The parametric analysis has been then articulated in two points: 

▪ For a single participant, the comparison of the finger Transfer Functions, by varying 

the contact load between finger and vibrating surface, has been carried on. 

▪ For a given contact load, the comparison of the finger Transfer Function of different 

participants has been performed. 

The results of the parametric campaign are reported in the following. 

Figure 67 shows the comparison of the finger Transfer Functions of all participants in the same 

test conditions: Figure 67a reports the finger Transfer Function of all the participants with a 

normal contact load of 0.2N, Figure 67b with a contact load of 0.4N and Figure 67c with a 

contact load of 0.6N. In all cases, the Transfer Functions of the participants are similar in trend 

and generate a bundle of curves of few dB of maximum deviation. Figure 67d presents all the 

curves relating to all participants and all test conditions (0.2N, 0.4N, 0.6N), superimposed on 

the same graph: they form a bundle of curves with a similar trend and a maximum deviation 

of 8dB. 

 

 

  

Figure 67: Comparison, among all participants, of the finger transfer function in the same test 

conditions: (a) contact load of 0.2N, (b) contact load of 0.4N, (c) contact load of 0.6N. In (d) the 

comparison of the finger transfer functions of all participants in all load conditions (0.2N, 0.4N, 

0.6N). 
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Figure 68 presents the evolution of the maximum deviation as a function of the normal contact 

load. Increasing the contact load, the deviation of the Transfer Functions with the participants 

decreases. This may be explained by the increasing of the contact area and dynamic coupling 

of the subsystems, due to a larger load, decreasing the variability of the results. Lower loads 

can increase the variability in the effective contact area as the fingertip is less deformed. 

 

 

Figure 68: Maximum deviation of the transfer functions as a function of the normal contact load 

between the finger and the ceramic plate. 

 

In light of these results, an average Transfer Function among participants has been then 

calculated for each test condition (normal load): an example of the average Transfer Function, 

superposed on the specific ones of the participants, is presented in Figure 69, for the case of a 

contact load of 0.2N.  

 

 

Figure 69: Example of calculated average transfer function among participants (for a load of 0.2N) 

together with the specific participant curves. 
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Moreover, for each participant, the gain of the finger Transfer Function increases as the contact 

load increases; an example, referred to one participant, is reported in Figure 70a. The same 

behaviour has been found for all participants.  

For each test condition (0.2N, 0.4N, 0.6N) the average Transfer Function among all 

participants has been computed. Figure 70b shows the comparison between the average 

Transfer Functions, among participants, for the three test conditions (0.2N, 0.4N, 0.6N). The 

trend of the average Transfer Function reflects the trend of the singular Transfer Function of 

each participant: as the normal contact load increases, the gain of the Transfer Function 

increases, due to the increase of the contact surface and mechanical coupling between fingertip 

and actuator. 

 

 

Figure 70: (a) For one participant, the finger transfer function increases as the contact load 

increases. (b) average finger transfer functions, calculated among all participants, for each test 

conditions (0.2N, 0.4N, 0.6N): the transfer function increases as the contact load increases. 

 

It should be noticed that the antiresonance at about 265 Hz, present in all Figures, is 

characteristic of the used electrodynamic shaker. As proof, Figure 71a shows the Control 

Transfer Function obtained by fixing the accelerometer with wax directly on the ceramic plate. 

The Transfer Function has been obtained between the acceleration ([m/s2]) and the random 

signal ([V]) sent through the acquisition system, to consider for the overall electro-mechanics 

of the system consisting of the shaker, the force transducer, and the ceramic plate. Figure 71a 

clearly highlights that the antiresonance at 265Hz was already present in the electro-dynamic 

shaker, and it is recovered in the participants’ Transfer Functions (Figure 71b).  

Being the aim of the study the comparison of the finger Transfer Functions of different 

participants and in different boundary conditions, always maintaining the same experimental 

setup, this antiresonance, due to the dynamics of the excitation system, has been neglected. 
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Figure 71: The antiresonance at 265Hz is characteristic of the dynamic shaker (a), and can be 

recovered in all the finger Transfer Functions for all participants and all test conditions (b). 

 

The parametric analysis of the finger Transfer Function has been then extended to the study of 

the overall system consisting of the PIEZOTACT device and the user's finger, which is of 

primary interest in the present work.  

 

 

5.1.2 Characterization of the overall electro-mechanical 

Transfer Function (PIEZOTACT and user’s finger) 
 

Given the encouraging results of the parametric analysis of the finger Transfer Function 

reported in section 5.1.1, it has been decided to carry out a wider campaign directly using the 

PIEZOTACT device including the participants’ finger. 

The parametric study has been carried out on 20 participants (10 females and 10 males, with 

ages ranging between 20 and 55 years). It is important to notice that the panel of participants 

who performed this campaign was composed by different participants with respect to the panel 

who performed the campaign in section 5.1.1 for the Transfer Function of the Finger alone, 

incrementing the robustness of the results.  

The used experimental test bench is described in section 2.5.3 (Figure 72).  
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Figure 72: Experimental setup to characterize the overall PIEZOTACT and finger Transfer Function. 

 

The parametric analysis has been conducted by varying the participant, the finger/actuator 

contact force and the finger/actuator inclination angle. As regards the contact force, the values 

of 0.2N, 0.4N and 0.6N have been maintained (values in the range involved in tactile 

exploration). For the finger/actuator contact angle, the values of 20° and 40° have been 

selected, with the same criterion. To assist the participant in maintaining the designated 

finger/actuator angle, the arm support has been conveniently arranged. Figure 73 resumes the 

tests performed by each participant to carry on the parametrical analysis. 

 

 

Figure 73: Resume of the tests performed by each participant to carry on the parametric analysis of 

the transfer function of the PIEZOTACT device including the participant’s finger. 
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The parametric analysis has been articulated in two points: 

▪ For a single participant, the comparison of the device and finger Transfer 

Function by varying different contact parameters between finger and vibrating 

surface (normal contact load and finger/surface angle), has been carried on. 

▪ For a given choice of contact parameters (normal contact load and 

finger/surface angle), the comparison of the device and finger Transfer 

Function of different participants has been performed. 

 

Firstly, the device and finger Transfer Function for a single participant is discussed by varying 

the contact parameters between finger and vibrating surface. 

As found for the finger alone, for each participant, fixed the finger/actuator angle, the gain of 

the Transfer Function increases as the contact force increases. The same trend is found for all 

the participants and for both the tested values of the finger/actuator angle (20° and 40°). Figure 

74 shows an example for a participant. 

 

 

 

Figure 74: Example of transfer function for a participant as the contact load varies, for an angle of 

20° (a) and 40° (b). 

 

For each participant, fixed the value of the contact force, the Transfer Function referred to the 

two values of the finger/actuator angle (20° and 40°) are compared. The variation of the angle 

causes a slight variation of the shape of the Transfer Function, but without a significant 

deviation and without a definite trend. This behaviour is found for all the contact forces and 

for all the participants. Figure 75 reports an example for a participant. 
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Figure 75: Example of comparison, for a participant, between the transfer function for angles of 20° 

and 40° with a load of 0.2N (a), 0.4N (b), 0.6N (c). 

 

Then, for each tested condition {angle, force}, the Transfer Functions of the 20 participants 

are compared.  

Figure 76 shows an example for the condition {20°, 0.2N}. As in section 5.1.1, the Transfer 

Functions of all the participants form a bundle of curves with a few dB of maximum deviation, 

with a well-defined and repetitive trend. The average Transfer Function of all the curves is 

computed as well (Figure 76). The same behaviour is found for all test conditions {angle, 

force}. Figure 77 reports the maximum deviation of the Transfer Functions of all participants 

for each test condition {angle, force}. Having fixed the finger/surface angle, as for the finger 

alone, the maximum deviation shows a decreasing trend as the contact force increases, for 

both 20° and 40°.  
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Figure 76: Superposition of the transfer functions of all the participants for the condition {20°, 0.2N} 

and the average transfer function. 

 

 

Figure 77: Maximum deviation of curves, representing the transfer function of the system 

(PIEZOTACT device and user’s finger) of all participants, as a function of the finger/actuator normal 

contact load and the finger/surface angle. 

 

For each participant, each measurement for each test condition {angle, force} has been 

repeated 3 times consecutively, without repositioning the finger. Then, a repeatability test has 

been performed, for each participant, for the condition {20°, 0.2N}, which is the condition 

associated with the greatest variability (greater deviation of the bundle of curves) of the 

Transfer Function, and therefore represents “the worst case”. For the condition {20°, 0.2N}, 
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the participant has been asked to repeat the measurement of the Transfer Function 3 times, 

withdrawing the finger and repositioning it between one measurement and another. Figure 78a 

shows the superimposition (for a participant taken as an example) of the 6 tests performed by 

the participant for the condition {20°, 0.2N}: the 6 measurements, either with or without 

repositioning the finger, present a very high repeatability, with negligible variations. 

Moreover, Figure 78b shows the associated Coherence Functions, which are always very close 

to 1 (except for very low frequencies, which the actuator cannot handle); a Coherence close to 

1 and stable in frequency has always been found for all measurements under all the conditions. 

 

  

Figure 78: Example of Repeatability test:(a) Transfer Functions and (b) Coherence Functions for the 

6 measures performed by the participant, 3 consecutive measurements without repositioning the 

finger and 3 measures withdrawing and then repositioning the finger, all showing high repeatability 

and high Coherence. 

 

In conclusion, all the obtained Transfer Functions differ slightly between participants and 

within the tested ranges of contact boundary conditions.  

The real question lies on the effect of such slight variations on the mimicking of the FIV stimuli 

and on their perception by a subject, mediated by the stimuli transmission and elaboration by 

the brain. In the light of these results, it has been decided to use the average Transfer Function, 

calculated on the panel of participants, to simulate (mimic) the set of isotropic textures. A 

discrimination campaign on the real and simulated isotropic textures has been then carried out. 

The average Transfer Function among 20 participants calculated for the combination {20°, 

0.2N} has been used (Figure 76), as it reflects the choice of parameters with which the FIV 

were measured during the exploration of the real surfaces (see section 2.3.1). Moreover, as 

shown in Figure 77, the condition {20°, 0.2N} represents the condition with the greatest 

deviation of the curves, therefore the "worst case" in terms of variability of the Transfer 

Function.  
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5.2 FIV mimicking using the averaged Transfer 

Function 
 

Before performing the discrimination campaign, the reproduction of the FIV stimuli using the 

PIEZOTACT device has been compared when using either the specific Transfer Function of a 

participant or the averaged one. The FIV signal measured by exploring the real texture has 

been processed and sent to the device; the participant placed the finger on the vibrating 

actuator and the acceleration has been measured on the fingernail with the accelerometer. 

Figure 79 shows the comparison between the PSD of the original FIV (red line), measured 

when the finger explores the real surface (S7), and the PSD of the signals measured during the 

mimicking of the signal by the vibrotactile device. The same original FIV signal has been 

processed in one case with the specific Transfer Function of one participant (blue line), and in 

the other case with the averaged Transfer Function (green line). When considering the specific 

Transfer Functions, the acceleration measured on the fingernail when exploring the surface 

are perfectly reproduced by the tactile device. In the case of the signal reproduced with the 

averaged Transfer Function, the reproduction is slightly less performing, but still well 

mimicking the main trend and amplitude distribution of the spectrum.  

 

 

Figure 79: Verification of mimicked FIV by PIEZOTACT device with individual and averaged 

Transfer Function. 
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5.3 Discrimination of isotropic textures with the 

averaged Transfer Function 
 

The feasibility and effectiveness of using an averaged Transfer Function to simulate the 

surface textures by the PIEZOTACT device has been tested directly through a discrimination 

campaign.  

The discrimination campaign has been carried out on 10 participants, on both the real and 

simulated textures, according to the protocol described in section 2.6.2. The panel of 10 

participants (1 female and 9 males, with ages ranging between 24 and 45 years) who performed 

this campaign was composed by different participants with respect to the panels who 

performed the campaigns for the characterization of the Transfer Function, described in 

sections 5.1.1 and 5.1.2, and was as well different to the one who performed the discrimination 

campaign in section 4.3.2, increasing the robustness of the conclusions.  

The results are analysed by means of association matrices constructed as explained in section 

2.6.3. Each matrix is cumulative of the associations declared by the full panel of participants. 

Figure 80 shows the results of the discrimination campaign on both real and simulated textures: 

TASK 1 in Figure 80a, TASK 2 in Figure 80b and TASK 3 in Figure 80c. In all the three 

discrimination tasks, the association percentage on the main diagonal is very high for all the 

sample surfaces, which testifies the excellent performance in the discrimination of both real 

and simulated textures, simulated using the PIEZOTACT device from the averaged Transfer 

Function. The use of the averaged Transfer Function is therefore validated for the isotropic 

textures under investigation. 

Moreover, it should be recalled that the panel of participants used for calculating the averaged 

Transfer Function was different from the one used for the discrimination tasks, further 

validating the possibility to use a mean Transfer Function, previously calculated on an 

arbitrary panel of participants, for mimicking the FIV stimuli by the vibrotactile device. 

The results of the discrimination campaign with the average Transfer Function can be as well 

compared with those obtained from the discrimination campaign in section 4.3.2, in which the 

simulated textures were obtained using the specific Transfer Function of the participants. The 

used discrimination protocol is exactly the same, allowing comparison between the two 

campaigns. The discrimination campaigns, both of real and simulated textures, have 

comparably good results. This means that the use of an average Transfer Function is equally 

effective than using, for each participant, its own specific Transfer Function for the tested 

textures.  

The variability of the Finger Transfer Function among participants and contact conditions 

seems to be sufficiently reduced not to significantly affect the discrimination of the textures 

simulated by the device, at least as regards the textures tested in this work.  
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Figure 80: Results of the discrimination campaign: (a) TASK 1, sorting of the full set of real 

surfaces; (b) TASK 2, discrimination task on sets of real surfaces; (c) TASK 3, discrimination task on 

simulated textures. 
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5.4 Concluding remarks 
 

With the objective of investigating the individual finger Transfer Function, an analysis of the 

dynamic response of the human finger, and its role in rendering FIV stimuli, has been 

conducted.  

The overall parametric analysis on the finger's Transfer Function revealed that the gain of the 

Transfer Function increases as the contact force between the finger and the vibrating surface 

increases, while the angle between the finger and the surface slightly influenced the Transfer 

Function's shape, but no significant variations were identified.  

More in general, the Transfer Functions obtained for different participants, under varying 

conditions of contact force and angle, were found to present a quite similar trend in frequency 

and low deviation in amplitude. An averaged Transfer Function has been then calculated 

among the participants and has been employed to process FIV stimuli induced by the 

exploration of real isotropic textures, subsequently reproduced by the PIEZOTACT device, to 

be directly tested in a discrimination campaign.  

The discrimination campaigns yield excellent discrimination results, comparable to the 

previous campaign (see section 4.3.2) that utilized individual participant Transfer Functions.  

Such results highlighted a negligible impact of the variability of individual finger dynamic 

responses (Transfer Functions) on the simulation of the tested textures by vibrational stimuli. 

The possibility of using an averaged Transfer Function in the rendering of the vibrational 

tactile stimuli makes it possible to get rid from having to recharacterize the finger Transfer 

Function for each individual user of the device, making this technology more versatile. 
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Chapter 6  

Investigation into the brain response to 

vibrational mechanical stimuli5 

 

 

 

This chapter reports an investigation conducted in the framework of the ANR COMTACT 

project [1]. This study is the result of a collaboration between the LNC (Laboratory of 

Cognitive Neuroscience) of the Aix-Marseille University (France), the DIMA (Department of 

Mechanical and Aerospace Engineering) of the Sapienza University of Rome (Italy), the 

LaMCoS Laboratory (Laboratory of Contacts and Structures Mechanics) of INSA Lyon and 

CNRS (France), the LEAD (Learning and Development Studies Laboratory) Laboratory of 

the University of Bourgogne (France), and the FEMTO-ST Institute of Besançon (France) 

(Figure 81).  

This study is inserted in a general framework (Figure 81) that aims to reconstruct the overall 

process of tactile perception, beginning with surface texture, progressing through mechanical 

stimuli, their associated perception and the brain's response.  

The study evaluates the brain response to mechanical stimuli obtained during the active 

exploration of the surfaces and compare it with the brain response obtained during the 

rendering of vibrational stimuli by the PIEZOTACT device, with and without mental imagery.  

The following sections explain the purpose of the study, the adopted protocol and the results. 

Some neuroscientific background that led to the definition of the objective of the investigation 

and the adopted protocol is provided. Then, the setup and results of the tribological analyses 

are detailed. The main neuroscientific findings (brain response) [109], [110] are reported 

(resumed) as well.  

 

 

5 The content of this chapter will be partially published in [109]. 
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Figure 81: In the framework of the ANR COMTACT [1] project, the study aims to investigate the 

brain response to natural touch and rendered vibrational stimuli with and without mental motor 

imagery [109], [110]. 
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6.1 Neuroscientific background and definition of 

the objective of the study 
 

The tactile afferents respond to transient deformations of skin that occurs when the skin 

interacts with the object being touched, and then convey sensory information to the brain. The 

brain not only decodes mechanical stimuli, but also implements several strategies to improve 

the process of perception. One of these is sensory attenuation which, according to what has 

been demonstrated, is put in place when a voluntary exploration movement is operated to self-

generate tactile stimuli (active touch) [111]–[113]. Under such conditions, the brain operates 

a suppression of some sensory inputs. This sensory attenuation is operated by the brain to 

reduce the massive and excessive flow of information that reach the brain during the execution 

of the movement. The sensory suppression occurs both during the execution of the movement 

and during the preparatory phase for voluntary movement [114].  

The sensory attenuation (also called ‘sensory gating phenomenon’) is linked to the efferent 

copy that is generated when the motor command is produced [112], [115], [116]. While an 

afference is a sensory input (tactile feedback) that is received by sensory receptors from the 

peripheral nervous system to the central nervous system, an efference is a motor signal that is 

sent from the central nervous system (CNS) to the periphery. When a motor command is 

generated by the brain, efferences flow, through the efferent nerves (i.e. nerves that transmit 

signal from the CNS to the periphery) to the motor system to produce the movement. At the 

same time, an efferent copy is created. An efferent copy is an internal copy of the efferent 

(outflowing) signal, which is then used to feed the internal forward model which predicts the 

sensory effects of the movement. So, when the motor command is created, a prediction of the 

movement’s sensory consequences is produced as well (Figure 82). Thus, when performing 

the movement, the brain compares the tactile feedback with the sensory predictions emerging 

from the forward model. The most they are similar, the most the sensory attenuation occurs. 

On the contrary, discrepancy between the sensory effects of the movement and the internal 

prediction reduces the sensory attenuation, i.e. reduces the suppression of afferent inputs 

[111]–[113], [116], [117], and the tactile feedback is more treated by the brain. During the 

tactile process a continuous exchange of information between the internal forward model and 

the tactile feedback occurs [118]. Sensory feedback is thus essential to update internal 

prediction [112]. This process is controlled by specific areas of the brain, the premotor cortices 

(i.e., supplementary motor area, SMA), which is responsible for the planification of the 

movement.  
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Figure 82: From planification to movement execution [109], [110]. 

 

Motor imagery consists into imagining to perform actions without their execution (Figure 83). 

Different studies on motor imagery have revealed that there are similarities between the real 

performed movements and the imagined ones, without any motor output, at the behavioural, 

physiological and neuronal levels [119]–[121]. When investigating into the sensory gating 

phenomenon, motor imagery has been evidenced as particularly suitable to access to the 

sensorimotor predictions at the origin of the sensory attenuation [122]. In fact, mental imagery 

of a movement involves all the processes related to the planning of the movement by the 

premotor areas of the brain, but the motor outputs are absent. Among these processes, mental 

imagery of a movement gives rise to the same sensory suppression elicited by overt movement 

[123], [124].  

During motor imagery, in fact, movement planning occurs in the premotor areas of the brain, 

and a motor command is sent to the peripheral system. During this phase, efferences and 

efferences copies are generated as well, and the latter feed an internal forward model. 

Therefore, during motor imagery, there is a prediction of the consequences of the movement 

as in the case of the execution of the real movement. During motor imagery, the motor 

command, which is generated, is subsequently inhibited by the brain to avoid producing the 

execution of the movement.  

 

 

Figure 83: Motor Imagery mechanism. 
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To date, no previous studies have directly tested the hypothesis of whether imagined 

movement of exploring a surface, during a motor imagery task, engages the same central 

sensorimotor mechanisms as overt touch movements do, when beneficiating of the 

participants’ tactile feedback replay. To test this hypothesis, tactile feedback has been provided 

by the PIEZOTACT tactile device, introducing supplementary sensory information associated 

with vibrations induced by surface exploration (Figure 84). Because internal prediction needs 

to be updated by the current sensory (and motor) signals [115], [116], providing to the 

participants their own tactile replay during mental imagery, as if they were actually exploring 

the surface with their finger, might help to prevent the internal prediction from fading. The 

originality of this investigation in motor imagery is related to the fact that it is free from 

everything purely related to the motor output of movement, while having access to the 

processing of vibrational tactile feedback by using the PIEZOTACT device [109], [110].  

 

 

Figure 84: Hypothesis: restitution of tactile feedback during motor imagery task. 

 

The collaborative work presented in this Chapter aims to answer two main questions: 

▪ Does sensory processing differ between the actual touch produced by the exploration 

movement of a surface and the mimicked tactile stimuli by the vibrotactile device? 

▪ Would motor imagery combined with tactile feedback related to real movement make 

it possible to get closer to the sensory processing of natural exploration movement? 

The PIEZOTACT device has been here exploited to provide the tactile feedback.  
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6.2 Tasks and experimental setups 
 

Three tasks (Figure 85) have been performed by 10 participants (6 women and 4 men, ages 

ranging between 21 and 27 years), while the 3 surfaces described in section 6.3 have been 

used. 

▪ TASK 1 - Natural touch task: active exploration of real surface texture. 

▪ TASK 2 - Control task: tactile feedback by PIEZOTACT device without any motor 

action, (i.e., no movement and no mental imagery). 

▪ TASK 3 - Mental Imagery task: motor imagery of the finger movement (without the 

movement execution) adding tactile feedback by the PIEZOTACT device. 

The second and third tasks were counterbalanced across participants, which means that half 

of the participants performed first the Task 2 and then the Task 3, while the others performed 

first the Task 3 and then the Task 2: this prevent the results to be task dependent. The surfaces 

were presented as well in different order to the participants, to prevent the results to be 

dependent by the order of the textures. The tasks and experimental protocol are detailed in the 

following. 

 

 

Figure 85: Schema of the 3 tasks performed by each participant [109], [110]. 

 

TASK 1: Natural touch 

For each tested surface (section 6.3), it has been asked to the participant to actively explore 

the surface with proximal longitudinal movements, lifting the finger between strokes. The 

participant, with closed eyes, has been left free to impose the contact boundary conditions: 

contact force, sliding speed and the finger/surface angle. The participant has been instructed 

to freely explore the textures focusing the attention on the perceived tactile sensation.  

During the performance of this task, mechanical stimuli (acceleration and forces) have been 

measured using the usual active touch experimental setup described in section 2.3.1. The 

surface has been fixed on a triaxial force transducer to measure the contact forces and the 
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fingernail of the participant has been equipped with an accelerometer to measure the FIV 

(Figure 86a). 

Electroencephalographic (EEG) signals have been measured and processed (by the LNC 

Laboratory [109], [110]) to recover the brain response (Figure 86b). 

At the end of the task, the overall Transfer Function of the PIEZOTACT device, including the 

user's finger, has been measured as well, so that the FIV could subsequently be processed for 

rendering the vibrational stimuli (section 4.1).  

 

 

Figure 86: Experimental setup for Task 1. In (a) the setup for measurement of mechanical stimuli 

during the active exploration of the surfaces. In (b) the entire experimental setup involving 

mechanical stimuli and EEG signals. 

 

TASK 2: Control Task (tactile feedback) 

This task 2 involved only the tactile feedback produced by the PIEZOTACT device, without 

movement and without motor imagery.  

The participant has been asked to statically place his finger on the PIEZOTACT device, which 

reproduced the FIV previously measured in task 1, during the exploration of real surfaces. No 

constraint has been imposed on the contact force between finger and actuator to the participant. 

The participant has been asked to focus the attention on the perception of tactile sensation 

delivered by the device's feedback. The 3 rendered textures have been proposed in random 

order to the participant. At the end of the test, the participant has been asked to discriminate 

the textures, i.e. declare the real textures associated with the signals reproduced through the 

device.  

To measure the mechanical stimuli, the setup detailed in section 2.3.1 and shown in Figure 

87a, has been used. The actuator has been fixed on the force transducer and the accelerometer 

has been fixed to the participant's fingernail. An arm support has been provided to help the 

participant keep the finger static on the actuator. 
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EEG signals have been recorded (LNC Lab) to subsequently derive the brain response (Figure 

87b). 

 

TASK 3: Mental Imagery (and tactile feedback) 

During this third task it has been asked to the participant to engage mental motor imagery 

while tactile feedback was delivered via the PIEZOTACT device.  

For the motor imagery, it has been emphasized to the participant the importance of envisioning 

themselves performing the movement from their own perspective and to fully immerse 

themselves in the sensations related to the movement, to make them actor of the movement, 

looking for kinesthetic mental imagery (KMI). A kinesthetic image, in which the task is 

experienced from the inside, seems to be a better representation than a visual image for 

acquiring the characteristic duration of a movement [125]. 

As in task 2, the participant has been asked to statically place his finger on the PIEZOTACT 

device, which reproduced the FIV previously measured during task 1. No constraint has been 

imposed on the contact force between finger and actuator to the participant. The 3 rendered 

textures have been proposed in random order to the participant. At the end of the test, the 

participant has been asked to discriminate the textures.  

To measure the mechanical stimuli, the setup detailed in section 2.3.1, and shown in Figure 

87a, has been used, as in task 2. 

EEG signals have been recorded (LNC Lab) to subsequently derive the brain response (Figure 

87b). 

 

 

Figure 87: Experimental setup for Task 2 and Task 3. In (a) the setup for measurement of mechanical 

stimuli during the reproduction of FIV by the PIEZOACT. In (b) the entire experimental setup 

involving mechanical stimuli and EEG signals. 
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6.3 Surface samples 
 

Three sample surfaces have been tested in this study, by selecting samples showing markedly 

different topographical characteristic and associated mechanical stimuli.  

▪ A ‘biomimetic’ sample (Figure 88) whose characteristics proved to facilitate the 

sensory cortical process [126]. It has been manufactured with a 3D printer (Ultimaker 

2+) using a thermoplastic biopolymer (Polylactic acid, PLA), by appropriately 

selecting three bioinspired characteristics: shape, spatial period, and depth of the ridges 

[110], [126], [127]. 

▪ Two microtextured surfaces with periodic isotropic topography (Figure 88), selected 

from the set of samples in Table 2, as representative of the groups of textures classified 

as ‘rough’ and ‘smooth’, respectively: the surfaces S08 and S03. Thus, in the following, 

sample S08 is referred as ‘rough’ and sample S03 is referred as ‘smooth’. 

Figure 88 shows the three surfaces, observed at the VHX-2000 Keyence Digital Microscope. 

 

 

Figure 88: The 3 tested surfaces (biomimetic, rough, smooth) observed with the VHX-2000 Keyence 

Digital Microscope. 

 

6.4 Analysis of tactile mechanical stimuli 
 

The FIV measured during the active exploration of the surface samples have been analysed. 

Figure 89 shows examples of the FIV spectra obtained for the three textures, for 3 different 

participants. The three surfaces present different FIV spectra both in term of amplitude and 

frequency distribution. In terms of FIV amplitudes, for some participants the ‘biomimetic’ 

surface is characterised by higher amplitudes with respect to the ‘rough’ one (Figure 89a), 

while for other participants the inverse behaviour is observed (Figure 89b and Figure 89c). In 

some cases (Figure 89c), the amplitudes reached by the ‘biomimetic’ and ‘rough’ surfaces are 

quite similar. For all participants, the ‘smooth’ surface shows a significant frequency 

distribution that extends to higher frequencies and markedly lower amplitudes, with respect to 

the other two textures.  
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Figure 89: Examples of FIV spectra associated to the 3 tested surfaces during Task 1 (natural touch 

task), involving the active exploration of the textures, for three (a,b,c) different participants. 

 

When comparing the FIV by active touch, obtained for all the participants for each surface, 

some observations can be made (Figure 90), in particular in terms of frequency distribution. It 

needs to be recalled that the FIV were recorded by active touch without any constraints on the 

sliding speed, contact force and finger/surface angle. Despite this, some features of the FIV 

signals are common for all participants. The most interesting case is represented by the ‘rough’ 

surface (Figure 90a). For all participants, the FIV frequency distribution presents well defined 

harmonics, mainly contained in a range between 50 and 400 Hz. In other world, a particular 

signature seems to be associated to the rough texture, despite the not controlled contact 

parameters during active touch tests. Examples are reported in Figure 91, for a better 

visualization. The frequencies peaks are consistent with an average sliding velocity in the 

range between 10 and 50 mm/s for the rough texture having an equivalent wavelength of 0.716 

mm (see Table 2). This agrees with the FIV analysis by passive touch performed in a previous 

work [6]. The ‘biomimetic’ surface show, for almost all participants, a large band frequency 

content localised between 50 and 450 Hz (Figure 90b). The spectra are very similar in terms 

of frequency distributions, with a first more definite frequency peak located, according to the 

participant, in the range between 70 and 110 Hz, and a larger band content, with a quite similar 

shape between participants, up to 450-500 Hz. The first definite frequency peak 
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(approximately between 70 and 110 Hz depending on the participant), found both in the 'rough' 

surface and in the 'biomimetic' one (i.e. the ‘coarse’ textures), but not in the ‘smooth’ one, may 

be linked to participant’s fingerprints, in agreement with results in [6], [21], [22], [36] The 

‘smooth’ surface show mainly a large band content, with very low amplitudes compared to the 

other surfaces. 

 

 

 

Figure 90: The PSD of FIV by active touch (Natural Touch Task) are compared for all participants 

for each surface: (a) rough, (b) biomimetic, (c) smooth. 

 

Figure 91: Examples of FIV associated to the 'rough' texture, showing a common trend characterised 

by main harmonics. 
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Figure 92 shows an example of the PIEZOTACT device's effectiveness in reproducing, on the 

user's finger, the same vibrational signals previously measured during the active exploration 

of the surfaces (the usual verification protocol in section 4.2 has been exploited). The PSD 

spectra associated with the natural touch (Task 1), and those recovered during the Tasks 2 and 

3, in which the vibrations are rendered by the PIEZOTACT, are very similar, almost 

overlapping. Therefore, from a mechanical point of view, the vibration signal that globally 

reached the participant's finger, when touching the PIEZOTACT device, was supposed to be 

almost the same to the one that has been previously measured during the natural exploration 

of the surfaces. The same has been found for all textures and participants. 

 

 

Figure 92: Example of correct FIV signal rendering by the PIEZOTACT device, by comparing the 

spectra of the measured FIV during natural touch and the acceleration recovered during the control 

and imagined touch tasks. 

 

The contact forces have been analysed as well for the three tasks. Figure 93a shows the average 

normal contact force exerted by all participants in all trials during the 3 tasks, for each surface. 

No significant differences have been found in the normal force obtained for the different 

surfaces and during the different tasks involving the tactile feedback by the PIEZOTACT, i.e., 

control task (task 2) and the mental imagery task (task 3). Therefore, no differences in the load 

at the finger/actuator contact have been found, which could have affected the results on the 

sensory attenuation experienced in the mental imagery task, compared to the control task.  

Instead, by analysing the normal forces associated with natural exploration, a difference in 

behaviour has been observed between the biomimetic surface and the others (Figure 93a). In 

fact, in the natural touch task, the participants explored, on average, the biomimetic surface 

with a higher force than the two periodic microtextured surfaces (rough and smooth). The 

friction coefficient has been then analysed for each surface (Figure 93b), averaged among all 

participants and all trials (in task 1). From the analysis (Figure 93b), it turns out that the 

periodic surfaces (rough and smooth) exhibit a similar friction coefficient, which is markedly 

higher than the friction coefficient associated to the biomimetic surface.  
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It seems that participants, let free to choose the contact force in the natural exploration (task 

1), explored the periodic textures, characterised by a higher friction coefficient, with a lower 

contact force, in order to avoid adhesion and stick-slip phenomena [27], [28], [41], [128]. The 

biomimetic surface, which presents a lower friction coefficient, has been explored with a 

higher normal force. This difference in the friction coefficient between the periodic surfaces 

and the biomimetic one could be due to both the different material, (polyurethane resin for the 

periodic surfaces and PLA for the biomimetic one) and the different topography. Furthermore, 

being the biomimetic surface coarser than the two microtextured periodic surfaces (see Figure 

88), the exerted contact force in natural exploration may depend on the coarseness of the 

texture topography, as already highlighted in literature [6]. Recognition of texture properties 

requires sliding contact between finger and object surface. Although it is well known that 

vibrations stimulate the tactile afferents, the mechanism by which Friction-Induced Vibrations 

(FIVs) interfere with tactile perception is still unknown. As well, the role of mechanical stimuli 

on hedonistic feedback from the touched surface is unknown. Correlations between surface 

features and perception are here examined, while the analysis of the mechanical stimuli, which 

are the direct elements of activation of the human receptors, is performed. Two different 

sensory analyses are exploited: hedonistic perception and perception dimension 

categorization. The analysis of the frequency and amplitude of the FIV, allowed for explaining 

the correlations between the perception analyses and the topography characteristics of the 

samples [6], [19], [129]. This point is open to future investigations. 

 

 

Figure 93: Normal contact forces measured during the 3 tasks (a) and friction coefficient (b) 

measured during the Natural Touch Tasks. 

 

The samples discrimination performed at the end of the trials in task 2 and task 3 have been 

analysed by means of association matrices, built as usual (section 2.6.3). Let’s recall that the 

tasks 2 and 3 were counterbalanced between participants, in order to avoid error arising from 

the tasks’ ordering. The results are presented in Figure 94 and Figure 95, respectively referred 

to the simulated textures by the device with tactile feedback only (Figure 94a and Figure 94a) 

and with mental imagery (Figure 94b and Figure 94b).  

When dealing with the sole tactile feedback (Figure 94a and Figure 94a), the ‘smooth’ textures 

have been always correctly discriminated with a 100% of association, while the ‘rough’ and 

‘biomimetic’ simulated textures have been often confused. This is in accordance with the FIV 
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spectra in Figure 89 and Figure 90, showing that the FIV associated to the ‘smooth’ texture 

present markedly lower amplitudes and higher frequency content compared to the other two 

textures, while the ‘biomimetic’ and ‘rough’ surfaces present more similar FIV spectra, both 

in terms of frequency distribution and amplitude.  

Referring to the mental imagery task, higher percentages of association can be found on the 

diagonal of the matrices for all samples (Figure 94b and Figure 94b), testifying an overall good 

discrimination performance, although errors are more dispersed and few of them involve also 

the ‘smooth’ texture. 

Globally, the discrimination performance in the mental imagery task is found to be better than 

in control task (task 2), although the errors occurred in the control task can be more easily 

linked to FIV spectra than the ones occurred in the mental imagery one.  

 

 

Figure 94: Results of samples discrimination in task 2 (a) and task 3 (b), as 3D association matrices. 

 

 

Figure 95: Results of samples discrimination in task 2 (a) and task 3 (b), as 2D association matrices. 
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6.5 Main findings in brain response  
 

The main neuroscience findings, outcome from the analyses performed by the LNC group 

[109], [110], are resumed in this section. 

The analysis particularly focused on the area of the sensorimotor cortex specifically 

responsible for processing tactile information, highlighted in yellow in Figure 96.  

Figure 96 show statistical maps that highlight activation contrasts between tasks, related to 

cortical activity. When comparing the cortical activation between tasks it emerges that: 

▪ In Control Task the SMA (sensorimotor cortex area) is more activated than in Natural 

Touch Task. 

▪ In Control Task the SMA is more activated than in Mental Imagery Task. 

▪ In Mental Imagery Task the SMA is more activated than in Natural Touch Task. 

Instead, the Extrastriate body areas (EBA) and the Tempoparietal juctions (TPj) (Figure 96) 

are brain areas linked to the movement and the spatial representation of the body, so they are 

activated only when dealing with natural touch task. 

 

 

Figure 96: Sensorimotor cortex activation (LNC Lab) [109], [110]. 

 

Then, a time-frequency analysis has been performed to evaluate the temporal evolution of 

EEG signal power (Figure 97). Time-frequency analysis allows to evaluate signal event-

related desynchronization (ERD) and synchronization for different frequency bands. The 

frequency band of interest, associated with treatment of tactile information, is the alpha band 

([8-12 Hz]) [130], [131]. Synchronization is represented by red in Figure 97, while 
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desynchronization is highlighted in blue. Greater desynchronization of the alpha band is 

associated with greater cortical signal treatment (and thus lower sensory inputs suppression). 

The analysis in Figure 97 has been carried out by selecting as a baseline a time interval prior 

to the tactile event (when the participant was resting and before the movement planning phase) 

and comparing it with the first 800ms of the tactile exploration. Figure 97 shows a sensory 

processing (power in alpha band) gradient between the 3 tasks. Greater treatment of tactile 

information is associated with the Control Task, an intermediate situation is represented by the 

Mental Imagery Task, while the lower desynchronization is associated with the Natural Touch 

Task. Decreased desynchronization is associated with increased sensory attenuation operated 

by the brain. The same trend has been found for all the surfaces (Figure 97). 

 

 

   

Figure 97: Time-frequency analysis on ERD alpha band (LNC Lab) [109], [110]. The black points 

represents the ERD alpha for each participant. 

 

The overall analysis suggests that motor imagery associated to tactile feedback approaches the 

condition of natural touch, as attenuation phenomena occur more than when dealing with the 

sole tactile feedback by the PIEZOTACT.  
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6.6 Concluding remarks 
 

Brain response has been evaluated when, during a motor imagery task, tactile feedback, 

matching the imagined movement, was provided. The cortical activity has been compared to 

the one recovered during a task of active exploration of surfaces and a task where only tactile 

feedback was provided (control task), without any motor action. The tactile feedback has been 

delivered to participants by means of the PIEZOTACT device, faithfully reproducing the 

vibrations originated during the active touch exploration of 3 tested textures.  

The time-frequency analysis of the alpha band in the sensorimotor areas showed a decreasing 

gradient of desynchronization, thus decreasing processing of tactile signals, from the control 

task, to the motor imagery task, to the active exploration of textures. The decreasing of 

desynchronization of alpha band is linked to occurrence of sensory attenuation, highlighting 

that motor imagery associated to tactile feedback approaches the condition of natural touch 

more than the sole tactile feedback. 

From the analysis of FIV by natural exploration of the 3 involved surfaces, common features 

(amplitudes and in particular, frequency distribution) have emerged for all participants, despite 

the choice of the test conditions (sliding speed, force and angle between finger and surfaces) 

was left completely free to the participants. 

Interestingly, when discriminating the simulated textures with the PIEZOTACT, it turned out 

that better discrimination performances were achieved by the participants when engaging 

mental imagery than when dealing with the sole tactile feedback. At the same time, the 

discrimination errors in the control task could be more easily related to the features of the FIV 

spectra than the errors occurred during the mental imagery task. 

Relating to the tactile rendering techniques, the results of this study may be useful to optimize 

future configurations of the device, for example by implementing a larger actuator surface that 

allows to mimic the exploration movement during the reproduction of vibrational stimuli or 

to engage motor mental imagery when perceiving the simulated textures by the device.  
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Chapter 7 

General conclusions  

 

 

 

By its nature, touch process involves the direct interaction between the human body and the 

object to be explored. As a result, touch is triggered by phenomena that occur at the contact 

interface, that produce stimulation of mechanoreceptors in the skin. The different mechanical 

stimuli, such as vibrations, forces, friction, represent different channels carrying fundamental 

information, which mediate between the characteristics of both the explored surface and the 

finger, the perception arising from their interaction. Tribological and dynamic investigation 

tools are thus essential to understand the contact phenomena underlying touch. In this context, 

this Ph.D. Thesis is focused specifically on deepening the understanding of the role of the 

vibrational stimuli (Friction-Induced Vibrations) in mediating between texture topographic 

characteristics and texture perception. This goal has been pursued by measuring, analysing 

and reproducing vibrational stimuli generated from texture exploration, thanks to different test 

benches and experimental protocols. Among the exploited tools, a tactile rendering device 

(PIEZOTACT), able to reproduce the measured FIV, has been developed, which, apart from 

technological applications, allows to isolate the vibrational component of the tactile 

mechanical stimuli. Discrimination campaigns on volunteers have been conducted to correlate 

FIV stimuli and perception, with different surface textures, both real and simulated by the 

vibrotactile device, taking into account as well the finger/device dynamic coupling. This 

chapter outlines the main findings and the perspectives of the work. 
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7.1 Main findings 
 

The main original outcomes of the work are reported following the thesis structure, which 

ranges from surface textures, to tactile stimuli, rendering of tactile stimuli, up to a spot in the 

brain response.  

 

7.1.1 From surface textures to FIV stimuli 
 

The relationship between surface topography and tactile vibrational stimuli has been analysed. 

Two different types of rigid (with respect to skin) textures have been used: a set of periodic 

textures (see section 2.1.1 and [6]) and a set of isotropic textures (section 2.1.2). The main 

characteristics (amplitude and frequency distribution) of FIV, induced by the exploration of 

such textures have been analysed by active and passive touch, revealing the following main 

results: 

▪ Qualitatively, the FIV analyses conducted by the active and passive touches agree for 

both isotropic and periodic textures.  

▪ The tested isotropic textures present similar FIV frequency distribution, while the FIV 

feature that changes the most between samples is the amplitude. This leads to the 

hypothesis that the main FIV feature to discriminate isotropic textures is the amplitude.  

▪ For the tested periodic textures, a previous work [6] identified, by passive touch 

measurements, the frequency distribution as the key characteristic of FIV; in the 

present work the same periodic textures have been analysed by active touch, revealing 

results qualitatively in agreement with [6]. 

▪ By comparing the FIV associated with periodic and isotropic textures, periodic textures 

are more characterized by the frequency distribution of FIV, while isotropic textures 

are more characterized by FIV amplitude.  

 

7.1.2 Vibrotactile rendering device: PIEZOTACT 
 

A tactile device, called PIEZOTACT, has been developed for the purpose of rendering FIV 

stimuli previously measured during the exploration of real textures. The device consists of a 

piezoelectric actuator and its driving chain; the rendering methodology is based on the 

exploitation of the Transfer Function of the overall system, consisting of the device and 

including the user's finger, to process the previously measured FIV signals. The developed 

rendering methodology has been verified by comparing the FIV spectra measured on real 

surfaces and those reproduced by the device. The verification revealed that the device is able 

to faithfully reproduce the overall FIV accelerations measured on the fingernail of the 

participant. The tactile rendering device has been then used to simulate the FIV corresponding 
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to periodic and isotropic textures. Then, the developed methodology has been validated by 

texture discrimination campaigns. 

 

7.1.3 From FIV stimuli to texture discrimination 
 

Several discrimination campaigns with real and simulated textures, using the PIEZOTACT 

device, have been conducted on groups of volunteers to evaluate the correlation between 

vibrational stimuli and perception. For both periodic and isotropic textures, discrimination 

tests have been conducted first on real textures the errors and the correct discriminations have 

been then analysed with respect to their associated FIV. Then, tests have been carried out on 

periodic and isotropic textures simulated by rendering the FIV stimuli by means of the 

PIEZOTACT device. The advantage is that the device is able to isolate the vibrational part 

(FIV) of tactile mechanical stimuli (such as friction, forces, etc.) and therefore to study their 

role in texture discrimination. Again, the errors and the correct associations have been then 

analysed trough the FIV.  

The main obtained results are the following: 

▪ For both periodic and isotropic textures, good performances have been achieved by the 

participants in discriminating both the real textures and the simulated ones by the 

PIEZOTACT device. 

▪ This result allows to underline the role of FIV in texture perception.  

▪ Moreover, for both periodic and isotropic textures, the most occurred discrimination 

errors for real and simulated textures have been explained by the FIV analysis: samples 

that were often confounded in the discrimination campaigns (real and simulated) were 

associated with FIV having similar spectra, while samples presenting more markedly 

different FIV spectra were generally well discriminated.  

▪ The previous results have been highlighted for the two different set of textures, despite 

the FIV for periodic textures are more characterised by the frequency distribution, 

while for isotropic textures the most important FIV feature turned out to be the 

amplitude. 

▪ Overall, the most common errors in the discrimination of simulated (periodic and 

isotropic) textures was consistent with those found in the discrimination of real 

textures, highlighting a good agreement between the two campaigns, and emphasizing 

the important role of FIV in texture discrimination and the good performance of the 

device. 

▪ In order to furtherly confirm the role of FIV amplitude in the discrimination of isotropic 

textures, fake textures have been built by inverting pairs of samples in terms of FIV 

RMS amplitude. Discrimination test conducted on these fake textures, simulated by 

the PIEZOTACT, revealed that volunteers discriminated the samples consistently with 

the FIV amplitude inversion.   
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7.1.4 Finger Transfer Function and tactile rendering 
 

The Transfer Function of the overall system consisting of the PIEZOTACT device and the 

user's finger is the basis of the developed texture rendering methodology. The finger of each 

user of the device has different mechanical characteristics, size, skin moisture, compliance, 

etc. Moreover, the contact nonlinearities affect the finger dynamics as a function of the contact 

boundary conditions. It is therefore essential to study the dynamic response of the finger to the 

contact excitation and the overall dynamic Transfer Function of the overall finger and device 

system. In the first instance, the dynamic response (Transfer Function) of the human finger 

alone has been characterised by means of a dynamic exciter (shaker) delivering a random 

signal in the frequency range of interest of touch (between 0 and 1 kHz). Then, the overall 

Transfer Function (PIEZOTACT device + finger) has been characterized. Parametric analyses 

have been carried out on groups of volunteers by varying different contact parameters between 

the finger and the vibrating surface (contact load, angle).  

The main outcomes are the following: 

▪ For a single participant: 

• Once the finger/actuator angle is fixed, the gain of the Transfer Function 

increases as the normal load increases throughout the interested frequency 

range.  

• Once the finger/actuator contact load is fixed, the shape of the Transfer 

Function changes slightly as the angle between the finger and the actuator 

changes, without a well-defined trend. However, the changes in the Transfer 

Function shape and gain are negligible. 

▪ When comparing different participants with the same contact boundary conditions 

(load, angle): 

• The Transfer Functions present a similar trend for all the subjects and form a 

bundle of curves of few dB of deviation. 

• The deviation of the bundle of Transfer Functions decreases as the contact load 

increases. 

An average Transfer Function has been computed among participants to subsequently process 

FIV and then perform a discrimination campaign on isotropic textures, both with the real and 

the simulated textures. The performance of the volunteers in the discrimination campaign with 

the averaged Transfer Function turned out to be good and comparable with respect to the 

campaign performed using the specific finger Transfer Functions of each individual 

participant. 

This, in addition to the basic understanding related to the dynamics of the finger in the 

finger/device coupling, makes the developed rendering technology more versatile, getting rid 

of the need to recharacterize the Transfer Function for each user of the device. 

The approach will be validated on other types of textures in future works. 
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7.1.5 Spot into brain response to tactile mechanical stimuli 
 

A multidisciplinary experimental campaign has been carried out thanks to the collaboration 

between the LNC (Laboratory of Cognitive Neuroscience) of the Aix-Marseille University 

(France), the DIMA (Department of Mechanical and Aerospace Engineering) of the Sapienza 

University of Rome (Italy), the LaMCoS Laboratory (Laboratory of Contacts and Structures 

Mechanics) of the INSA of Lyon (France), the LEAD (Learning and Development Studies 

Laboratory) Laboratory of the University of Bourgogne (France), and the FEMTO-ST Institute 

of Besançon (France), in the framework of the ANR COMTACT project [1], which aimed to 

reconstruct the overall process of tactile perception, beginning with surface texture, 

progressing through mechanical stimuli, their associated perception and the brain's response. 

The study aimed to investigate the role of the exploration movement or the motor imagery on 

the sensory processing of touch. The PIEZOTACT device has been here exploited to provide 

the tactile feedback.  

The main outcomes are resumed in the following: 

▪ From a neuroscience point of view (LNC Laboratory), it has been found that motor 

imagery associated to tactile feedback approaches the condition of natural touch; in 

fact, attenuation phenomena, in general associated with the preparation of the 

movement, occur as well when the tactile stimuli are provided in a motionless contact 

but with motor imagery. When dealing with the sole tactile feedback, without 

movement and without imagery of movement, no attenuation occurs [109], [110]. 

▪ From an overall point of view, better discrimination performances were achieved by 

the participants when engaging mental imagery than when dealing with the sole tactile 

feedback; nevertheless, the discrimination errors could be more easily related to the 

features of the FIV spectra when dealing with the sole feedback by the PIEZOTACT, 

without mental imagery. 

 

This study highlights how tactile devices such as PIEZOTACT can be very useful tools not 

only from the point of view of direct applications, but as well for investigating the overall 

touch chain, from the mechanical stimuli arising from the surface, up to the brain response and 

the perception. 

From a neuroscience point of view, the questions this study aim to investigate are fundamental 

not only for basic understanding on the tactile mechanisms but also for applications that seek 

to use motor imagery in neurorehabilitation and even for the recovery of motor function after 

a stroke [132], [133]. 
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7.2 Future works 
 

Relating to the development of a tactile rendering device of textures by FIV stimuli, several 

perspectives are open for future works. In the first instance, despite the use of a specific 

electro-active polymer actuator in this Ph.D. thesis, different versions of the device are under 

development with different dynamic actuators.  

In particular, a new version of the PIEZOTACT device with a larger active surface is under 

development. This would make it possible to mimic the movement of tactile exploration on 

the surface of the device during the reproduction of the FIV signal, introducing proprioception 

and sensory attenuation.  

Moreover, it would be possible to implement a system for monitoring the kinematics of the 

finger during exploration, both during the measurement of the mechanical stimuli by active 

touch, and during the movement of the finger on the larger surface of the device. It would 

therefore be possible to return the stimuli in an active way, modifying them in real time 

according to force, speed, direction, etc. 

In the future, the device (or other versions of the device) will be exploited to continue 

investigating the role of FIV features in tactile perception, with the same philosophy. 

Campaigns will be conducted in future works on larger groups of participants and on different 

types of textures, isotropic, periodic, textiles, common objects, etc. involving analyses, 

reproduction, and discrimination of tactile FIV stimuli. The physiochemistry of the finger will 

be considered as well, to have a more global view of the variability of stimuli ad perception 

for different subjects. 

In a longer time perspective, the hope is to be able to couple different tactile feedback based 

on different mechanical signals, such as vibrations, friction, forces, temperature, to deepen the 

understanding and artificially recreate the tactile sensation in its entirety. This could only be 

achieved passing through the understanding of the complex phenomena involved in touch. 
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