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de Sorbonne Université. Its main research goals were to develop models of humans, interfaces and interaction with humans, investigate human behaviours at the convergence of digital and real environments, develop autonomic distributed environments for mobility, and to improve human autonomy together with e-health.
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Summary

Context Deafblindness combines impairments of vision and hearing, severely limiting communication options. Without the possibility of listening and reading, people who are Deafblind must use touch to communicate. Due to the isolation of individuals with Deafblindness, tactile communication methods have evolved separately within countries and historically across continents and sub-continents. One form of touch-based communication techniques is related to signing. Instead of being watched, signs are produced by touching and moving the hands of the persons receiving the signs, or the person who is deafblind cups their hands over the signer's to feel the movement of the signs. A second technique, known as tactile fingerspelling, is signed by touching the sensitive region on the volar surface of one hand of the receiving person. Several thousand tactile patterns exist for this technique which utilises a combination of taps and sliding movements. The interaction of taps and slides is used to represent letters and numbers, and higher grammatical forms such as words, phrases, actions, descriptions of audio and visual information; or by altering the speed and intensity of taps and slides, emotions and prosodic elements. The category of interest here is that of the tactile fingerspelling techniques (as opposed to hands-on-signing) used mostly in the British Commonwealth, Italy, Germany and several other countries. A significant downside of tactile fingerspelling is the ergonomic discomfort and biomechanical stress to which tactile signers and recipients are subjected. Prolonged signing can lead to Repetitive Stress Injuries (RSI) of the fingers, wrists and shoulders. Besides, deafblind individuals who cannot rely on Braille codes have minimal access to information and independence as existing devices based on natural deafblind communication are not commercially available.

Thesis This thesis describes the conception, development, evaluation, and use of a communication device that achieves the artificial reproduction of sensations that replicate the tactile fingerspelling alphabet. The highest level of resemblance was maintained in keeping with the constraints of simplicity, manufacturability, and affordability. This guideline supports the commitment of minimising the possibility of user dismissal due to a steep learning curve while at the same time avoiding rejection resulting from complicated and expensive technology. The device's appearance resembles a large computer mouse that fits comfortably under the whole hand. In summary, the design philosophy flows from the need to provide a device capable of supporting prolonged use without impeding the receiver's freedom of movement. In practice, it has been evidenced that a user's hand may be called upon at a moment's notice to prioritise tasks other than receiving tactile code.

We developed a hand interface that comprises two components. First, an array of twenty-four actuators are distributed in three dimensions to maximise their mutual distances, ensuring a minimum of mechanical and magnetic interference between them. The individual actuators are held inside pods and precisely positioned laterally. The moving parts of the actuators, termed 'plungers', drive vertical rods that terminate with customisable, skin-contacting caps. The rods transmit movement through loose tolerance guidance, thus operating with little friction and without the need for particular guiding elements. Second, the actuator array is covered by a hand-supporting shell that serves a triple purpose. Mechanically, it isolates the hand from the actuator array so that tactile stimulation only takes place when and where the actuators are activated. The skin-contacting caps are recessed when not in use so that propagatory vibrations are not transmitted to the hand at undesired loci on the volar region of the hand. Thus, only the activated actuators stimulate the skin at specifically designated locations, and the signals do not leak elsewhere via unwanted propagation. The second purpose of the shell is to support the hand against gravity, an essential requirement for prolonged use. The third purpose is to provide for a removable interface that can be cleaned and customised.

While no significant user study could be conducted within the scope of this thesis, the system produced encouraging signs of effectiveness. The quality of the stimulus delivery was assessed for the purpose of tactile communication. An experiment was designed where volunteers identified the numerosity of tactile items presented simultaneously. The results predominantly vindicated the overall design approach.

Applied and theoretical contributions:

• Development of an actuator specifically designed for tactile communication: this electromagnetic linear actuator measuring 10 mm 3 includes two modes of actuation. It can deliver a brief impact or a constant force of around 50 millinewtons; it vibrates within the range of 1 Hz to 500 Hz with linear control;

• We reported the impact of stimulus type on tactile numerosity. The results show a clear advantage of using tap sensations, which is more ecological, over vibrations to convey tactile information. It confirms the use of the actuator we designed specifically for tactile communication compared to commercially available vibro-tactile actuators;

• Development and evaluation of a balanced design for a tactile communication device capable of accurately replicating the haptic articulation of the Australian tactile fingerspelling alphabet. The design concept followed has been to maximise the quality of the signal from tactile stimulation while minimising any artifact of crosstalk.

Chapter 1

Introduction

The use of codes and symbols to carry information has been vital to the human race for the past five million years. As hominini became tool makers, from polishing bare rocks to grinding more sophisticated tools like spears, the communication of ideas and concepts became a powerful instrument for the sustainability of the human race. The first communication model, based on visual signs, acoustic sounds, or a combination of both, has allowed crucial details of tool manufacturing and techniques to be shared. More recently, in the hominini timeline, communication diversified with the emergence of symbolic behaviours in 70000 BC, followed by the creation of abstract symbols written or marked on tools and cave walls (see figure 1.1). As they are known today, communication processes are the evolutionary result of the symbiosis between knowledge and the need for sharing this knowledge with others. This basic concept has given rise to organised writing such as the logographic language family used in China, the syllabic language family such as katakana used in Japan or the alphabets Arabic, Greek, and Latin countries. It became standard to use visual signs and symbols to represent ideas and the voice to communicate ideas by applying universal grammatical rules. Since improvement in educational standards, illiteracy has become increasingly rare, reinforcing written languages. The development of new technologies, such as the World Wide Web, have inordinately increased access to information, delivering more independence to anyone who desires access to specific information. This sequence of events may be decidedly transparent to those who have sufficient vision to read and audition to hear. However, an individual with diminished vision frequently misses a significant part of the information flow. In this case, new technologies are a powerful tool to transfer information to a more accessible format. For example, software exists that is capable of producing a synthetic voice from a written text. Similarly, Braille devices allow an individual with low vision or blindness to use tactile finesse to read text through touch. New technologies have also enabled the creation of devices for people with deafness. Engaging the same principle of transferring information from one format to another, technologies have emerged that translate voice into a written text.

One issue faced by people with a sensory disability is the lack of shared communication method when it comes to natural conversation. This phenomenon is regularly experienced by people who are hard of hearing or deaf. Visual communication methods such as sign languages are not widely known outside of the Deaf Community. As previously discussed, the emergence of new technologies helps to compensate for the disparity of communication methods. However, this issue is still relevant when an individual experiences a combination of both hearing and vision losses. Individuals who are deaf or blind compensate for one sense by emplyying another; for example, a deficit of audition is compensated for by the use of vision and vice-versa. For a person who is deafblind, methods of communication are based on the sense of touch. There are been very little research into deafblind tactile communication compared to visual sign languages. In contrast to the adaptive technology available for people with single sensory deficits of deafness or blindness, there is an absence of technologies available for people with dual sensory deficits that emulate deafblind communication method. The only commercialised devices that the deafblind community can rely upon are Braille devices, however, Braille codes are not associated with natural methods of deafblind communication. In addition, Braille code requires a relatively high level of tactile acuity and generally has a low learning curve. As the Deafblind community includes a high proportion of older people (60% are over 65 years old) and it is known that tactile acuity decreases with age, the exclusive use of Braille device to serve as assistive technology for deafblind communication is questionable. As a result of new technologies, some researcher groups have started to investigate the development of potential tactile communication devices that replicate the natural methods used by individuals who are deafblind. Such devices have been prototyped for different categories of tactile communication methods; however, it seems that they did not go beyond the prototyping stage for several reasons. These issues came from different types of requirements and vary from one prototype to another

The current thesis started with an idea of Sven Topp. He was the president of the Australian Deafblind Council (ADBC), and he is deafblind himself. Sven's primary and preferred communication method is the Australian tactile fingerspelling technique: This communication method uses the left hand of the reader as a substrate, where one can trace tactile patterns with different hand shapes, derived almost entirely from Australian Sign Language (Auslan). Where a sign in Auslan is difficult to transpose to the hand, signs are borrowed from other languages, predominantly British Sign Language (BSL), for example, the sign for "because", or from American Sign Language (ASL), eg: the sign for "sorry" (conversation with Australian Tactile Sign Language Interpreter Jeraldine Milroy). At its core, it is based on a combination of brief finger tapping actions and swift swiping movements on the palm which equate to letters, numbers, phrases, as well as representations of visual and auditory information. Several thousand tactile patterns, from remarkably simple to profoundly complex form the elements to render complete communication that goes well beyond the mere representation of letters and numbers. It is able to convey higher level grammar including words, expressions, ideas, actions, and emotions. Sven's idea was to develop a portable device that could replicate the Australian tactile fingerspelling technique. The aim was to provide more access to information and independence to people who are deafblind, without the need to learn and use Braille codes that require a significant amount of time and training to master. During 2012, Sven Topp was introduced to Vincent Hayward by Karon MacLean at the Haptics Symposium, in Vancouver where they began to discuss the concept of this device.

The main objective of this thesis was to develop a tactile communication device that can produce the Australian tactile Fingerspelling technique with high fidelity. I have conducted this project through several steps in conjonction with Sven Topp, a deafblind researcher who uses Australian Tactile Fingerspelling and Jeraldine Milroy, a professional Sign Language Interpreter with expertise in Australian Tactile Fingerspelling. To reduce complexity, we initially decided to focus exclusively on the alphabet. At the outset, after a study of the underlying features of the tactile patterns of the Australian tactile fingerspelling alphabet, it was determined that the off the shelf vibro-tactile actuators were too limited to develop such a device. To nullify this limitation, a new actuator specifically design for tactile communication was developed. The actuator comprises two modes of operation. One was designed to realistically elicit taps similar to those made by a human finger, which is a primary component of the tactile fingerspelling techniques. The second was a vibratory mode, essential feature to produce tactile motions. The development of this actuator design was followed by a perceptual experiment, where the advantage of tap sensations over vibratory sensation to convey tactile information was quantified. It was shown that there is a significant advantage to use taps rather than vibrations in all domains (realism, clarity, response time, accuracy, estimation of its performance). From these results, several versions of the intended tactile communication device were made. Among those, one aimed to specifically elicit the Finger-Braille code, and the others the Australian tactile fingerspelling alphabet. One was made for an average hand size, another was specifically designed for Sven Topp. Informal trials clearly showed the quality of the device developed for Sven Topp. These trials were then followed by the use of the device during national and international conferences, where Sven Topp was able to follow the presentations at the same rate as other delegates.

The scientific objectives of the thesis could thus be summarised as follows:

1. Investigation of the underlying features of the tactile patterns of tactile fingerspelling techniques;

2. Performance quantification of realist tap sensations compared to vibrations to convey tactile information;

3. Development and evaluation of tactile communication devices that reproduce tactile fingerspelling techniques.

Thesis Organisation

The thesis is divided into seven chapters (Introduction included):

Chapter 2 constitutes the literature review related to the thesis. It comprises an overview of Deaf and Deafblind individuals' history; studies of deafblindness; a review of available technology for tactile communication aiming individuals who are deafblind; and the sense of touch.

Chapter 3 presents the concept development process of the tactile communication device. In this chapter, we investigate the common features of tactile fingerspelling letters and the requirements specific to a tactile fingerspelling communication device for people who are deafblind. Based on these hypotheses, we proposed a design approach that meets these requirements. In this design, we pointed out the need for an actuator that can induce of two modes of stimulation. As such an actuator did not exist, we developed it.

Chapter 4 details the actuator designed for tactile communication. It is a linear electromagnetic actuator with two modes of action; an easy, low-cost fabrication process and small enough to accommodate several dozen underneath the hand. These two modes of action, "impact" and "vibro-tactile", enables emulation of the two main types of letter characteristics: tap and motion.

Chapter 5 investigates the impact of stimulus type on tactile numerosity. It showed that a tap stimulus is more readily perceived than a vibration stimulus. Volunteers also reported better estimations with the tap stimulus. It confirms the advantage of using the actuator presented in chapter 4 compared to commercially available vibro-tactile actuators.

Chapter 6 exposes the design and the conception of the tactile communication device to emulate tactile Fingerspelling techniques. We report three iterations that we consider crucial to understand of the third version. Through these three prototypes, we show the device characteristics that allow the overall apparatus to meet the requirements presented in Chapter 3.

Chapter 7 summarises the thesis and details potential further work that can emerge from this work.

Chapter 2

Literature Review and Thesis Objectives Contents

Sign Language History

The historical traces of the Deafblind community are even more scarce than those of the Deaf community. Therefore, the history of the Deaf community is sourced to draw similarities with the Deafblind community.

Deaf Community

Deafness and manual modes of communication have always existed. However, sign languages do not have a written aspect and their history is very sporadic and incomplete. Figure 2.1 shows several milestones of the deaf community history. These traces start from the 5th century BC, when Socrates writes how "dumb people" use their hands to communicate [4]. This method of communication is undoubtedly the ancestor of that used by deaf people today. However, it was not the communication method taught for many centuries. Over the past five centuries and up to the 1970s, the focus was predominantly on two methods of communication [5]. First, for those who had an instructor, communication was based on lip-reading and speech. The natural language of Deaf people was not considered. Instead, communication was aligned as closely as possible to the spoken form of the more dominant hearing community. Pedro Ponce de Leon (1545) claimed it was inconceivable to use anything other than speech. After instructing deaf people, he displayed them at public shows. At that time, education for the deaf was reserved for the wealthy. For other deaf people, visual methods of communication -called manual methods centuries ago -emerged through socialisation. The duality of communication methods between the oralist method, taught by institutions, and the visual methods, developed by and used between deaf people, served to promote recognition of the Deaf as a community. Communication methods were nearly always determined by the hearing community rather than in consultation with the Deaf community. The oralist method still remains today as the central philosophy of certain teaching institutions with a fixation on assimilation over education. Visual methods were the predominant and logical means of communication between deaf people for ease and clarity of intercommunication. In addition to not being taught in schools, the use of natural visual communication methods were not only forbidden in class but also outside of class.

From the middle of the 18th century, thanks to the philosophical movement of this period, the use of speech as the prevailing means of communication was questioned. In 1760, with the arrival of Charles Michel de l' Épée, a method of visual communication was taught for the first time. This change initiated in France, spread over time throughout Europe. Pierre Desloges, thought to be the first deaf writer, described in his book in 1779 how Charles Michel de l' Épée had understood the necessity for deaf people to use a method of communication that is natural [START_REF] Desloges | Observations d'un sourd et muèt sur un cours élémentaire d'éducation des sourds et muèts[END_REF]. Despite this progress, Charles Michel de l' Épée taught a technique called "methodical signs". This method was merely a transcription of the oral language. The right for the Deaf community to access education using visually based manual methods over auditory based oral methods has been a long battle, one which in some circumstances continues today. In France, the oralist movement came back in the middle of the 19th century and dominated until 1973 [5]. In the United States, the phenomenon was similar. It was only from 1955, with the arrival of William Stokoe, that the visual communication was preferentially used in schools. Historically, Germany has one of the FIGURE 2.1: Milestones in the early history of sign language. most orally oriented educational systems for teaching the deaf. In Germany, sign language was not recognized as a language in its own right until 2002 [START_REF] Armstrong | William C. Stokoe and the study of signed languages[END_REF].

A brief review of the Deafblind Community History

There is no doubt that deafblindness has existed for as long as deafness. However, the history of the Deafblind community has not been documented to the same extent. The most apparent traces are in biographies, chiefly those of two leading personalities: Helen Keller and Heinrich Landesmann.

Helen Keller (1880-1968) is undoubtedly the most emblematic person of the Deafblind community. Born in the United States, Helen Keller lost her sight and hearing at eighteen months old due to a stroke. The relationship between Helen Keller and her parents was complicated by their inability to communicate with her. Under the guidance of her governess Anne Sullivan, Helen Keller learned to grasp the concept of letters and, by the age of six, was able to communicate. The method of communication used was to spell out the letters onto Helen's hand of objects she touched. At the age of 25, Helen Keller graduated from the Harvard School of Letters. Throughout her life, Helen Keller learned lip-reading, Braille, sign language, writing and speaking. Her favoured method of communication was Tadoma which involves the Deafblind person lightly placing their thumb on the lips of the speaker with their fingers resting gently on the speaker's throat to feel the difference between voiced and unvoiced consonants. This quite invasive communication method is rarely used these days for reasons of hygiene and personal space.

The second most prominent Deafblind individual is Heinrich Landesmann (1821-1902), more often known by his pseudonym Hieronymus Lorm. Born in Mikulov in the Czech Republic, he moved with his family to Vienna at the age of one, where he discovered an innate talent for music. At the age of 16, Heinrich Landesmann suddenly lost his hearing and partially his vision. Despite this sudden loss, and his growing pessimism, he found comfort in philosophy and poetry writing. Eight years after this event, Heinrich Landesmann lost the remaining vision of his left eye. His passion for writing led him to become a famous writer during the darkest years of the monarchy of Klemens Wenzel Nepomuk Lothar, Prince of Metternich-Winneburg. He used to criticise different aspects of the government, but his spearhead was the lack of freedom of speech. After being harassed for his writings, he decided to use the pseudonym Hieronymus Lorm and moved to Leipzig, in Germany, to protect his family. In 1881, Hieronymus Lorm became completely blind and to communicate with his family, Lorm developed his own method of tactile communication. This technique is known today as the Lorm alphabet. It uses strokes and motions on the listener's hand to emulate German letters. In 1908, this method of communication was made public by his daughter Maria Landesmann and is still one of the standard methods used for communication with individuals who speak German and are Deafblind [START_REF] Massowová | Hieronymus Lorm: Muž, jenž otevřel hluchoslepým svět[END_REF].

Deafblindness

This combination of impairments intensifies each other as the sight and vision are the only senses we can use to perceive events located in medium and far environmental ranges with precision. This definition of deafblindness, however, does not elucidate all the complexity hidden within this combination of impairments. Figure 2.2 shows four causal conditions of deafblindness [START_REF] Dammeyer | Deafblindness: A review of the literature[END_REF]. Congenital deafblindness is the condition with the smallest cohort of individuals. This condition groups all individuals who became deaf and blind before developing a language, including being deafblind from birth. The second condition regroups individuals who are congenitally deaf and became blind after learning a language. The third condition is the symmetry of the second with congenital blindness. The last condition regroups individuals who acquire deafness and blindness after learning language. This fourth category is the most common condition [START_REF] Watters | A study of Deaf-blind demographics and services in Canada: A report prepared for the Canadian National Society of the Deaf-Blind[END_REF].

Definition of deafblindness

The different conditions relate to events that appear during the individual's life. Figure 2.3 shows the cause of deafblindness reported by Wittich et al. [START_REF] Wittich | Sensory and demographic characteristics of deafblindness rehabilitation clients in Montréal, Canada[END_REF]. Dammeyer reported more than 30 causes of congenital deafblindness [START_REF] Dammeyer | Prevalence and aetiology of congenitally deafblind people in Denmark[END_REF]. Inside each condition numerous types of deafblindness exist, based on how deafblindness was acquired, as well as the degree of deafness and blindness. As these two sensory impairments each have their own spectrum of deficits, all the possible combinations of these sensory impairments blend to form the deafblindness. This illustrates the complexity the Deafblind community faces when creating and developing tools or services as each case of Deafblindness is unique. The number of people with deafblindness is difficult to estimate. Indeed, the deafblind community is a population on the borderline of visual and hearing disabilities. The boundary of deafblindness is not yet clearly defined [START_REF] Larsen | Definitions of deafblindness and congenital deafblindness[END_REF]. This fact may lead to variations in the count of the number of people who identify as Deafblind. In Europe, several studies have been carried out to quantify this number. A census by the Centre for Disability Research in the United Kingdom [START_REF] Robertson | Estimating the Number of People with CoOccurring Vision and Hearing Impairments in the UK[END_REF] shows that its estimate can vary from 212 individuals with deafblindness per 100,000 (212:100,000) to 806:100,000. Figure 2.4 reflects the variety of definitions used in this study to refer to people with hearing or vision impairments. The University of Birmingham and Sense [START_REF] Pavey | The Identification and Assessment of the Needs of Older People with Combined Hearing and Sight Loss in Residential Homes[END_REF] estimates this ratio at 25:100,000. In Denmark, the estimate is 1:100,000 [START_REF] Dammeyer | Prevalence and aetiology of congenitally deafblind people in Denmark[END_REF]. In France, the Centre National de Ressources Handicaps Rares -Surdicécité (CNRHR) estimates the number of people suffering from deafblindness at 7-9:100,000, while the European Deafblindness Indicators [START_REF] Indicator | Mapping Opportunities for Deafblind People Across Europe[END_REF] report 326,832 deafblind people in France (495:100,000), an estimate not supported by CNRHR. In Australia, Schneider et al. reported a ratio of 6:100 for the population over 55 years of age [START_REF] Schneider | Prevalence and 5-Year Incidence of Dual Sensory Impairment in an Older Australian Population[END_REF]. In Canada, the Canadian Association of the Deaf-Blind found that deafblindness affects approximately 33:100,000 of the population [START_REF]on Deaf-Blindness[END_REF], Wittich et al. reported this estimate at 15:100,000 [START_REF] Wittich | Sensory and demographic characteristics of deafblindness rehabilitation clients in Montréal, Canada[END_REF], and Duquette et al. reported this ratio at 50:100,000 in Quebec [START_REF] Duquette | Communication between people with deafblindness: how could it be facilitated?[END_REF]. In the United States, the estimate was between 13:100,000 and 213:100,000 [START_REF] Turkington | The encyclopedia of deafness and hearing disorders[END_REF]. These studies report a high proportion of older adults: the percentage is at least 60% for the 65+ age group. According to these studies, the deafblind community includes several million people worldwide. Additionally, some individuals do not accept themselves as deafblind and prefer to define themselves as blind or deaf. Detecting deafblindness in people with psychiatric disorders [START_REF] Fellinger | Failure to detect deaf-blindness in a population of people with intellectual disability[END_REF] or congenital deafblindness [START_REF] Dammeyer | Identification of congenital deafblindness[END_REF][START_REF] Muller | Deaf-Blind Child Counts: Issues and Challenges[END_REF] is even more challenging.

Tactile Sign Languages

People who are deafblind do not have a single common method of communication [START_REF] Dalby | Characteristics of Individuals with Congenital and Acquired Deaf-Blindness[END_REF]. Since deafblindness can be acquired in many ways, each person uses the method that best suits his or her combination of available senses. The method is also dependent upon the country where the person lives. A person who can rely on his or her vision or hearing to communicate will continue to use both senses as long as it is possible. For other individuals, there are six major families of tactile techniques. The figure 2.5 shows a conversation based on a hand over hand signing technique. Hand over hand signing techniques are often used by people who have previously learned sign language. Some people who are Deafblind have a limited field of vision but this may be sufficient for communication. Often the vision will deteriorate, leaving the hands to feel the information. Sign language remains the same, but the receiver's hands are placed over the speaker's to determine the movement of arms, hands and fingers. This family of techniques is the most widely used in the deafblind community. The figure 2.6 shows a Braille cell and its modification to be used on multiple fingers. Braille was invented in 1824 to enable blind people to access visual content through touch [START_REF] Campbell | Le Braille[END_REF]. Braille is widely used by the blind and the deafblind community. In fact, the only devices that are commercially available are Braille-based devices. Braille can also be used for dynamic interaction thanks to one modification. This technique is called Finger-Braille. It is a method used mainly in Japan, where the dots of the Braille cell are distributed over the index, major and ring fingers.

Hand over Hand Signing Techniques

Braille and Finger-Braille

Tactile Fingerspelling Techniques

Tactile Fingerspelling techniques use the receiver's hand as a substrate. These techniques use tactile symbols that often derived from visual sign languages. The signer uses the hand of the person who is deafblind to receive the tactile pattern of letters adapted from visual sign language to be easily felt on the surface of the receiver's hand. Adaptable and non-intrusive, this communication technique is the second most widely used family of techniques in the deafblind community. The current project focuses on this category.

However, it should not be assumed that tactile fingerspelling techniques, can only encode letters and numbers. The reality is that its expressiveness is akin to that of auditory and visual codes. This fact is particularly true of Auslan Tactile Fingerspelling, a system developed in Australia and which at the time of writing is the primary focus of our attention [START_REF] Johnston | Australian Sign Language (Auslan): An introduction to sign language linguistics[END_REF][START_REF] Topp | Deafblind haptic speech[END_REF]. Tactile Fingerspelling incorporates prosody, emphasis, and other forms of modulation that are like those Source: BBC of speech. It operates at the lexical, grammatical, semantic, and emotional levels, in addition to the use of non-lexical short-hand symbols, abbreviations, smileys, geometric figures, directional cues, nicknames, among others. Useful tactile communication technologies should account for, reproduce, and represent these natural forms of modulation.

Body Sign Techniques

This method uses the whole body as a substrate. Certain areas are privileged because they are more accessible and less intimate. For example, the stomach area is considered too persmonal to be used, so the back and arms are most frequently chosen to convey information. This method requires access to a large part of the body, and is not widely used and accepted by the deafblind community, although it is growing in popularity. It is mostly used by people who are congenitally deafblind and where scenarios need to be mimicked on the body to communicate information. For instance, imparting the mm to take a shower can be emulated by signing the water flowing on the head of the receiver.

Social Haptics Techniques

Social haptics is the combination of body sign and tactile fingerspelling techniques. Most of the information is conveyed by tactile fingerspelling, while information such as the surrounding space, room layout, etc. is written on the back or on the arm. This area, called the social area, is defined in advance between the speaker and the receiver as an acceptable area for receiving information. It can also be used for other types of information that are not specifically related to spatialization.

Tadoma Method

The Tadoma method is a way to capture the vibrations and movements of the speech circuit. An illustration is shown on figure 2.9. While the speaker is speaking, the person who is Deafblind places the fingers of one hand so that they touch the throat, lips and nose at the same time. Thus during speech, the vibrations passing through the throat, jaw and lip movements can be interpreted to by the receiver. Although this method was made known by Helen Keller, it is rarely welcomed by the speaker because of its invasive nature.

Assistive Technologies for Tactile Communication

Assistive technologies exist to answer specific needs. The target audience has particular needs, which may sometimes require personal adjustments. The development of assistive technologies must consider a set of criteria that can vary considerably from one goal to another. In 1990, Batavia and Hammer highlighted the lack of understanding of the user's needs of assistive devices. They grouped the criteria that seem essential for the development of assistive devices [START_REF] Batavia | Toward the development of consumer-based criteria for the evaluation of assistive devices[END_REF]. There were seventeen such criteria based on a total of eleven different types of assistive systems. In 1995, Bühler emphasised the need for developers to be in continuous contact with users [START_REF] Bühler | Approach to the analysis of user requirements in assistive technology[END_REF]. Further, Hersh and Johnson put forward the need for standardisation of terms and requirements for the development of assistive technologies in 2008 [START_REF] Hersh | On modelling assistive technology systems-Part I: Modelling framework[END_REF][START_REF]On modelling assistive technology systems -Part 2: Applications of the comprehensive assistive technology model[END_REF]. They proposed Comprehensive Assistive Technology (CAT), a model that covers all the essential points for developing assistive technology. This model includes both the methodology for developing the system and a general categorisation of the criteria. In 2012, Plos et al. [START_REF] Plos | A Universalist strategy for the design of Assistive Technology[END_REF] proposed a different methodology, based on the universalist strategy. The idea is to make the system emerge from the specific target population, towards a larger, more extensive public (or vice-versa). This approach would make it possible to remove specific criteria and render the technology more acceptable by those concerned.

These different models were created to develop the technologies best suited to the target population. They therefore avoid the development of tools that could be based solely on technology push. In parallel with this research, assistive technologies for tactile communication have emerged. As the methods of tactile communication are extremely varied, devices aiming to transcribe tactile methods must be very specific to a communication method. This specification implies a particular design for each communication style.

Tactile The Braille code has immeasurably enhanced the blind community's independence since the beginning of the 19th century. From the time of embossed books to refreshable Braille tablets, the versatility of the reading interface has changed dramatically. Before 1976, electromechanical devices for Braille reading consisted only of tools to emboss sheets (see Ingham's literature review [START_REF] Ingham | Braille, the Language, its Machine Translation and Display[END_REF]). By 1966, however, innovative ideas such as refreshable Braille cells were already in the mind of researchers [START_REF] Murphy | Reading Machines for the Blind[END_REF]. Twelve years later, the German company Schoenherr patterned The transition from embosser machines to refreshable Braille apparatus implied a shift in term of output possibilities that generated different devices requirements. Table 2.1 shows a set of interesting characteristics for comparison. Braille embossers were not only used for the creation of books, but also live translation. For instance, during conferences that included several blind delegates, the machine was placed close to a long table, displaying the typed Braille code to the readers (for curious minds: those who could read faster were positioned closer to the machine so everyone could read at its own pace). Using the device in this way made the Braille text accessible for several individuals at the same time. However, a design such as this is hardly suitable as a versatile and portable device as it is necessary to carry paper and ink, also the output Braille sheets have to be stored or thrown away. The advantage of a refreshable Braille display is that it solves these problems. Paper and ink are replaced by electricity, and the embossed sheets are replaced by lines of actuators. Refreshable Braille allows the device to be versatile and much more responsive, as individuals can instantly read what the typist wrote. However, the fact that the same line is used to display information limits the accessibility of the device by only one user at a time. The miniaturization of electronics and the improvement of batteries made refreshable Braille displays affordable and portable. Nowadays, refreshable Braille displays are utilised widely amongst the blind and Deafblind communities.

Natural-based Communication Systems

Braille is a code that makes it possible to transcribe the different letters of an existing alphabet, so Braille codes cannot be defined as natural communication methods between individuals. As we have seen previously, the Deafblind community developed numerous natural communication methods. Each of them is unique, so the idea of one device capable of reproducing all of them seems implausible. Researchers have instead investigated the development of a tactile communication device by keeping in mind that the device design must replicate only one type of technique. One of the few characteristics that are shared between the devices are its "active" properties compared to Braille displays. While Braille readers are active during the reading process, the natural tactile communication methods induces a passive behavior of the reader; for instance one or two hands on top of the signers' hands or reader's back as a tactile substrate. There are three major designs to answer to all tactile communication methods: robotic hands, articulated robotic throat, and tactile actuators arrays. Source: David L. Jaffe, 1994 [START_REF] Jaffe | Evolution of mechanical fingerspelling hands for people who are deaf-blind[END_REF] The development of electromechanical devices for natural tactile communication started with robotic fingerspelling hands. Such devices aim to simulate Hand over Hand Sign Languages, where the user place one or two hands on top of the robotic fingerspelling hand, while the fingers articulate signed letters, words, or phrases that have been spoken or typed to the device. The first robotic fingerspelling hand was developed in 1977 by the Southwest Research Institute in San Antonio [START_REF] Laenger | Further development and tests of an artificial hand for communication with deaf-blind people[END_REF]. Between 1985 and 1993, the Department of Mechanical Engineering at Stanford University developed four generations of robotic fingerspelling hand [START_REF] Jaffe | The development of a third generation fingerspelling hand[END_REF] as shown in figure 2.11. These robotic fingerspelling hand systems were well summarised by Jaffe et al. in 1994 [38]. This field of research did not get much interest from the individuals who are Deafblind presumably for one reason. The positioning of the device fingers was too slow to keep the pace of a natural conversation. There was also no sensor, which could be dangerous for the user as the robotic fingers moved based on instructions that did account for obstacles such as the fingers of the user. These machines were also not portable and seemed hard to carry.

Speech-based system for Tadoma method

In 1993, Eberhardt et al. published a device based on the Tadoma [START_REF] Eberhardt | OMAR a haptic display for speech perception by deaf and deaf-blind individuals[END_REF] method. The device took the form of the speech system. Consisting of an artificial mouth and a throat articulated by 10 linear motors, the user used the device by placing his or her hands on it. This system was similar in concept to robotic fingerspelling hands for spelled letters. The main problem with the device was the lack of isolation from the noise generated by the motors. The user could therefore perceive not only the stimulation, but also the vibration generated by the motors. Other researchers have focused on the design of systems comprising only vibrotactile actuators. This type of system is principally aimed at tactile fingerspelling techniques, and it can be easily engineered to be affordable and portable. These devices control multiple actuators specifically located beneath the hand.

The first known vibrotactile system for tactile fingerspelling communication, named DB-HAND and visible in figure 2.12a, was developed in 2008 by Caporusso [START_REF] Caporusso | A wearable malossi alphabet interface for deafblind people[END_REF]. It aimed to reproduce the Malossi alphabet, visible in figure 2.12b. Created in Italy, this tactile alphabet was drawn on the left hand of the receiver (figure 2.12b). The letters were made of two main types of stimuli: tap made by a fingertip, and pinch made by two fingertips. The receiver's hand can be seen as an array of five columns and three lines, where a finger corresponds to a column, and the phalanges to the lines. The letter are placed on the hand, palm side facing the locutor, in the alphabetic order and the writing direction of latin languages. The first layer, made of 15 letters, are tap letters. The second layer is made of 10 letters based on a pinch. The remaining letter "W" is an exception and corresponds to a pinch between the forefinger and middle finger. The system developed by Caporusso was a bi-directional communication device combining a pressure sensor and an ERM actuator at each of the sixteen locations enumerated previously. However, there was no stimuli distinction between tap and pinched letters as the actuator can only deliver vibrotactile stimulus centered at 200 Hz. Tap letters were then represented by one short vibration, and pinched letters were represented by a succession of two short vibrations. In order to make it portable, the transducers were embedded in a glove of less than 10 mm of thickness and were connected to a box glued on top of the glove containing the microcontroller and a battery. The microcontroller was controlled by a smartphone application using Bluetooth. Any text can then be written on the smartphone and transmitted to the microcontroller that converts the text inputs into tactile outputs. In a nutshell, the device is portable, can follow the pace of a conversation, light and affordable (150 C). From table 2.1, the device fills all the requirements pointed out before. However, the Deafblind community does not use it. The main concern seems to be the lack of tactile stimulation fidelity. In addition, a fabric glove is a good medium to propagate vibrations, which could lead to less precise stimulation when ERM actuators are activated. Having to wear a glove constantly to communicate may also be a reason why it has not attracted more interest.

a.

b. In 2012, Gollner [START_REF] Gollner | Mobile Lorm Glove: introducing a communication device for deaf-blind people[END_REF] proposed a similar device, visible in figure 2.13a, that replicates the Lorm alphabet. The Lorm Alphabet is a tactile fingerspelling communication technique developed in Germany by Hieronymus Lorm (figure 2.13b). This alphabet is made of tap letters, double-tap letters, and slide letters. The system devised by Gollner et al. were developed in collaboration with two Deafblind institutions and the end product is a result of much collaboration between the target users and the researchers. This device is also a bi-directionnal system, embedding 25 fabric pressure sensors and 32 ERM motors in a fabric glove. The sensors are placed on the palm side of the hand, whereas the actuators are placed on the dorsal side of the hand. This positioning allows the user to manipulate objects without removing the glove. The pressure sensor architecture works similarly to the one developed by Caporusso. The actuation is slightly different, as the two types of letters orchestrate the actuators differently. As for the Malossi alphabet glove, the Lorm glove emulates the tap letters by creating vibrations at the corresponding locations. To reproduce the slide letters, the actuators are activated one after another to produce the funneling illusion -also known as rabbit illusion. As the Malossi glove, this device is portable, light, affordable, and can follow the pace of a conversation. Gollner et al. also reported upcoming experiments to quantify the quality and intelligibility of the device. However, the device publication is eight years old and there is no trace of such follow up. It could be assumed Gollner et al. faced the same issues as Caporusso. The last type of assistive technologies for tactile communication aims to emulate finger-Braille codes. Finger-Braille codes can be seen as the input version of the Perkins Brailler. Finger-Braille codes can be used as for live communication between two individuals. The locutor uses up to six fingertips to tap the dorsal side of the middle phalanges or fingertips of the forefinger, middle finger, and ring finger of both receiver's hand.

Vibrotactile systems for Finger-Braille codes

In 2003, Hirose and Amemiya [START_REF] Hirose | Wearable Finger-Braille Interface for Navigation of Deaf-Blind in Ubiquitous Barrier-Free Space[END_REF] presented the first known use of actuators to emulate finger-Braille. They use finger-Braille to convey information for navigation by blind and Deafblind people in unpredictable environments. Six actuators were placed on the dorsal side of the middle phalanges of the forefinger, middle and ring fingers of each hand. The actuators were positioned closer to the palm of the hand in order to minimise the discomfort when the user moves his or her hands. The actuators were of two types: ERM vibration motors and solenoid motors. Their pilot study showed that Deafblind participants were "more readable than the solenoid type [...] However, many Deaf-Blind people believed that, if improved, the solenoid type would be better since it is similar to the original Finger-Braille method."

In 2015, Nicolau et al. [START_REF] Nicolau | HoliBraille: Multipoint vibrotactile feedback on mobile devices[END_REF] presented the first known device of this kind: the HoliBraille device. This design is based on a previous prototype made two years earlier [START_REF] Nicolau | UbiBraille: Designing and Evaluating a Vibrotactile Braille-Reading Device[END_REF]. It consists of six ERM vibration motors placed on the back of a smartphone, as visible in the figure 2.14. Nicolau et al. were aware of the mechanical cross-talk due to the vibrations made by the actuators. To prevent it, they separated each actuator from the main structure with a spring, decreasing the mechanical cross-talk by a factor of ten in the worst case scenario. For practical reasons, the actuators touch the palmar side of the middle phalanges. Contact is initiated by the users. Accordingly, the user touches the device with the inner area of the hands, as a signer does when he or she touches the dorsal part of the receiver's fingertips. The device is portable and contains its own battery and microprocessor. It is small and light enough to completely fit on the back of a smartphone, and relies only on very affordable off the shelf components. In 2017, Ozioko et al. [START_REF] Ozioko | SmartFingerBraille: A tactile sensing and actuation based communication glove for deafblind people[END_REF] also proposed a device: "SmartFingerBraille" to communicate using finger-Braille (see figure 2.15). Six ERM vibration motors are embedded in fabric rings and face the dorsal side of the middle phalanges of the forefinger, middle and ring fingers of each hand. This design also comprises six force sensors placed in fabric cases, similar to thimbles, on the same fingers. In 2020, Ozioko released another version of the device, where each finger's actuator and sensor are now placed at the same locations [START_REF] Ozioko | Wearable Assistive Tactile Communication Interface Based on Integrated Touch Sensors and Actuators[END_REF]. Instead of using off the shelf ERM vibration motors and force sensors, they designed their own vibration actuator and force sensor. The motivation was to limit the overall height under the fingertip. The system embeds a microcontroller, but not a battery. The overall system is small, light, and affordable.

Personal Analysis and Thesis Objectives

This section is based on my personal interpretation and perception of the literature.

Currently, none of these devices went further than the prototyping stage. The key to developing a marketable product seems to be driven by a good balance between rendering quality, cost, and ease of use, where this balance is more and more flexible as the size of the target audience increases. Indeed, the size of the Deafblind community is much smaller than the blind community. The geographical isolation of the different groups of deafblind people has led to a considerable diversity of communication modes. In addition, these methods are natural and therefore based on biological motions that requires a high actuation complexity for the hands. This also remains true for the devices that aims to recreate these methods. This is discernable when examining the literature ordered in function of time. Table 2.4 shows the chronological ordering of these natural-based tactile communication devices by their release date and in function of ten characteristics. Initially, researchers started by developing articulated robotic hands. The control of each articulation was rendered with high fidelity exacting a high degree of complexity the positioning of the fingers. This limited the speed to the extent that it was not fast enough to follow the pace of a conversation. The complexity required to assemble the device was also demanding, and its price was highly expensive. It is likely to be why researchers shifted from developing robotic fingerspelling hands to alternative designs which could overcome these limitations. They also might have realised that the most important design feature to emulate tactile communication methods are the tactile stimulations perceived by the user's hand(s) rather than the geometry of handshapes articulated to mimic the hand contact in deafblind communication. Therefore, realistic robotic hands are unlikely to be the best option.

A device design centred around high fidelity reproduction would optimise the points of contact on the user's skin, leading to a more efficient and sustainable device. A parallel can be drawn with vision: for example, holographic displays, with the ability to reproduce the spatiality of objects with high fidelity, have not subjugated a preference for other types of viewing. Watching a television displaying visual content within a two-dimensional array of light-emitting actuators (such as LEDs) takes advantage of our visual perspective and motion perception, resulting in far more attentionally compelling viewing [START_REF] Adelson | Spatiotemporal energy models for the perception of motion[END_REF][START_REF]The Plenoptic Function and the Elements of Early Vision[END_REF].

In the same way, researchers have proposed matrices of vibrotactile actuators that are placed directly on the user's hand. In the existing devices, all were using off the shelf vibrotactile actuators, and were placed on gloves so that the user could simply wear the device. The overall portable → embedded electromechanic system Hardware light → plastic-based components affordable → off the shelf components, low design complexity robust → low design architecture devices were portable, light, affordable, robust. By design, the previously shown limitations were then satisfied, and new ones appeared. As it is a glove-based design, the user's hand is now in constant contact with the fabric. Additionally, the stimulation is now only based on vibrations, which is significantly different from a finger tapping, sliding, or pinching on the user's skin. The information might be perceived less precisely and can cause discomfort when used for a prolonged period of time as repeating vibratory stimulus may induce a tingling sensation. Gloves are classically thin and made of a flexible material enabling the wearer to manipulate objects while wearing them. However, with the addition of actuators and sensors placed on them, sustained hand manipulation becomes more uncomfortable. Eventually, the inconvenience of removing and reapplying gloves laden with actuators and sensors is outweighed by their obstructive impedance to complete simple fine motor hand tasks making this an unpopular option.

In essence, the design philosophy stems from the commitment to create a device capable of supporting prolonged use without impeding freedom of movement. It is evident that in actual practice, the user's hand must remain free to complete competing tasks that often call for immediate attention other than receiving tactile code. Such pragmatic requirements preclude approaches based on "tactile gloves" which are impractical to continually don and remove frequently leading to discomfort and sweating within a short time-frame. Moreover, tactile gloves fail at providing clean channel separation during stimulus generation -a requirement that is essential for comprehensibility of the tactile input. Human hands are sensitive to vibrations of very low amplitude, viz. of one micrometre or less. Attaching actuators to textiles that are in continuous contact with the skin cause mechanical signals to propagate away from the locus of stimulation, irremediably blurring the transmitted signal.

The scope of this thesis is to design and validate a communication device that emulates the Auslan tactile fingerspelling alphabet. Table 2.4 summarises the general requirements and the guidelines to fulfil them. Figure 2.16 shows a simple overview of the device design. In keeping with the design goals, the device needs to be light, portable, affordable, and robust.To achieve this, we need to consider the use of lightweight materials such as plastic or carbon fibre and integrate the electromechanical parts into one box using affordable and off the shelf components.

The two-dimensional actuator array seems to be a good design, but our approach differs from the existing systems. Rather than placing actuators on a glove, constraining the ability to manipulate objects freely and setting up a condition that could lead to mechanical cross-talk, our idea is to develop a design closer to a smartphone but for tactile rather than visual output. Using an enclosed glove design is like if we had to use VR headsets instead of smartphones. When the user needs to see, the VR headset has to be removed, which requires more effort and time than simply looking away from a smartphone. The most natural design is to develop a surface, such as a computer mouse, where the actuators are embedded into it. By doing so, the user's hand is not constrained, and he or she can simply place her or his hand on the device when needed, then remove it easily when needed, for example to manipulate an object similar to the use of a smartphone. Also, this design frees the dorsal side of the hand from constant contact. To minimise the constant contact with the palmar side of the hand, the surface area of the device in contact with the skin needs to be minimised. This was achieved by designing the surface of the user interface to resemble a honeycomb structure. This design concept minimises the overall surface area while maintaining a rigid enough structure to support the weight of a relaxed hand. The honeycomb structure also allows sweat to evaporate and assists in keeping the device cool as it allows the accumulation of body heat to evacuate. The design also needs to account for the posture of the hand to avoid injuries and pain during prolonged use. The "rest position" is the hand posture where no minimal stress is borne by the muscles controlling the hand. The curvature of the device was ergonomically constructed to seat the hand comfortably in the rest position for prolonged use. The last category aims to define the criteria needed for tactile sensations that feel similar to tactile fingerspelling techniques. The idea is to balance low device complexity with faithful tactile sensations. Still, more work on faithful tactile sensations regarding the existing devices is essential. To reproduce natural tactile stimulations, it is crucial to investigate the features of the Auslan tactile fingerspelling alphabet and consider the tactile output from the most frequent feature to the rarest feature. This investigation is detailed in the following chapter.

The precise location of stimulation must also be calibrated to emulate the tactile alphabet with maximal similarity. Designing a two-dimensional array of actuators combined with a adequate control electronics would enable the pace of a natural conversation to be kept. The scientific objectives of the thesis can be summarized as follows:

1. Investigation of the underlying features of the tactile patterns of tactile fingerspelling techniques;

2. Quantification of the advantage of realist tactile sensations compared to those made by off the shelf vibro-tactile actuators;

3. Development and evaluation of a balanced design for a tactile communication device that emulates tactile fingerspelling techniques.

Before further investigating the design of the device, an understanding of the sense of touch is crucial in order to correctly define the requirements for the conception of this project.

Additional Resource: Sense of Touch

Physiology of the Hand

The hand is articulated by twenty-nine muscles and has twenty-seven bones, fifteen joints, three nerves and two arteries. It is capable of performing tasks requiring both high precision and high strength [START_REF] Bullock | Classifying human manipulation behavior[END_REF]. The orchestration of all its elements makes the hand a versatile instrument, capable of moving in 21 degrees of freedom. The hand can create a variety of positions. In 2016, Feix reported a total of thirty-three different hand postures [START_REF] Feix | The GRASP Taxonomy of Human Grasp Types[END_REF]. Among these postures, there is one that allows all muscles to remain relaxed. This posture is often called the resting position, or the hand position, or the relaxation position. First defined in 1948 [START_REF] Bunnell | Surgery of the Hand[END_REF], this posture was mainly studied to immobilise the hand for a long period of time after a surgical operation. This position follows specific curves and angles limiting muscular constraints, and therefore pain [START_REF] Kapandji | The Physiology of the Joints: Upper Limb[END_REF][START_REF] Tubiana | Functional Anatomy[END_REF][START_REF] Tubiana | Chapter 53, Positions of Immobilization of the Hand[END_REF].

Although these angles and curves seem common to all healthy people, hand sizes differ between individuals. In 1971, Garrett et al. reported an average hand length and width for men of 197 mm and 89 mm, and for women of 179 mm and 77 mm [START_REF] Garrett | The Adult Human Hand: Some Anthropometric and Biomechanical Considerations[END_REF]. In 2015, Hsiao et al. studied firemen's hands and found a similar comparison (men: length = 197mm, width = 97mm; women: length = 182mm, width = 87mm) [START_REF] Hsiao | Firefighter Hand Anthropometry and Structural Glove Sizing: A New Perspective[END_REF]. They also reported variations according to ethnicity. In 1980, Davies et al. reported a similar phenomenon [START_REF] Davies | A comparison of hand anthropometry of females in three ethnic groups[END_REF]. These differences affect the size of hand's palmer surface, which has been estimated to be between 150 and 240 mm 2 [START_REF] Johansson | Tactile Sensibility in the humand hand: Relative and Absolute Densities of Four Types of Mechanoreceptive Units in Glabrous Skin[END_REF].

The skin is divided into two types called glabrous skin, found only on the inside of the hands and under the feet, and hairy skin. They are composed of three layers: the epidermis (including the stratum corneum), the dermis (or papillary), and the hypodermis (or reticular) [START_REF] Bader | Pressure Ulcer Research: Current and Future Perspectives[END_REF]. These different layers are mainly made up of collagen and elastin fibres, living and dead cells, hair follicles and sweat glands. Each layer has its own composition and gives to the skin its particular property of being a non-linear material when put under pressure, extension or shear [START_REF] Oomens | Chapter 16 -Skin Mechanics[END_REF].

With three types of sweat glands, the skin has a thermoregulation system [START_REF] Boulant | Hypothalamic neurons regulating body temperature[END_REF]. They continuously secrete a mixture of water and electrolytes whose quantity varies according to the effort [START_REF] Saga | Structure and function of human sweat glands studied with histochemistry and cytochemistry[END_REF]. For glabrous skin, hydration of the stratum corneum seems to have an advantage.

Moisturizing the dead cells, which form the skin's surface, increases the available contact area of the skin. Thus, adhesion when taking an object naturally tends towards an optimum over time [START_REF] André | Fingertip moisture is optimally modulated during object manipulation[END_REF]. Moisture also varies the perception of textures [START_REF] Gueorguiev | Touch uses frictional cues to discriminate flat materials[END_REF][START_REF] Carpenter | Human ability to discriminate surface chemistry by touch[END_REF].

Tactile Mechanoreceptors

The skin of the hand contains a wide variety of mechanoreceptors. Five neural pathways are connected to these receptors and can report tactile information, temperature, pleasure, pain, or itching [START_REF] Gallace | Touch with the Future[END_REF]. The focus of the report is tactile information, which is sensitive to vibration, pressure, shear, texture, and anything that codes the aspects of object manipulation. Four types of mechanoreceptors form this group: the Pacinian corpuscles, the Meissner corpuscles, the Merkel discs and the Ruffini endings.

Common Characteristics

The hand has 17000 tactile mechanoreceptors [START_REF] Johansson | Spatial properties of the population of mechanoreceptive units in the glabrous skin of the human hand[END_REF][START_REF]Tactile sensory coding in the glabrous skin of the human hand[END_REF] and is the densest part of the human body [START_REF] Kaas | Somatosensory System[END_REF]. Each type of mechanoreceptor has its own neural network (afferences) [START_REF] Bolanowski | Four channels mediate the mechanical aspects of touch[END_REF][START_REF] Kaas | Somatosensory System[END_REF]. The type of network, and the shape and location of the mechanoreceptor induces a specific behavior in the perception of touch [START_REF] Johnson | The roles and functions of cutaneous mechanoreceptors[END_REF]. It is important to note that all types of afferences related to these mechanoreceptors react to frequencies such that the higher the amplitude, the lower the detection threshold will be [START_REF] Johansson | Responses of mechanoreceptive afferent units in the glabrous skin of the human hand to sinusoidal skin displacements[END_REF]. Moreover, the receptive field associated with the different afferents can simply be modulated by the amplitude of the stimulation [START_REF] Johansson | Tactile sensibility in the human hand: receptive field characteristics of mechanoreceptive units in the glabrous skin area[END_REF].

Fast adapting

The Meissner and Pacinian corpuscles have the characteristic of responding to the initiation and end of stimulation. This means that they respond very well to changes in the state of stimulation and not to constant phases. These corpuscles are connected respectively to the tactile afference networks called Rapid Adaptive I (RA I) and RA II [START_REF] Mcglone | The cutaneous sensory system[END_REF] and correspond to about 56% of the mechanoreceptors of the hand [START_REF]Tactile sensory coding in the glabrous skin of the human hand[END_REF].

Pacinian's corpuscles Pacinian corpuscles, first discovered in 1741 [START_REF] Cauna | The structure of human digital Pacinian corpuscles (corpuscula lamellosa) and its functional significance[END_REF], are located deep in the dermis. This type of corpuscle has the particularity of having a unique relationship with an afferent (type RA II). Using invasive and non-invasive techniques, the estimate of the total number of Pacinian corpuscles in the hand was reported to be 2500 by observing the hand in a population ranging from a few months' old foetus to a 28 years year old adult [START_REF] Cauna | The structure of human digital Pacinian corpuscles (corpuscula lamellosa) and its functional significance[END_REF][START_REF] Johansson | Tactile Sensibility in the humand hand: Relative and Absolute Densities of Four Types of Mechanoreceptive Units in Glabrous Skin[END_REF][START_REF] Brisben | Detection of vibration transmitted through an object grasped in the hand[END_REF]. In 1998, Stark reported an estimate of this very different number with 300 Pacinian corpuscles in the hand by dissecting ten people over 70 years of age [START_REF] Stark | Distribution of Human Pacinian Corpuscules in the Hand: A cadaver study[END_REF]. He also reported that the Pacinian corpuscles were not evenly distributed throughout the hand and were located close to the nerves. Pacinian corpuscles have a large receptive field corresponding to a circular area of 2-8mm in diameter [START_REF] Vallbo | Properties of cutaneous mechanoreceptors in the human hand related to touch sensation[END_REF][START_REF] Jones | Human Hand Function[END_REF]. Pacinian corpuscles are sensitive, on average, to frequencies in the range of 30 Hz [START_REF] Verrillo | Psychophysics of vibrotactile stimulation[END_REF] to 1000 Hz [START_REF] Bell | The structure and function of pacinian corpuscles: A review[END_REF] with the lowest detection threshold around 250 Hz [START_REF] Bolanowski | Four channels mediate the mechanical aspects of touch[END_REF][START_REF] Bell | The structure and function of pacinian corpuscles: A review[END_REF]. Its layered structure creates a high-pass filter [START_REF] Bell | The structure and function of pacinian corpuscles: A review[END_REF]. Bell made a detailed review of Pacinian corpuscles [START_REF] Bell | The structure and function of pacinian corpuscles: A review[END_REF].

Meissner's corpuscles Meissner corpuscles are located more superficially than Pacinian corpuscles, in the part of the dermis intertwined with the epidermis. The number of Meissner's corpuscles is estimated at 7000 in the hand, where most are concentrated in the fingertips [START_REF] Johansson | Responses of mechanoreceptive afferent units in the glabrous skin of the human hand to sinusoidal skin displacements[END_REF]. They have a narrow and well delimited receptive field of 3-5 mm [START_REF] Johansson | Spatial properties of the population of mechanoreceptive units in the glabrous skin of the human hand[END_REF][START_REF] Johnson | Tactile functions of mechanoreceptive afferents innervating the hand[END_REF] and are sensitive to frequencies ranging from 8 to 64 Hz [START_REF] Johansson | Responses of mechanoreceptive afferent units in the glabrous skin of the human hand to sinusoidal skin displacements[END_REF]. They respond better than most mechanoreceptors for precise grip control and when picking up an object [START_REF] Brisben | Detection of vibration transmitted through an object grasped in the hand[END_REF][START_REF] Jones | Human Hand Function[END_REF]. Indeed, this corpuscle is elongated [START_REF] Cauna | Structure of digital touch corpuscles[END_REF] and placed perpendicular to the skin surface. A corpuscle is connected to several RA II axons and vice versa, explaining the small size of the receptive field and its sharp delimitation [START_REF] Kaas | Somatosensory System[END_REF].

Slow adapting

Slow adapting mechanoreceptors (SA) have a slow adaptation to stimuli. In contrast to FA I and II, SA I and II respond better to continuous stimuli [START_REF] Kaas | Somatosensory System[END_REF]. These mechanoreceptors correspond to about 44% of the mechanoreceptors in the hand [START_REF]Tactile sensory coding in the glabrous skin of the human hand[END_REF].

Merkel's disk Type I SAs are connected to mechanoreceptors called Merkel disks. These mechanoreceptors are closest to the skin surface, which are located in the epidermal part overlapping with the dermis. It is also the second largest population of mechanoreceptors with an estimate of 4250 [START_REF] Johansson | Tactile Sensibility in the humand hand: Relative and Absolute Densities of Four Types of Mechanoreceptive Units in Glabrous Skin[END_REF]. Their receptive field is restricted to 2-3 mm [START_REF] Jones | Human Hand Function[END_REF]. They seem to be of crucial importance for light touch [START_REF] Maricich | Merkel cells are essential for light-touch responses[END_REF] and the detection of angles, points, bars or curves [START_REF] Johnson | Neural Mechanisms of Spatial Tactile Discrimination: Neural Patterns Evoked by Braille-like Dot Patterns in the Monkey[END_REF].

Ruffini's ending SA II afferents are linked to mechanoreceptors called Ruffini endings. These mechanoreceptors are located in the superficial part of the dermis and their number is estimated at 3250 in the hand [START_REF] Johansson | Tactile Sensibility in the humand hand: Relative and Absolute Densities of Four Types of Mechanoreceptive Units in Glabrous Skin[END_REF]. Like Pacinian corpuscles, they have a large receptive field corresponding to a circular area of 2-8mm of diameter [START_REF] Johansson | Tactile sensibility in the human hand: receptive field characteristics of mechanoreceptive units in the glabrous skin area[END_REF][START_REF] Vallbo | Properties of cutaneous mechanoreceptors in the human hand related to touch sensation[END_REF][START_REF] Jones | Human Hand Function[END_REF]]. Ruffini's endings have an elongated structure and are aligned with the collagen fibers of the dermis. Thus, it seems that this type of mechanoreceptor responds very well to the elongation and shear exerted on the skin and can provide valuable information on the weight and grip of objects [START_REF] Kaas | Somatosensory System[END_REF].

Tactile Perception

When the mechanoreceptors are stimulated, information is sent by the mechanoreceptors to the somatosensory cortex, where the information is processed. This treatment allows us to determine what the sensation is and to extract a perception from it that allows us to interpret the world. Researchers have been working on understanding how this chain (sensors-pathway-cortex) works. Perception in general is a wide topic. Only aspects related to the project are presented.

Tactile Threshold

Normal Amplitude Threshold The absolute detection of pressure has been investigated in numerous studies. In 1968, Weinstein investigated the detection thresholds for fingertips and hand using nylon monofilaments of different diameters [START_REF] Weinstein | Intensive and extensive aspects of tactile sensitivity as a function of body part, sex and laterality[END_REF]. These thresholds were 0.055 g and 0.158 g for men, and 0.019 g and 0.032 g for women respectively. Humans are also able to distinguish pressure differences between successive stimuli. In 1972, Craig investigated the relative difference threshold. He showed that, for two consecutive 2 ms tap, the stronger the stimulations, the less difference needs to be between the two stimulations to be felt as different [START_REF] Craig | Difference threshold for intensity of tactile stimuli[END_REF]. The experiment was also done with a stimulation based on 160 Hz for 200 ms with similar results. In addition, it showed that the addition of surrounding noise has a real impact on performance.

Vibration Threshold The absolute detection thresholds of frequencies vary significantly depending on the frequency, the size of the probe, the stimulated area, and the applied force. In general, the detection threshold is constant up to 30 Hz, then it resembles a U-shape up to 640 Hz with a minimum of detection thresold of 250 Hz [START_REF] Verrillo | Investigation of Some Parameters of the Cutaneous Threshold for Vibration[END_REF]. Verrillo has shown that if the diameter of the probe is 0.8 millimeters or less, the detection thresholds for frequencies from 30 Hz to 640 Hz are as constant as frequencies below 30 Hz [START_REF]Effect of Contactor Area on the Vibrotactile Threshold[END_REF]. Above 0.8 mm, the curve returns to its U-shape. Moreover, as the size of the probe increases, the thresholds of the U-shape decrease. The lowest threshold has been estimated with a frequency of 250 Hz and a probe of diameter of 51mm 2 . These experiments were made on the thenar part of the hand, but other studies have shown similar results on the fingers [START_REF] Gescheider | A four-channel analysis of the tactile sensitivity of the fingertip: Frequency selectivity, spatial summation, and temporal summation[END_REF]. These results are closely related to certain properties of the mechanoreceptors defined above. They have made it possible to highlight the spatial and temporal summation of the circuit connected to the Pacinian corpuscles (for more details see Verrillo, 1985a [82]). This is also the reason why this network, noted PC channel (RA II), is opposed to the other Non-Pacinian networks namely NP I, NP II, and NP III (RA I, SA I, and SA II) [START_REF]Effect of Contactor Area on the Vibrotactile Threshold[END_REF].

Two-Point Discrimination Threshold

The two-point discrimination task highlighted the minimal distance needed between two sources of stimulation, so that they can be perceived as distinct from each other. It is important to note that this technique remains different from the spatial resolution threshold detection [START_REF] Craig | The two-point threshold: Not a measure of tactile spatial resolution[END_REF]. Moreover, results vary greatly between experimental protocols but also between individuals and inter-individuals (for more information, see Craig & Johnson, 2000 [93]). The parameters for determining this relative threshold are numerous. For example, some parameters are the type of stimulation, the size of the stimuli, the force applied, or the contact zone. Most often, the experiment uses a compass with thin extremities. In addition, a relationship exists between the stimulated region (or its mechanoreceptor density) and the value of the discrimination threshold [START_REF] Vallbo | Properties of cutaneous mechanoreceptors in the human hand related to touch sensation[END_REF]. The minimum threshold values for the fingers and the palm of the hand are 0.5 mm and 6 mm respectively [START_REF] Gates | The determination of the limens of single and dual impression by the method of constant stimuli[END_REF][START_REF] Friedline | The discrimination of cutaneous patterns below the two-point limen[END_REF][START_REF] Cellis | Two-point discrimination distances in the normal hand and forearm[END_REF].

Tactile Illusion

Funneling Phenomenon The funneling phenomenon occurs when several stimuli are relatively close together and are of short duration. It corresponds to the perception of a stronger sensation, placed in between the stimuli [START_REF] Sherrick | Effects of Double Simultaneous Stimulation of the Skin[END_REF][START_REF] Hashimoto | Sensory funneling of liminal multiple-point air-puff stimulation produces dramatic reduction in reaction time but relatively invariant P300 somatosensory evoked potential[END_REF], than the stimuli themselves. This phenomenon, which can occur at different places in the body (forearm, hand, fingers), is directly visible in the somatosensory cortex [START_REF] Chen | Optical Imaging of a Tactile Illusion in Area 3b of the Primary Somatosensory Cortex[END_REF]. Chen et al. demonstrated that when two fingertips are stimulated, the area of the somatosensory cortex between the two stimulated regions is activated [START_REF] Chen | Optical Imaging of a Tactile Illusion in Area 3b of the Primary Somatosensory Cortex[END_REF].

Apparent Haptic Motion This phenomenon is well described in the literature [START_REF] Burtt | Tactual illusions of movement[END_REF][START_REF] Sherrick | Apparent haptic movement[END_REF][START_REF] Sherrick | Bilateral apparent haptic movement[END_REF][START_REF] Kirman | Tactile apparent movement: The effects of interstimulus onset interval and stimulus duration[END_REF][START_REF] Lakatos | Constraints Common to Apparent Motion in Visual, Tactile, and Auditory Space[END_REF][START_REF] Carter | Tactile Rivalry Demonstrated with an Ambiguous Apparent-Motion Quartet[END_REF][START_REF] Israr | Control space of apparent haptic motion[END_REF]. It defines the perception of a movement orchestrated by static sources separated in space. The criterion of good motion is closely related to several variables. Sherrick & Rogers have shown that the inter-stimuli onset interval (ISOI) is a function of the duration of a stimulation [START_REF] Sherrick | Apparent haptic movement[END_REF]. With two vibrators activated at 150 Hz and separated with a distance ranging from 4 cm to 22 cm on the thigh, the good motion is obtained when ISOI = 70 + duration 2 ms. Kirman found a very similar result with a lower offset (40ms) with two vibrators spaced 3.5 cm beneath the index [START_REF] Kirman | Tactile apparent movement: The effects of interstimulus onset interval and stimulus duration[END_REF]. Lakatos and Shepard proposed an experiment highlighting the common variables of visual, auditory, and tactile apparent movement [START_REF] Lakatos | Constraints Common to Apparent Motion in Visual, Tactile, and Auditory Space[END_REF]. This experiment did not put forward the good motion criterion of movement, but rather whether the movement was correct or not. For the tactile experiment, 12 actuators were placed in a circle beneath the palm of the hand. Each actuator was spaced 4.85 mm from the adjacent actuators and the stimuli were taps. The correct criterion of the movement appeared to be truer according to the increase of the inter-stimulus duration (SOA or ISOI). Israr and Poupyrev reported that the SOA was dependent on the duration and location of the stimulation and independent of the frequency and amplitude of the stimulation [START_REF] Israr | Control space of apparent haptic motion[END_REF]. In addition, the impact of the distance between stimulation sources or the direction of the overall stimulation is dependent on the area stimulated [START_REF] Israr | Control space of apparent haptic motion[END_REF].

Sensory Saltation Illusion

The sensory saltation illusion, or rabbit illusion, is different from the apparent haptic motion. This illusion corresponds to the shift in space of the perception of a tap. To make it possible, a first stimulation is made on a first area, followed by a second stimulation after several hundred milliseconds. A third stimulation, placed on another area of the skin, is given just after the second stimulation. The participant does not perceive the presence of the second stimulation on the first area but between the two stimulated areas [START_REF] Lederman | Tactile and Haptic Illusions[END_REF][START_REF] Geldard | The cutaneous "rabbit": A perceptual illusion[END_REF].

Perception of an individual with deafblindness

Deafblindness is a rich domain connecting several domains from clinical [START_REF] Dammeyer | Prevalence and aetiology of congenitally deafblind people in Denmark[END_REF][START_REF] Dammeyer | Identification of congenital deafblindness[END_REF][START_REF] Pavey | The Identification and Assessment of the Needs of Older People with Combined Hearing and Sight Loss in Residential Homes[END_REF][START_REF] Fellinger | Failure to detect deaf-blindness in a population of people with intellectual disability[END_REF], social [START_REF] Dammeyer | Communication and language profiles of children with congenital deafblindness[END_REF][START_REF] Network | Mapping Opportunities for Deafblind People Across Europe[END_REF][START_REF] Larsen | Definitions of deafblindness and congenital deafblindness[END_REF][START_REF] Duquette | Communication between people with deafblindness: how could it be facilitated?[END_REF], to perception [START_REF] Dammeyer | Deafblindness: A review of the literature[END_REF]. Few studies, however, have been dedicated to the tactile perception of people with deafblindness. Indeed, the wide variety of deafblindness makes it difficult to obtain consistent results since they can vary from a congenitally deafblind person to a person who has acquired it [START_REF] Dalby | Characteristics of Individuals with Congenital and Acquired Deaf-Blindness[END_REF]. However, people who are Deafblind use their sense of touch more extensively and diversely than people without disabilities. One would expect deafblind people to perform at least as well as people without disabilities, or even better depending on the task.

In addition, it has been shown that tactile sensitivity decreases with age [START_REF] Thornbury | Tactile sensitivity as a function of age[END_REF][START_REF] Reuter | Touch perception throughout working life: Effects of age and expertise[END_REF]. Althought most individuals who are Deafblind are over 50 years old, it seems that they still perform better on tactile perception tasks, when compared to younger individuals without deafblindness. Janssen et al. investigated the criteria for speed and success when performing a pattern recognition task. They found that deafblind people performed the tasks faster but had a similar success rate regarding sighted-hearing people [START_REF] Janssen | The Advantage of Encoding Tactile Information for a Woman with Congenital Deaf-Blindness[END_REF]. Arnold and Jane reported, with similar results, that deafblind people needed less movement to complete tasks [START_REF] Arnold | Tactile memory of deafblind participants[END_REF]. Arnold and Heiron then showed with a series of four experiments the same phenomena of speed and economy of movement in deafblind people [START_REF] Arnold | Tactile memory of deaf-blind adults on four tasks[END_REF]. Papagno et al. used a different protocol. With two discrimination experiments, one spatial and one temporal, they compared the results between deaf, blind, deafblind, and sightedhearing (control) groups [START_REF] Papagno | Deaf, blind or deaf-blind: Is touch enhanced?[END_REF]. For the temporal discrimination experiment, it was found that the blind and control groups performed better than the deafblind group, which performed better than the deaf group. For the spatial discrimination experiment, the deafblind group performed significantly better than the other groups. On a scoring task, Cattaneo et al. showed that deafblind people had similar scores to blind people [START_REF] Cattaneo | Spatial biases in deaf, blind, and deafblind individuals as revealed by a haptic line bisection task[END_REF].
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Introduction

Today, access to computers for individuals who are Deafblind is restricted to the use of Braille, which requires these persons to be proficient at Braille reading. On the other hand, the Deafblind community developed methods of linguistic communication based on touch. The practice of these methods involves a person manually producing tactile signals for another person to receive them. Among these methods, tactile fingerspelling techniques include the Italian Malossi, German Lorm, British Deafblind Manual, and Australian Deafblind tactile fingerspelling.

Tactile fingerspelling encompasses a class of linguistic communication techniques that is propitious to mechanisation. Tactile fingerspelling involves producing tactile symbols that are applied mostly to the palmar side of the receiving hand. These symbols match the alphabet of the underlying language, such as the Roman alphabet. The person who produces the symbols uses her or his fingers to make contact with the hand of the receiver. The person producing the messages may optionally augment the messages, for example for emphasis, with movements and pressures applied by her or his free hand onto the wrist of the receiving person.

Assistive communication technologies for the Deafblind community tend to suffer from slow development because they are constrained to a small target population. The small number of prospective users combined with a low investment attractiveness often result in expensive and ultimately inaccessible technologies because of a perceived low benefit-to-cost ratio. Moreover, assistive technologies typically do not benefit from sufficient practical use to become well adapted to the users' actual needs [START_REF] Bühler | Approach to the analysis of user requirements in assistive technology[END_REF]. As seen in the previous chapter, several researchers in the past attempted the development of devices for tactile communication based on tactile fingerspelling techniques [START_REF] Gollner | Mobile Lorm Glove: introducing a communication device for deaf-blind people[END_REF][START_REF] Jaffe | The development of a third generation fingerspelling hand[END_REF][START_REF] Eberhardt | OMAR a haptic display for speech perception by deaf and deaf-blind individuals[END_REF]. Unfortunately, none of these devices have attracted sufficient interest to progress toward practical development. We also have seen that this might be due to a minimal tactile stimulation fidelity which has not been reached by the existing prototypes.

I primarily focused my thesis on the artificial reproduction of the sensations elicited by the manual of Australian tactile fingerspelling alphabet with the highest level of resemblance that the constraints of simplicity, manufacturability, and affordability could support. In order to maximise the probability of making a device filling these criteria, it was crucial to study the Australian tactile fingerspelling alphabet. Based on several observations, I showed that it is possible to regress the alphabet to two main invariant classes highlighting the commonalities between tactile patterns. Then, the details of the device concept is shown and its generalisation to other methods is discussed. Before going into details of the alphabet features reduction, the device requirements are presented deeper than the previous chapter.

Requirements

The requirements that are believed to be essential to develop such a device can be classified into three categories corresponding to human factors, hardware, and the need for flexibility. These categories do not share the same degree of importance. It is essential to find solutions that meets all the requirements of the human factor category before meeting the requirements of the hardware design. Similarly hardware criteria should take precedence over flexibility.

• Requirements arising from human factors, the sense of touch, and anthropometric constraints:

tactile sensations resemblance with the manual production of tactile symbols;

posture of the hand during reception;

heat management during prolonged contact and ensuing sweating.

• Requirements concerning the hardware:

robust;

safe to use;

washable;

affordable;

easy to manufacture, duplicate, and maintain.

• Requirements arising from flexibility of use:

portability;

ability to support different sets of tactile symbols;

ability to be adapted to different hand sizes.

Human factors

The perceptual quality of the signal transmitted to the user was the most crucial requirement. It is essential to convey tactile information in the clearest and most natural manner possible. In other words, the device has to be able to reproduce the sensation of natural contact made by human fingers (more details in the following sections). The device also had to allow tactile symbols to be presented at the same pace as that of skilful signers. Information transmission delay was to be minimised, lest delays could jeopardise interactivity. The device is intended to be used for periods of long duration. The receiver's hand was to be in a posture that allowed for reception during extended periods of time. The device was also to be configured to allow for the hand to undergo small postural readjustments during use. Thus the hand should not be constrained with straps, cradles, and similar constraining devices; but rest in a position that allowed for freedom of movement. The receiving hand also needed to be free to withdraw from the device at any time.

Prolonged skin contact with impermeable surfaces causes the skin to sweat, especially when these surfaces become warm. The accumulation of sweat leads to discomfort. Thus, the device was to be designed to evacuate the sweat and the heat generated by the body. 

Hardware requirements

Like most accessibility technologies, an essential criterion is affordability. The design was to be uncomplicated, robust, and ideally manufacturable by non-experts given minimal skills. The components were to be simple, inexpensive, and widely available. For those components that are not available on the market, the manufacturing processes were to be broadly available.

Additive manufacturing now has these qualities but the tolerances are low. If the device is to be used intensively the mechanical and electrical components were to be robust and safe (e.g. blunt edges, low voltage). The interface was to be easy to clean and the parts simple to interchange.

Flexibility

The purpose of the device was to emulate tactile fingerspelling involving different combinations of the features present in Australian tactile fingerspelling. Interestingly, as with vocal communication, the underlying codes may vary over time and according to context. An example is the use of shortcuts for frequent words, combinations of words, or grammatical forms. Therefore, the hardware and software design must be flexible enough to incorporate new linguistic features or update existing ones. The mechanical interface had to account for the fact that hands can have different sizes and that communication may take place anywhere it is needed. The alphabet is elicited on the left hand of the receiver, where the signer draws rapid succession of tactile symbols reminiscent of fingerpicking stings on a guitar. This alphabet is described in detail in Topp's report [START_REF] Topp | Deafblind haptic speech[END_REF]. Each tactile symbol, that represent a letter of the alphabet, results from a combination of four factors:
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1. The posture of the signer's hand;

2. The type of contact: tap, slide, or pinch; 3. The position and orientation of the receiver's hand relative to the signer's hand; 4. Accentuation, or dynamics of the contacts. This description is suitable to analyse the relationship between the signer and the receiver. However, in our case, the interest is on reducing the complexity of the tactile sensations elicited on the skin of the user. Thus, the tactile symbols are not interpreted as a combination of these four factors, but from the point of view of the contact mechanics on the hand of the receiver. In addition, the active area of the receiver's hand has also been limited to reduce the complexity of interpretation. The two letters which use the back of the hand use equally the palmar side of the hand. Also, three letters are made on sides of the hand, such as the letter 'T'. Thus the dorsal side of the hand is not taken into account, and the side letters are interpreted as being made normal to the palm of the hand. This simplification was found acceptable by prospective users and simplified hardware considerably. Additionally, the palmar side of the hand has been considered as a flat surface (visible on figure 3.1). The tactile stimulations, representing the letters, made on this flat surface have been divided into two main categories: its contact type, and its contact area size. Each category depends on space and time. ( * ) This value includes one symbol which also involves the dorsal side of the hand. ( * * ) This value includes two symbol which also involve the dorsal side of the hand.

The letter contact type is defined by two values: tap, and tap and slide. Pinched tactile symbols are included in the tap contact type as it can been classified as the combination of two distinct taps made on different locations of the receiver's hand (see letter 'P'). Table 3.1 shows the distribution of the two contact types in function of the location on the receiver's hand. The first possibility is the tap type, where the signer's hand comes in contact with the skin of the receiver, creating one or several discrete contact areas. The contact areas remain static, and after a certain amount of time the pressure is released, indicating the end of the tactile symbols. A short duration is defined as a "tap" and a long duration as a "tap-and-hold" [START_REF] Topp | Deafblind haptic speech[END_REF]. These contact areas can be of a size of a fingertip, like the letter 'E' of 'F', or as large as four fingers, such as the letter 'W'. The second possibility is the tap and slide type. This type is similar to the previous one, but instead of remaining at a static location, the contact area(s) move(s) over time to (an)other location(s). Each letter of this type of contact can also be of different contact size areas, from of the size of a fingertip (see letter 'C') to the size of a palm (see letter 'H'). In total, twenty-one letters are made of the tap type and five letters of the tap and slide type. The letter contact areas are defined by eight different contacts: one, two, or four fingertips, one, two, or three fingers, the ulnar side of a closed hand, or the entire palmar side of a hand. Table 3.2 describes the distribution of these contact areas by contact type. The eight categories result from the interaction between the receiver's hand and the shape of the signer's hand. The receiver's hand is represented by red rectangular zones and the signer's hand by black contours. The eight contact areas have been abstracted to two contact area sizes. Table 3.3 shows the distribution of the two contact area sizes in function of the contact type. The first group defines the contact area size similar to a fingertip, where the signer's hand comes in contact with the receiver's skin, creating one or more discrete contact areas of the size of a fingertip (see letters 'D', 'E', and 'F'). The categories with contact areas of one, two and four fingertips are included in this group. The second group defines a contact area size larger than a fingertip. This type includes letters that have at least one contact area larger than a fingertip (see letters 'N', 'M', or 'L'). The categories with contact areas of one, two and three fingers, of the ulnar side of a closed hand, and of the entire palmar side of a hand are included in this second group. In total, eighteen letters are made of contact area(s) of the size of a fingertip, and eight letters are larger than the size of a fingertip. Table 3.2 shows the distribution of letters in function of contact area size and contact type. This information can also be seen as the importance order for the combination of these two letter variables. Mindful to achieve an artificial reproduction of the sensations elicited by the manual of Australian tactile fingerspelling alphabet with the highest level of resemblance, the device needs to be able to stimulate with high fidelity, in the order of importance, tap sensations of the size of a fingertip, tap sensations larger than a fingertip, tap and slide sensations of the size of a fingertip, and finally tap and slide sensations larger than a fingertip. The device also has to be able to stimulate the entire palmar side of the hand, as the alphabet uses the overall palmar side of the hand (see figure 3.2). Also, discussions with professional interpreters indicated that the pressure applied by their hands and fingers on the receiver's hand is light during communication. The mechanical load has been estimated never to exceed one Newton.

Concept Overview

Actuator design and actuators distribution

The actuator design and the positioning of the actuators are governed by the four previously presented categories of letters.

Category 1: tap letters with contact area size of a fingertip Figure 3.3 shows the chosen approach to produce tap sensations similar to those made by a fingertip. Such contact can be imitated by placing an actuator at the location of the stimulation which has an end effector similar to the shape, elasticity, and size of a fingertip. Its shape must be similar to a hemisphere of 10 mm in diameter [START_REF] Wu | Analysis of the contact interactions between fingertips and objects with different surface curvatures[END_REF] with a Young's modulus between 4.5 kPa and 8 kPa [START_REF] Pailler-Mattei | In vivo measurements of the elastic mechanical properties of human skin by indentation tests[END_REF][START_REF] Agache | Mechanical properties and young's modulus of human skin in vivo[END_REF]. The actuator must also have a linear displacement. This would allow the actuator to not contact the skin before the stimulation, but to come in contact with the skin when the stimulation needs to be made, generating a tap similar to those made by a fingertip. To Figure 3.4 shows the chosen approach to produce tap sensations similar to those made by fingers and other parts of the hand larger than the fingers. Based on the actuator design presented in the previous paragraph, it is possible to take advantage of the perceptual filling-in phenomenon [START_REF] Jansson | The potential importance of perceptual filling-in for haptic perception of virtual object form[END_REF] without modifying the actuator design. This mechanism corresponds to the brain's capacity to perceive discrete stimuli as if they were part of a bigger event. By activating two actuators close enough to each other, the two discrete contact points should not be perceived as individual stimuli, but as one longer and unique sensation. This dynamic stimulation has not been well studied in the literature. The closest psychophysics experiments that can be related to it investigated the spatial sensitivity of the skin using the two-point threshold discrimination task [START_REF] Holden | Receptive fields and the two-point threshold[END_REF][START_REF] Johnson | Tactile spatial resolution. I. Two-point discrimination, gap detection, grating resolution, and letter recognition[END_REF][START_REF] Stevens | Temperature and the Two-Point Threshold[END_REF][START_REF] Gibson | Tactile spatial sensitivity and anisotropy[END_REF]. These studies among others used a large panel of stimulation methods, which provoked debates about the relevance of the two-point threshold discrimination task to determine the tactile spatial sensitivity [START_REF] Craig | The two-point threshold: Not a measure of tactile spatial resolution[END_REF]. However, the standard cases were made with a compass, where the two-point threshold discrimination was estimated to be 6 mm. In this case, the stimulation is static and constant until the answer of the participant. In our case, the stimulation is brief and dynamic, made by end effector much larger than compass apex. Thus, it seemed reasonable to separate the actuators as far as 10 mm from each other, without risking that the user will feel the actuations as discrete sensations. The main reason for this separation approximation is to minimize the complexity of the device design, as less actuators have to be controlled and placed below the hand. The last category is only made of the letter 'H' (see Figure 3.6). This letter can be elicited by taking advantage of the two previously presented perceptual phenomena: the filling-in phenomenon and the tactile apparent motion illusion. Thus, lines of actuators can be activated one after the other to create like a moving wave of vibration from the bottom of the palm to the fingertips.

Definition of the actuator design and actuators location

The four categories of symbols were to be represented by combining a proper actuator design and placing them optimally beneath the hand. Figure 3.7.a summarises the modes of operation that the actuators were to support. The first actuator mode was a tapping mode and the second was a vibration mode. Once these modes become available, the proper coordination of the actuators activation was to allow for the reproduction of almost all the symbol set given the actuator distribution shown in Figure 3.7.b.

One actuator were to be placed under each finger phalanx, except for the small finger where there were to be only two actuators placed between the proximal and middle phalanges. This adjustment was to provide for a preferred location to represent the symbol corresponding to the letter S. A matrix of three-by-three actuators, located on the palm, was to represent letters like L, N, or M. One actuator was to be added on the ulnar-palmar side of the hand to represent the symbol corresponding to the letter T. An additional actuator was also to be added on the bottom of the palm to represent the frequent shortcut for the English gerund form, 'ing', according to discussions with Sven Topp.

Hand Support

The hand support was to be in contact with the skin for long periods of time. The receiving hand was preferably to be resting passively to reduce fatigue. A solution was to adopt the shape of hand in its resting position [START_REF] Klopsteg | Artificial limbs[END_REF][START_REF] Tubiana | [END_REF][START_REF] Tubiana | Functional Anatomy[END_REF]. At the same time, it thought to be necessary to minimise the amount of permanent contact surface to allow for natural cooling and sweat evaporation. Figure 3.8 illustrates the overall hand support general outline.

Minimising permanent contact was thought to provide the effect of reducing tactile stimulation when the actuators were not activated. A small effective permanent contact area of contact thus would have the consequence of improving what could be called the "tactile signal-to-noise ratio" of the device since permanent contact may be viewed as background tactile noise. In fact skilled signers are careful not to touch the hand of the receiver except for transmitting information.

Thus the hand support was to resemble a so-called ergonomic computer mice but featuring an openwork design with little actual contact with the hand. It was to be large enough to contain the actuators distributed in their proper locations.

Extended Use to Other Tactile Fingerspelling Techniques

The design of the device should allow to stimulate the entire palm side of the hand with a bidimensional array of 24 actuators. The resolution was made enough to represent all the letter of the Australian tactile fingerspelling alphabet, but it is also reasonable to say that, with the same electromechanical design, the user could use the device for other tactile fingerspelling techniques.

The other techniques use different tactile patterns but they are based on principle similar to those highlighted previously in the Australian tactile fingerspelling alphabet. Four techniques have been reviewed in order to estimate the compatibility with the device.

The Deafblind manual alphabet

This alphabet has been developed in the United-Kingdom. There is no discussion about its compatibility as it is identical to the Australian tactile fingerspelling alphabet.

The Lorm alphabet

The Lorm alphabet has been developed in Germany and are mostly used in Slavic countries. It is represented by 32 letters -30 german letters and 2 grammatical shortcuts (see figure 3.9). One black dot represents the tap type, two blacks dots correspond to two taps one after the other, lines are tap letters with large contact area, and arrows are tap and slide motions. Three letters seem difficult to approximate with the proposed design: the letter 'X' is between the hand and the forearm, no actuator has been located there in our design; the letters 'F' and 'Sch' are made by squeezing two and four fingers respectively, which is not feasible by design. For the twenty-eight
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b. The Malossi alphabet has been developed and is used in Italy (see figure 3.10a). This alphabet is only made of tap letters of the size of a fingertip. The main issue with the formalisation of this alphabet is the density of letters on the fingers. The five fingertips are separated in two different locations for two different letters. A line of five letters located on the palm of the hand ('L', 'W', 'M', 'N', and 'O') is also denser than the top line of three actuators needed in our design. Finally, the letter 'J' can't be represented as exactly as it can be made by a finger as no actuator is placed at its location. For the letters that use the fingertips, their differentiation could be solved by changing the tap tactile pattern of one of the two letters into a vibration tactile pattern or a double-tap tactile pattern (represented by red arrows on figure 3.10b). The letters 'W', 'N', and 'J' could be made by using, at the same time, the two closest actuators (represented by green arrows on figure 3.10b).

The Spanish tactile fingerspelling alphabet This alphabet uses exclusively the palm of the receiver's hand. The letters are also made of tap, and tap and slide tactile patterns. Using the array of 3-by-3 actuators should limit significantly the quality of the reendering letters. An deeper analysis needs to be made to quantify the compatibility between the design of the device and the Spanish tactile fingerspelling alphabet.

Conclusion

The concept of a fingerspelling tactile communication device was described. The design concept highlighted eleven criteria that were thought to be essential for the development of a suitable device. Through a study of the Australian tactile fingerspelling alphabet, we also highlighted the commonalities between tactile patterns. Based on this analysis, we proposed a concept for a tactile communication device that met the requirements. This design comprises an array of twenty-four actuators distributed at specific locations beneath the hand. Their placement and the design of the actuators was to allow for the tactile reproduction all the symbols of the alphabet with good fidelity. In addition, the design was to allow for prolonged use free of muscular stress and discomfort resulting from sweat accumulation.

The actuator design presented in this chapter combines two types of actuations. It aims to elicit tap sensations and vibrations from 1 Hz to 500 Hz. It also has to be small enough to accommodate 24 beneath the palm of the hand. Such design was actually not commercially available, so in order to test the presented concept device design, it was necessary to develop a new actuator. The following chapter presents the developement of such actuator in detail.

Highlights Summary

Contributions:

-Definition of eleven requirements for tactile fingerspelling communication system.

-Highlighting the commonalities between tactile patterns of the Australian tactile fingerspelling letters.

-Proposition of a tactile fingerspelling communication system based on an array of 24 actuators.

Introduction

The practical realisation of tactile displays has long been a challenge. One factor which is frequently cited is the lack of availability of actuators that are sufficiently small, fast, strong, reliable, cost effective and have other desirable application-specific properties. In the past fifty years many tactile display designs have been described but are not surveyed here because numerous review articles are readily available and continue to be published at a steady pace. A result of the lack of adequate actuators is that today, with the exception of refreshable Braille displays, most commercially or pre-commercially available (i.e. evaluation kits) devices are single or few actuator systems. Multiple actuator tactile displays typically remain laboratory prototypes. From this perspective the current situation is not much different from that in 1927, see [131, Fig. 34]. These observations justify the consideration of tactile displays, like R. H. Gault did almost a century ago, from the view point of narrowly defined use-cases. In this chapter, we focus on one single use-case: The stimulation that is necessary to bring about linguistic communication by Australian tactile fingerspelling alphabet. Moreover, as described in the previous chapter, a specific actuator is needed to reproduce both tap, and tap and slide sensations. Such actuator should dispose of two modes of actuations: a linear displacement mode that would elicit tactile sensations similar to a tap exerced by a finger; a vibrotactile mode that would be used for the tactile apparent motion illusion.

The three major designs of the intended actuator are presented in this chapter. First, the preliminary design is presented to show the difficulties in meeting all the design requirements, then a second version is presented that includes minor modifications to make the actuator work. The third design is an optimised version of the second design. The validation presented in the chapter was made with the third design only. Before we review the design for an actuator suitably designed for tactile fingerspelling, its requirements are now presented.

Summary of Requirements

An observation which is highly relevant to design of actuators specifically tailored for tactile communication through fingerspelling is the fact that professional tactile interpreters can sign continuously at a rate of up to five symbols per second. To estimate the speed requirement of a tactile display capable of reproducing natural signing, an informal test was performed with the help of a volunteering professional interpreter. The interpreter was asked to sign the pangramic sentence "The quick brown fox jumps over the lazy dog". A total of nine seconds was required to convey thirty-five letters. A breakdown of this sentence by symbol type indicates that six were signed by sliding, fifteen were signed with a single tap, fourteen by tap-and-hold, and one by a pinch. Rough estimates suggest that symbols requiring swiping can take up to 300 ms in duration while the much shorter tapping motions are executed under 30 ms. While this test was conducted at the maximum speed of the interpreter it should be noted that this pace cannot be comfortably sustained for more than a few minutes. With this observation and the information detailed in the previous chapter, eleven requirements have been weighted equally and must be met without exception, namely, 1. to be usable in any orientation : to be portable, the actuator could be embedded into a device that will be used not only on flat surface but also on the street, like a smartphone1 ;

2. to be small enough to accommodate twenty to thirty actuators in a space delimited by a human hand above a table ;   3. to be capable of delivering impacts on the hand similar in nature to those made by human fingers. The energy dissipated by such impacts may be estimated at 0.2 mJ. This figure can be worked out from acceleration data from human fingers [START_REF] Christou | Fluctuations in acceleration during voluntary contractions lead to greater impairment of movement accuracy in old adults[END_REF];

4. to achieve repeating these impacts at a rate of at least four per second distributed over the device. Here, the performance of the transducer shouldn't be specified with respect to the perceptual performance of the receiver, but rather with respect to the motor performance of signers. Most experienced Tactile Interpreters can finger tap three times per second on average [START_REF] Peters | Handedness measured by finger tapping: a continuous variable[END_REF];

5. to assume a recessed position when not in use to avoid unwanted parasitic stimulation, even when not activated;

6. to provide vibro-tactile stimulation in the range 100-500 Hz such that frictional noise can be simulated with the aim of producing good apparent motion, a commonly accepted range of frequencies [START_REF] Verrillo | Psychophysics of vibrotactile stimulation[END_REF];

7. to be safe to use and to interact with, even in the case of malfunction;

8. to be easy to be manufactured and replicated given basic technical skills, and operate at nominal performance even with low tolerance manufacturing;

9. to have a moderate cost and to rely on widely available materials and components; 10. to be easily maintainable, interchangeable, and if possible washable;

11. and to be reliable, maintainable, and support millions of cycles before failure.

Therefore multiple designs of such an actuator have been made to reach these requirements, without a complete success. Before we develop the technical details of the most recent design and the requirements which have been modified, the following section will present the steps which have lead to a sustainable balanced between the requirements and the actuator design.

Preliminary Design

The first early decision concerned the type of primary actuation. Unless otherwise shown, the electrodynamic motor which vastly dominates the transducer industry, was the only available option. Any of other known modes of realisation of actuation failed to meet one or several of the constraints outlined in Section 4.1.1. However, the success was not total, even if we used an electrodynamic engine. In fact, it turned out that manufacturing such an actuator with the properties of free orientation which implies relatively precise guidance (criterion #1), and the fact that it has to be manufactured with low tolerance (criterion #8), was not so straightforward.

The first requirement of such an actuator was to be usable in any orientation; The symbol's patterns of tactile fingerspelling languages can stimulate the dorsal part of the receiver's hand, or the volar part, or both. For instance, the letter 'W' of the Australian tactile fingerspelling alphabet tightens both the palmar and dorsal part of the hand. In order to meet this requirement, our first step has been to design a guided actuator so it could be used independently of its orientation. The figure 4.1 shows the first actuator design. It basically comprises the first decision of using electrodynamic motor and a bearing to counter the attraction of gravity of earth. While the coil was wound around the external component (also called the mandrel), the magnets are embedded along a brass rod (also called the plunger) maintained inside the mandrel by the bearing. It gently maintains the plunger inside and centered with the mandrel thanks to 3 equally spaced apart steel balls placed between the plunger and the mandrel. Each ball is held inside two 5 mm rubbered cavities, made in the mandrel and the plunger, allowing the ball to move linearly backward and forward at the pace of the plunger motion. In order to facilitate the mounting, the cavities are opened at the top, and then covered by a cap to fence the steel balls inside the cavities. Despite several iterations on the bearing design, the balance between countering gravity of earth and the quality of the actuation was not consistent enough due to the high precision that the placements 4.3. Working Motor Design Mark I of the rubbers and the rod required. As no simple idea was found to reduce the complexity of the bearing assembly in a reasonable time frame, and as the removal of this requirement is not vital, we have decided to remove the guidance mechanism from the design process.

From this observation, it was concluded that vertical displacement would be a primary constraint owing to its simplicity. Vertical displacement can be achieved with no other mechanism than a plunger moving in a vertical bore. In addition, the removal of this requirement was achieved at relatively low cost, as only two of the twenty-six letters in Australian Tactile Fingerspelling Language involve the dorsal part of the hand. This observation is even truer in other Tactile Fingerspelling Languages such as Lorm in Germany, Malossi in Italy, or Spanish Tactile Fingerspelling where the alphabets are exclusively displayed on the volar palm of the hand. The working motor design Mark I could therefore take into account the same requirements as the previous version with the exception of the first requirement (see 4.1.1). The concept has remained almost the same without the bearing which has been removed as it is visible on the figure 4.2. The two seperate components are then in contact with each other only when the actuator is unused, as the plunger is lodged freely inside the mandrel. Therefore when the actuator switches from powered to unpowered, the plunger, in the up position when the actuator was powered, descends, creating an impact at the bottom of the mandrel. To leveling this problem, a rubber o-ring has been placed beneath the plunger to reduce this impact. Four holes have been also added to make the air properly flows during the descent of the plunger.

Working Motor Design Mark I

We have also decided to add two connectors at the bottom of the actuator which are connected to the apex of the coil. This configuration allows to be independent of any additional wire as it is known that such small diameter of wires can easily break when manipulated. However, although the idea was tempting, we have realized that for the precision required in welding and placement, the gain is not so important because the mandrel will remain fixed once the actuator has taken its place in the interface. As we wanted to facilitate the mounting, this characteristic has be removed in the future version. This version of the actuator has been utilized in a very early tactile display prototype, visible on figure 4.3. During informal tests with Sven Topp, the actuator mainly showed two weakness. It is known that the individuals with deafblindness possess lower tactile thresolds in general, so what could be qualified as a sufficient signal-to-noise ratio for common people could not be the case for users with deafblindness. We expected the rubber o-ring to be sufficient to cushion the plunger, reducing most of the noise when the piston contacts the mandrel. However, this hit was felt by the user to be as clear as an echo of a real tap exerted by the actuator directly on the skin. Secondly, the behavior of a substantial majority of the actuators was strongly impacted by the proximity of other actuators, due to the magnetic interaction between the plungers. As instance, lifting a plunger could also lift another plunger if the two actuators were closed enough, even if only one actuator was activated.

To overcome these two weaknesses, both the design of the user interface and the actuator have been rethought. The full detailed modifications of the whole interface design are available the chapter 5. Design iterations, using well-known principles of realisation of electrodynamic motors [START_REF] Wang | A general framework for the analysis and design of tubular linear permanent magnet machines[END_REF], rapidly converged to a design based on an axial organisation of the magnets. The presently realised motor is represented in Fig. 4.4a. The motor comprises only two subassemblies. The first is a thin-walled mandrel on which a coil is wound. The mandrel includes thicker walls at either end to increase its structural strength. The second is a moving subassembly comprises two axially polarised ring magnets secured around a non-ferromagnetic rod. It is made of a carbon fibre composite but this is not essential. The moving subassembly acts like a plunger which is inserted in the bore of the coil subassembly, remaining there under the action of gravity, and is free-moving. The present design produces a nominal force of approximately 0.15 N, meaning that for a plunger mass of about 3 g, it is capable of an acceleration five times that of gravity.

Working Motor Design Mark II and Realisation

Recall that the central design goal was to provide for two modes of stimulation. The first mode is an tap mode aimed at reproducing the impact of a finger and the second is aimed at providing for vibro-tactile stimulation in an intermittent fashion.

Impact Mode

An impact was achieved by simply pulsing current in the coil. The plunger shot up from which two scenarios can arise. If there is a hand in range of the motor -the pods and the hand rest shell were strategically designed to locate the skin within 3.0-4.0 mm of the cap in its rest position -, then a collision occurred. The sensation of impact was very similar to that generated by a tapping finger. If for any reason no hand was present to determine a collision, then the plunger continued to rise. However, see Fig. 4.4b, the magnetic field interfering with the coil soon reversed and so did the electrodynamic force, causing the plunger to be pushed back into the bore. If for any reason current should ceased, a hard stop prevented the plunger from exiting, at the cost of an unpleasant knocking noise. During normal operation, current timing and intensity could be judiciously selected to ensure silent operation of the motor.

It is important to recall that vibration-free operation was an essential requirement for intelligibility which required precise timing of current reversal to stop the plunger before y the bottom of the bore. Precise timing could not be achieved without a complex closed-loop operation. A solution was to provide for passive braking when approaching the end of the downward movement by tiny magnets inserted at the bottom of the bore that interfered with the main magnets to create a repelling force of the form 1/a 2 , where, a is the magnet-to-magnet distance. A secondary braking mechanism was a viscous force caused by the flow of air through small vents that were calibrated to provide a desired amount of damping. Combining these elements makes it possible to determine the nonlinear equation governing the motor,

mz(t) + bż(t) + k(z)z(t) + mg = a(z(t), i(t)),
where m is the mass of the plunger, z(t) is the vertical position of the plunger, k(z) is a nonlinear spring modelling the action of the braking magnets, g is the acceleration of gravity, and a(z, i) models the variation of the electrodynamics force as a function of the plunger position, z(t), and of the current, i(t), flowing in the coils. The functions k(z) and a(z, i) were not empirically determined, owing to the final design of the actuator not being frozen. An interesting "sling-shot" effect involved the reversal of the current during an initial pulse followed by switching to a positive pulse in a second phase.

Vibro-Tactile Mode

While in this mode of operation, the motor was biased to cause the plunger to lift upward and push gently against the skin. Remaining in this position, the motor could be used as a widebandwidth electrodynamic transducer. In our present design the lifting and gentle push on the skin was achieved for only 10% of the nominal current capacity, allowing plenty of headroom for oscillatory stimulation. In this mode, we may model the actuator as a linear system working around a biased operating point,

mz(t) + bż(t) = c b (i(t)) + f (d,t),
where, c b represents the motor's Bl product at the point of operation, where f (d,t) is the dynamic model of the mechanical load given by a finger, and where d stands for the surface deflection of the finger. Estimates for f (d,t) can be found in [START_REF] Wiertlewski | Mechanical behavior of the fingertip in the range of frequencies and displacements relevant to touch[END_REF].

Fabrication

Various dimensions and materials were optimised using CAD tools. In particular it was found that the magnet geometry indicated in Fig. 4.4 provided good performance with conventional, commercially available neodymium magnets. With some precautions, a 3D-printing process using fused deposition gave satisfactory manufacturing of the mandrel. The coil winding was initially undertaken manually. A desk-top winding machine was designed in-house to speedup the winding process and achieve tight and regular wire packing. In order to ensure that the coil do not force on the mandrel up to the point that the rod could not move anymore, the coil is immersed in resin. It was found that an 8 Ω, two-layer coil gave a good compromise, similar to coils incorporated in audio loudspeakers. The magnets were bonded to stock carbon fibre rods cut at length. Not accounting for labor, an overall costing of the components for small scale production came to a total of 13 e (9 e for the mandrel and 4 e for the plunger). Large cost savings could certainly be obtained through bulk procurements.

Evaluation

Time Domain, Large Signal Response

This test was intended to verify that our actuator could effect rapid taps at speeds and intensities outlined in the requirements. The actuator was commanded with brief 20 ms, 3.3 V pulses at 90 ms intervals and its movements were monitored using a miniature accelerometer (ADXL 335, Analog Device, PC-board-less custom commissioning, mass 50 mg). The response is in Fig. 4.5, showing that the motor was clearly capable of repeating ten taps per second. Figure 4.5b shows that acceleration (smoothed by a second-order lowpass Butterworth filter) tracked the input command with some disturbances due to the frictional noise of the magnet sliding inside the bore. Figure 4.5a shows the numerically integrated raw acceleration signal that estimated, after de-trending, the plunger velocity and position. Decreasing velocities were when the plunger was falling back inside the bore under the action of gravity and increasing velocities is when it was propelled upward. It can be observed that the plunger velocity reached 0.4 m/s when the vertical displacement was 4 mm, leading to an inelastic impact energy of 0.24 mJ. 

Frequency Domain, Small Signal Response

We analysed the frequency response of the actuator by interposing the miniature accelerometer between the rod and the cap in contact with the finger of a volunteer, as in Fig. 4.6a. The motor was biased at 20% of its current capacity and a small oscillatory voltage was superposed to the bias. The actuator was driven with sinusoidal signals at frequencies ranging from 20 Hz to 1000 Hz (by steps of 10 Hz from 20 to 500 Hz and of 50 Hz between 500 and 1000 Hz). The measured acceleration and input voltage recordings for each frequency were used to produce the frequency response shown in Fig. 4.6b using the Fast Fourier Transform function of Matlab. The plot demonstrates that for the range of frequencies 20-200 Hz the actuator can be modelled by a mass. The slight ∼3 dB drop around 250 Hz may be attributed to the viscous damping properties of the finger [START_REF] Wiertlewski | Mechanical behavior of the fingertip in the range of frequencies and displacements relevant to touch[END_REF], while the rise in signal magnitude in the high frequencies can be explained by the increasing contribution of frictional noise in this range. This effect can be observed in Fig. 4.6c showing the noise-sensitive acceleration signal in the time domain.

Discussion

We have shown here the development of such an actuator from its conceptual part through prototyping phases to a stable format. It has been shown that the property of free orientation cannot be easily meet due to the necessary fine tuning of the guide when coupled to a manufacturing level that should not require high accuracy. However, simplifying the design of the actuator by removing the guide and using it only vertically does not appear to have a significant impact on the overall idea of a device for communication with people who are deafblind. We set out to design and produce an actuator suited to the purpose of generating the sensations required for the reproduction of tactile codes used in the Australian tactile fingerspelling alphabet. Whilst we have no doubts that further iterations of design will be required, our initial investigations and characterisation of the motor provided promising results.

Its small overall size gives it the capacity to be utilised in a high-resolution displays. An array of twenty actuators spread over the sensitive area of the volar part of the hand is feasible for the greatest majority of hand sizes and shapes. In some cases, the capacity to create even denser groupings of actuators is a practical proposition.

The pricing of materials, of the manufacturing costs, and of the the complexity of production have all been kept to a minimum. Materials are easily sourced from the market and the possibility for cost reduction by a factor ten is quite achievable. Manufacturing costs and complexity are low with construction requiring little expertise other than care. The modular design means that, in the event of failure, actuators be rapidly reproduced and replaced, or stocked as spares.

On a mechanical level, the plunger component of the design can easily be seen meeting our requirement of being recessed when not in use. The impact capabilities could be classified as equivalent to, greater or less than those exerted by a human interpreter. Initial trials suggest that forces being exerted are in some cases too high for prolonged usage.

While it is noted that professional interpreters can sign at a speed of four symbols per second and we aimed to reproduce this performance. Our volunteering interpreter suggested that such speeds are impractical to maintain over extended periods of time. An estimates of two symbols per second is a more realistic base line. The proposed actuator design easily produced ten taps per second demonstrating a fair amount of performance headroom for more rapid contacts. Whether these higher speeds would be intelligible will require further investigation.

Our operating range and quiet operation also meet the initial requirements, but may require some additional refinements. Activation of the motor below 400 Hz frequencies appears to generate little or no noise. However, a noisy response was observed when the driving signals exceeded 400 Hz. Possibilities for this inconvenience may be that the skin contacting cap decoupled from the skin or that the higher frequency excited a nonlinear clattering regime. Further investigations will be required to clarify and resolve this issue before rigorous human trials can be undertaken.

Conclusion

The actuator design meets the requirements summarised in the previous chapter and should greatly improve the quality of the information delivered by the intended tactile communication device for tactile fingerspelling techniques. The main difference with the actuators embedded in the existing tactile communication devices is the possibility to create tap sensations the same way it is made with a human finger. This natural change of stimulation had a cost: instead of using off the shelf vibro-tactile actuator, the presented actuator design is new and has to be manually assemble. Its costs is affordable but still three times more expensive than ERM actuators (cost around 2 C). There is no doubt that the quality of the communication content will be improved. However, an obvious question raised when comparing this two actuators. Does the information delivered by tap sensations give a more precise understanding of the content? Say otherwise, is it worth using a new actuator design that elicit tap sensations not only for its natural feature but also for the gain in clarity and content understanding? We have found pieces of answers by studying different methods of conveying tactile information for a communication method with tactile patterns simpler than those initially targeted, namely the Finger-Braille codes.
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Preface to Chapter 5

This chapter reports on the impact of stimulus type on tactile numerosity. The results show a clear advantage of using taps over vibrations to convey tactile information. It confirms the use of the actuator presented in Chapter 4 compared to commercially available vibro-tactile actuators for the design of tactile communication devices such as those presented in Chapter 6.

Abstract

Finger-Braille is a tactile communication method used by people who are Deafblind. Individuals communicate Finger-Braille messages with combinations of taps on three fingers of each of the hands of the person receiving the communication. Devices have been developed to produce Finger-Braille symbols using different tactile stimulation methods. Before engaging in communication studies based on technologically-mediated Finger-Braille, we evaluated the relative efficacy of these methods by comparing two devices similarly constructed; the first based on widely employed eccentric rotating-mass vibrating motors and the other using specifically designed tapping actuators. We asked volunteers to identify the numerosity of presented items and for each device we measured (1) error-rate, (2) reaction time, (3) confidence ratings, and (4) a comparison of confidence ratings to actual performance. The four measures obtained for each device showed a net advantage of the tapping stimulation method over the method of vibrations. We conclude that the tapping stimulation method is recommended for use in the design of tactile communication devices based on Finger-Braille and fingerspelling methods reliant on finger tapping actions. The results did not demonstrate clear evidence for tactile subitising with passively experienced stimulation on the fingers.

Introduction

Finger-Braille is a tactile communication method developed by the Deafblind Community [START_REF] Hersh | Deafblind people, communication, independence, and isolation[END_REF]. It is distinct from other tactile communication methods used by people who are Deafblind such as the Italian Malossi, German Lorm, British Deafblind Manual, or Australian Deafblind Tactile Fingerspelling because it uses only six discrete contact points regardless of the underlying language. Finger-Braille maps the six dots of a standard Braille character to simultaneous taps between homologous fingers of the communicating person and the receiving person. This system resembles the use of a "chorded keyboard" where the characters of an alphabet are represented by simultaneous combinations of keystrokes [START_REF] Rochester | The chord keyboard[END_REF]. Finger-Braille is thus analogous to a "Braille Keyboard" that maps the dots of each column of a Braille cell, from top to bottom, to the fore, middle, and ring fingers of each hand respectively.

The Finger-Braille tactile communication system is one of several widely used communication methods of the Japanese Deafblind community [START_REF] Matsuda | Finger braille recognition system for people who communicate with deafblind people[END_REF][START_REF] Hersh | Deafblind people, communication, independence, and isolation[END_REF]. It is applicable for communicating with people who have dual impairments of both vision and hearing, as well as those who have a single sensory impairment of vision. This practice motivated us to develop the "HaptiBraille" device described in Section 5.2.2. This device was designed to enable computer-mediated communication via Finger-Braille. Other than the "HaptiBraille", the "HoliBraille" system [START_REF] Nicolau | HoliBraille: Multipoint vibrotactile feedback on mobile devices[END_REF] was the first Finger-Braille electromechanical device reported in the literature. Previously introduced in 2013 [START_REF] Nicolau | UbiBraille: Designing and Evaluating a Vibrotactile Braille-Reading Device[END_REF], this device uses six eccentric rotating mass (ERM) motors to map standard Braille code into Finger-Braille. A two-way communication device was also recently described to transmit Finger-Braille using ERMs [START_REF] Ozioko | SmartFingerBraille: A tactile sensing and actuation based communication glove for deafblind people[END_REF].

Our hypothesis is that ERM motors, widely used in tactile studies and applications, are maladapted to conveying distinct and well-contrasted tactile signals to the fingertips. In the present study we sought to investigate, on equal footing, the comparative efficacy of tactile stimulation methods: ERMs, Fig. 5.1(a), vs. tapping actuators, Fig. 5.1(b), specifically developed for tactile manual alphabet methods [START_REF] Duvernoy | Electromagnetic actuator for tactile communication[END_REF]. Doing so, we strove to decouple our study from human-related performance factors. Tapping actuators operate by propelling upward a three-gramme plunger on a course of four to six millimetres terminating in a near-inelastic impact against the volar side of the hand. The impact intensity is of the order of 0.2 mJ. When the current pulse duration exceeds 20 ms, the tip of the plunger remains in contact with the skin, exerting a persistent load of 50 mN (the gravity load of a 5 g, 14 mm diameter silicon ball). The resulting sensation resembles that of being touched by the fingertips of a person executing tapping-dwelling contacts lasting for the remaining duration of the current pulse.

The ERM motor used in the study had a nominal steady-state spinning speed of eleven thousand rpm, corresponding to a 180 Hz vibration (Adafruit, product 1201). We selected this model because its spin-up time is 20 ms, which is the same duration as the lift time of our motors. This model is also frequently used in tactile perception studies. The two stimulation methods could therefore be compared fairly with comparable stimulation exposure times.

To compare the relative advantages of the two stimulation methods prior to engaging in communication studies, we constructed two nearly identical devices, described in greater detail in Section 5.2, that differed only by the type of tactile stimulation method. With these two devices, volunteers performed a numerosity identification task with four different stimulus durations, resulting in eight different conditions. For each condition, we measured (1) error-rate, (2) reaction time, and (3) confidence rating the volunteers placed in their judgements. The confidence measure enabled us to compute a fourth measure, (4) discrepancy, that gauged the correspondance between self-evaluation of performance and actual performance. Discrepancy measured the capacity of a display to give to its user the ability to judge the effectiveness of the transmission of information.

A numerosity identification task had the advantage over general communication tasks of minimising the dependence of the results on the skills of the persons using the devices.

Method

Volunteers

Twenty-one volunteers were recruited (nine female, three left-handed, mean age 27.5 years with standard deviation of 5.25). They declared no known history of finger insensitivity. No Blind or Deafblind individuals participated in the study. The volunteers gave informed consent to test the devices and could withdraw from the study at any time.

Apparatus

The two devices were constructed out of 3D printed plastic. One device included six ERMs, the other six tapping actuators. The actuators were arranged to face the fingertips of the fore, middle, and ring fingers of both hands. The tapping device had removable finger supports, shown in Fig. 5.1(e). The devices were configured to place the hands at rest in a comfortable, ergonomic posture. The locations of the actuators were selected from the data reported in [START_REF] Peters | Finger length and distal finger extent patterns in humans[END_REF]. The electronics and software refreshed the actuator signals at 10 kHz.

Vibration device

Referring to Fig. 5.1(a), this device used mini motor discs ERMs (model 10B27.3018) popular in tactile studies. These motors were housed in individual casings supported by soft damping elements, visible in blue in Fig. 5.1(a). The upper surfaces of the motors were in direct and continuous contact with the fingers as shown in Fig. 5.1(b). The signal contrast between activated and inactivated sites was evaluated by running five hundred random combinations of actuator activations and by measuring acceleration at the activated and inactivated contact surfaces. Signal power measured at the inactivated sites was on average 2.9 ± 1% of the signal power measured at the activated sites, corresponding to a contrast ratio of 34:1. Upon activation, the vibration stimuli, see Fig. 5.1(c), had a spin-up phase of 20 ms, followed by a steady-state phase and a spin-down phase. During steady state, the vibratory power was concentrated in a narrow band centred on 180 Hz, see Fig. 5.1(d).

Tapping device

Referring to Fig. 5.1(e), the device employed the electrodynamic tapping actuators described in [START_REF] Duvernoy | Electromagnetic actuator for tactile communication[END_REF]. Upon a pulse of current, the plunger travelled upward for four millimetre to impact the finger, see Fig. 5.1(f). If the pulse was longer than 20 ms, see Fig. 5.1(g), the plunger applied a steady load of 50 mN onto the skin. The actuators were housed in a casing placed below the finger supports, recessed for optimal operation. The casing was supported by the same damping elements used in the vibration device. Using the same method, signal power measured at the inactivated sites was on average 1.7 ± 1% of the signal power measured at the activated sites, corresponding to a contrast ratio of 49:1. The tips of the plungers were covered by hemispherical silicone caps (EcoFlex 00-30) of 5.0 mm in diameter. They evoked sensations of contact similar to human fingers. 

Method

Response logging

Responses from volunteers were recorded by microphone and saved as WAV files. The recordings started within one millisecond of the actuator activations. To reduce the experimental bias introduced by different onset delays of utterances [START_REF] Kessler | Voice key artifacts in vocal response time measurements[END_REF][START_REF] Kawamoto | Articulatory preparation in the delayed naming task[END_REF], the volunteer's vocalisation patterns were characterised to correct the individual response time measurements. Cued by a tap on the index finger given by a 20 ms current pulse, each volunteer vocalised the French words for the numbers one to six as quickly as possible whilst maintaining clear diction. Each vocalisation was repeated ten times in a randomised order during trials separated by varying intervals. Across all volunteers the word for 'one' was enunciated with a delay of 383 ± 79 ms after cueing, the word for 'two' with a delay of 410 ± 78 ms, 'three' 333 ± 57 ms, 'four' 383 ± 73 ms, 'five' 326 ± 67 ms, and 'six' 322 ± 68 ms, which revealed that individual delay differences were not to be neglected. 

Method

Stimuli

The electromechanical properties of the devices and a brief pilot study served to determine appropriate durations for the pulse input commands. For the vibration motor, a pulse of 50 ms was found to be the shortest command signal. It allowed for a 20 ms spin-up phase, a minimal steady-state phase, followed by an unpowered spin-down phase. For the tapping actuator, a 50 ms pulse corresponded to an impact with an equivalently minimal dwelling time against the finger. For the vibration motor, a 100 ms pulse corresponded to its nominal operation comprising a spin-up phase and steady-state phase of duration in excess of the spin-up time. For the tapping actuator, a 100 ms pulse gave a dwell period that could be felt distinctly. A 200 ms pulse resulted in twice the duration for the nominal operation for the two stimulation methods resulting in a stronger sensation [START_REF] Bochereau | Amplitude and duration interdependence in the perceived intensity of complex tactile signals[END_REF]. This set was completed with a continuous activation condition only limited in duration by the volunteer's response. This case provided a control condition under which both devices were expected to provide optimal performance in error-rate and confidence ratings. The duration-limited conditions could thus be compared to this optimal condition. Six fingers, each presented synchronously with an item or not, allowed for a set of sixty-three distinct stimuli (2 6 -1). This number prevented us from testing a uniform distribution of all stimuli with a sufficient number of repetitions. Instead, we broke down the set of all possible stimuli into subsets with members of equal numerosity. A random selection of ten members of each subset for each duration furnished testing blocks of reasonable size comprising two hundred and forty trials where the presentation of each item numerosity was repeated ten times. All stimulus durations were equality represented in a block for each item numerosity. The blocks of randomised stimuli were the same for the two stimulation methods and comprised 240 trials (6 combinations of 1 to 6 items × 4 durations × 10 repetitions).

Procedure

The volunteers sat at a table, were blindfolded, and donned headphones playing white noise to mask the sounds emitted by the actuators. They rested the fore, middle, and ring fingers of both hands on the device. If desired, they could use a support for their forearms. Once ready, they were presented with 100 ms stimuli for each finger in turn to ensure that the fingers were correctly placed and that the stimuli were distinctly felt. The volunteers received the stimuli in two blocks, one per device. Eleven volunteers out of twenty-one began testing with the vibration device. They were encouraged to respond as quickly and as accurately as possible and received no feedback about their performance. To minimise the effects of learning and tiredness, a break of at least one hour was taken between the two blocks. The volunteers familiarised themselves with the task during a preliminary set of twenty trials comprising randomly selected stimuli.

For each trial, the volunteers were instructed to estimate the number of items they felt; responding verbally; and rated the confidence in their answers on a scale of 0 to 100 %. They were told that 0% meant not certain at all, 25% not very certain, 50% somewhat certain, 75% certain, and 100% completely certain. They could report any percentage they wished. Interstimulus intervals were randomly set within a 2.5-4.0 s bracket. Testing one block of trials took twenty minutes. Volunteers completed one block in the course of one day and a second block the next day. Order was random.

Results

Overall Results

Figure 5.2.2.3 shows the overall error-rates, reaction times, confidence ratings, and a measure of discrepancy between task performance and confidence ratings defined as the error-rate discounted by the complement of the confidence rating. The discrepancy measure was low for a low error-rate 5.3. Results combined with a high confidence rating. It was also low for a high error-rate combined with a low confidence rating. It had a large positive value when the error-rate and the confidence rating were both high (overconfidence) and a large negative value when the error-rate and the confidence rating were both low (under confidence).

Table 5.2.2.3 shows the mean and standard error of the four measures for each condition. Excluding the continuous exposure condition, the error-rate measure showed a considerable advantage for the tap condition. Participants responded consistently faster under the tap conditions with an average advantage of 182 ms. The discrepancy between performance and confidence was also considerably lower, especially for short exposures. For the tap condition, optimal performance in error-rate and in discrepancy were obtained with 200 ms stimuli. In terms of reaction time, optimal performance with taps was with the 50 ms stimuli with a penalty of 9% in error-rate. With vibrations, the penalty in error-rate for shortening the stimuli from 200 ms to 50 ms was 22%, and the reaction time increased by 100 ms instead of decreasing.

Results by Outcomes

A two (stimulation-method) × four (stimulus-duration) analysis of variance (ANOVA) was calculated on each type of outcome. The one-sample Kolmogorov-Smirnov test was used to test the normality of the data. The worse case, p < 0.0016, was for the discrepancy measure with 200 ms vibration stimuli.

Error-rates

There was a significant main effect of stimulation method, F(1, 160) = 46.96, p < 1.5 e -10 (r = 0.17 There was a significant stimulation-method × stimulus-duration interaction, F(3, 160) = 6.04, p < 0.0007 (r = 0.06). We ran an additional one-way ANOVA with stimulus duration as factor on both methods of stimulation. There was no significant effect of stimulus durations with the tap stimuli, F(3, 80) = 1.8779, p = 0.14 (r = 0.07), however, there was a significant main effect of stimulus duration with the vibration stimuli, F(3, 80) = 24.11, p < 4 e -11 (r = 0.47).

Reaction times

There was a significant main effect of stimulation method, F(1, 160) = 7.16, p = 0.0082 (r = 0.043). Volunteers generally answered faster when receiving taps (M = 1061.50, SD = 422.00) rather than vibrations (M = 1245.16, SD = 450.92). There was no significant effect of stimulus duration, F(3, 160) = 0.014, p = 0.99 (r = 0.0002). There was no significant stimulation-method × stimulus-duration interaction, F(3, 160) = 0.024, p = 0.99 (r = 0.0004). 

Results

Confidence ratings

There was a significant main effect of stimulation method, F(1, 160) = 10.26, p < 0.0017 (r = 0.048). In general, volunteers were more confident when receiving taps (M = 80.31, SD = 14.50) rather than vibrations (M = 73.60, SD = 15.42). There was a significant main effect of stimulus duration, F(3, 160) = 11.72, p = 5.5 e -7 (r = 0.17 ). There was no significant stimulation-method × stimulus-duration interaction, F(3, 160) = 2.19, p = 0.091 (r = 0.031).

Discrepancy

There was a significant main effect of stimulation method, F(1, 160) = 12.26, p < 0.0006 (r = 0.069). In general, volunteers estimated more accurately their own performance with taps (M = 3.76, SD = 16.15) rather than with vibrations (M = 12.49, SD = 16.41). There was not a significant effect of stimulus duration, F(3, 160) = 1.5, p = 0.21 (r = 0.025). There was no significant stimulation-method × stimulus-duration interaction, F(3, 160) = 1.36, p = 0.26 (r = 0.023). With only one exception (tenth from the left), all volunteers obtained better accuracy with the taps than with the vibrations. These results provide more detailed information about the variability of individual performances as a function of the eight conditions. error-rates, reaction times, and discrepancy measures between performance and confidence.

Individual Results

Most Effective Conditions

Another way to represent the results is to show which of the eight conditions achieved the lowest, second lowest, and third lowest error-rate, reaction time, and discrepancy measures across all participants, see Figure 5.3.4. Overall, the most effective condition was the 200 ms tap condition. The 50 ms tap condition tended to give the shortest reaction times and the smallest discrepancy between confidence and performance.

Influence of Patterns

Structure in item numerosity identification performance was difficult to identify among the sixty-three distinct patterns. Table . 5.3.2.4 shows the possible effect of contiguity on accuracy for 200 ms stimuli. The responses were sorted according to whether the stimuli included pairs of contiguous items or whether they were spaced apart by one place on a single hand. Overall, the configurations where items where distant tended to influence the volunteers to overestimate item numerosity. The volunteers tended to underestimate numerosity when both hands were stimulated and underestimation was twice as high for vibration than for taps.

Discussion

Any particular communication technique should be tested for its ability to convey clear and unambiguous messages independently from the skills of the users before being assessed in the field. Item counting is a task which, for most people, requires no training. It can therefore be used to compare different techniques on a level playing field. We hypothesised that eccentricrotary-mass vibration motors, frequently employed in touch perception studies, were poor tactile stimulus generators. Vibration motors made available by the mass-manufacturing industry are based on the assumption that 'intense' is equivalent to 'distinct'. There is a long tradition for this assumption. In 1927, Gault noticed that a vibrotactile frequency of 200 Hz in a tactile communication device gave the lowest detection threshold [START_REF] Gault | Hearing" through the sense organs of touch and vibration[END_REF], which was later confirmed by Verrillo [START_REF]Effect of Contactor Area on the Vibrotactile Threshold[END_REF]. Since this time, it has been widely accepted that a frequency of 200 Hz is the gold standard for vibrotactile devices and nearly all commercial and experimental vibrotactile devices operate on this basis, e.g. [START_REF] Brown | A first investigation into the effectiveness of tactons[END_REF][START_REF] Cholewiak | The design of vibrotactile transducers. tactile aids for the hearing impaired[END_REF].

We questioned the assumption that stimulation methods should be based on a particular frequency. We predicted that a stimulation method based on the reproduction of naturally occurring signals, rather than artificial monochromatic oscillations, would bring about advantages for tactile communication. Having devised a tactile transducer that delivered naturalistic sensations resembling contacts with real fingers, it was pitted against the conventional ERM motor in an item numerosity identification task.

The overall error-rate results, Fig. 5.2.2.3(a) and Table 5.2.2.3, show that short-duration vibration stimuli led the volunteers to incorrectly estimate numerosity by a much larger margin than tap stimuli. The five-item case led to an error-rate of 90%. The error-rate was generally reduced with exposure time, but with tap stimuli the same measure was independent from exposure time.

This result can be explained by the fact that the longer vibratory stimuli gave volunteers the opportunity to engage in cognitive strategies to improve performance. This view is supported by the possibility that it is only in the control condition with continuous vibration stimulation that performance was similar to that obtained with tap stimuli. It follows that tap stimuli could have constituted a genuine sensory task, whereas vibration stimuli forced the volunteers to recruit cognitive resources to complete the task successfully.

The overall reaction times, Fig. 5.2.2.3(b) and Table 5.2.2.3, were hardly influenced by item numerosity. The volunteers however responded by a significant margin with more delay to the vibratory stimuli than to the tap stimuli. The individual results suggest that volunteers had vastly different reaction times but intra-individual reaction times were highly consistent.

The confidence ratings, Fig. 5.2.2.3(c) and Table 5.2.2.3, revealed that short duration vibrations caused confusion, leading to confidence ratings that diverged from performance ratings. It is only with the continuous stimulation condition that confidence ratings reached and even exceeded those obtained with tap stimuli. This trend is seen more clearly in Fig. 5.2.2.3(d), Table 5.2.2.3. The volunteers were frequently overconfident in their ability to identify the numerosity of items when they were presented as vibrations and when numerosity exceeded three. It is only in the case of five items that the tap stimuli induced overconfidence.

In comparison with previous research, our results replicated those of Riggs et al. [START_REF] Riggs | Subitizing in tactile perception[END_REF] who used a stimulation method similar to our tapping motors. They found accuracies of 99, 98, and 93%, accuracy for items number one, two, three, respectively and reaction times of 490 ms plus 270 ms per item for item numerosity of one, two, and three. Riggs et al. also explained the decrease in reaction time between five and six items by the easiness to identify the special pattern of six items.

Our results did not replicate the results of Cohen et al. [START_REF] Cohen | Tactile enumeration of small quantities using one hand[END_REF] who used the vibration method to stimulate the fingers. Their results did not replicate those of Riggs et al. either. Unfortunately, Cohen et al. tested only numerosity from one to five experienced by a single hand, which changes the task considerably. They did not compensate for the vocalisation delays for different numbers, and used long exposure times of 800 ms as control. Despite these differences, the error-rate curve for 200 ms vibratory stimuli in our study resembled that of the 800 ms condition in Cohen et al.'s study under the assumption that the items of numerosity four assumed the role of the items of numerosity five of our study. This case corresponds to patterns of maximal expected numerosity minus one. This apparent coincidence for widely different stimulus durations reinforces the view that item numerosity identification performance is highly dependent on the stimulation method.

Jansson [START_REF] Jansson | The potential importance of perceptual filling-in for haptic perception of virtual object form[END_REF] offers an interesting explanation based on perceptual filling-in as to why some patterns lead to an overestimation of numerosity. Table 5.3.2.4 does suggest that it is those patterns with more distant items that tend to be overestimated.

Although it was not an objective of the present study, we observed scant evidence for subitisation behaviour with either of the two stimulation methods when stimuli comprising synchronous items were presented on the fingertips. Subitisation normally entails correctly identifying the numerosity of items in constant response time up to a threshold where the response time begins to rise. Subitisation is observed in vision [START_REF] Gallistel | Counting versus subitizing versus the sense of number[END_REF][START_REF] Mandler | Subitizing: an analysis of its component processes[END_REF][START_REF] Gelman | The child's understanding of number[END_REF][START_REF] Miller | Do animals subitize?[END_REF]; or in audition when stimuli have certain metrical properties [START_REF] Repp | Perceiving the numerosity of rapidly occurring auditory events in metrical and nonmetrical contexts[END_REF]. Our results support the view held by Gallace et al. and also by Iida et al. that subitising in touch is not a unitary phenomenon and that tactile numerosity identification might appeal to different mechanisms [START_REF] Gallace | Can tactile stimuli be subitised? an unresolved controversy within the literature on numerosity judgments[END_REF]155,[START_REF] Iida | Comparison of tactile temporal numerosity judgments between unimanual and bimanual presentations[END_REF]. Tactile item numerosity identification thus is subjected to many factors to which we now can safely add the method of stimulation.

Our comparative study sought to determine a preferred manner to transmit symbols based on combinatorial codes applied to the fingers. Tap stimuli, which phenomenologically resembled contacts with human fingers, led to shorter reaction times, fewer errors, and relative independence from exposure time in a numerosity identification task. Among all conditions, 200 ms tap stimuli led to better performance according to the four measures.

Despite the fact that tactile numerosity identification was poor above two or three items, we anticipate that our results will generalise to linguistically-based systems of communication such as Finger-Braille or Fingerspelling. These systems are found by their users to be very effective. This effectiveness is explained by the fact that communicated messages normally convey meaning, whereas the task of identifying numbers is free of context and devoid of significance. This effectiveness could also come from the fact that certain classes of patterns are easier to identify than others. This point is left to future studies since the design of these studies would have to account for the languages used to support communication.

The present study did not include conditions with intensity variations. Intensity variations are impossible to command with ERMs but are possible with certain types of electrodynamic vibration motors, including our tapping actuators. The latter can combine vibrations and taps, allowing for even more possibilities.

We informally tested the devices with volunteers who were not sighted. The present study however was conducted with sighted volunteers. A properly designed study with individuals who have sensory impairments would not have necessarily provided more information regarding the method of tactile stimulation. For example, people who are Deafblind tend to be faster and require less movement for a given perceptual task but are as accurate as the control group [START_REF] Janssen | The advantage of encoding tactile information for a woman with congenital deaf-blindness[END_REF][START_REF] Arnold | Tactile memory of deafblind participants[END_REF][START_REF] Arnold | Tactile memory of deaf-blind adults on four tasks[END_REF]. More generally, there is no evidence that the loss of a sensory modality systematically modifies the basic functions of another sensory modality, e.g. [START_REF] Bross | Temporal auditory acuity in blind and sighted subjects: A signal detection analysis[END_REF]. More specifically, Ferrand [START_REF] Ferrand | Subitizing in congenitally blind adults[END_REF] showed that people with and without blindness performed similarly during a tactile enumeration task. We thus anticipate that our results will generalise to most target populations.

Finger-Braille is an appealing tactile communication tool for use by people who are Deafblind. Like Fingerspelling, Finger-Braille enables variations of speed, weight, and length of contact to add prosody, nuance, expression, tone, timbre to the tactile communication [START_REF] Miyagi | Analysis of prosody in finger braille using electromyography[END_REF][START_REF] Matsuda | Analysis of emotional expression of finger braille[END_REF]. Braille globally relies on six dot patterns regardless of which language it is representing, allowing for simple and universally applicable hardware design and realisation. These factors make Finger-Braille a desirable candidate system for implementing computer-mediated tactile communication devices. Communicating with Finger-Braille can be laborious, but with practice, communication can become fluid and effective. We therefore expect that devices properly designed to produce Finger-Braille would provide the same advantages.

Contributions

The idea of manufacturing a device to elicit Finger-Braille codes was raised at the Helen Keller 2018 conference in Benidorm with Sven Topp and Jeraldine Milroy. I designed, developed and evaluated the devices, designed the experimental protocol, conducted the experiment and processed the results. I would also like to thank Thomas Daunizeau, Xavier Job & Louise Kirsch for their discussions and advice.

Highlights Summary

Contributions:

-Creation of a tactile communication device for Finger-Braille codes.

-Pressures are easier to distinguish than vibrations for tactile numerosity task.

-Participants estimate their performance with more ease using pressures.

-The accuracy, reaction time, and confidence results are specific to each participant.

-The Filling-In phenomenon is visible in some specific actuator configurations.

This work has been presented at several international conferences, where it has been a finalist of the best demonstration of IEEE WorldHaptics 2017,and awarded the best demonstration of EuroHaptics 2018. It has also been presented at AsiaHaptics 2018 as an invited demonstration. This work is in preparation for submission to the journal Disability and Rehabilitation: Assistive Technology, Taylor & Francis under the title HaptiComm: a whole-hand tactile communication device for use by individuals who are Deafblind.

Introduction

Tactile fingerspelling techniques are among the most common methods used by the Deafblind community. Communication occurs between the receiver and the signer using the whole left hand of the receiver as a medium. Tactile symbols can represent letters, numbers, words or shortcuts. These communication techniques incorporate prosody and emotional content, since the signer can modulate his or her speed and the force applied on the skin. However, these methods are currently used only for communication between people, and no device to elicit these methods is currently available. The only existing instruments that allow Deafblind people to access information, such as browsing the internet or "reading" a label at the supermarket, without the need for a third party are based on Braille codes. Braille codes have been in use for over two centuries, but are very different from the natural languages used by deafblind people, such as tactile fingerspelling methods. In addition, the facts that the populaton of the Deafblind community is on average elderly, tactile acuity decreases with age (as do all other senses), and reading Braille requires good tactile acuity, the use of Braille codes is not within the scope of every individual who is Deafblind. These facts show the need to develop a tactile communication device based on the natural communication methods of Deafblind people, allowing Deafblind people not to rely on others to be able to communicate, thus, among others, significantly increasing their independence.

As presented in the chapter 2, the developement of devices to elicit tactile fingerspelling technique is not new. Such systems have already been imagined [START_REF] Caporusso | A wearable malossi alphabet interface for deafblind people[END_REF][START_REF] Gollner | Mobile Lorm Glove: introducing a communication device for deaf-blind people[END_REF] but they never progressed beyond the prototyping stage. Basically, these systems are gloves enhanced with vibro-tactile actuators. These models are affordable and portable, which are important criteria as described in chapter 3. By design, however, the quality of the transmitted information does not seem to allow the devices to be adopted by the deafblind community (more details in the chapter 2). It has been shown in the previous chapter that varying the medium to convey tactile information implies also variations of the user interpretation. Therefore, one interprets the perceived information with a higher accuracy, quicker, and has a better estimation of its performance with taps rather than vibrations.

In this chapter, the development and validation of a tactile communication device for the Australian tactile fingerspelling alphabet is presented. A total of five iterations have been carried out, of which three of the versions are major iterations, and two of the versions are minor revisions. These five prototypes, as well as a first design made before the beginning of this thesis, are visible on the figure 6.1. These successive versions are the result of tests carried out in collaboration with Sven Topp as the target user. Three iterations, named as Mark 0, I and II, have been detailed in this chapter (see figure 6.1b., figure 6.1d., and figure 6.1f.). The proposed device is an interface that can be visually affiliated with a computer mouse. In order to stimulate the whole hand, the device is the size of a hand. The structure consists of 24 actuators specially developed for tactile communication (more detail in Chapter 3). This configuration made it possible to emulate most of the letters of tactile fingerspelling techniques with high fidelity. The user interface has also been designed to minimize permanent contact with the skin and maximize the resting position of the hand. The signal-to-noise ratio has also been taken in consideration in the design. The entire structure has been developed using accessible manufacturing methods and commercially available components. Through the three iterations, I have described the following features: (1) the layout of the actuators; (2) the design of the contact surface; (3) the management of the magnetic interference between the actuators and its implication on the height of the device; (4) the consideration of the signal-to-noise ratio. The chapter ends with the presentation of electronics of control, the software engineering and quantification of the mechanical crosstalk.

Communication Device Requirements

This device had to follow the communication device requirements presented in chapter 3. As a recall, here is the list of the 11 requirements in the following order of importance. Initially, last two criteria were excluded for the following reasons. First, a portable device implies that the actuators must work regardless of the orientation of the device. The current design of the actuators allowed only vertical use. Second, creating an interface that can be adapted to any size of hand is complex. To overcome this, two different device sizes have been created to fulfill two objectives. The first size was based on the hand of Sven Topp. This ensured that the actuators positinioning was optimized for him. The second device size was based on an average of 22 hands. Thus, one device could be used to obtain data from a group of individuals. The identifiers are named for the fingers as follows: the letter describes the name of the finger, and the number describes the proximal, middle and distal phalanges. The identifiers are named for the palm by a 3-by-3 matrix and an identifier for the lower and lateral actuator.

Actuators Layout

The actuator layout was developed in function of the design presented in chapter 3, visible on Figure 6.2. As a reminder, three actuators are placed under each phalanx of the index, middle, and ring fingers. Similarly, two actuators are placed under the thumb and the little finger. This allowed the letters "D", "F", "K", "P", "Q", "S", "W" and "X" to be traced. In order to draw the letters that require a contact area in the palm, a matrix of 3-by-3 actuators has been placed in the middle of the palm. This allowed the letters "B", "L", "M", "N", "R", "V", "Y" and "Z" to be traced. The letters "C", "J" and "H" may be emulated by using the combination of the actuators under the fingers and the palm. An additional actuator was added on the ulnar side of the palm for the letter "T". Sven Topp also emphasised the need for an additional actuator on the lower side of the palm. It is intended to trace the very commonly used shortcut "think(ing)". This configuration gives a total of 24 actuators.

Preliminary Design

The prototype was made to validate whether the design and position of the actuators were adequate to elicit the Australian tactile fingerspelling technique. Most of the requirements were met, but this naive approach had clear limitations. The preliminary design is as follows: 24 actuators Mark I (see Chapter 3) were placed at the previously-mentioned locations of the hand. A 3D printed structure was designed to maintain both the hand and actuators in place. It fulfilled two conditions: (1) the hand is supported in a resting position and (2) the actuators are placed at specific locations beneath the hand.

The first step of the user interface was to conform it to the shape of the hand in the resting position. A mould of the Sven Topp's hand was made using a round polystyrene shape covered with modelling clay. The result is shown in figure 6.3. The second step was to extract the 3D location of the actuators. Twenty-four red ink dots were made on his skin based on the actuator locations shown in figure 6.2. By capillary, the ink was transferred to the mould when the hand was placed on the mold. The 3D coordinates of the actuators' location were evaluated using a 3-axis laser pointer connected to a 3-axis DRO. On the one hand, the 3D coordinates were used to create a virtual surface that mimics the shape of the hand. The surface gave a 3D representation of the contact area between the mould and the hand in the rest position. On the other hand, the X and Y axis coordinates were used to place 24 vertical hollow cylinders of infinite height. The surface and the cylinders were then combined to change the height of the cylinders according to the shape of the surface of the hand. This combination allowed the actuators to be placed in the correct locations at the top of the cylinders and the hand to be placed in a rest position on the cylinders. Each cylinder was divided into two hemispherical sections to lock the actuators with a rubber O-ring seal. The results are visible in figure 6.4.

Summary and Quality Insurance

The user interface of the preliminary device is shown in figure 6.5. This version showed that the shape of the user interface is suitable for long-term use and a resting state of the muscles of the hand and forearm. However, the design showed limitations in the following domain : (1) the user interface constant contact, (2) the actuator control, and (3) the mechanical crosstalk. First, as shown on the figure 6.5a, the hand rested on the top of the cylinders. Sven Topp reported that the more time passed, the more unpleasant the feeling with the cylinders became. Second, the actuator layout allowed magnetic interaction between the actuators placed beneath the palm. Their proximity and the characteristics of the magnets did not allow an independent control of the actuators. For instance, when one actuator of the palm was exerting a movement, the magnetic cores of the closest actuators were following the same movement. Third, I expected to have a sufficient minimisation of mechanica crosstalk by using rubber O-ring dampers. When the actuator goes from its actuated state to its inactive state, the rotor strikes the bottom of the stator. It was expected that the O-ring, placed at the bottom of the stator, would be sufficient to absorb most of the impact. However, it appeared that it is clearly perceived as an echo of the stimulation at other device locations.

HaptiComm Mark I

Several adjustments were integrated into the design to counteract these limitations.

A1 A2

actuator support table hand support hand FIGURE 6.7: Relation between the hand support and the actuator support with one actuator activated.

These device improvements are presented throught the shape of the hand support, the definition of the planar actuator coordinates, the vertical optimisation of the device to make the magnetic interaction between actuators negligible, and a mechanical crosstalk evaluation justifying the mechanical separation of the actuators from the hand.

Shape of the Hand Support

Previous studies on the anthropometry of the hand [START_REF] Davies | A comparison of hand anthropometry of females in three ethnic groups[END_REF][START_REF] Salvendy | Hand size and assembly performance[END_REF][START_REF] Stephen | Bodyspace: Anthropometry, Ergonomics and the Design of Work[END_REF][START_REF] Garrett | The Adult Human Hand: Some Anthropometric and Biomechanical Considerations[END_REF][START_REF] Peters | Finger length and distal finger extent patterns in humans[END_REF][START_REF] Lee | Ergonomic evaluation of biomechanical hand function[END_REF][START_REF] Lin | The validation of hand anthropometry using 3D laser scan[END_REF][START_REF] Jee | An anthropometric survey of Korean hand and hand shape types[END_REF][START_REF] Hsiao | Firefighter Hand Anthropometry and Structural Glove Sizing: A New Perspective[END_REF][START_REF] Baker | Anthropological Notes on the Human Hand[END_REF][START_REF] George | Human Finger Types[END_REF] and its resting position [START_REF] Tubiana | Chapter 53, Positions of Immobilization of the Hand[END_REF] showed that the resting position creates specific angles at different locations of the hand in most healthy individuals. Mouse-like devices that involve long periods of use 6.8 are inspired by this information. I also took advantage of this to design the first iteration of the shape of the hand support.

This shape was then modified through several empirical tests on twelve individuals. The final shape is presented in figure 6.9. As shown in previous studies on the resting position of the hand [START_REF] Tubiana | Chapter 53, Positions of Immobilization of the Hand[END_REF], the hand follows three phases of curvature in the longitudinal direction indicated by the numbers 1, 2 and 3 in Figure 6.9. The thumb position is specific because it rests in a lower position than the other fingers. To follow the resting position of the thumb, the thumb area is lower than the other fingers areas. During empirical tests, it was noted that participants tend to wrap around the shape with the little finger and thumb. To address this problem, two bumps were added to the edges to hold the thumb and little finger in place (see figure 6.9.d).

Actuators Planar Coordinates

Using the hand support shape, I have estimated the average planar locations of the 24 actuators.

A study on actuators planar locations was performed on pictures of 22 hands (seven female) resting on the hand support. Examples of these pictures are shown in figure 6.10.a. Participants were asked to place their left hand on the hand support as naturally as possible. The photos were taken with a camera suspended from a tripod on top of the hand support. The hand support 94 Then, the planar locations of the 24 actuators were placed for each participant according to the optimized locations of the actuators. The result is shown in figure 6.10.d. Finally, the average planar locations were estimated using the centroid method as shown in figure 6.10.e and 6.10.f. The mean standard deviations were 3.8 mm and 4.7 mm for the x-axis and the y-axis respectively. The x-axis deviation could show the variability in hand width or the variation in the placement of the fingers on the hand support. On the other hand, the y-axis deviation showed the variability in the length of the hands. In total, 65 % of the participants had the location of their actuators within the range of standard deviations. The current planar location of the actuators is reasonable for most users.

Actuators Vertical Coordinates

To optimize the vertical location of the actuators, I evaluated the minimum distance between two actuators so that they would be magnetically independent of each other. I conducted an empirical experiment by placing two actuators as close as possible to each other and then gradually raising one actuator among the Z-axis. At each new position, one of the two plungers was raised to its maximum amplitude and the behavior of the other plunger was oberved. It was shown that the minimum distance between the two magnetic plungers must be greater than 22 mm to obtain no displacement for the inactivated actuator. Two plungers are sufficiently magnetically independent of each other if they are separated by a distance of 22 mm. Since the actuator has a stroke of 5 mm, the minimum distance between two actuators should be 27 mm. I have simulated the interaction between the two magnetic plungers with the FEMM (Finite Element Method Magnetics) software, shown in figure 6.11.

For reasons of model simplicity, I have decided to define the magnetic field of the actuator as homogeneously distributed in the three dimensions. The distance that should separate one actuator from the other could then be modeled as a sphere. As the distance between two magnetic parts should be greater than 27 mm (2*13.5), these spheres had a diameter of 13.5 mm. The magnetic independence of the 24 actuators was considered as if 24 solid balls of 13.5 mm diameter must cohabit within the interface using the vertical locations as the only free variable. One can imagine this optimisation as the Tower of Hanoi game, with the difference that the 24 overlapping stacks have to only hold one ball.

The optimisation had to take into consideration two features. First, the hand support was not a flat surface and the actuators must be placed beneath it. It implies that the height of the device depends unevenly on the vertical position of the actuators. In other words, the height of some actuators is more critical than others, because the hand support does not have a uniform height at each location of the actuators. Second, some actuators will not be placed close to the skin due to the minimum distance for magnetic independence. The length of plungers rod would then increase significantly. This characteristic will be more demanding in precision while one will assemble all parts together. In order to reduce this factor, the actuators have to be as close as possible to the hand support. This optimisation can be seen as a Max-Min problem, where the minimal vertical location of the actuators has to be maximized. In addition, the initial vertical locations of the actuators are as close as possible to the hand support, and the vertical locations cannot go beyond their initialisation values. The Max-Min problem was as follows:

F(z) = min(z). ( 6.1) 
where z and F(z) are respectively the current vertical locations of the actuators and the minimum vertical location of the 24 actuators. To maximize this unalterable height descent, the function F is maximized using: P R * ,h : max z∈R * d(a i ,a j )≥M, z i ≤S i , i=1,...,p, j=1,...,p F(z). where a i the coordinates of the actuator such that a i =   x i y i z i   , p = 24 the number of actuators, i and j are the actuators combinations with the exception of i = j, d(a i , a j ) the Euclidean distance between two actuators, M = 27 the minimum distance between two actuators, and S the height of the hand support at the 24 actuators locations. If one or more vertical locations were negative, which is not physically feasible, the minimum negative value was added to all vertical coordinates. The solver used is based on the work of Gembicki [START_REF] Gembicki | Vector Optimization for Control with Performance and Parameter Sensitivity Indices[END_REF]. This optimization resulted in a reasonable increase in the total height of 51.2 mm compared to the preliminary design.

Actuators Support

In order to separate the actuators from the hand, the actuators have been placed in a dedicated structure. The figure 6.13 shows a CAD view and an image of the structure. This structure was composed of twenty-four vertical hollow cylinders located in space with the planar coordinates of the actuators. The height of the cylinders was determined by the vertical locations of the actuators calculated previously. Each cylinder was mounted by a chamber for the placement of an actuator. The Mark II actuator had a small collar, so that the actuator could be placed at the edge of the chamber without falling into it. In addition, the chamber was composed of 6 tabs whose thinness allowed them to bend. These tabs had a hemispherical recess in their outer surface to receive an O-ring, which was used to tighten the six tabs around the previously housed actuator. Each tab also had a circular base so that the stresses applied by the O-ring are evenly distributed over the six tabs. The 24 cylinders were connected together by numerous thin bridges on three levels to reduce the propagation of vibrations without the loss of strength and rigidity throughout the structure. The entire structure was connected to a printed circuit board (PCB) by three low-frequency dampers (see figure 6.13). The PCB was made to simplify the connection a. b.

6 mm discs guide system whole guide system FIGURE 6.14: Actuator rods guide a. 2D drawing of the guide system for one actuator; b. picture of the whole guide system (in blue).

between the electronics and the actuators. Finally, the distance between the PCB and the actuator structure, after being connected to the three dampers, is 1 mm. This value made it possible to withstand the inaccuracy of the 3D printed structure while only slightly increasing the elevation of the whole device.

Guide of the Rotor Rods

With the current actuators' location, some of them were at a greater distance from the hand than before. This vertical offset varied from 0 mm to 41 mm (M=14.0, SD=14.3). In order to compensate for the gap between the actuator and the skin, the length of the rotor rods was modified according to the length of the gap. The only advantage of changing the length of the rod is to place the end effector at the optimal distance of a few millimetres beneath the skin. A guide system was added to ensure the quality of the rod displacement. The guide was passive and placed around each actuator rod. Each guide consisted of two perforated discs placed respectively 6 mm above the upper rotor magnet and under the rotor cap. The above-mentioned actuator collar was used to align the base of the guide cylinder with the actuator. It thus limited the frictions between the rod and the discs. The system for one actuator is shown in figure 6.14.a. The entire guide system is shown in figure 6.14.b. The structure was connected to the actuator support by three screw-nut systems located on top of each of the three dampers.

Hand Support

The hand support has been based on the model developed earlier (see section 6.5.2) and is shown in figure 6.15. In order to allow the passage of the actuators' rotor, 10 mm diameter holes have been placed according to the final planar locations of the actuators. The support had empty spaces that served three purposes: they allowed sweat to evaporate easily, limited the temperature of the hand, and reduced the surface area of contact with the hand. A layer of varnish was added on the hand support to have a pleasant contact. Finally, the support is connected to the printed circuit board, described above, by four shock absorbers. To facilitate the removal of the support for washing, the hand support was connected to each shock absorber by a magnetic system consisting of two discs of 5 mm in diameter and 0.5 mm thick. 

Summary and Quality Insurance

The global interface is shown in figure 6.16. An analysis of the noise propagation was performed to determine the efficiency of the device. From a perceptual point of view, informal tests were carried out with Sven Topp.

Mechanical Crosstalk

The current assembly of the device makes its characterization of wave propagation complex and time-consuming if standards are to be met. For reasons of time limitation, the wave propagation characterization process focused on the efficiency of the dampers. The accelerations, emitted by three types of stimulation, were recorded at five locations as shown in figure 6.17. The stimulations exerted with one hand on the device were as follows :

1. A tap motion applied by the actuator placed beneath the thumb fingertip (named T2); 2. A sine sweep from 1 Hz to 500 Hz in 3 seconds applied by T2; 3. The letter "H" in the Auslan tactile fingerspelling which consists of 3 groups of actuators used sequentially using white noise.

The locations of the recordings were as follows:

1. on the actuator support, as close as possible to T2;

2. on the actuator support, as far as possible to T2;

3. on the actuator support, on top of the closest damper of T2;

4. on the printed circuit board, as close as possible to the closest damper of T2;

5. on the hand support, as close as possible to T2.

The results were presented in figure 6.17.e. Each combination of stimulus type and actuator location has been performed 10 times. For each stimulus type, the results were the ratio of the power signal from the current accelerometer location to that from the first accelerometer location.

Informal trials with Sven Topp Informal tests were conducted with Sven Topp to determine if the previously mentioned limitations were removed. It appears that the noise reduction structure has completely eliminated the echo effect felt in the preliminary design. This gain has improved the intelligibility of the device, allowing fluent discussions to take place. Symbols made of an individual impact were clearly recognized as well as the motions due to their specific aspects. Symbols based on a relatively extensive contact and requiring several actuators at the same time were not clearly discriminated against for the following reasons. It is important to note that the flow of a conversation is crucial to understanding. Like any language, understanding the meaning of a conversation is due to the arrangement of tactile patterns, not just individual symbols placed one after the other.

Limitations I noticed that the hand position on the support is not the same for all participants. In other words, the hands did not rest on the hand support with the same curvature as the device. As a result, areas of the hand did not touch the support and were situated higher than excepted. As the vertical locations of the rotor caps were optimized to touch the skin after a certain displacement, some areas of the hand were not stimulated as intended.

The flexibility of the dampers allowed users to move the hand support in space without too much effort. As a result, the 10 mm diameter holes of the hand support were not aligned with the actuators. This prevented the actuators from coming into contact with the skin when activated.

The guide structure was a relatively large component for low-and mid-range 3D printers. During printing, a derivation was created over time that cancelled the alignment between the individual guides and the actuators.

Finally, the material of the actuator cap did not feel like a finger. The size of the contact surface of the cap was small enough to allow individuals to feel discrete actuators when emulating lines.

HaptiComm Mark II

I have reused the techniques and designs that worked in the previous design. I added new features to improve the clarity of the signal and the intelligibility of all types of symbols. The Mark II model has been designed to be used by Sven Topp (as the preliminary design). From this perspective, I optimised the device to its hand as it has been done in the preliminary design. 3D scan; c. hand support generated according the mold.

Modifications Overview

Minimizing constant contact with the hand support The hand support has been simplified to reduce the constant contact with the hand.

Vertical actuator adujstment system

The rotor cap was mounted on a thread system. The vertical point of contact of the stimulation could be modified to touch the skin correctly.

Actuator guide simplification Each actuator was mounted in an individual housing and guided to ensure precision and simplicity.

Alignement of hand support and actuator support The hand support was mounted on rigid slots. This system ensured that the hand support will not prohibit the actuators' activation.

Hand support

As in the preliminary design, I made a clay mould of the volar surface of Sven Topp's left hand in the resting position. The result can be seen on figure 6.18. I used a 3D scanner to work directly with the 3D shape of the mold in the CAD software. This method allowed us to accurately follow the curvatures of the hand in the rest position. I also took advantage of the curvatures generated by the fingers on the mould to create cavities for each finger on the hand support. This feature allowed users to guide the fingers on the interface quickly and accurately. The planar locations of the actuators have been made by marking red ink dots at the points provided on Sven Topp's hand, where the transfer to the mould has been carried out by capillarity as shown in figure 6.19. The vertical locations of the actuators were made using the same optimisation process as that used for the design of the Mark I (see 6.5.4). The contact area was also reduced to three bars that support the bottom of the palm, the top of the palm and the fingertips. These three bars appeared to be a good reduction of permanent contact area between the support and the hand, while allowing the hand to maintain a resting position. 

Actuators Rod

From the previous design, I added an external thread at the top of the plunger and an internal thread at the cap. The results are shown in figure 6.20. This 5 mm long system allowed for adjustment of the vertical position of the cap. This characteristic is necessary for proper operation due to the variability in the resting position of the hands described in 6.5.8. The cap was made of silicone that has the characteristic of having a Young's modulus in the same range as that of human skin. In addition, the outer shape of the cap was a hemispherical shape of 8 mm, multiplying the diameter by two with respect to the previous cap. It covered a contact area similar to that of a fingertip.

Actuators Guide

One issue of using low-and mid-range 3D printers is that large printed components are less precise due to the derivation of the printer actuators. The actuator guide has been splitted into individual actuator housing to increase the guidance precision. This change is shown in figure 6.21.

Each guide system was attached to each chambers of the actuator support. This modification also resulted in better overall guide accuracy and made it easier to repair or replace an actuator compared to the previous design. hand support is now connected to the printed circuit board through two rigid slots located on the ulnar and radial sides.

Alignment between hand support and actuator support

Summary and Quality Insurance

The symbols were all letters from the Auslan tactile fingerspelling technique, and the conversations were in English. Each tactile pattern assigned to the symbols was adjusted to suit the needs of Sven Topp. The first trial was to display each letter in random order. Letters that are very distinct, such as vowels, were clearly perceived. However, the letters "L", "N" and "M" that share a clearly similar pattern were understood with less precision (< 40 %). The second experiment used the phrase "The quick brown fox jumps over the lazy dog" which involves all the letters of the Latin alphabet. Even if Sven Topp knew the sentence, he could perceive tactile patterns more intuitively. Based on the idea that sentences are richer for comprehension than individual letters, the last experiment was based on a classic conversation. Sven Topp stated that he was able to understand more than 95 % of the content without any preconceptions about conversations. Further tests were conducted in less structured environments. Sven Topp used the device at home and during conferences such as the AsiaHaptics 2018 Conference and the WorldHaptics 2019 Conference. Sven Topp indicated that the hand rest was comfortable enough for a long period of use, and the sensations were gentle enough to maintain the length and pace of the presentations.

6.7 Electronics and Software

Specifications

In order to meet the requirements presented in section 6.2, the main specifications related to software and electronics were as follows :

1. A minimum refresh rate of 1 kHz for each actuator; Symbol configuration symbol keyword = "a" wav = "2.wav" actuators = "T1" symbol keyword = "hello" wav = "1.wav" actuators = "FF3", "FF2" b. It is the combination of a symbol identifier (character string), a list of actuator behavior (WAV file with one or more channels), and a list of actuator identifier (list of character string). A WAV file was composed of several channels, each of which represents the vertical displacement of an actuator. Each channel is assigned to an actuator by following the order of the list of actuator identifier. When the symbol identifier is pressed, the corresponding actuators moved according to their WAV channels.

Actuator configuration Figure 6.25 shows the actuator configuration from the configuration file. An actuator is the combination of a character string (keyword), a channel identifier, the orientation of the coil winding, and the voltage required to move the rod to its maximum height. The channel identifier corresponded to the output channel of the DAC to which the actuator was connected (see next section for details). The orientation of the winding allowed an actuator with a coil wound in the wrong direction to be seamlessly controlled. The maximum height tension value was used to overcome slight differences between actuators that occurred during manufacturing processes.

The configuration file was used by the software library to configure the electronics driver and the database of symbols.

HaptiComm Library

The figure 6.26 shows an overview of the architecture of the library. It also shows its connection with the configuration file and the electronics of control. The configuration file was loaded by a configurator, which created a Waveform class object for each WAV file of the waveform options and a Device class object from the device options. The main class, named Alphabet, used the Waveform objects and the Device object to create the symbols database. The main method of this class took as input characters and returned the corresponding actuators behavior. The actuators behavior was then sent to the AD5383 DAC by using an AD5383 driver class object. b.

Electronics of Control

AD5383

Op-amps configurations FIGURE 6.27: Electronics of control : a. Overview of its interaction with the software and with one actuator; b. AD5383 configuration message using SPI.

Source: AD5383 Datasheet inverting amplifier allowed sufficient current to be maintained within the actuator coil. Second, a differential amplifier was added with the output of the non-inverting amplifier and a fixed 5 V reference as inputs. Each end of an actuator coil was connected to an output of the operational amplifiers. Each actuator was thus controlled between -5 V to 5 V and supplied with sufficient power. The AD5383's SPI interface allowed messages to be received at a sampling rate of 648 kHz. Thus, the voltage of each of the twenty-four actuators could be changed at a sampling rate of 27 kHz. Finally, the value of the voltage was encoded in each message on 12 bits (see figure 6.27.b). Thus, the voltage step for each actuator was 2.4 × 10 -3 V.

Online Videos

No investigation was made with standard procedures to estimate the readability of the devices during this Ph.D. project. However, I developed the devices in collaboration with Sven Topp, and few videos are available showing the potential of the devices. They are accessible on my channel on the YouTube platform (search for Basil Duvernoy). Videos are in a playlist named "HaptiComm" [link], including: 

Conclusion

The development of a tactile communication system to elicit the Australian tactile fingerspelling alphabet has been presented. It was shown that is it possible to meet almost all the requirements described in Chapter 3. It was developed a design that also used several techniques and designs that emphasize accessibility and simplicity. Finally, informal tests with Sven Topp have shown that this technology is well on its way to validating the accessibility, portability and perception requirements that are necessary for such a device. The development of a communication system to elicit a Deafblind communication technique, as described in chapter 2 has to keep a specific balance in its design. This balance has been maintained in the design presented, where the quality of the signal sent to the user has been significantly improved compared to existing communication systems for tactile fingerspelling techniques. The current device is, however, limited in its tactile output capabilities. The modes of actuations are solely based on vibration and tapping. Despite a large number of tactile patterns that are only based on tapping or sliding (elicited by the device using the apparent haptic motion illusion), some tactile patterns are still more complex than these types and are only approximated by the apparatus. To maximize the chances of successful construction and use of the system, only the palmar side of the hand is stimulated. Again, there are also tactile patterns (other than the alphabet) that uses the dorsal side of the hand. This is also another limitation of the current design. By adding a battery, the device could also be portable. However, the behavior of the actuators cannot be ensured as it has been designed to work in opposition to Gravity. Another limitation of the current design is to precisely stimulate independently to the size of user hand. The actuators are placed to stimulate specific locations on the skin. However individuals are, even if the proportions are relatively the same, all different. To counteract this, three options seem to be available: create several models for different hand sizes, such as gloves manufacturers; create an adaptable model, where the user interface can be extended or retracted depending on the user hand (such as the Azeron keypad); a combination of both.

This design was made to elicit the Australian tactile fingerspelling alphabet, but it is not only reserved to this technique. As seen in chapter 3, other techniques could be elicit by the current design by modifying the configuration file. Several further works can be investigated from this work. First, it would be necessary to quantify the capability of the device to render the Australian tactile fingerspelling alphabet with users of this technique. This would help to validate or not the device with more robustness than just one user. From a perceptual point of view, one could investigate the realism (also to be defined) of the tactile apparent motion illusion. This has been done already but only a few time and by varying few parameters. The modification of the vibrational content, compared to what it has been done in the state of the art, could lead to a perceived motion closer to what it can be done with a finger sliding on the skin. From a mechanical point of view, it would be interesting to investigate the relation between the different types of stimulation and their implications in term of deformations and vibration propagations on the skin. By doing so, new types of stimulations could be potentially imagined to elicit more than just tap or vibrations. It could also lead to a complexity reduction of the current design, which is an important feature of communication system for tactile fingerspelling techniques.

Chapter 7 Conclusion

The objective of this thesis was to develop a communication device capable of reproducing the Australian Tactile Fingerspelling Alphabet. This tactile alphabet, part of the category of tactile fingerspelling techniques, is based on tracing symbols, such as letters, on the listener's left hand. These tactile methods form a major family of natural communication used by deafblind people. These tactile communication methods are, with rare exceptions, known only by the Deafblind community and to people who interact with Deafblind people -such as interpreters. This limitation of the population pool often isolates deafblind people, leading to mental disorders ranging from loneliness to severe depression. In order to provide a minimum social contact that is necessary for human beings, interpreters are one of the few links to the rest of the world for deafblind people. However, an interpreter cannot translate to several individuals at the same time as these tactile communication methods require to touch the listener. In addition, fatigue occurs after 30-45 minutes of conversation.

The only commercially available tactile communication devices are based solely on Braille codes, and existing devices for natural tactile communication methods have not been developed beyond the prototyping stage. Reading Braille requires good tactile acuity, and the learning process is long and difficult. Given that most deafblind people are elderly and that tactile acuity declines with age, Braille does not seem to be an ideal candidate for enabling a deafblind person to communicate with individuals who do not use one of the natural tactile communication. In order to allow deafblind people to communicate independently and without having to change their communication method, this thesis aimed to create a device that would alleviate these life difficulties.

Thesis Contributions

In order to determine the design of such a device, a study on the Australian Tactile Fingerspelling alphabet was first carried out. It has been highlighted the most active areas of the hand and how the skin is stimulated. Most of the letters are created using one or more fingertips and the contact remains static. The second category of letters is created by other parts of the interpreter's hand with similar static contact. The last category is emulated by a tactile motion exerted by a finger or another part of the interpreter's hand. By studying the devices previously developed in literature and through discussion with people who are Deafblind, a set of eleven criteria were identified to ensure a sufficient device quality. These criteria are intended to make the device suitable for tactile communication but also to make it easy to use and maintain. The combination of the criteria and the study of the Australian Tactile Fingerspelling alphabet conveyed to a novel concept of tactile communication device. It is similar to a hand-sized computer mouse where twenty-four actuators are localised beneath the hand at particular locations. This design has been also tested for other tactile fingerspelling alphabets. It appeared that the proposed design is sufficient to emulate most of the tested tactile fingerspelling alphabets. This device concept also showed the need to design an actuator with specific properties to emulate with high fidelity the Australian Tactile Fingerspelling alphabet.

This actuator has been designed to be activated in two modes. The first mode emulates tap letters with high level of similarity, as these letters are by far the most important group of letters. This mode reproduces an impact similar to a human fingertip when entering in contact with the listener's hand. In addition, the actuator's contactor has been designed to mimic the properties of the fingertip such as its shape and its stiffness. The second mode aims to emulate letters involving lateral movement on the listener's hand. To achieve such a perceptual sensation for the user with actuators placed statically under the hand, a fundamental property of the actuator must be its ability to generate vibrotactile stimuli. For example, it is possible to produce linear tactile movement using several aligned actuators, passing vibratory content from one to the other. This method is called apparent haptic motion. Overall, the actuator design is simple, robust and affordable. The actuator is based on electromagnetic motor models, so its control is simple as the relationship between the displacement of the moving part and the current flowing in the coil is linear. The actuator can exert a total of 10 taps per second and can then emulate letters three times faster than an interpreter.

A psychophysics study was conducted to determine whether the first mode of the actuator (impact mode) is perceptually more suitable than vibrations. Indeed, all the vibrotactile actuators available on the market are specialised to vibrate at a frequency around 200 Hz. It has been shown in the literature that the perceptual amplitude threshold is perceived for frequencies around 200 Hz, it has been accepted that it was the most suitable frequency to create the most perceivable tactile information. Using a task based on numerosity, where the stimuli were localised on six fingertips, we showed that impact-based stimuli always provide better results in terms of accuracy, response time, and performance estimation than 200 Hz vibration. In addition of being ecological, impact-based stimuli have often been categorised by the participant as more pleasant than vibrations.

Finally, these elements made possible to create the intended tactile communication device. This device resembles an ergonomic mouse surface. It consists of twenty-four actuators, whose design has been detailed previously. The locations of the twenty-four actuators have been thought to produce the tactile tracings of letters of the Australian Tactile Fingerspelling alphabet. The manufacturing was based on low-cost components and 3D printing. As the actuators have magnets, their proximity can make them dependent on each other, making them difficult to control. In order to overcome this problem without adding additional parts, the vertical locations of the actuators were optimized while leaving a distance between them to prevent a too strong magnetic interaction. The device also incorporate a mechanical architecture to minimise the mechanical crosstalk, as the noise generated by the actuators could be easily felt otherwise. To achieve this, the device has been separated in two supports: a hand support, and an actuators support. The most recent version of the device has a hand support made of only three contact areas increasing the signal-to-noise ratio without degrading the primarily purpose of the support. The hand support and the actuator support are only connected by a low-frequency damping system to reduce the waves propagation generated by the actuators. The actuators have a height-adjustable contactor that compensates for variations in positioning and morphology. The device is controlled by a Raspberry PI interfaced with a control board based on a simple architecture. The whole device is managed by a software that ensure a correct timing of the actuators orchestration. It also allows the creation of new letters or tactile symbols with simplicity. It is also possible to convert speech to tactile letters during a natural conversation. The Raspberry PI can be controlled by a smartphone to translate speech using one of the voice-recognition systems embedded in smartphones into text, and then into tactile outputs. Each prototype was tested by Sven Topp in order to adjust and improve the parameters of the system.

No quantified user studies were done with a version of the Hapticomm during this thesis project. However, Sven Topp was able to understand the content generated by the HaptiComm Mark I from the first time he used it. The HaptiComm Mark II, which is adapted to his hand size, allowed him to follow presentations at national and international conferences at the same speed as the rest of the audience, such as at the World Haptics Conference 2018 in Tokyo, Japan. Some researchers were surprised when Sven Topp asked questions during the question-and-answer session after the presentation, showing the device effectiveness to translate spoken speech into tactile speech.

Future Work

Several aspects need to be developed before having a device that meets the other requirements and the impact of the design needs to be quantified on the met requirements.

A study of symbol discrimination using this device is essential. This study should involve both the apparatus and an interpreter to give a quantification of similarity between the device and an interpreter. From this study and as one of the criteria is the minimisation of design complexity, we could also investigate the minimal number of actuators required to emulate tactile fingerspelling techniques. As it was pointed out by Sven Topp, reading one letter after another and reading an entire word with a correct pace are two different concepts. Therefore, it would also be interesting to investigate the impact of pace during a tactile conversation. We started with Inès Lacôte, who made a six month Master's degree internship in our research group, to investigate the vibratory content delivered by the device and a human for a set of letters. The vibratory content has been recorded using the accelerometers array developed by Yitian Shao and Yon Visell. The data showed that, when the letters are compared within their type of stimulation (ie. HaptiComm only or interpreter only), each letter has its own features and can be classified with a high rate of success. However, when the two types of stimulation are compared, it became much more complex to classify correctly the set of letters. This is the first bits of information showing that, even though we tried to match as much as possible the mechanical stimulation of the device with the one of an interpreter, the device is still in some way significantly different from an interpreter.

From this previous work in progress, one question that remains is the resemblance of the apparent haptic motion made by the HaptiComm with the tactile motion made by an interpreter. It is of interest to quantify the realism of the apparent haptic motion in order to find possible improvements to render more realistic tactile motions.

Another improvement is the development of an guiding system for the actuator that will make it independent to Gravity. As one of the device design criteria was to be able to use the device anywhere, it is essential to have a portable device. This property also means that it is not conceivable to seek for an horizontal platform every time conversation is needed.

Another study is to quantify the pressure exerted by the hand in rest position on a surface. Thus, we could estimate which part of the hands are essential to support the rest position. From these results, we could reduce the permanent area of contact between the hand and the hand support. In the same way, no research has been done here on the optimal type of material for the hand support. It might be interesting to explore this aspect in further details.

Another investigation is to quantify the minimal number of adjustments needed to fit all hand sizes. A similar idea is to investigate the minimal number of different sizes of device to fit all hand sizes. Indeed, gloves and shoes have different sizes, but the target is as big as the human population. In our case, the population target is much smaller and having a panel of different sizes could lead to an significant increase of the price.
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 11 FIGURE 1.1: Symbols dispersion discovered on tools and wall made 40ka ago. Source: Hidden symbols, Alison George, 2016 [3].
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 22 FIGURE 2.2: Deafblindness classificationSource: Deafblindness: A review of the literature[START_REF] Dammeyer | Deafblindness: A review of the literature[END_REF] 
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 24 FIGURE 2.4: An example of definition for severe hearing and vision impairmentsSource: CeDR Research Report 2010[START_REF] Robertson | Estimating the Number of People with CoOccurring Vision and Hearing Impairments in the UK[END_REF] 

FIGURE 2 . 5 :

 25 FIGURE 2.5: Hand over Hand Signing Technique Source: eehab.alabama.gov
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 26 FIGURE 2.6: Braille and Finger-Braille Source: Picture from Emotional communication in Finger Braille, Matsuda Yasuhiro et al., 2010[START_REF] Matsuda | Emotional communication in Finger Braille[END_REF] 
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 27 FIGURE 2.7: Tactile fingerspelling technique.
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 28 FIGURE 2.8: Social Haptic method Source: https://wasli.org/

  communication devices for the Deafblind community can be divided into two categories. The first category comprises Braille-based devices, and the second category includes devices that reproduce the natural communication techniques of the Deafblind community. The scale of each target population makes the comparison of these two categories challenging. The Braille-based devices targets both the blind and the Deafblind communities, whereas devices based on natural deafblind communication techniques target only the Deafblind community. Braille-based devices appeal to a much larger target population attracting interest much earlier than devices based on natural Deafblind communication techniques. With time, more research will bring forth better tactile rendering, more responsive displays, optimised manufacturing processes of Braille-based devices. For these reasons, Braille-based devices are, at this time, the only commercialised type of devices available for tactile communication.
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 210 FIGURE 2.10: Examples of refreshable Braille displays: a. Braille Edge 40; b. Blitab tablet. Source: http://www.hims-inc.com & http://www.RTL.fr
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 321211 FIGURE 2.11: Robotic fingerspelling hands. From left to right: Dexter, Dexter II, Dexter II-like for Gallaudet University, RALPH.
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 323 Vibrotactile systems for tactile fingerspelling techniques a.b.
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 212 FIGURE 2.12: Vibrotactile systems for tactile fingerspelling techniques: a. The Wearable Malossi Alphabet Interface; b. the Malossi alphabet. Source: Caporusso, N. (2008). A wearable malossi alphabet interface for deafblind people (called DB-HAND). Proceedings of the Workshop on Advanced Visual Interfaces AVI, 445-446.
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 213 FIGURE 2.13: Vibrotactile systems for tactile fingerspelling techniques: a. The Mobile Lorm Glove; b. the Lorm alphabet. Source: Gollner, U., Bieling, T., & Joost, G. (2012). Mobile Lorm Glove: introducing a communication device for deaf-blind people. Proceedings of the Sixth International Conference on Tangible, Embedded and Embodied Interaction -TEI '12, 1(212), 127.
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 214 FIGURE 2.14: The HoliBraille device. Source: Nicolau, H., Montague, K., Guerreiro, T., Rodrigues, A., & Hanson, V. L. (2015). HoliBraille: Multipoint vibrotactile feedback on mobile devices. W4A 2015 -12th Web for All Conference, 10-13.
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 2 FIGURE 2.15: The SmartFingerBraille device. Source: Ozioko, O., Taube, W., Hersh, M., & Dahiya, R. (2017). SmartFingerBraille: A tactile sensing and actuation based communication glove for deafblind people. IEEE International Symposium on Industrial Electronics, October 2017, 2014-2018.
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 216 FIGURE 2.16: Simple visualisation of the device design proposal: a. 2-D array of actuators placed inside the user interface; b. user interface shape.

Chapter 3 Concept

 3 Development of a Tactile Fingerspelling Communication System This work is part of a submission in preparation to the journal Disability and Rehabilitation: Assistive Technology, Taylor & Francis under the title HaptiComm: a whole-hand tactile communication device for use by individuals who are Deafblind.
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 31 FIGURE 3.1: Australian tactile fingerspelling alphabet. Source: Reproduced from [28].

Figure 3 .

 3 Figure 3.1 illustrates the symbols of the Australian tactile fingerspelling alphabet. The alphabet is elicited on the left hand of the receiver, where the signer draws rapid succession of tactile symbols reminiscent of fingerpicking stings on a guitar. This alphabet is described in detail in
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 32 FIGURE 3.2: Contact areas involved in the Australian tactile fingerspelling alphabet divided by contact type: a. tap symbols; b. tap and slide symbols; c. all symbols.
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 3334 FIGURE 3.3: Fingertip tapping contacts. a. Actuation; b. Examples of symbols.
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 335 FIGURE 3.5: Sliding contacts. a. Actuator "tweened" activation; b. Symbol example.
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 35 Figure 3.5.a shows how sliding contacts are produced in the device design. It has been
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 436 FIGURE 3.6: Actuators location for the letter "H".
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 37 FIGURE 3.7: Summary of the stimulation system : a. actuator characteristics and b. actuators location.
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 38 FIGURE 3.8: Hand support. a. side view b. top view.
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 393 FIGURE 3.9: a. The Lorm alphabet; b. Overlapping of the Lorm alphabet with the actuator array. Source: wikipedia.org/wiki/Lorm alphabet
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 311 FIGURE 3.11: The Spanish tactile fingerspelling alphabet. Source: fasocide.org
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 41 FIGURE 4.1: First actuator design. Each subfigure represents the decomposed and the assembled parts: a. mandrel; b. plunger; c. actuator.
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 42 FIGURE 4.2: Motor design Mark I
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 43 FIGURE 4.3: Whole-hand proof of concept of the tactile display. a. Side view of the display with the hand of a user; b. Top view of the display with the location of the 24 Mark I actuators.

FIGURE 4 . 4 :

 44 FIGURE 4.4: Actuator Design. a. Grey arrows indicate the magnet polarities. b. Dimensional optimisation of the magnetic circuit.

FIGURE 4 . 5 :

 45 FIGURE 4.5: Large signal, time domain performance. a. Estimated velocity (thin gray line) and position (black line) as a function time. b, Voltage input (thin gray line) and resulting acceleration (smoothed) starting at the value of negative acceleration of grativity.
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 46 FIGURE 4.6: Small signal performance. a. Measurement condition. b. Bode plot of the acceleration response. c. Time domain response at different frequencies.
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 52 FIGURE 5.1: Two tactile stimulation methods.

3 FIGURE 5 . 3 :

 353 FIGURE 5.3: (a) Mean error-rates across all volunteers. (b) Reaction times across all volunteers. (c) Confidence ratings across all volunteers. (d) Discrepancy measure between confidence and performance across all volunteers. Error bars represent the standard error of the mean.
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 54 FIGURE 5.4: (a) Individual error-rates. (b) Individual reaction times. (c) Individual discrepancy measures between confidence and performance. Error bars represent standard deviations.

  ). In general, volunteers performed the task with greater of accuracy when receiving taps (M = 23.45, SD = 15.36) rather than vibrations (M = 38.89, SD = 19.08). There was a significant main effect of stimulus duration, F(3, 160) = 18.41, p < 2.6 e -10 (r = 0.20). In general, volunteers performed the task more accurately when the stimulation duration was longer, 50 ms (M = 42.27, SD = 19.68), 100 ms (M = 35.43, SD = 17.58), 200 ms (M = 26.70, SD = 16.31), and continuous (M = 20.26, SD = 14.40).

  ). In general, volunteers' confidence increased with stimulus duration, 50 ms (M = 70.06, SD = 15.76), 100 ms (M = 72.87, SD = 15.31), 200 ms (M = 78.60, SD = 13.73), and continous (M = 86.30, SD = 11.13

Figure 5 . 2 .

 52 Figure 5.2.4 shows the three measures: error-rate, reaction time, and discrepancy for individual volunteers ordered by error-rates across all conditions, as well as the mean across volunteers.With only one exception (tenth from the left), all volunteers obtained better accuracy with the taps than with the vibrations. These results provide more detailed information about the variability of individual performances as a function of the eight conditions.
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 62 FIGURE 6.2: Locations of the 24 actuators on the left hand with two views: a. dorsal; b. volar.The identifiers are named for the fingers as follows: the letter describes the name of the finger, and the number describes the proximal, middle and distal phalanges. The identifiers are named for the palm by a 3-by-3 matrix and an identifier for the lower and lateral actuator.
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 63 FIGURE 6.3: Mould of the left hand of Sven Topp from three points of view. The actuators' locations are also represented by the red dots visible on the mold: a. top; b. top with actuators location; c. radial side.
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 6465 FIGURE 6.4: User interface design a. CAD view; b. 3D printed user interface; c. user interface with actuators and O-rings.
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 68669610 FIGURE 6.8: Non exhaustive ergonomics mouse and mouse-like list : a. Orthomouse; b. Logitech G400S; c. Ergonomically-shaped hand controller [1];d. Hand and wrist support for computer mouse [2]; e. Razer keypad Tartarus.
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 611 FIGURE 6.11: Magnetic field density between 2 groups of 2 8x5x3 mm Neodymium N35 ring magnets. Each group corresponds to one actuator plunger. Distance between the plungers: a. 14 mm; b. 18 mm; c. 19.75 mm; d. 22 mm; e. 27 mm.
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 612 FIGURE 6.12: Height optimisation of the hand support with inter-actuator minimum distance criterion: a. recall of the previous section result (fig 6.11); b. Generalization of the minimum distance to a ø 13,5 diameter 3-D ball; c. Initialization locations of the actuators regarding the hand shape and the needed minimum distance represented by the red circles.
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 613 FIGURE 6.13: Actuator housing component a. CAD view; b. picture.

FIGURE 6 . 15 :FIGURE 6 . 16 :

 615616 FIGURE 6.15: Final hand support CAD view (a.) and picture (b.). a. b.
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 617 FIGURE 6.17: Mechanical crosstalk in function of: three stimulus type (a. tap motion, b. 1-500 Hz sine sweep, and c. 'H' letter); d. 5 recorded locations using a 3-axis accelerometer (in red). e. The results are the ratio of the location power signal to the power signal of the location 1.
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 618 FIGURE 6.18: Hand support manufacturing for Sven Topp: a. clay mold of the volar surface; b.3D scan; c. hand support generated according the mold.
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 619621 FIGURE 6.19: Actuators' planar locations based on the left hand of Sven Topp: a. natural position of its hand on the mold; b. actuator markers on the mold; c. top view of the hand support with the actuators' locations.
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 6622 Figure 6.22 illustrates the Mark II user interface. The structure of the actuators remained the same as that of the Mark I, where they are connected to the printed circuit board by three dampers. As discussed in the previous section on the limitations of the Mark I design 6.5.8, the use of dampers for hand support allowed users to move the position of the hand relative to the actuators. The

2 .

 2 Use of off theshelf components; 3. User-friendly editing and creation of tactile symbols (software-specific);

FF3FIGURE 6 . 25 :

 625 FIGURE 6.25: Example of actuator configuration : a. actuator configuration variables; b. relation between keywords and locations of two actuators; c. relation between the two actuators coils and the of control; d. Illustration of the minimal voltage required for maximum vertical location of the rotor.
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 626 FIGURE 6.26: Architecture of the HaptiComm library.
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 6110 Figure 6.27 shows the overview of the control electronics. In a nutshell, the software has been interfaced to the electronics with a multi-channel digital-to-analog converter named AD5383. This component had 32 output channels and an output range of 0 V to 5 V. Each output of the DAC was connected to two operational amplifier configurations placed in series. First, a non-110

1 .

 1 HaptiComm Mark I use by Sven Topp communicating with Ophelia Deroy, first use [link] 2. HaptiComm Mark I use by Sven Topp communicating with Ophelia Deroy, second use [link] 3. HaptiComm Mark II use by Sven Topp during Yon Visell's presentation [link]

Table 2 .

 2 1: Characteristics of Braille embossers and refreshable braille display.

		Characteristics		Braille displays
		Braille embosser Refreshable Braille display
	User	simultaneous number of user	+∞	1
		quality		
		durable		
	Output	editable		
		portable		
		suitable conversation pace		
		portable		(recently)
	Hardware	light		(recently)
		affordable		(recently)
		input	paper	electricity
	the first known refreshable Braille display, enabling blind people to read the outputs of the
	calculator Texas Instrument 2550 II [36]. The same year, Werner Boldt and the German company
	Papenmeier developed the Braillex, first known electronic Braille display including a refreshable
	line of 40 Braille cells and a Perkins Braille interface [37]. For some points of comparison, the
	simplest Braillex version weighed 4.5 kg and cost 5649 Deutsche Mark (DM). By approximation
	based on the average wage in 1975 and 2020 in Germany, the device would have cost around
	20 000 C in 2020. The Braille devices did not evolve in representation of Braille cells, but rather
	in the inclusion of the device in the daily life of users due to its robustness, affordability, and
	portability. Depending on the number of cells represented in the device, the prices range from
	500 C to 17000 C (from simple Braille displays to more complex Braille printers). It also weighs
	only one-tenth of the simplest Braillex version.		

Table 2 .

 2 2: Characteristics of existing natural-based tactile communication devices.

			Robotic hands		Vibrotactile actuator array
		Characteristics	Hand-on-hand	Tactile fingerspelling	Finger-Braille
			Dexter & RALPH DB-HAND Lorm glove HoliBraille SmartFingerBraille
		released in	1978 -1993	2008	2012	2015	2020
		fidelity*		∼	∼	∼	∼
	Output	suitable conversation pace				
		spatial precision		∼		
		overall constant contact					∼
	Interface	confort of use		∼			∼
		2-ways communication				
		portable				
	Hardware	light				
		affordable				
		robust				

* fidelity is defined here as similarity in term of tactile stimulation with the aimed tactile communication technique.

Table 2 .

 2 3: Characteristics and design decisions of the tactile communication device proposal. emulate with high fidelity taps and slides Output spatial precision → two-dimensional actuator array suitable conversation pace → actuators control confort of the hand → allow resting position of the hand, computer mouse shape Interface confort of use → non-constrained hand (ie. computer mouse, smartphone) minimal constant contact → holey contact surface sweat & heat evaporation → "

	Characteristics	Design decisions
	natural tactile sensations →	

.
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Table 3 . 1 :

 31 Number of symbols by region of the receiver hand.

	totals

Table 3 .

 3 2: Number of letters by contact areas and contact size.

					contact area categories			
			fingertip			finger		other	
	contact type								
	tap	10	3	1	2	2	1	1	1
	tap and slide	4	0	0	0	0	0	0	1
	totals	14	3	1	2	2	1	1	2

Table 3 .

 3 3: Number of letters by simplified contact area size and contact size.

		contact area size	
	contact type fingertip(s) others totals
	tap	14	7	21
	tap and slide	4	1	5
	totals	18	8	26

Table 5 .

 5 1: Mean and standard error of error-rates, reaction times, and discrepancy across all volunteers. .33 ± 3.19 56.11 ± 2.87 1023 ± 110 1216 ± 126 6.06 ± 5.27 23.10 ± 6.03 100 ms 26.11 ± 3.56 44.76 ± 2.97 1104 ± 112 1276 ± 130 7.11 ± 5.25 14.10 ± 5.77 200 ms 19.60 ± 3.11 33.89 ± 3.38 1044 ± 101 1174 ± 109 4.37 ± 4.99 10.87 ± 5.05 continuous 19.76 ± 3.32 20.79 ± 3.06 1045 ± 113 1279 ± 121 6.79 ± 4.36 9.46 ± 4.16

			error-rate	reaction time	discrepancy
	exposure	tap	vibration	tap	vibration	tap	vibration
	50 ms 28						

Table 5 .

 5 2: Number of overestimated and underestimated counts by degrees of item contiguity.

			two items		three items	four items	five items	mean	totals
		estimation						
	tap	over	1 11 10	7 10 0	5 2 8 5	2	19	15 42 15 152
	200 ms	accurate	56 14 117 116 48 18	52 12 32 59	87 34	311 108 194 1258
		under	1 0 0	9	1 1	4 4 8 19	48 20	62 25 20 222
	vibration	over	8 3 12	13 6 0	2 2 6 7	14 10	37 21 19 160
	200 ms	accurate	49 18 115	94 41 18	35 7 20 36	49 21	227 87 169 986
		under	1 4 0	25 12 1	24 9 22 40	74 42	124 67 41 486
		subtotals 116 50 254 264 118 38 122 36 96 166 274 146	776 350 458 3264

  Number of times conditions achieved the lowest, second lowest and third lowest

	50 100 200 continuous	50 100 200 continuous
	tap	vibration	
	8		
	6		
	4		
	2		
	0		
	lowest error rate	second lowest	third lowest
	8		
	6		
	4		
	2		
	0		
	lowest reaction time	second lowest	third lowest
	8		
	6		
	4		
	2		
	0		
	lowest discrepancy	second lowest	third lowest
	FIGURE 5.5:		

Table 17 . 40-Channel, 12-Bit DAC Serial Input Register Configuration
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st known deaf writer Book "Observations d'un sourd et muèt"

Source: Caporusso, N. (2008).

This requirement will not fit in the final design. More details in the next section.

These requirements are not taken in consideration during this thesis.
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Highlights Summary

Contributions:

-Creation of a tactile communication actuator.

-1 N impact mode with a 5 mm stroke.

-1 to 500 Hz vibro-tactile mode.

-Easy and low-cost fabrication process.

-Small enough to accommodate several dozen under the hand.

Here, I describe the development of the communication device designed in chapter 3. As the results obtained in chapter 4 confirmed the use of the actuator presented in chapter 4, this actuator design has been chosen as the actuation component of the device.

Abstract

Here I describe the development of a communication device for individuals who are deafblind. This assistive system translates written text or speech into tactile fingerspelling techniques. Here I showed three iterations of the communication device from mechanical, electrical and software perspectives. While no significant user study could be conducted within the scope of this thesis, the system gave encouraging signs of effectiveness. The quality of the stimulus delivery method for purposes of tactile communication was assessed through an experiment where volunteers identified the numerosity of tactile items presented simultaneously. The results largely vindicated the overall design approach. The two main differences between Mark I and II of the actuator designs.

Modifications Overview

Actuators Control The magnetic interaction between the actuators could be overcome by keeping the actuators sufficiently separated spatially. Since the planar coordinates of the actuators are fixed, an option was to separate the actuators by changing their vertical location. This solution could lead to an increase in the height of the device if it was done in a simplistic manner. It could make the device unusable on a table if its height is too high. In order to minimise the height, the magnets of the rotors have been modified. The new magnet was half the height of the previous one, while keeping the same volume so as not to lose performance. This modification was part of the design of the Mark II actuator shown in figure 6.6. The vertical location of the actuators was also optimized by using a mathematical programming solver. The device was as small as possible without the need to compensate for unwanted actuator movement by controlling the coils with the software.

Mechanical Crosstalk

The echo generated by the deactivation of the actuators was compensated by splitting the interface into two structures: the first structure contained the actuators while the second, placed above the first, supported the hand. The only mechanical link between these two structures was provided by low-frequency dampers (see figure 6.7). The use of a magnetic cushion under the plunger of the actuators also provided better echo reduction than that obtained with O-rings.

Hand Comfort The hand support has been designed to increase user comfort and avoid muscular stress. The support was a surface composed of small cavities to allow the evaporation of sweat and prevent excessive heat.

Hand Support Size It was also wanted to create a device that could be used by a larger number of users, so I carried out an empirical study on the resting position of the hand. The position of the actuators was optimised so that the device could be used by a large number of individuals. 5. Simple manufacturing processes (electronic specific);

Digital to Analog Converter

6. Actuator control in both directions (electronic specific).

An overview of the electronics of control and the software architecture is shown on figure 6.23. In a nutshell, a speech recognition system and a text input are both connected as inputs to the software architecture. The library includes a text-to-tactile pattern converter that uses a database of tactile symbols for conversion. This tactile pattern is then sent to another thread that interacts with the electronics of control. The electronics of control converts the digital signal into an analog signal, which is transformed by an operational amplifier system connected to the ends of each actuator coil. Before introducing the electronics of control, the software architecture is presented.

Software Architecture

A specific library has been designed to meet the above requirements. The software architecture was the combination of a user configuration file and a software library. One could modify the configuration file to create and store tactile symbols in a simple manner. The software library read the configuration file and creates the interface between the inputs (text written by or voice of the locutor) and the ouput (activation of the actuators).

User configuration file

The user configuration file was composed of two configurations parts. First, it allowed the creation of tactile symbols which is a list of actuator behaviors stored in WAV file. Second, the actuator characteristics could be personalised.

Contributions

The electronics of control has been made by VTH INNOVATION SAS company based on requirements designed by Vincent Hayward and myself. This board was also used to control other actuators in ISIR, and a more general AD5383 DAC driver was made by Florian Richer. When it was released, I replaced the driver I made with this one. I designed, ordered, created, assembled the electromechanical parts of the devices. I also developed the whole software and the unit tests. I'd like to thank for their ideas and advices: Jeraldine Milroy, Sven Topp, Cyril Bounakoff, William Frier, Bernard Javot, Inès Lacôte, and Thomas Daunizeau.

Highlights Summary

Contributions:

-Creation of tactile communication system that meet most of the requirements of Chapter 3.

-Compact device with 24 actuators whose design is described in Chapter 4;

-Control of each actuator at 27 kHz, between -5 V to 5 V with a voltage step of 2.4 × 10 -3 V.

-Mechanical crosstalk minimisation to have a signal-to-noise ratio adapted for users who are Deafblind.

-Easy and low-cost fabrication processes.