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Abstract 

People with visual impairments have a strong desire for a refreshable tactile interface that can provide 

immediate access to full page of Braille and tactile graphics. Regrettably, existing devices come at a 

considerable expense and remain out of reach for many. The exorbitant costs associated with current tactile 

displays stem from their intricate design and the multitude of components needed for their construction. This 

underscores the pressing need for technological innovation that can enhance tactile displays, making them 

more accessible and available to individuals with visual impairments. This research thesis delves into the 

development of a novel tactile display technology known as Tacilia. This technology's necessity and 

prerequisites are informed by in-depth qualitative engagements with students who have visual impairments, 

alongside a systematic analysis of the prevailing architectures underpinning existing tactile display 

technologies. The evolution of Tacilia unfolds through iterative processes encompassing conceptualisation, 

prototyping, and evaluation. With Tacilia, three distinct products and interactive experiences are explored, 

empowering individuals to manually draw tactile graphics, generate digitally designed media through printing, 

and display these creations on a dynamic pin array display. This innovation underscores Tacilia's capability to 

streamline the creation of refreshable tactile displays, rendering them more fitting, usable, and economically 

viable for people with visual impairments.  
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Impact Statement 

This thesis explores a breadth of topics concerning tactile interactions and contributes an impact both within 

and outside academia. Within academia, this thesis makes several direct contributions to assistive technology 

and disability research. First, it provides an updated and nuanced understanding of the needs, challenges and 

practices of students with visual impairments in India (Chapter 4). The analysis of the product architecture of 

the state-of-the-art tactile display provides a new perspective to interpret the complexity and technical 

challenge of the technology (Chapter 5). Both these works have been converted into papers that are currently 

accepted for publication at IFIP Interact 2023 and ACM ISS 2023. The design and technological development 

of Tacilia as an actuator was published and presented at the World Haptics Conference 2021 and nominated 

for the best presentation (Chapter 6).  

 

This thesis comprehensively delves into a diverse array of topics related to tactile interactions, generating 

substantial impacts both within the academic realm and beyond. Within academia, this thesis contributes to 

the domains of assistive technology and disability research. It furnishes an updated and intricate 

comprehension of the needs, hurdles, and practices encountered by students with visual impairments in India, 

thus enriching our understanding (Chapter 4). Moreover, a meticulous analysis of the product architecture of 

state-of-the-art tactile displays offers a novel lens through which to decipher the technical intricacies inherent 

to this technology (Chapter 5). Notably, these achievements have been encapsulated in papers that have been 

accepted for publication at IFIP Interact 2023 and ACM ISS 2023 respectively. The design and technological 

evolution of Tacilia as an actuator, was showcased and published at the esteemed World Haptics Conference 

2021, where it was even nominated for the best presentation award (Chapter 6).  

 

The inception of novel products and interactions acted as catalysts for further research endeavours. Tactile 

drawing interactions sparked the innovative adaptation of Pixel Art to the design of tactile graphics. This study 

was conducted collaboratively with IIT Delhi as part of the UCL-IITD Strategic Partner Seed Fund, and its 

outcomes furnished qualitative evidence affirming the efficacy of Pixel Art in shaping tactile forms (Chapter 

8). Additionally, it is worth noting that the utilisation of laser technology to actuate tactile pixels in the creation 

of a printer marks a new domain in research exploration. This pioneering endeavour harnesses laser irradiation 

to induce shape changes in Nitinol for a tactile display, a feat that, to the best of my knowledge, remains 

unexplored (Chapter 9). Meanwhile, the deliberate focus on the targeted heating interface and the singular 

refreshing system births an innovative technological advancement in the realm of cost -effective refreshable 

tactile display systems (Chapter 10). These explorations collectively propel the field of haptics and tactile 

interfaces forward, making substantial contributions and introducing a novel tactile display technology that 

paves the way for further research investigations in this domain. 

 

Beyond the confines of academia, this body of work possesses the potential to significantly disrupt the 

prevailing market for tactile displays designed for individuals with visual impairments. Present commercial 
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technologies are based on costly piezoelectric actuation systems or unwieldy, susceptible motorised display 

panels. Tacilia, however, introduces an innovative paradigm by offering an affordable option towards 

expansive tactile displays, realised through a layered product architecture. This unique approach has sparked 

keen industrial interest, garnering attention from several companies within this domain, including notable 

players like Humanware and Dot. The traction gained extends beyond interest, as Tacilia secured a UCLB 

Social Venture Proof of Concept grant earmarked for its commercial development. Furthermore, the product's 

business strategy was formulated in collaboration with MBA students at the London Business School as part 

of the Innovation to Market course. This endeavour was complemented by a comprehensive dissemination 

strategy, engaging with diverse public platforms such as the GDI Hub, UCL Engineering, and Loughborough 

Doctoral College. It has also been nominated for the Royal Academy of Engineering, Engineering Talent 

Awards for the Innovation of the Year 2023.  

 

However, the ultimate transformative impact of this endeavour is projected to emerge through its 

commercialisation, as Tacilia-powered tactile interfaces stand poised to be made globally accessible to students 

and professionals with visual impairments, thus shaping the landscape of accessibility and inclusion on a global 

scale.  
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1 Introduction 

Visual impairment refers to a broad range of conditions that affects a person's ability to see or interpret visual 

information correctly that cannot be fixed with surgeries or corrective eyeglasses [363]. It is a significant health 

concern worldwide and has a profound impact on an individual's daily life, independence, and overall well-

being and varies in severity, from partial sight loss to total blindness.  

 

Globally, 2.2 billion people live with a visual impairment [40,87] that are caused by various factors, including 

congenital conditions, eye diseases, injuries, and age-related changes. While most people with visual 

impairment are over the age of 50 [364], working for younger people with a visual impairment is critical as 

early intervention can foster independence by equipping young people with the skills needed for daily living, 

mobility, and self-advocacy [183,365]. Intervening early can also help in developing social skills, establish 

friendships, and participate in extracurricular activities [257]. Skills acquired during childhood and 

adolescence contribute to their self-confidence, independence, and ability to navigate challenges throughout 

their lives [366]. 

 

Almost 18.9 million children under 15 years of age are visually impaired, 75% of whom live in low-and 

middle-income countries [91]. Children born with a visual impairment or who become visually impaired at a 

young age, have a lifetime of challenges ahead of them that is often associated with emotional, social, and 

economic difficulties [92]. Young children with early onset of visual impairment experience delayed motor, 

language, emotional, social, and cognitive development that have lifelong consequences [364]. School-going 

children with visual impairments achieve a lower educational achievement level, severely affecting their 

quality of life as they grow [364]. Adults with visual impairments often suffer from lower employment rates 

in the workforce and higher rates of depression and anxiety. Visual impairment also contributes to social 

isolation and a higher risk of physical injuries due to falls and fractures and increased dependence on family 

and social care services [364].  

 

Education is the single greatest tool for achieving social justice and equality. It plays a crucial role in breaking 

down barriers, promoting inclusivity, and empowering individuals to overcome challenges.  But the literacy 

rate for students with visual impairments is significantly lower than the overall literacy [367]. Negative 

attitudes and misconceptions about visual impairments can lead to lower expectations for students with visual 

impairments. Teachers and educational institutions might also lack the necessary training and resources to 

effectively teach students with visual impairments. The traditional educational materials, such as printed 

textbooks and written assignments, are not readily accessible to students with visual impairments and lack of 

appropriate accessible formats, like Braille or accessible digital resources, can hinder learning. A lack of 

education [205] and illiteracy due to vision loss is a form of societal injustice [303].  
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Access to information technology is an essential tool in the inclusion process and promotes the independence 

and autonomy of students with visual impairments [4]. Assistive technology (AT) interventions improve 

educational performance [368] and help to reduce socioeconomic disparities among people with visual 

impairments [350]. The community is also not far behind in terms of technology adoption and use. Due to the 

shortage of Braille content, students turn to audio books to access education materials and freely share content 

among peers [310]. Access to information on these digital devices is made possible by translating text and 

images into speech information (screen reading). Such translations of textual information over ubiquitous 

computing devices have been impactful in the lives of millions of people and has facilitated learning [63], 

employment [361], entertainment, and social interaction also providing access to critical governmental services 

[306], e-commerce [359], healthcare services and entrepreneurship [12].  

“Access to information in the widest sense is access to knowledge, which is vitally 

important for us if we are not to go on being despised or patronized by condescending 

sighted people. We do not need pity, nor do we need to be reminded that we are 

vulnerable. We must be treated as equals – and communication is the way this can be 

brought about.”  

– Louis Braille, Inventor of the Braille Script 

However, not all information can be effectively conveyed through auditory means alone. Envision attempting 

to describe the layout of a building, the intricacies of a sine curve, or the contours of a flower solely through 

spoken words. In these scenarios, touch emerges as a vital mode of active engagement, wherein tools like 

Braille script and tactile graphics harness the tactile sense to comprehend both textual and visual data. Tactile 

interfaces hold particular significance, especially for students and professionals, as they furnish a means to 

access and interact with information and technology in a manner aligned with their sensory capabilities and 

developmental needs. These interfaces effectively serve as a conduit connecting the digital and physical 

realms, enabling individuals with visual impairments to effectively engage with diverse facets of education, 

professional endeavours, and daily life. Their role is pivotal for pursuits ranging from learning and research to 

staying informed and empowered. 

 

More than the people who lose their vision at a later age, young children, students and professionals with visual 

impairments require tactile interactions for education, inclusion, equal opportunities, communication and 

navigation. It enables the comprehension of subjects like math, science and geography that can facilitate an 

equal opportunity to learn, work and compete in various fields. For instance, professionals you are proficient 

in Braille can also read and write messages, emails, and documents independently, promoting effective 

communication in both personal and professional settings. The knowledge of Braille is directly related to 

professional success and employment [255]. Therefore, for young people with visual impairments, tactile 

interfaces are essential to access education, information, and technology, thereby promoting inclusivity, 

equality, and independence in various aspects of life. These interfaces play a crucial role in enabling blind 

individuals to participate fully in education, the workforce, and society.  
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More than the people who lose their vision at a later age, young children, students and professionals with visual 

impairments require tactile interactions for education and gaining a conceptual understanding of the world. It 

enables the comprehension of subjects like math, science and geography that can facilitate an equal opportunity 

to learn, work and compete in various fields. For instance, the knowledge of Braille is directly related to 

professional success and employment [255]. Therefore, for young people with visual impairments, tactile 

interfaces are essential to access education, information, and technology, thereby promoting inclusivity, 

equality, and independence in various aspects of life. These interfaces play a crucial role in enabling blind 

individuals to participate fully in education, the workforce, and society.  

1.1 Tactile Interfaces 

Our sense of touch is evolved, is tightly integrated with other senses [197], can discriminate physical 

deformations at a nanoscale level [283] and enables us to perform dexterous manipulations of external artefacts 

with precision [24]. It is referred to as Haptics and encompasses all aspects of acquiring information and 

manipulating objects through the sense of touch. Tactile, on the other hand, pertains specifically to the sense 

of touch and the sensation of physical contact with objects on the skin [47]. Where haptic interfaces utilize 

vibrations or force feedback [5] to convey information and engage the sense of touch, tactile interfaces, on the 

other hand, directly involve physical touch sensations from surfaces that stimulate the mechanoreceptors in 

the skin. Tactile interfaces hence encompass tools like Braille displays, tactile maps and raised line graphics.  

 

In tactile interactions, the mechanoreceptors (biological sensors) in the skin and nerve endings in the skeletal 

muscles are responsible for sensing a variety of touch stimuli and establish the presence of our body in space. 

Touch, unlike vision, is an active sense where active exploration is necessary to obtain information about 

external materials, spatial and geometric properties of our environment. The sensory information travels to the 

brain through multiple sensory pathways depending on the nature of stimuli. In the brain, the regions of the 

body are mapped to regions in the somatosensory cortex to process the sensory information. Other senses also 

integrate with the sense of touch (especially vision) which can lead to the phenomena of sensory substitution 

and brain plasticity. Through this, one sense can contribute to the perceptual process of other senses, enabling 

the brain to create new pathways to compensate for the missing senses, the key that unlocks the use of haptics 

as an AT. 

 

Braille is a reading and writing system used worldwide which uses combinations of embossed dots typically 

on paper (but can also be formed on other surfaces) to provide a tactile system for readers and writers with 

visual impairments. It uses a system of six or eight raised dots arranged in two columns and three or four rows. 

The six-dot Braille allows for 64 combinations while the eight-dot Braille can create up to 256 dot 

combinations. The patterns of dots are associated with letters or syllables of other writing systems, but their 

rules vary with language. A single pattern could also represent an abbreviation or contraction of a frequently 

occurring word. On the other hand, most elements of a visual image are translated into tactile through an 
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embossed line [13]. Raised line graphics are published in many ways, including thermoforming thin 

thermoplastic sheets, printing and heating microcapsule swell paper, silk screen printing, 3D printing, 

embossing thick paper and other custom techniques using yarn, cardboard, foam board, thumb pins, etc. to 

create tactile reliefs.  

 

Tactile media for people with visual impairments can be broadly classified into two categories. The first is 

static tactile displays in which Braille or tactile graphics are permanently embossed on a flat surface. This 

could be paper, metal, plastic, or other suitable material. Tactile information on  such printed or embossed 

displays can often be found in tactile books, plaques, buses, elevators, and other public places where 

information in Braille or tactile graphics can be sensibly provided. However, tactile printing is expensive, 

requiring specialist equipment or extensive manual labour [72]. Tactile books are bulky and since printed 

graphics in books cannot be reconfigured to present any other information, they offer limited flexibility and 

reusability [74,98]. 

 

The second category of tactile displays are refreshable tactile displays. In these devices, an array of evenly 

spaced pins, dots or tactile pixels (the three terms are used interchangeably in literature and in this thesis) 

selectively pop out above a flat surface to create a tactile bump and recede to present a new piece of information 

on the same display. An affordable two-dimensional pin-array type tactile display device is highly aspirational 

among students, teachers and professionals who are visually impaired [35] as the vast amount of digital 

information can be translated into Braille and tactile graphics and accessed through the display independently. 

It reduces the dependence on voluminous printed books that are inaccessible. Figure 1 shows a range of 

available refreshable tactile displays.  

 

There are now a growing number of interactive pin-array displays such as the HyperBraille which is based on 

piezoelectric motors; Graphiti [369], a dynamic pin-array display which runs on repurposed coreless DC 

motors; DotBook [144] and BlindPad [342] which are based on electromagnetic forces to actuate an array of 

pins and HolyBraille, which is based on microfluidics [253]. These notable approaches have created new 

possibilities for tactile access however, their cost makes such devices prohibitive for most. For instance, the 

HyperBraille device comprises an array of 120x60 dots with an interdot spacing of 2.5mm and its touch-

sensitive display allows intuitive and fast co-located inputs and output. While it is one of the most advanced 

displays currently available for users, its $56,000 is prohibitively expensive for individual users. The Graphiti 

display, is based on a different actuation technology and repurposes existing mass manufactured micro-DC 

motors. Using low-cost micro actuators has reduced the cost of Braille displays by a considerable margin. A 

two-dimensional array made using motors (60x40 dots) has resulted in a cheaper display for around $15,000 

[370], but it is still beyond the reach of many individual tactile readers. The upcoming Dotbook also has an 

array of 60x40 dots with an inter dot distance of 2.5mm. The dots use electromagnetic attraction and repulsion 

combined with mechanical locking to raise, lower, and lock the pins in an array. However, it is still one of the 

younger technologies and is expected to cost thousands of dollars.  
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Figure 1 Contemporary Refreshable Tactile Displays 

1.2 The Problem 

The global lack of access to affordable tactile media due to technological limitations for an affordable 

refreshable tactile display limits the literary exposure for people with visual impairments. Access to printed 

tactile media is restricted due to the high cost and complexity of printing, storing and circulation which limits 

the exposure to information among children with visual impairments. Refreshable displays overcome printing 

and circulating challenges as devices can present digitally stored content on a single reconfigurable display. 

More tactile media can be accessible and available for people with visual impairments if they can afford to 

have a refreshable tactile display. The dearth of a practical engineering solution shows that there is a need to 

revisit the design approaches that address the complexity of tactile displays to understand why these displays 

are so expensive and to design an affordable pin array display.  

 

Limited technologies also reduce the exploration of human-computer interactions with tactile devices. For 

example, the Braille Authority of North America (BANA) provides guidelines to simplify printed tactile media 

[371], however, these guidelines are not directly applicable to tactile graphics made on refreshable displays 

where raised lines are produced through a series of dots in an array, rather than a continuous ridge. Systematic 

explorations to determine better interactions with tactile interfaces can be facilitated with an affordable and 

accessible technology that is more widely available for HCI researchers.  

 

Therefore, the problem statement that this thesis aims to address is to design a new refreshable tactile 

display technology that meets the needs of people with visual impairments and explore interactions using 

the technology. 



                                      

 33 

1.3 Research Questions 

Before diving into the technological problem, the thesis first  explores the need for tactile interfaces particularly 

among students with visual impairments. It is based on rigorous, qualitative grounded research that establishes 

the requirements for the technology. Hence, the first research question for the thesis:  

 

RQ1: What are the user centric requirements for a tactile interface? 

 

Qualitative research tools were employed to explore the needs and requirements from students with visual 

impairments. This included a contextual inquiry at a school for students with visual impairments in India, 

which provided a grounded understanding about the use of tactile interfaces in education and requirements for 

new innovations in this domain. This immersive inquiry was followed by a series of focus group discussion 

workshops with university students with visual impairments, teachers and professionals with visual 

impairments. These qualitative explorations aimed at understanding the current needs, learning and teaching 

practices, challenges, strategies to overcome challenges in education and to better situate the need for tactile 

interfaces and its requirements.  

 

The qualitative exploration led to four key requirements. The overarching engineering requirements was for a 

large surface interface for bimanual interactions that is refreshable and can present tactile media on the same 

display. The second requirement that came from educators was for a tactile interface that allows students to 

draw tactile graphics and create tactile media. College students wanted to be able to get access to bespoke 

tactile graphics on demand which formed the third requirements. Teachers and professionals with visual 

impairments needed a tactile interface that can allow users to type and interact with their laptop screens. These 

requirements subsequently formulated five research questions. Hence, the second research question for this 

thesis: 

 

RQ2: What can be a suitable product architecture for large surface pin array type tactile displays for 

Braille and tactile graphics? 

 

Existing literature reviews on this topic have captured and classified the various mechanisms and materials 

that enable the actuation of a pin-array tactile display [20,60,61,100,123,319]. However, the analysis of the 

product architecture provided clarity about critical mechanical functions of the pin-array display and the 

various engineering mechanisms that can achieve them. There are three key functions of pin-array displays 

that is to raise and lower pins that are tightly packed in an array, lock pins at either of the two positions and 

then to create a large array based on the reciprocating mechanism. For these three functions there are multiple 

architectures. Each architecture has its own advantages and limitations. 
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A layered product architecture was found to reduce the number of replicated components that reduces 

complexity and increases scalability, where a single material layer houses integrated actuators and motion 

generating mechanisms. However, existing research has limited examples that demonstrate a practical and 

commercially viable design based on the layered architecture for a tactile display. Existing designs either used 

specialized mater with a small shelf life (such as hydrogels) or were expensive for practical use. Some also do 

not perform as per the requirements of Braille and tactile graphics. Therefore, there is a gap in the engineering 

design of a new tactile actuator for a layered architecture of a pin-array display, which led to the third research 

question: 

 

RQ3: How to design a refreshable tactile display mechanism in a single material layer? 

 

This gap in the literature motivated the design and fabrication of a layered tactile technology that achieves the 

requirements for Braille and tactile graphics at an affordable cost. The thesis introduces a proof-of-concept 

technology Tacilia which is fabricated from a single sheet of a shape-memory material called Nitinol. The 

proof-of-concept prototype of the actuator technology has 841 independently addressable tactile pixels that are 

responsive to localised heat (Figure 2). The pixels are designed to bend out of the plane to actuate a pin or 

create a tactile effect are selectively and locally heated from an external source. Individual pixels can be 

selectively reconfigured by applying a compressive mechanical force to push them back to their flat state.  

 

Figure 2 The laser cut sheet with the cantilever beam tactile pixels. 

Tacilia was able to generate a blocked force of 0.25 kg, accompanied by a peak vertical displacement of 0.4mm. 

These outcomes are deemed adequate for facilitating Braille reading. The findings demonstrate Tacilia's 

potential to serve as the core element within tactile displays intended for extensive surfaces, effectively 

catering to Braille and tactile graphic representation. Notably, Tacilia possesses the dual capacity to function 
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not only as a display but also as an actuator. By aligning this technological innovation with the prerequisites 

identified through qualitative user research, the fourth research question, as well as the initial query pertaining 

to the design of novel interactions, can be addressed: 

 

RQ4: How to create tactile information on Tacilia? 

 

 

Figure 3 Drawing erasable tactile information on Tacilia using a hot air jet pencil  

Tacilia can used as an interface to draw and erase tactile diagrams manually. Tactile drawing was created 

through an off the shelf battery operated soldering iron and a custom designed hot-air-jet pencil. Touching the 

soldering iron directly on the base of a selected pixel actuated it. In this way, tactile drawings were created 

pixels by pixel. However, this mechanism was found to be unsuitable for non-visual drawing interactions due 

to the exposed heating tip. Hovering the hot air jet pencil directly over Tacilia actuated the pixels, providing a 

safer and smoother manual control to create tactile graphics directly on the display. In both the cases, drawings 

could be erased manually by compressing the pixels with fingertips or with the help of a plastic block. 

Participants who evaluated the interface developed unique autodidactic ways to draw and erase directly. 

However, the tactile drawings were difficult to render accurately which motivated the next research question 

which is:  

 

RQ 5: How to create comprehensible tactile graphics on Tacilia? 

 

Creating of tactile graphics on such a pixelated display needed fundamental rules to design tactile media. 

Therefore, Pixel Art which is a technique to render low resolution digital graphic was explored as a system to 

draw tactile graphics on Tacilia. Participants with visual impairments read and evaluated Pixel Art tactile 

graphics and compared Pixel Art geometric shapes to thermoformed tactile graphics. Analysis of their reading 

interactions was done qualitatively through video recordings with which, Pixel Art was found to be a simple 

and effective framework to render geometric shapes, which were read with high recall accuracy. Participants 

could interpret, iterate, and learn from Pixel Art tactile graphics that demonstrated the effectiveness of adapting 
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a visual rendering method to tactile graphics on pin-array type displays. Based on the results, seven design 

principles to create Pixel Art tactile graphics on pin-array displays are collated (Figure 4).  

 

Figure 4 Guidelines to render Pixel Art tactile graphics on Pin Array displays.  

To address the requirement of creating bespoke tactile graphics on Tacilia, drawing can be a slow and limiting 

process. Therefore, in the fifth research question, printing tactile graphics is explored: 

 

RQ6: How to print bespoke tactile media on Tacilia? 

 

This question aims to address the third requirement which was to access digital graphics quickly and affordably 

in their tactile form. Existing tactile print ing processes take significant time to reach students with visual 

impairments from a central printing facility. These are also not widely available and can often by hard to set 

up as tactile printing requires specific equipment (Braille printer, swell paper, thermoforming) and are 

complicated and expensive. A low-cost office type printer that can print tactile graphics and Braille on 

reconfigurable displays are yet to exist. To make this product with Tacilia, a laser engraver was repurposed to 

heat specific areas of Tacilia directly. The 1.65W OSRAM 450nm laser spot of 0.3mm radiated energy to the 

sheet to raise its temperature and actuate the pixels. By calibrating the provided software of the laser for optimal 

use with Tacilia, pixelated digital art was printed in its tactile form in minutes. The refreshable display and the 

reusable laser printer created a wide variety of on demand tactile graphics.  
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Figure 5 A tactile representation of the Taj Mahal printed on Tacilia 

The final research question addresses the requirement for a tactile computer interface which is: 

 

RQ7: How can Tacilia be used for a refreshable tactile display computer interface? 

 

A proof of concept of a scaled down prototype (4x4 tactile pixels) was developed of what could become a full-

page multi-line Braille and tactile graphic display. In this PoC design, an array of micro-heaters was created 

to selectively actuate the pixels of Tacilia. The array is aligned to the pixels of Tacilia, and heaters of the array 

are in direct physical contact with the sheet. Selective heating of heaters raised the temperature of the localised 

region of the sheet and actuated the pixel to create a tactile pattern. In this way, the combination of heater array 

and the sheet of Tacilia creates an independently addressable pin array actuator. In its full PoC embodiment, 

an array of pins is placed on top of each actuator and a single motor is used to reconfigure them back to their 

flat state. Together, the heaters, Tacilia and the reconfiguration system define the PoC of a reconfigurable 

tactile display for Braille and tactile graphics.  
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Figure 6 Proof of Concept of the Refreshable Tactile Display based on Tacilia  

1.4 Research Approach  

The structure of this thesis follows a user-centred design approach, which involves investigating and 

comprehending a practical issue through methods such as prototyping, mechanical engineering, design, and 

human-computer interaction (HCI). This methodology is rooted in the Applied and Basic Design Research 

framework [276]. The challenges associated with visual impairment are tangible, practical, intricate, and 

interconnected with the diverse real-world experiences of individuals. Within this context, the ABC principle 

dictates that by commencing with a clear intention and problem and blending both applied and basic research 

methodologies, more expedited progress can be achieved in both realms. Complementing the ABC principle 

is the notion of amalgamating science, engineering, and design, leading to research with a better impact. This 

approach also positions design as a vehicle for acquiring and uncovering novel insights about the world. To 

put these principles into practice, the guidance advises selecting actionable problems as the starting point, 

followed by the integration of qualitative immersive techniques and quantitative laboratory experiments to 

grasp and resolve the identified issue. 

 

Qualitative research methods are harnessed to gain insights into the needs, usage patterns, and requirements of 

tactile interfaces within the context. In the technical domain, a systematic scientific analysis of mechanical 

product architectures is conducted, uncovering a pertinent engineering research gap. To bridge this gap, 

iterative engineering design methods and prototyping techniques are employed to conceive and create a 

technical invention. The developed invention undergoes rigorous evaluation in alignment with established 

user-centric criteria. The approach also extends to the translation of the invention into multiple products and 

interaction design concepts, which were initially identified through the qualitative research exploration. The 



                                      

 39 

processes of product design and interaction design are then brought into play to realise these concepts. 

Furthermore, the implementation is rigorously scrutinised through a combination of laboratory experiments 

and user studies. 

 

In essence, the thesis represents a comprehensive multi-disciplinary approach to problem-solving. It 

seamlessly interweaves various methodologies, encompassing systematic analysis, engineering research 

(requirements gathering, design, and evaluation), and design research (encompassing research for design and 

research through design). Through this holistic approach, the thesis not only contributes new knowledge to the 

specific domain but also generates tangible artifacts that hold the potential to make a substantial impact on the 

lives of people with visual impairments. 

1.5 Contributions 

This thesis makes a significant scholarly contribution by presenting a fresh perspective on the pressing need 

for tactile interfaces designed to cater to the distinct requirements of people with visual impairments, including 

students, educators, and professionals. It adeptly identifies the intricacies of challenges arising from restricted 

and misfitting interactions and interdependencies within this demographic, illuminating potential solutions 

through academic achievements, internalisation of external stressors, and utilisation of sociocultural support 

networks. However, a notable shortcoming arises from the limited availability of assistive technologies, 

particularly those incorporating Braille and tactile graphic displays. This work also systematically outlines the 

prerequisites for effective tactile interactions, fostering the creation of tactile information within educational 

and professional domains, thus enhancing computer-mediated tasks.  

 

Nonetheless, it's important to acknowledge that the focus of this investigation is geographically confined to 

the context of India. This emphasis on the Indian landscape is justified by the substantial prevalence of people 

with visual impairments in the country and their evident unmet needs. However, it's worth noting that the 

insights and findings derived from this research are likely to resonate across various global contexts, especially 

in lower and middle-income societies confronting analogous challenges. The principles and solutions proposed 

here can potentially offer valuable insights for addressing similar issues in different parts of the world.  

 

After this, the inquiry delves deeply into the intricate product architecture of pin -array tactile displays with a 

keen analytical focus. This evaluation is astutely centred on product architectures that have successfully 

demonstrated the viability of generating two-dimensional pin arrays. This methodical investigation 

comprehensively encompasses a total of 66 designs, sourced from both patent documents and academic 

literature. This extensive collection of designs contributes significantly to the clarity of knowledge in relation 

to the multifaceted nuances inherent to engineering design within this domain. The classification framework 

adopted, originating from the identified core functions of the pin array, aims to elucidate the diverse 

mechanical trajectories that are harnessed in their realization.  
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Notably, the analysis omits the consideration of refreshable Braille displays and more expansive pin array 

configurations. The former is designed for one-dimensional data presentations, while the latter lacks 

congruence with the prerequisites of Braille and tactile graphics. 

 

Within this scholarly context, the pinnacle of this thesis is centred around the conception and actualisation of 

a groundbreaking tactile display actuation technology, utilising shape memory materials. This invention, 

named "Tacilia," holds the potential to alleviate complexities and poten tially mitigate the inherent cost-

intensive nature associated with tactile display systems. Through rigorous evaluations conducted under 

controlled testing conditions, the proof-of-concept substantiates its pragmatic utility in the rendering of both 

Braille and tactile graphic content. 

 

The prototype of Tacilia, featuring 841 discrete and independently addressable tactile pixels embedded within 

a single Nitinol sheet, marks a significant achievement. Activation of the tactile pixels is achieved through 

external thermal initiation, resulting in a reversible transformation of the pixels. The restored planar 

configuration is achieved by cooling the material below a critical threshold temperature and then mechanically 

pressing them, thereby showcasing the dynamic and adaptive nature of Tacilia's tactile rendering mechanism. 

However, it is imperative to acknowledge its spatial limitations, rendering it unable to accommodate expansive 

full-page tactile graphics. Nevertheless, its value extends to foundational exploration of fundamental tactile 

configurations, thereby enabling a qualitative assessment of user engagement and eliciting valuable feedback.  

 

Harnessing the innovative potential inherent in Tacilia, the requirements laid out by the initial research inquiry 

are systematically and creatively addressed through the iterative design and development of novel prototypes, 

encompassing diverse product and interaction design paradigms. This progressive trajectory commences with 

the inception of a designed interface that empowers users with the intuitive ability to compose tactile graphics. 

This interface is endowed with dynamic potential, aligning seamlessly with user-centric design principles. A 

key step in this journey is the incremental evolution of a thermodynamic jet pencil, meticulously tailored for 

the realization of tactile drawings. This illustrates the unwavering commitment to designing interfaces that 

resonate with users' needs and abilities. 

 

Simultaneously, the exploration delves into the viability of "Pixel Art" as an adaptable and functional 

framework for crafting low-resolution digital graphics on the Tacilia platform. The methodology extends the 

possibilities of tactile representation, rendering low-resolution graphics intelligible and functional within the 

constraints of Tacilia's tactile pixel array.  

 

The trajectory of innovation progresses further with the creation of a novel refreshable tactile printer archetype. 

This ingenious development leverages the potential of a low-energy laser engraver to rapidly produce tailored 

tactile graphics. By harnessing laser-induced thermal stimuli to manipulate Nitinol's shape-changing 
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properties, this innovation underscores both the adaptability of Tacilia's technology and the potential for 

diverse applications. 

 

Culminating this trajectory of innovation, the Tacilia technology is harnessed in tandem with a novel heater 

array, resulting in the formulation of a proof-of-concept refreshable tactile display. This prototype 

demonstrates its capacity to selectively elevate discrete pins, subsequently reconfiguring to accommodate 

incremental segments of informational content. It is prudent to acknowledge that while these innovative 

prototypes serve as compelling proof-of-concept demonstrations, they inherently necessitate subsequent 

phases of refinement and development in the ongoing iterative journey of research and innovation.  

1.6 Structure of the Thesis 

Following this introduction, the second chapter delves into a comprehensive review of existing literature 

surrounding visual impairment and tactile interactions. This foundational exploration not only establishes 

essential knowledge and prerequisites for the subsequent design but also identifies crucial gaps in the existing 

literature that form the driving force behind this research. In the subsequent third chapter, a detailed exposition 

of the research methodology is provided. This includes a thorough delineation of the overarching research 

design and the various segments comprising the thesis. The rationale behind the selection of specific research 

methods is justified, while the chosen research approach is expounded upon, substantiating its appropriateness 

for the given research questions. Furthermore, this chapter briefly expounds on the strategies employed for 

data collection, the instruments used, and the methods of data analysis. Importantly, the validity and limitations 

inherent to the chosen research methodology are also discussed in this context. 

 

Moving to chapter four, the focus shifts to addressing the first research question. Herein, an insightful 

exploration unfolds, shedding light on the distinctive needs and prerequisites pertaining to tactile interactivity 

among individuals with visual impairments. This chapter forms the inaugural original contribution within the 

body of work. In chapter five, the second research question takes centre stage. Through a rigorous analysis of 

product architecture, the design elements underpinning pin-array displays are critically examined. The 

outcome of this analysis generates a comprehensive morphological landscape that elucidates the engineering 

mechanisms governing tactile displays, constituting another significant advancement in the field. 

 

Chapter six assumes a pivotal role within the thesis, encapsulating the intricate design process culminating in 

the creation of the innovative tactile actuator known as Tacilia. This chapter addresses the third research 

question, detailing the iterative development of the actuator and the stepwise fabrication process. Moreover, a 

comprehensive evaluation of Tacilia's performance and subsequent engineering optimization is elaborated 

upon in this context. 
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Chapter seven shifts the narrative by introducing the product Proof of Concept (PoC) built upon Tacilia. Here, 

the fourth research question is addressed as the erasable tactile drawing interface is unveiled, showcasing the 

practical application of the developed technology. Chapter eight delves into a psychophysics user evaluation 

of basic tactile shapes on Tacilia, alongside an exploration of the utilization of Pixel Art to render tactile 

graphics. This addresses the fifth research question and underscores the usability and effectiveness of Tacilia's 

tactile rendering capabilities. Continuing this trajectory, chapter nine introduces the design and performance 

of a novel tactile printer. This printer ingeniously employs a single laser pointer as an activating source for 

Tacilia's pixels, effectively answering the sixth research question. In chapter ten, attention turns to the design 

of a refreshable tactile display featuring a groundbreaking micro-heater array. The technical evaluation 

presented here comprehensively addresses the final research question and serves as a fitting culmination of the 

technological advancements achieved. 

 

Finally, chapter 11 brings the thesis to a close by offering a comprehensive conclusion. This chapter not only 

provides a succinct summary of the work but also delves into its implications. The contributions of this research 

are contextualized within the existing literature, and the limitations and potential avenues for future research 

are thoughtfully outlined.  
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2 Literature Review 

This chapter reviews the existing literature in three domains. The first part of the chapter reviews the needs 

and challenges of people with visual impairments by bring in literature from disability studies and user centred 

computer interaction. It also summarises the various assistive technologies that people use in their daily lives. 

The second part of this review focuses on haptic and tactile interactions and surveys tactile devices that have 

been developed for the needs of people with visual impairments. The third part extends the fundamental 

understanding of tactile interactions and assimilates the information that is relevant to understand the ways in 

which touch is sensed, perceive and interpreted. This three-part review identifies and motivates the research 

gaps for which, research questions are formulated and answered in this thesis.  

 

This broad understanding at this stage is crucial because of this design-oriented nature of this thesis [81]. 

Exploring a holistic perspective about a specific topic (which in this case is tactile interface design) will help 

in enriching innovation and creativity of technology and interactions [85]. Furthermore, the design of a tactile 

interface is anticipated to be multi-disciplinary. The review will highlight potential solution directions and 

research gaps from the three relatable domains leading to a more profound contextual awareness about this 

topic. At the end of this chapter, the gaps are highlighted to motivate and justify the research questions that are 

addressed in this thesis.  

2.1 Challenges and Strategies of Living with Visual Impairment  

2.1.1 Visual Impairment 

Visual impairment is a subset of disability which is characterised by a the decreased ability to see that cannot 

be fixed with surgeries, corrective eyeglasses, or lenses [363]. Globally, 2.2 billion people live with a visual 

impairment [40,87]. Seventy million people with visual impairments and 4.95 million blind people including 

230,000 blind children are estimated to be living in India alone making it the country with the largest share of 

the population with visual impairment in the world [172]. According to the WHO, almost 18.9 million children 

under 15 years of age are visually impaired, 75% of whom live in low-and middle-income countries. Children 

born with a visual impairment or become visually impaired at a young age, have a lifetime of challenges ahead 

of them that is often associated with emotional, social, and economic challenges for the child and the family 

[92]. Young children with early onset visual impairment experience delayed motor, language, emotional, 

social, and cognitive development that have lifelong consequences [364]. School-going children with visual 

impairments achieve a lower educational achievement level, affecting their quality of life, employability, social 

integration as they grow [364]. Adults with visual impairments often suffer from lower employment rates in 

the workforce and higher rates of depression and anxiety [364]. Visual impairment also contributes to social 

isolation, a higher risk of physical injuries due to falls and fractures, and increased dependence on family and 

social care services [364].  
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Disability more generally can increase the risk of poverty, which in turn can increase the risk of acquiring or 

having a disability due to poor living conditions [16]. Another key challenge with disability is the negative 

attitudes and behaviours of the society, which stems from a lack of knowledge and awareness [57]. This 

adversely affects children and adults with a disability, leading to low self-esteem and reduced participation, 

education and employment [264], thus reinforcing the stereotypes, leading to stigma and oppression [308]. In 

the last 25 years globally, decreasing poverty and improved public health measures have reduced the overall 

proportion of people living with visual impairments by 37% [356] and there has been a 24% decline in visually 

impaired children since 1990 due to better healthcare provision [91]. On the one hand, it is imperative to reduce 

vision loss in children by eradicating preventable and treatable blindness. On the other hand, it is essential to 

provide access to information that enables visually impaired children to become independent, integrated, and 

contributing individuals to their society [353].  

2.1.2 Resilience and Visual Impairment 

Resilience describes how a system recovers from adversity and manages to sustain itself and thrive. The theory 

is typically used in psychology and mental health literature. Ungar and Theron [305] describe resilience as the 

‘process of multiple biological, psychological, social and ecological systems interacting in ways that help 

individuals regain, sustain or improve their mental wellbeing when challenged by one or more risk factors’. 

They report that the ability to face adversity depends on resources in the social, natural, and built environment, 

just as it does on thoughts, feelings, and behaviours. Masten’s shortlist defines promotive and protective factors 

and processes associated with positive health outcomes and considers the sociocultural and ecological systems 

to support individuals. These include relationships, self-regulation, meaning-making, agency and mastery, 

intelligence and problem-solving, and collective efficacy [176]. Deci and Ryan, who derived the theory of 

human motivation, found that social environments play a significant role in intrinsic motivation through 

internalization and integration [70].  

 

Adverse events due to visual impairment can be understood as a perturbation to which the person must adapt. 

Therefore, Resilience has been previously used to analyse the coping process among visually impaired 

individuals. Researchers have found that people can cope with visual impairments through self-awareness and 

adaptation, facing circumstances, and through positive reinforcement processes [279]. Pathways to resilience 

are also formed by independence, allowing people with visual impairments to understand their self-identity, 

create social connections, and engage in recreational activities [240]. For people with visual impairments in 

low-income contexts, mobile interactions with technologies are mediated through existing support of social 

infrastructure that influences the use and experience of technology [9]. From these findings, it is evident that 

fostering resilience and to alleviate stigmatization, the support from families, friends and teachers in the 

person's social environment is necessary [139].  
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2.1.3 Assistive Technologies for Visual Impairments 

People with visual impairments utilise technological solutions like a tactile display and universally designed 

objects like blister tiles on pavements and alt-text descriptions that give access to critical information reduces 

marginalisation by making activities easier, enabling people to also accomplish tasks independently without 

the need for specialised tools. The umbrella term which encompasses these products and services is Assistive 

Technology (AT). Due to AT, people with disabilities have an opportunity for a positive and better life, with 

increased social participation and lifestyle choices that contributes to a reduction of dependencies on others 

and the healthcare settings [228]. Not having access to the necessary services and AT leads to exclusion from 

mainstream products, services, and experiences [372]. From a human rights perspective, the inequalities 

experienced by people (reduced access to healthcare, employment, education, necessary equipment, or social 

participation due to their physical condition) is a violation of an individual’s dignity and is discriminatory 

because of their impairments [27]. This is fuelled by the fact that a lack of access to AT can lead to the  

degradation of social and economic well-being with adverse impacts on savings and an increased expenditure 

due to disability [29].  

 

Examples of ATs for people with visual impairments that support in daily living includes the white cane, blister 

paving, guide dog services, tactile learning aids and refreshable tactile displays, text-to-speech translation 

software, image recognition to speech software, and many other products that improve the functioning of an 

individual and allow people to live a fulfilling, independent life. Many advances in AT have benefited people 

in high-income countries in North America and Europe and have yet to reach a large portion of the global 

population [331]. 90% of the world’s visually impaired people live in low-income settings with financial, 

societal, and infrastructural constraints [309]. A lack of access to ATs in low-income regions is primarily due 

to the high cost of assistive devices, their limited availability, lack of awareness and trained personnel that is 

often the result of a lack of governance and inadequate financing and systematized approaches towards the 

inclusion of people with visual impairment [354].  

 

Recent studies with the people with visual impairments have explored interaction with computers [194]; the 

use of cash and digital payments using smartphones [135] which recommended ways to improve the 

accessibility of digital payment systems; independent navigation using smartphones [77]; the use of social 

media platforms that showed how digital platforms facilitated social acceptance and entertainment [311] and 

the adoption of smartphone assistive technologies [223]. A common element across these applications has 

been the use of audio and speech feedback modalities.  

 

Sonification involves the use of sound to convey information as it transforms data or information into audible 

signals. It can be used to provide auditory cues and directions for navigating indoor and outdoor environments 

[185], which can include using different sounds to represent landmarks, obstacles, intersections, and pathways, 

helping individuals with visual impairments safely navigate their surroundings. Sonification can convert visual 
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data, such as graphs, charts, and maps, into sound patterns that convey the same information, enabling 

individuals to access and comprehend data without relying on visual representations [348,373]. It has been 

used to convert written text into auditory information, allowing individuals to "listen" to text -based content 

such as books, articles, or web pages [214,239]. Sonification can be integrated with gesture or motion sensing 

technologies to provide feedback on body movements, enabling individuals to better understand their own 

actions and surroundings [262,280] and can be incorporated into touch-sensitive interfaces to provide audio 

feedback and guidance, enhancing the user experience of digital devices and applications [187,374]. 

2.1.4 Disability and HCI 

Mankoff et al. [171] brought learnings from disability studies to the domain of HCI and argued that ‘by 

exploring individual, cultural, societal and theoretical foundations of assistance, one can expand the view of 

Assistive Technology (AT) and its place in the complex world of disability’. From there on, particularly the 

social and biopsychosocial (BPS) models of disability have been used to understand and design for the diverse 

needs of users with disabilities. For example in the design of self-tracking devices that respect patient’s 

everyday life [105] BPS has been used a framework to ground the findings of codesign of assistive technologies 

[246]. It is also used to conceptualize the framework of digital health [1] and to critique the current narrative 

of mild cognitive impairments among older adults [169].  

 

Applying the BPS models in the context of HCI resonates with Interdependence Framework for AT devices 

suggested by Bennett et al. [22]. The authors emphasize that an individual’s relationship with the environment 

is mediated by ATs and relationships with people who collectively work to create access. It challenges the 

traditional ability-centric understanding and highlights the importance of considering the interactions between 

the user’s impairment, technology, and the environment in which it is used. For example, through 

autoethnography, Jain et al. [124] explain in-situ coping strategies and how they go beyond technology. The 

authors, whom themselves are disabled, realized that proactive customizations by social network, 

collaboration, and participation need to go hand in hand to solve the in-situ need. Gadiraju et al. [89], through 

observations and interviews, brought in teachers’ expectations of technology and found that introducing an 

element of play, including parents, and increasing collaborative skills can enhance education. Shinohara et al. 

[274] also report the inaccessibility of research tools to add time and effort but increase social, collaborative 

relationships. However, despite being an effective framework for HCI and approximately one-third of the work 

published in HCI related to vision impairment [62], the use of the Interdependence Framework as a lens to 

understand the educational experiences of people with visual impairments, especially where technological use 

is limited is at a nascent stage. 

 

Ideally, inclusive education should not practice disability-centric accessible approaches that the second study 

and previous research, have reported to cause an invisible burden to both the person with a visual impairment 

and their social environment [42]. In contrast, it will create AT that facilitates a collective learning experience 

in which visual impairment does not predicate the teaching methods and curriculum. Project Torino is a good 
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example of an AT that can provide an equal collaborative learning experience not determined by the visual 

impairment [198]. Its implementation has shown that students with diverse abilities actively participate in play 

through tangible interfaces to understand basic computational thinking concepts without explicit instructions 

[119]. Another tool called Tip-Toy uses tangible blocks with QR codes that allow students with diverse visual 

abilities to learn basic computing [8]. Play-based approaches have been used to co-design inclusive games that 

promote engagement between disabled and non-disabled players [186]. The games used multisensory feedback 

and a tactile crafting process that engaged children in an engaged and collaborative behaviour. However, 

despite the improved learning experience provided by tangible interfaces, their practical implementation in 

contexts where technology use has not been a traditional way of teaching requires developing ways for 

manageable adoption. In such cases, more mature technologies such as Alexa are paving the way to facilitate 

inclusion [362].  

2.1.5 AT in Education 

AT interventions that address literacy improve educational performance [368] and help to reduce 

socioeconomic disparities among people with visual impairments [350]. Proper education has been one of the 

most critical contributors to success. A lack of education [205] and illiteracy due to vision loss is considered 

societal injustice [303]. Teachers express that information technology is an essential tool in the inclusion 

process and promotes the independence and autonomy of students with visual impairments [4]. Therefore, 

appropriate, and affordable ATs that improve access to information and education must be available to students 

with visual impairments. Information available in Braille is not as prevalent and available as it is in print or 

digital media. Children who are visually impaired have limited opportunities to read Braille and even fewer to 

read through incidental exposure. If there is nothing to read, students cannot read and have the sufficient 

knowledge to comprehend the world [261]. Ryles et al. [256] revealed that the ability to read Braille was one 

of the main skills that predicted higher employment rates and higher education levels in congenitally blind 

adults in comparison to printed mediums. From an employer point of view, Golub [96] showed that possessing 

updated Braille skills represented an important factor to successful work experiences. When it comes to the 

comprehension of information between the two mediums, it has been demonstrated that the inclusion of Braille 

alongside audio significantly improves the ability to learn [69] and Braille literate people typically use it as a 

primary medium to read.  

 

Standard dimensional requirements for the position of the dots relative to each other for Braille have been 

previously established by UK Association for Accessible Formats [375] and Braille Authority of North 

America [371] and other national standardization organizations [376]. They specify universal guidelines for 

the dimensional considerations and position of the tactile dots relative to each other for proper legitimacy and 

clarity for Braille. The standards specify that the vertical and horizontal inter-dot distance of the same cell in 

Braille to be 2.3mm - 2.5mm. The distance between the corresponding dots in adjacent horizontal cells is 6mm 

– 7.5mm and the distance between corresponding cells directly below is 10mm. The dot height is in the range 

of 0.5±0.1 mm and the diameter of the base should be 1.2±0.25mm. The resisting force is the force required 



                                      

 48 

to exert a perceivable pressure on a readers finger should be preferably around 0.5N - 2.5N for aggressive 

Braille reading [65]. The Braille Authority of North America (BANA) provides guidelines to prepare and print 

raised line graphics [371] and recommends ways of simplifying complex illustrations so that redundant details 

are eliminated, and graphics are made suitable for tactile shape perception. 

 

The use of Braille and tactile graphics in the education of children with visual impairments is irreplaceable. 

Braille literacy means that people can read and write for life while access to tactile graphics enables the 

comprehension of math, geography and science subjects. Tactile readers find it easier to retain information by 

reading Braille [64] and argue that as there is no substitute for the ability to read hence, no digital or synthetic 

speech alternative can completely replace Braille [174]. Braille literacy plays a significant role in uplifting 

education and employment [256] as tactile readers enjoy intellectual freedom, personal security and 

independence. Reading with fingers is like sighted reading as it helps grasp a concepts and spellings better 

than just hearing it. Hence, from the population of people with congenital visual impairment who are employed, 

90% are Braille literate [147].  

“Learning Braille helps with understanding as well. If I’m listening to an audio book for 

fun or pleasure, I will often turn it up to double speed. With speech compression these 

days you can do that without the book sounding like Donald Duck, but if I really want to 

know and understand and study things, I want them in Braille.” - Siarri [277] 

However, less than 3% of people in LMIC regions of the world are Braille literate [134]. The shortage of tactile 

media and a suitable interface to access Braille and tactile graphics is a significant problem [200]. This causes 

illiteracy among young people with visual impairments which directly contributes to the reduction of 

employment [50]. For instance, literacy rate of people with visual impairments is less than 1% in India [340]. 

Vashistha et al. [310] highlight the limited availability of tactile books and the disparity in the demand and 

supply necessitates the development of custom-made audio assistive devices and forces people to create their 

own audio recordings for content creation. Most students are compelled to opt for subjects that are accessible 

through audio, like social sciences, rather than STEM [18]. A lack of exposure to Braille interfaces deprives 

students of quality education, inhibiting their meaningful participation in society and employability [330]. 

Moreover, in inclusive schools, students are depended on verbal instructions or are excluded from classroom 

activities which provides only a partial learning experience [191] as children who are dependent solely on 

speech, miss out on learning spelling, vocabulary and punctuation rules [377]. Okonji and Ogwezzy [213] 

found that critical factors for a decline in Braille in Nigeria included a perception that there was no need, a 

lack of interest or motivation of acquiring Braille skills, a lack of training, high cost, non-availability of AT 

and a lack of awareness. A shortage of tactile media also leads to a rapid decline in the use of Braille and tactile 

graphics after schooling, which is a dangerous trend and reduces the opportunity for lifelong learning.  

 

Borah and Sorathia [38] conducted and analysed semi-structured interviews with ten students and four teachers 

to find that their sample of students had little interest in learning and practising mathematical diagrams due to 
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the limited features and design of existing tools. The relatively high demand or interpreting tactile drawings in 

contrast to the notion that the contribution of these drawings will be low in future reduced the student’s interest 

further. The authors proposed the use of collaborative digital tools with tactile feedback to facilitate 

understanding with enjoyment is required. Building on the aspect of enjoyment in learning,  

 

A reason for the challenge in accessing information through tactile medium is that printing Braille and tactile 

graphics is expensive. It requires specialist equipment and extensive manual labour [72]. As printing facilities 

are limited, especially in LMICs, tactile books only reach a few students [98]. Tactile books are also bulky and 

cumbersome to handle, making their logistics challenging. Furthermore, since printed books cannot be 

reconfigured to present any other information, they offer limited flexibility and reusability [74,98]. As a result, 

many students with visual impairment never get the tactile books they need.  

 

To find ways to overcome the challenge, there has been a growth in the number and diversity of refreshable 

pin array type tactile display devices in the market. These displays can create a tactile effect on a flat surface 

that can be reconfigured to present a large amount of information. Emails, websites, text messages, books, 

graphics, and many other forms of tactile media can be presented on such displays. The pioneering invention 

to refresh pins on a single surface display goes more than a century back to 1916 when a patent was filed for 

a spring-loaded refreshable Braille display [254]. Today, refreshable tactile displays offer the advantage of 

providing quick access to the vast amount of digital information in the form of Braille and tactile graphics, 

without the need for storing them in voluminous printed media. Hence, commercial refreshable tactile displays 

typically have refreshable a pin array to present information in Braille and to create representations of raised 

line tactile graphics. Such display devices that can present both Braille and tactile graphics are highly 

aspirational among students, teachers and professionals who are visually impaired [35]. There are now a 

growing number of interactive pin-array displays such as the HyperBraille, which is based on piezoelectric 

motors; Graphiti [369], a dynamic pin-array display which runs on repurposed coreless DC motors; DotBook 

[144] and BlindPad [342] which are based on electromagnetic forces to actuate an array of pins; HolyBraille, 

which is based on microfluidics [253] and shapeShift, a refreshable multi-height pin-array display [378]. These 

notable approaches have created new possibilities for tactile access. However, their cost makes such devices 

prohibitive for most.  

 

For instance, the HyperBraille device comprises an array of 120x60 dots with an interdot spacing of 2.5mm. 

The display is touch-sensitive, allowing intuitive and fast co-located inputs and outputs. While it is one of the 

most advanced displays currently available for users, its cost of $56,000 and is therefore unaffordable to most. 

The Graphiti display is based on a different actuation technology and repurposes existing mass-manufactured 

micro-DC motors. Using low-cost micro actuators reduces the cost of these Braille displays by a huge margin. 

A two-dimensional display made using motors (60x40 dots) has resulted in a cheaper display of around 

$15,000 [370], but it is still beyond the reach of many individual tactile readers. The upcoming Dotbook also 

has an array of 60x40 dots with an interdot distance of 2.5 mm. The dots use electromagnetic attraction and 
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repulsion combined with mechanical locking to raise, lower, and lock the pins in an array. It is one of the 

younger technologies and is expected to cost in the order of thousands of dollars.  

 

This reveals a limitation in the existing literature and motivates the need for an a more affordable technology 

for refreshable tactile displays that can make refreshable Braille and tactile graphics easier and more available. 

The next section now reviews the variety of haptic and tactile information displays to survey what has been 

attempted and analyse their advantages and disadvantages.  

2.2 Tactile Interfaces for People with Visual Impairments 

Haptic and tactile interfaces represent a specialized form of user interaction technology that goes beyond 

traditional touch-based interactions. These interfaces incorporate the sense of touch to provide users with 

physical feedback and sensations. By integrating mechanisms such as vibrations, forces, and motions, haptic 

interfaces create a more immersive and realistic interaction with digital content or virtual environments or 

access information in tactile forms of communication like Braille and tactile graphics.  

 

Typically, haptic interfaces find applications in various domains, from gaming and virtual reality to medical 

simulations and remote-control systems along with non-visual information access. In the following review, the 

various types of haptic feedback mechanisms used in variety of applications for people with visual 

impairments.  

2.2.1 Tactile Information Displays 

2.2.1.1 Vibrotactile Displays 

The first prominent application of tactile interfaces is to provide access to information. This is mainly through 

Braille and tactile graphics, but different forms of tactile feedback (vibration, surface haptics and kinaesthetic 

haptics) have been used to provide information about something or some event. For example, using mainstream 

smartphone vibrations, Jayant et al [127] divided the smartphone touchscreen into six cells and provided a 

signature vibration for each cell using the vibrational motor of the smartphone to represent the Braille character 

in an attempt to reduce the need for any specialized device to access Braille but the efficacy and reading 

performance was not promising.  

 

A recent development has been in the exploration of mid-air vibration, which uses focused ultrasound beams 

to create localised sense of pressure on the fingertip in mid-air. An array of ultrasound transducers creates a 

focal point by individually controlling the phase and intensity of each transducer to create an acoustic radiation 

pressure. When it is modulated in the range of 1-1000Hz, the user feels a vibration like sensation in addition 

to the local pressure. It has been used to create mid-air haptic effects [167]  and combined with gesture 

recognition as mid-air haptic interfaces [52,196,379]. Paneva et al. [225] recently validated using mid-air 

haptics to convey Braille information. They showed through multiple tactile reading scenarios that mid-air 
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haptics is a viable technology to present Braille characters. By presenting each point independently in free 

space, they achieved an accuracy of up to 88% with blind participants.  

 

 

Figure 7 Mid-Air Haptic Braille Display using an array of ultrasound transducers [225] 

Although vibrations are now ubiquitous and have become easy to implement, creating the perception of Braille 

and tactile graphics for people with visual impairments using these vibrational features is challenging. The 

resolution of vibrational feedback is much lower to the dotted surface for tactile interactivity. In addition, the 

haptic feedback is much different. Therefore, vibrational feedback to create Braille and tactile graphics which 

is the primary form of information transfer is not suitable. 

2.2.1.2 Skin Stretch Haptics 

Apart from vibration, another form of tactile stimulation is by stretching the skin locally. With a few comb-

like beams, the shear force applied to the user’s fingertips mimics the skin’s deformation that creates a more 

perceivable and distinct haptic interactions and gives this feedback modality an advantage over vibration [122]. 

It is also effective in communicating proprioceptive information when displayed on the forearm [326] and 

there are many examples of such displays being mounted directly on the finger pad [219,267,286], wrist 

[59,122] and face [324] which have been developed to stimulate objects and experiences in virtual 

environments. The skin stretch mechanism has also been used to augment sensory feedback in upper hand 

prosthetic devices [16,326]. Pasquero and Hayward [163] also developed an inventive tactile display made 

from an array of comb-like piezoelectric bending actuators (STReSS2) that vibrates to contract/stretch the skin 

to display images and interact with computers. However, these interfaces are too limited and complex to be 

replicated. 

 

 

Figure 8 Braille display by skin deformation (STReSS2) [164] 
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2.2.1.3 Electro-tactile Displays 

A traditional approach to create tactile sensations has been to stimulate the recept ors under our skin, and 

especially the finger pads directly by driving a controlled amount of current. For example, Kajimoto et al. 

[133] developed an electro-tactile display with 512 electrodes that interfaced with a smartphone’s camera to 

present the surrounding images through electrical stimulation by the electrodes on the palm of people with 

visual impairments.  

 

Figure 9 HamsaTouch display that translates visuals into and electrotactile stimulation through an array of electrodes 

over a touch screen [133].   

An electrical current of 1-3 mA with a delay of 2ms generated the tactile sensations to render the images. Such 

electro-tactile interfaces can also be transparent [131], thin and flexible [328]. However, the challenge of this 

approach lies in the selective stimulation of the relevant mechanoreceptors among the large population of 

receptors responsible for sensing different haptic events; hence, a natural sensation is hard to achieve. 

  

Apart from electrical currents surface haptics effects on a surface can be created through vibrations and 

electrostatic attraction to create forces on the sliding and interacting fingertips [15]. It has seen an increase in 

research interest with the growing pervasiveness of touchscreen devices that are not fully accessible to people 

with visual impairments. Kajimoto invented Skeletouch [131], which is an array of transparent electro-tactile 

displays made from Indium Tin Oxide (ITO) panel. It produces a small current which is sensed by the fingers 

as they are placed over the array. The array also acts as a touch sensor, detecting where the fingers are present. 

It is a promising technique but presented with the problems of relaying tactile information through electric 

currents. Electro-tactile stimulations are described qualitatively as a tingle, itch, vibration, buzz, touch, 

pressure, pinch and sharp burning depending on the stimulation voltage, current, waveform, electrode size, 

skin location, thickness and hydration [130]. The variability of the sensation due to temporal changes of sweat 

and motion inhibits ideal contact conditions, creating negative experiences with changing amounts of 

sensation. For example, relative motion can cause micro-shocks or an itchy feeling [130]. Furthermore, the 

threshold for tactile sensation is close to the pain threshold, and it is difficult to target specific 

mechanoreceptors for precise feedback. Careful strategies must be employed when many electrodes are used 

to not exceed the pain threshold [130,132].  
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Figure 10 Skeletouch prototype, a transparent touch sensitive electrotactile display that can be overlaid on the 

touchscreen [131].  

2.2.1.4 Surface Haptics 

Instead of direct electric currents, by attenuating the interfacing surface by mechanical or electrical means to 

augment visual information with appropriate tactile effects. Haptic feedback on the surface can be produced 

by changing the surface friction or direction of the tangential force vector at the interface. Electro-vibration is 

an interesting effect based on the change in capacitive created between a conductive interface and the skin. 

This changing capacitance can pull the finger towards the interface surface, increasing the normal force vector 

that increases the overall friction [17]. Rapid changes in the electrical charge deposition at the surface of the 

conductive interface can lead to a sense of vibration or textures. Senseg corporation has attempted to 

commercialize this effect due to the relative ease with which textural information can be presented and its 

ability to interface with touch screens [380]. Tanvas touch is another company that has used this effect to create 

tactile touchscreens for producing new engaging haptic effects on the touch screen for museums, healthcare 

and automotive applications [381]. Although a promising and exciting technology, the electro vibration is 

particularly hard to comprehend at Braille resolution because the dots are rendered as ‘sticky spots’ on ly when 

the finger is sliding over the screen. The technology renders the same information for the entire display and 

has difficulty to convey multiple instances of tactile information or cater to multiple touch instances [334].  
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Figure 11 On the left is electro vibration tactile display’s working principle from [17] and on the right is a blind user 

evaluating the display from [334] 

2.2.1.5 Shape Changing Surfaces 

Finally, by changing the shape of an interacting surface which in theory, this is the most effective way to 

communicate tactile information, as mechanical perturbations and changes in asperities are readily noticeable 

by the fingertips and our sense of touch. Pneumatically activated transparent interfaces in the form of bubbles 

as physical buttons or pressurized interface elements have been investigated. For example, Harrison and 

Hudson [104] investigated the use of transparent air bubbles as deformable areas over a visual screen as 

physical buttons to overcome the limitations of the limited tactile feedback. Using a projection system and 

diffused illumination-based multi-touch sensing, the inventors were able to develop a pneumatic touchscreen 

interface. These are well suited for large surfaces and industrial appliances where pneumatic systems are 

already in place, but such technologies have limited viability in consumer applications. Deformation of a 

transparent surface has been achieved by selectively changing the viscoelasticity of poly(N-

isopropylacrylamide) gel through heat [190] packaged in two transparent membranes.  

 

Although it is intended to be overlaid above touchscreens, the gel is not transparent in its actuated state, making 

it difficult to interact with the visual interface. Furthermore, it has low activation temperatures and a low shelf 

life, which has proven hard to manage and limits its commercial potential, as discovered from a conversation 

with one of its inventors.  

 

Figure 12 GelTouch prototype demonstrates how it can be useful in interaction with the infotainment system in a car 

with localised coagulation of the hydrogel after heating [190]. 

2.2.1.6 Pin Array Displays 

Interestingly an entire class of pin array type refreshable tactile displays changes the presence of dots on a 

surface to present information. Most tactile readers are accustomed to printed tactile media such as Braille 

books, tactile graphics, and Braille labels in public places as these are the most prevalent form of tactile display. 

Among the variety of haptic technologies, pin-array type refreshable tactile displays are the closest to printed 

tactile materials when it comes to the actual tactile feedback of the display [215].  
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Typically, on pin-array displays, information is presented through an array of evenly spaced pins or tactile 

pixels that selectively pop out above a flat surface to create a tactile bump. This mechanism allows for 

differentiated tangential and normal forces to the fingertip as it slides over the surface. Moreover, the whole 

hand can be placed on the tactile image to gain a global shape and layout information [215]. As a result, pin 

array displays replicate Braille embossed on a permanent surface instead of the piecemeal type of informat ion 

some of the other interfaces create. Hence, pin array displays are the most sought -after technologies to access 

tactile information by people with visual impairments.  

 

Pin array displays is another form of tactile interface that have been extensively used as interfaces for Braille 

and tactile diagrams.  A common research modality to create high resolution pin arrays has been by selective 

actuation of soft membranes (PDMS, shape memory polymer) under pneumatic pressure [26,27,288]. Either 

the rigidity of membrane pixels can be controlled electrically while constant positive pressure is maintained, 

or each pixel can have an individually addressable valve controlling the movement of the membrane. Although 

these actuators have demonstrated high frequency and lightweight construction leading to even wearable tactile 

displays, their pneumatic system is always bulky, noisy and complex which limits their commercial viability 

for personal applications. On the other hand, advanced materials like hydrogels and carbon-nanotubes have 

also been explored to create high resolution tactile displays through selective variation in input voltage that 

heats and expands the material locally [51,190,249]. In a similar vein, electroactive polymers have be used as 

shape changing arrays of tactile pixels that actuate under the application of high voltages [11]. Although such 

experiments have advanced the development of new materials and their applications, they are still many years 

away from practical realization.  

 

 

Figure 13 Top: commercial pin array display, Orbit Graphiti [369]; Left bottom is a commercially available refreshable 

Braille display and right bottom is its Braille cell [382] 
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Electromagnetically actuated pin arrays are more viable than above modalities. They are largely based on 

electromagnetic attraction or repulsion between small permanent magnets and solenoids arranged in a tightly 

packed array [336,337,342,345]. Magnetic shielding is necessary to achieve individual pixel control apart from 

energy management which has been the major challenge in this modality. Mechanical latches have been 

designed in the system to lock pins in certain configurations in order to minimize the power consumption. 

Clever clockwork mechanisms have also enabled the development of large arrays of Braille [383] wherein 

predefined mechanical rollers are oriented in specific combinations by motors, gears and clutches. Although 

such devices are less expensive, they can become bulky for practical use.   

 

Microelectromechanical actuator-based systems (MEMS) have shown promise for large tactile arrays with 

high resolution. Miniature fabrication process using etching, sputtering and assembly of miniature structures, 

layer-by-layer has achieved high resolution (1mm) and high frequency in thin tactile displays [189,335]. There 

are also instances of flexible tactile displays using such fabrication techniques [131,328]. However, these 

designs have demonstrated very small forces that are difficult to distinctly perceive or use electricity to 

stimulate the nerves under the skin, which becomes uncomfortable in prolonged use. Furthermore, existing 

reviews in this domain illustrate and classify the mechanisms and materials that enable the actuation of a tactile 

array [12,21,35,47,60,215,333]. However, they provide insufficient insight about the product design 

architectures. 

 

 

2.2.1.7 Kinaesthetic Haptics 

In interactive computing (computers, tablets, smartphones, virtual reality and augmented reality devices) 

haptic sensors that sense physical touch events, motion and force measure human inputs and present output in 

visual, auditory and tactile forms. Any device that senses information of shape, texture, softness, temperature, 

vibration, shear or normal force by physical contact and kinaesthetic movement can be referred to as a haptic 

sensor. From the perspective of human interaction, Haptic sensing refers to the ability of artefacts to sense 

physical human contacts, movements and manipulations. The division of functions of the sensors in the body 

would make a suitable template for sensing and measuring each contact attribute. Multifunctional sensors are 

desirable that can sense contact force, contact movement, temperature, rigidity etc. at a fast rate with large and 

dynamic sensitivity range. Present tactile sensing technology is based on capacitive, piezoresistive, inductive, 

piezoelectric, magnetic and optical methods [298]. 

 

Kinaesthetic devices have focussed on high-DOF systems using precision actuators with low impedance and 

friction and have been made from high-performance materials. For instance, in education, two-DOF haptics 

devices are used to explain physical and mathematical phenomena [68]. For gaming, two-DOF haptic joysticks 

allow blind players to control and feel the movement of their avatars [265]. Low-cost kinaesthetic display 

devices based on 3D printing and laser cutting have been designed for educational purposes and to be integrated 
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into the classrooms [175]. To represent the visual information on computers, Darrah [384] explored the use of 

a haptic force feedback controller, the Novint Falcon to allow students to explore three dimensional shapes 

virtually and receive tactile and kinaesthetic sensations. They showed that haptic based applications were 

useful in the classroom. 

 

 

Figure 14 DualPanto force feedback interface for BPSP people to play games in a v irtual environment [265] 

To summarise this review, there are many technologies and feedback modalities that create the possibilities 

for tactile interactions in different contexts, from navigation and orientation to gaming and to accessing Braille 

and tactile graphics. Table 1 summarises the advantages and disadvantages associated with the above reviewed 

technologies and highlights most suitable applications for each haptic modality. From this review of 

technologies, it is evident that pin array type refreshable tactile displays are the most suitable for accessible 

Braille and tactile graphic information. However, how is this tactile information sensed, perceived and 

interpreted to understand language and graphics is unclear. Therefore, in the next section, a review of the 

fundamentals of haptic interactions is reviewed.  

Table 1. Summary of the tactile information display modalities 

Display Type Advantages Disadvantages Suitable Applications 

Vibrational Feedback Ubiquitous, easy and 

accessible 

Not suitable for Braille 

and tactile graphics 

Navigation, 

notifications 

Skin Stretch Haptic 

Feedback 

Prominent sensation 

and fast response 

Complex mechanism to 

replicate 

Haptic environments, 

VR 

Electro tactile  Low profile, low energy 

and transparent 

Not suitable for Braille 

feedback 
Surface haptics 
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Electro vibration Low profile, low energy 

and transparent 

Not suitable for the 
resolutions of Braille 

and tactile graphics 

Surface haptics 

Surface Deformation Overlaid on 
touchscreens, enhances 

interactivity 

Complicated to 

replicate 
Surface haptics 

Pin Array Prominent tactile 
feedback, bimanual 

interactions 

Complex mechanisms Braille and tactile 

graphics 

Kinaesthetic Prominent haptic 
feedback and increases 

engagement 

Not suited for Braille 

and tactile graphics 

Tactile graphics and 

computer control 

 

2.3 Fundamentals of Tactile Interactions 

A reader with visual impairment touches and slides over a surface to read Braille and tactile graphics. 

Asperities on the flat surface deform the fingertips as they come in contact. The soft skin of the fingertip would 

ideally like to conform to the shape of the dots, which are usually hemispherical in shape. However, as the 

skin is not fluid and has some innate stiffness, there lies a gap between the patch of skin that is in contact with 

the tip of the dot and the surrounding flat surface in contact with the substrate. This can be briefly seen in  

Figure 15 as the contact surface over a Braille cell highlights the disconnected contact patch of a single 

fingertip. This phenomenon was observed in detail by Janko et al. [126] who found that local regions of 

disconnection between the finger and surface are present near high-relief regions creating tactile blind spots. 

They further suggested that the frictional forces that are produced during tactile exploration may be the key to 

elucidating the properties of touched objects through the sensory receptors and kinaesthetic movement of the 

hand.  

 

 

Figure 15 Contact dynamics of the finger with a bump from Janko et al. [126] 

Changes in the skin surface stimulate specialized sensors in the skin known as cutaneous mechanoreceptors. 

At the same time, neurons in the skeletal muscles perceive the location of the fingers and the movement of the 
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arm [244]. There is a dense network of mechanoreceptors under our skin and other nerve endings responsible 

for sensing a very large range of tactile perceptions.  

2.3.1 Sensing Touch 

There are four types of mechanoreceptors, and the response of each mechanoreceptor is characterized by the 

size of their receptive fields and their relative adaptation rates to the external stimulus. The Merkel Disks are 

slow-adapting receptors that perceive pressure in a small receptive field. They are instrumental in accurately 

localising stimuli such as the Braille dots and are particularly dense in the fingertips and lips. Meissner 

corpuscles like Merkel discs have small receptive fields and are fast-adapting mechanoreceptors. Hence, they 

can localise fast-changing stimuli such as vibrations accurately. They also have a high concentration at the 

fingertips and lips. Pacinian corpuscles have larger receptive fields and are also like Meissner corpuscles to 

adapt to changes in stimuli rapidly. They detect vibrations of up to 500Hz. The Ruffini corpuscles are liquid-

filled specialised sensory cells that perceive the skin's deformations and movements in the joints. They have 

large receptive fields, which makes them ineffective in localising stimulus, but they effectively measure the 

magnitude of stimulus on the skin [95]. These four receptors of the skin work in conjunction to identify the 

nature of touch sensation. The nerve endings of the muscles, tendons, and stretch receptors at the skin of the 

joints provide the inputs to comprehend human perception of limb position and movement [244], also referred 

to as proprioception. It is the sense of the relative position of body parts and the strength of effort being 

employed in movement. It makes touch an active sense where active movement and exploration are necessary 

to obtain information about external materials, spatial and geometric properties and surface deformities. For 

reading Braille and tactile graphics, Merkel Disks are the primary sensors along with the proprioceptive 

information from the muscles. Their best sensitivity is found at a low-frequency range of 5-15 Hz, at which, 

they can sense a minimum skin indentation of 50 micro meter [307]. Also, as they are slow to adapt to external 

changes, touch sequentially permits access to information, unlike vision, where changes in light can be 

perceived instantly and simultaneously [215]. 

2.3.2 Perceiving Touch 

Tactile and proprioceptive sensations reach the brain through two ascending pathways, and the selection of the 

pathway depends upon the nature and region of sensation. Information pertaining to fine touch, skin pressure 

and proprioception is transmitted by the dorsal column pathway. The anterior-lateral system transmits 

information about pain, crude touch, and temperature. Both these pathways end up in the thalamus, which is a 

relay station to the cerebral cortex for all sensory input except smell. From the thalamus, neurons transmit the 

information to the respective somatosensory cortex in the brain's parietal lobe. There are three cortical areas 

involved in the processing of somatosensory information. The primary somatosensory cortex has a 

topographical map which associates regions of the body to dedicated parts of the cortex. This map is called the 

homunculus (Figure 16).  
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A part of the somatosensory cortex is dedicated to processing information from the face, hands and fingers. 

This is because these areas have a high density of sensory receptors and a high spatial resolution. It represents 

the processing powers available for the regions of the body, and as a model, it effectively illustrates how we 

prefer to understand our environment. The somatosensory system not only understands the kind of sensation 

or movement but can also localise where the sensation is happening. The neurological classification for 

localisation of touch sensations on the body is made through dermatomes, which is a topographical map of the 

regions of the body that spinal nerves innervate [220]. The evaluation of the sensitivity of these body regions 

is based on a two-point discrimination field [212], which measures the minimum distance to perceive two 

simultaneous touch events. The fingers have excellent two-point discrimination down to 2 mm [32]. It is much 

worse in the palm, where two points cannot be discriminated until they are a cen timetre apart and even worse 

on the trunk and thighs. The effect results from the mechanoreceptors' density and their respective fields' size. 

To sharpen the perception of the sensation and extract minute features, lateral inhibition occurs in which 

receptors that get the most intense stimulus inhibit the communication of sensations from adjacent receptors, 

creating a point of high contrast [385].  

 

Figure 16 The Homunculus [358] 

The secondary somatosensory cortex performs higher-order functions, including sensory integration, 

information from the two body halves, attention, learning and memory. It is also involved in recognising hand-

held objects by texture and size. The association cortex lies behind the primary cortex, which synthesises 

connections and coordinates information from various body parts. It also receives information from other 

senses and is, in effect, the basis for sensory substitution and sensory integration. This area is also important 

for planning actions based on sensory information. To identify two discreet tactile dots, the spatial threshold 

on the fingertip of a reader with visual impairment ranges from 1.0 to 1.5 mm [160]. The inter-pixel distance 

of pin-array surfaces that are intended to present both Braille and tactile graphics will typically follow Braille 
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standards and can range from 2.37 to 2.5 mm [296,375] inter-pixel distance. Therefore, discrete co-located 

dots must be perceptually connected to create the illusion of a raised line on a pin array.  

 

In summary, skin deformation of the fingertip due to the frictional forces while sliding, and the normal forces 

that arise due to the stiffness of the fingertip when it encounters a bump, can be perceived and decoded, thereby 

enabling the perception of Braille script and tactile graphics. Information can be integrated from multiple 

points of contact simultaneously, and comprehension depends on training and use of these media of 

information.  

2.3.3 Interpreting Touch 

The Image Mediation Model proposes that the haptic sense translates tactile information into a visual image 

[157]. Recent studies have investigated tactile exploration strategies with raised line graphics [349] and how 

existing practices to create tactile graphics extend to a variety of media such as common picture drawings and 

maps [13], webpages [386] and 2D representation of 3D objects [226]. This association of tactile sensations to 

interpret visual information has been a subject of keen interest. Following the line segment over a flat surface 

provides a temporal haptic input which is eventually consolidated and gets interpreted by the visual processes, 

as explained by the Image Mediation Model [148,158]. The visualization of the haptic input is corelated to 

long-term memory which also contains the name of the image [218]; hence, it can be recalled. In this way, a 

tactile graphic is interpreted. 

 

Tactile readers can use one-handed or two-handed patterns to read Braille. This is based on the personal 

preference of the reader as Davidson et al.. [67] found no association between the hand mechanics and reading 

comprehension of Braille readers. In earlier studies which had analysed people with visual impairment reading 

Braille with video recordings, Mousty and Bertlson [199] found that both hands collected text information. 

There was no overall superiority of one hand over the other, although the preference of use was highly 

differentiated among participants. Reading speed also increased with contextual constraints. They went on to 

also observe the nuances of hand movements in the reading tasks. They observed that in two-handed reading, 

the first segment of a line was read by the left hand alone, the middle segment by both hands conjointly, and 

then the third segment by the right hand alone. After reading each line, both hands returned to their starting 

point of the next line [25]. This involves a parallel collection of text information by the two hands. The 

dislocation of hands was positively correlated to the reading speed, while the reduction of contextual 

constraints invited a more conjoint exploration pattern. In a recent study, nuanced fluctuation of finger 

movements which were previously interpreted as noise in tactile perception, have been postulated to play a 

functional role in enhancing sensitivity and adaptability of the sensorimotor system. Variability in the velocity 

of the finger movement and its orientation with respect to the Braille cell were studied by Nonaka et al. [211]. 

Consistent with previous studies, all their participants also used the index finger to read Braille lines and use 

a personally preferred single finger or bimanual reading procedures. They also found that the finger of slow 

readers changed its orientation more often compared to fast readers and was negatively related to the speed of 
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reading showing that invariance in the orientation of the finger – which perhaps happens through training leads 

to a faster Braille reading performance. Comprehension also depends largely on the quality of Braille 

presentation. Degraded Braille with less prominent dots and tears affects the reading speed and comprehension 

[188].  

 

In recent studies with raised line tactile graphics made from microcapsule swell paper, low identification rates 

for raised line pictures have been reported. The rate of recognition of raised line pictures of familiar objects 

varied from 25-30% while in early blind , the correct identification did not exceed 10% [107]. Raised line 

tactile graphics are explored through a contour following exploratory procedure [158]. This procedure is 

sequential and does not provide a global picture. By assembling different textures using fabric, foam, paper 

etc. Theurel et al. [297] reported a better rate of recognition of textured shapes than raised line graphics. 

However, fewer research has explored the interpretation of tactile graphics on pin-array or refreshable tactile 

displays. In such displays, raised line segments are made from a series of dots arranged in an array rather than 

a continuous raised line.  

 

Contemporary research has shown that the Gestalt Principles for visual perception [387] are applicable for 

tactile perception [388]. Chang et al. found that similar tactile stimuli are grouped together following the Law 

of Similarity [158]. Hence, the tactile contrast between the sensation of the embossed dots and the underlying 

flat surface will separate the two tactile stimuli and enable the distinction of the raised dots. Discreet but 

collocated actuated dots that are separated by gaps can be interpreted as continuous following the Law of Good 

Continuation [55], creating the illusion of a line. Chang et al. also report that tactile elements placed closed 

together, are grouped by our perception and follow the Law of Proximity [54], which would mean that readers 

can identify larger gaps between a series of dots and interpret them as separate segments.  These three laws of 

perceptual grouping explain the ways in which a series of co-located but discreet tactile pixels of a pin array 

display are combined by our perception to form line segments.  

 

HyperBraille [389] has a refreshable pin array display of 60x120 dots with an interdot spacing of 2.5mm and 

can present both Braille and tactile graphics in real time. Bellik and Clavel [19] evaluated multiple tactile 

image rendering methods on the HyperBraille display to identify which method provides the fastest and most 

accurate tactile recognition performance. Experimental analysis of data from 40 sighted participants revealed 

that rectilinear crosses, right-angled triangles, and squares were recognized quicker than circles, equilateral 

triangles, and diamonds. Smaller shapes also took more time to recognize than larger shapes and interestingly, 

static outlines of shapes with empty space inside were the easiest to recognize compared to any other method 

to present tactile images. Velazquez and Bazan evaluated the performance of their SMA based tactile display 

with five blindfolded subjects who had no previous knowledge of Braille or tactile graphics [314]. They also 

found that participants mainly focused on exploring the borders of shapes and faced challenges in recognizing 

a filled circle. Besse et al. from their Shape Memory Polymer based 4x4 pin-array display with a 4mm inter-

pixel distance show that for visually impaired readers, symbols with diagonals were difficult to perceive and 
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were confused with other tactile symbols. They also show evidence that understanding tactile symbols may 

not depend on the number of tactile pixels used to create that symbol but rather on the fact that how easy it is 

to memorize that symbol [26] that corelates with Picard and Lebaz [237] who report that the ability to identify 

tactile pictures accurately depends on four things, the complexity with which the objects are depicted, the 

availability of semantic information, exploration procedures and the display modality.  

 

From the point of view of simplifying visual imagery into tactile graphics on a pin array type tactile display, 

Bronschein et al [39] found that downsizing visual graphics to meet the low resolution of HyperBraille (10dpi) 

leads to problems in which crucial conceptual details disappear. Fine structures are not distinctly perceivable 

leading to incomplete and confusing shapes. To solve this problem, they discuss t he need for a special 

rendering tool that can recreate an image with respect to the low resolution of the display while maintaining 

the crucial identifying markers of the image. Complexity of translating maps for a pin array display was also 

reported by Schmitz and Ertl who explored the presentation of OpenStreetMap on the ‘Stuttgarter Stifiplatte’ 

[263]. They were able to diminish the effects of low-resolution by only rendering streets of certain importance, 

but they did not evaluate the effects of using different presentation styles.  

 

Tactile sensation involves the reception of touch stimuli by the skin and other sensory receptors, leading to the 

transmission of signals to the brain. Perception refers to the brain's interpretation of these signals, allowing us 

to recognize textures, shapes, and temperature. Interpretation involves making sense of tactile information in 

context, aiding in object recognition, spatial understanding, and communication. These processes collectively 

enable us to engage with our environment, interact with objects, and communicate through touch.  

2.4 Research Gaps 

For individuals with visual impairments, accessing information presents a significant hurdle. Tactile 

information, including Braille and tactile graphics, must become accessible to students, educators, and 

professionals in this community. Conventional static tactile displays have been the go-to method for obtaining 

tactile information. However, their limitations in reconfiguration, coupled with their cumbersome and space-

consuming printing process, pose substantial barriers to information access and literacy. The cost and 

distribution challenges associated with producing Braille and tactile graphic books, combined with their static 

nature rendering them obsolete after use, further exacerbate the issue. In this context, the advent of refreshable 

tactile displays emerges as a promising solution, capable of presenting substantial amounts of digital 

information. 

 

Yet, from existing literature, there remains a significant lack of clarity regarding how those affected by 

inaccessible tactile media presently navigate these limitations. In the present context, there is a pressing need 

to understand how individuals overcome these limitations and anticipate the usage of refreshable tactile 

information display devices. The potential beneficiaries of such technology encompass a wide spectrum, 
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including students, teachers, musicians, and working professionals with visual impairments—individuals who 

must access considerable information for their daily pursuits. This research centres on delving into the needs 

and anticipations of visually impaired students, as they stand to gain significantly from enhanced education 

through tactile displays. However, the outcomes of this research might extend beyond the student demographic. 

 

Identifying the applications posing challenges for students and devising solutions to address the dearth of 

tactile technology necessitates a comprehensive grounded qualitative approach. This approach will not only 

generate fresh insights for designers but also shape the requirements for the tactile display under exploration 

in this thesis. Specific product designs and interactions can then be developed to cater to the needs of tactile 

readers. This research gap underpins the first research question: What are the user-centric requirements for 

an effective tactile interface? 

 

Existing trends and research highlight a strong demand for tactile displays featuring larger surfaces equ ipped 

with arrays of reconfigurable pins capable of presenting Braille and tactile graphics concurrently. However, 

these sought-after devices often come at a steep cost, making them inaccessible to a broader audience. 

Therefore, further research, design, and development are essential to enhance the state of tactile display 

technology. While existing reviews provide classification and definition of the solution space for tactile 

displays, they fall short of offering a clear understanding of the complexity involved and potential ways to 

surmount these challenges. Addressing these knowledge gaps is pivotal in devising a novel tactile display 

system that meets the contemporary needs of users while systematically tackling the intricate design 

complexities of tactile displays. 

 

These gaps underscore the significance of the second and the third research questions: Why do refreshable 

pin array tactile displays exhibit complexity? And How to design a refreshable tactile display mechanism 

in a single material layer? 

 

Beyond the realm of pin array tactile technology, it has been established that tactile information perception on 

a dotted surface is rooted in the skin's deformation beneath the fingertips. Frictional forces arising from sliding 

and normal forces due to fingertip stiffness upon encountering a bump contribute to this perception. 

Mechanoreceptors sense these forces, enabling the brain to comprehend Braille script and tactile graphics. 

Going beyond technical aspects, a deeper understanding of user interactions with new tactile display 

technologies is imperative. Notably, exploring interactions that are required by users but remain unaddressed 

due to technological limitations is a crucial facet of this endeavour. The ensuing research questions derive from 

the findings of the first research question and the functional advancements derived from answering the third 

research question. 
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2.5 Conclusion 

This chapter comprehensively examines the current body of literature across three focal areas: the intricacies 

faced by individuals living with visual impairments, the advancements in reconfigurable haptic and tactile 

interfaces, and the deeper insights into tactile interactions. The challenges that stem from disabilities result 

from a complex interplay of biological, societal, and environmental factors enveloping an individual. More 

specifically, individuals with visual impairments confront a formidable hurdle in accessing information. The 

tactile sense plays a pivotal role in information access, especially through mediums like Braille and tactile 

graphics. However, numerous factors contribute to limited access, and the strategies employed to overcome 

these barriers remain somewhat enigmatic. Furthermore, the unmet needs and expectations from a refreshable 

tactile display device are not yet fully elucidated. 

 

Within the realm of tactile displays, an array of static models caters to Braille and tactile graphics needs. 

Amidst various archetypes of refreshable tactile displays, the pin-array variant emerges as most efficacious for 

disseminating information to visually impaired individuals. Nonetheless, the cost -prohibitive nature of these 

devices necessitates research to unravel their technical intricacies. Regrettably, extant reviews fall short in 

providing a coherent framework to decipher the design space and simplify the mechanisms governing 

refreshable tactile displays. Moreover, a pressing need exists to innovate a more economically viable 

technology capable of consistently supporting refreshable tactile interactions.  

 

Current standards prescribe dimensional specifications for crafting Braille and offer guidelines for tactile 

graphic design. Although human-centric interactions with refreshable Braille and tactile graphics have been 

the subject of study, a comprehensive grasp of these interactions remains incomplete. The perception of tactile 

information hinges on fingertip deformation and mechanoreceptor stimulation. Although exploration into 

reading and creating tactile media on pin-array displays has made headway, universally applicable principles 

and systems are still in a nascent stage. This deficiency is also conspicuous in in teractions that remain 

uncharted due to limitations in tactile display technology. 

 

This chapter reviewed the existing literature on three topics, challenges of living with visual impairments, 

reconfigurable haptic and tactile interfaces and understanding tactile interactions. Challenges due to a disability 

arise due to a combination of biological, social and environmental factors surrounding a person. Specifically 

speaking, people with visual impairments face a significant challenge in accessing information. Access of 

information through touch is critical especially in the form of Braille and tactile graphics, but due to several 

factors access is limited. However, it is not very clear how people overcome the barriers what do the need and 

anticipate from a refreshable tactile display device. 

 

There are a wide variety of static tactile displays used for both Braille and tactile graphics. There are many 

different archetypes of refreshable tactile displays but the most effective for providing information to people 
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with visual impairments is the pin-array type display. However, these devices are prohibitively expensive, and 

research is required to address the technical complexity of these tactile displays. Current reviews do not provide 

a clear understanding and classification of the design space to simply for the mechanisms for refreshable tactile 

displays. Furthermore, there is a need to innovate a new technology that can support refreshable tactile 

interactions at a more affordable consistent manner.   

 

Existing standards provide the dimensional specifications for creating Braille and specify the guidelines to 

design tactile graphics while human centric interactions with Braille and tactile graphics have been studied. 

Perception of tactile information happens through the deformation of the fingertips and stimulation of the 

mechanoreceptors of the fingertips and interactions to read and create tactile media on pin array displays has 

been explored to a certain degree, but generalised rules and systems are not fully present, which is also obvious 

for interactions that have not been explored due to the limited tactile display technology.  

  



                                      

 67 

3 Methodology 

The review of existing literature underscores the critical role that access to tactile media plays in the education 

of visually impaired students. However, the current access avenues via printed media are hampered by 

exorbitant printing costs and the constrained scope of information they offer. The introduction of refreshable 

tactile displays emerges as a potential solution to address this pressing challenge, facilitating swift access to 

tailored tactile content. Among the array of haptic and tactile technologies, pin array displays stand out as the 

most analogous to printed tactile media in terms of tactile feedback. Regrettably, prevailing pin array type 

refreshable tactile displays remain prohibitively expensive. 

 

Hence, it becomes imperative to revisit the design methodologies for pin array refreshable tactile displays. 

This endeavour aims to unravel the specific user centric applications where these displays excel, decipher the 

underlying reasons for their excessive cost and engineering complexity, and devise strategies for crafting an 

economically viable pin array display solution. By reshaping the design approach, the stage is set for the 

emergence of an affordable technology that can not only bridge the accessibility gap but also open avenues for 

investigating interactions and product prototypes that have hitherto remained unexplored due to the limitations 

imposed by currently accessible technologies. 

3.1 Research Approach 

Translational research is a bidirectional process in which research and findings are moved from the research 

lab and into the hands of the users. It involves a multidisciplinary integration am ong basic research, user 

centered research, population and policy-based research. Its goal is to speed up scientific discoveries into 

meaningful instantiations for user benefit [351]. It is typically used in the domain of biomedical research and 

engineering where translational research is classified into two stages. The first stage, T1 refers to the 

knowledge from basic research to clinical research while the second stage T2, transfers findings from clinical 

studies or trials to practice settings and communities where the findings improve the life of people [329].   

3.1.1 Applied and Basic Combined 

Within the HCI Domain, Translational Research has a strong connection with the Applied and Basic Combined 

method proposed by Shneiderman [275]. He proposes that the complex problems of today, which make use of 

rapidly changing technology and face increased expectations from funders and research communities need 

new ways of thinking and approaching solutions. To undertake this challenge, he proposes two principles. The 

first principle is to conduct pragmatic research by combining the practice of basic and applied research 

frameworks. To a practical problem in the real world, find solutions based on theories. To bring the theories 

to a level of instantiations which can be tested in practice, which refines the theories and brings forth a solution 

to the problem. The second principle combines the domains of science, engineering, and design. All the three 
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domains have their unique ways of generating and finding new knowledge. Scientific knowledge is generated 

with controlled experiments taking into consideration every factor that can influence the interaction and seeing 

the effectiveness of a chosen few in controlled environments. Engineering research is based on prototypes and 

instantiations of material, mechanical and electronic systems to achieve a conceptualized effect which is also 

evaluated against predetermined parameters.  

 

Figure 17 The framework of the new ABCs of Research [275] 

Based on these combinations of basic and applied research and the domains of science, engineering and design 

research, there are 5 key strategies that enables a strong contribution and results for the development of theory 

and shared understanding about the subjects and the creation of new practical solutions. The first strategy is to 

choose actionable problems that address the current and future priorities of society and business. Accessibility 

and inclusion of people with disabilities is an integral part of the Sustainable Development Goal and so is the 

access to quality education and literacy of children in lower and middle income countries [73]. Therefore, the 

problems that have been selected to address in this thesis are relevant today. The second strategy is to apply 

observation in real life scenarios, create interventions at scale in the real world or evaluate them in controlled 

settings. Moving into realistic environments and testing renders a clearer picture of how the intervention will 

work or bring a change in the life of people and what ordeals it may face, which may not have been a 

consideration in the lab. It will provide a strong complement to the laboratory studies from the traditional 

approach.  

 

This thesis employs a mixed-method approach, combining qualitative exploration to comprehend user needs 

and quantitative studies to assess and validate prototype performance and interactions. Additionally, a 

systematic literature analysis of the technology contributes to contextual understanding and problem 

comprehension. Supporting these strategies, the third and fourth approaches involve assembling a diverse 

multidisciplinary team and utilising a combination of quantitative and qualitative methods. The final strategy 

entails fostering adoption and scaling the impact of the research. For instance, in enhancing interactions, 
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especially for addressing RQ4 and RQ5 related to optimizing initial interactions with Tacilia, collaboration 

with IIT Delhi was supported by the Strategic Partner Seed Fund. This institution has a history of creating and 

commercializing assistive technologies for individuals with visual impairments. Despite challenges posed by 

the pandemic, the thesis concentrated on refining interactions and assessing technology with visually impaired 

individuals for a limited period. Moreover, a UCLB Proof of Concept Seed Grant facilitated engagement with 

experts from the TTO office to advance technology commercialization and elevate its technological readiness 

levels. 

 

With these collaborations and the utilizing the guiding principles of the ABC research framework, this thesis 

has made contributions to generating new knowledge both in terms of creating an artifact that has the potential 

to improve access to tactile information and through the designed artifact and in the effort of creating it, new 

knowledge about the life of people with visual impairments particularly in India.  

3.1.2 Research Through Design and Prototyping 

Design and research have three distinct relationships – Research into Design, Research through Design and 

Research for Design [85]. Research into Design tries to understand the theories, activities, and history of 

Design as a subject. Research for Design is the activity where information and evidence are gathered to inform 

the design and design decisions and not necessarily for knowledge creation. Research through design involves 

practicing design with the goal of creating new knowledge about the constituents of the artifact, its interaction 

or the impact it brings in reality [150]. In research through design, knowledge is unpacked from objects that 

are designed as a response to the problem. It is unpacked from the interpretation of objects and in interpretive 

communities. Frayling explained research through design to be a form of inquiry where the thinking is 

embodied in the artefact. The goal of these artefacts is not to communicate knowledge in verbal communication 

of findings, but through the form and function of the object itself [85]. This means that design or prototypes 

can serve as a knowledge medium, and that design’s embedded knowledge is resistant or even superior to 

verbal communication.  

 

“The designing act of creating prototypes is in itself a potential generator of knowledge (if only its insights do 

not disappear into the prototype but are fed back into the disciplinary and cross-disciplinary platforms that 

can fit these insights into the growth of theory.” – PJ Stappers [290] 

 

HCI community has been proactive in developing explicit theory about Research through Design because of 

the close link of HCI with practical applications. Design is the way to ask questions, whereas design research 

is a way to ask larger questions beyond the limited scope of a particular design problem. When design research 

is integrated in the process of designing, new questions emerge which matures the design and design thinking.  

 

Prototyping serves as a driving force within the design research process, finding versatile applications across 

diverse design and engineering domains. By generating preliminary renditions of products and concepts, it 
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facilitates the exploration of ideas, collection of feedback, and identification of issues. Tangible prototypes 

effectively engage users and stakeholders, enabling the assessment of product potential, challenges, and 

advantages. This iterative prototyping methodology takes centre stage in five of the core chapters of this thesis, 

forming the backbone of the methodological framework. Through a hands-on approach, the clarity of idea 

communication is enhanced, development processes are expedited, and solutions centred around user needs 

are nurtured, culminating in gradually more well-informed and impactful outcomes. 

 

Recent research has demonstrated the utilization of comparative prototyping to assess the design of 

personalized ubiquitous systems, shedding light on essential considerations when employing prototyping as a 

methodology [301]. As a procedural element, prototyping becomes intricately woven into research and 

development endeavours. It frequently coexists with exploration, active learning, communication, and the 

refining of technical concepts. Within research, prototyping predominantly involves iterating concepts and 

leveraging user feedback and evaluation, enhancing concept functionality and fidelity, thereby mitigating 

fixation and fostering a pragmatic technological advancement. Both the creation and utilization of a prototype 

significantly contribute to the accumulation of knowledge. With the increasing accessibility of technology 

through tools like 3D printing, and platforms such as Arduino and Raspberry Pi, prototyping has evolved into 

a more potent, feasible, and cost-effective method for swiftly researching, testing, and evaluating concepts 

[390]. 

3.2 Methods 

3.2.1 Step 1 - Understanding Users and their Needs 

The project's first step is to empathise [23] with users to understand their needs, requirements and expectations 

from a tactile display. It is required to address the first research question of this work which is What are the 

user centric requirements for a tactile interface? This resonates with human centred design approach, which 

commences by creating empathy with the users, understanding their needs by engaging with their lives, setting 

aside assumptions and conceptualisation based on literature and focussing on obtaining insights by observing 

and consulting with users [23].  

 

To answer this question, thesis utilised a qualitative approach for this step, focussing on the requirements and 

expectations of potential users from tactile interfaces. This included three studies, a contextual inquiry [29] at 

a special school for the blind, a qualitative focus group discussion [250] with blind students who had made it 

to top universities and another online focus group discussion [291] with teachers and banks staff who were 

visually impaired. The in-depth qualitative engagements with the community helped in understanding how 

tactile interfaces can facilitate better access to information for the community and hence, the first step of this 

design driven research was to empathise with the users through qualitative research methods.  

 



                                      

 71 

Although this groups represent a small subset  of the population of people with visual impairment, a majority 

of who may be people who lose their sight with age, these three groups would be the most likely to make use 

of tactile displays in their daily life, for education and for work. School and college students need the support 

of tactile interactions for learning, while employees may need it for making inaccessible visual context like 

graphs, plots, maps and presentations more comprehensible.  

 

The in-depth engagements with the community helped in understanding how tactile interfaces can facilitate 

better access to information for the community and hence, the first step of this design driven research was to 

empathise with the users through qualitative research methods. The approaches are grounded in bottom-up 

user centred methods and bring forward the interpretivist approach [80] that focuses on exploring the 

meanings, values and anticipations for tactile interfaces from the participants of the research. Existing research 

to understand these subjective needs of users and to draw requirements have used similar qualitative 

approaches [75,259]. Drawing from the understanding of the social world of the community, requirements are 

identified that creates new knowledge about the existing problems, strategies and opportunities for tactile 

interactions.  

3.2.1.1 Qualitative Data Collection 

In the initial study, classified as a contextual inquiry, a substantial number of days were dedicated to immersing 

within a specialized school for the visually impaired. This engagement encompassed active interaction with 

both students and educators, along with keen observation of their day-to-day activities. Detailed notes were 

meticulously recorded during this period of immersion, capturing conversational insights exchanged with 

students and teachers. Complementing these records were photographs documenting the various tools and 

interactions involving different assistive technologies employed by the school. This endeavour was carried out 

with full authorisation, having sought and obtained the necessary permissions from the school's principal and 

head. 

 

In the subsequent study, constituting a focus group discussion involving university students, a cohort of seven 

individuals with visual impairments, currently enrolled in universities, was recruited. Their participation aimed 

to glean valuable insights into their educational experiences and to foster speculation about the potential 

requisites and demands for tactile displays. The discussions, guided by a semi-structured framework, delved 

into diverse aspects encompassing social encounters, learning journeys, unmet needs, and expectations from 

both technology and society. The entirety of the interaction occurred in person, with conversations 

systematically audio recorded for subsequent transcription. The study was approved by the UCL Research 

Ethics Committee (UCL REC 18925/001) and IIT Delhi Institutional Ethics Committee (IEC P-086). 

 

The third study, which also adopted a focus group format, was conducted online due to the constraints imposed 

by the Covid-19 pandemic. This study focused on soliciting perspectives from educators with visual 

impairments and visually impaired professionals within the banking sector. These participants were enlisted 



                                      

 72 

to share their encounters with tactile interfaces and to conjecture about the ideal specifications of a refreshable 

tactile display technology. Employing a semi-structured guide, the online discussions were meticulously 

recorded in audio format and later transcribed for thorough analysis. The study was also approved by the UCL 

Research Ethics Committee (UCL REC 18925/001) and IIT Delhi Institutional Ethics Committee (IEC P-086). 

3.2.1.2 Qualitative Thematic Analysis 

The contextual inquiry was narratively analysed [43] through photographs and field notes made during 

conversations with students, staff and teachers at the school. The analysis looked at how tactile interfaces are 

currently being used in schools, their need and relevance for education, the challenges students face in using 

existing equipment and their imaginations for future technologies. These findings set the requirements for 

product archetypes that were relevant and required for use at schools.  

 

The focus group study was thematically analysed using a reflexive approach [43] to better understand the social 

and educational experiences with a visual impairment. The analysis provided three key findings and justified 

the need for investing the effort in developing a new tactile display device. The third qualitative study was also 

analysed thematically using an inductive approach [43] and the themes were used to speculate on the design 

and interaction details of a conceptual refreshable tactile display product.  

 

After individually analysing the three studies individually, user centred requirements were generated by 

clustering the common themes and analysing the individual results. This was done by listing down all the 

themes that were identified from the individual students and clustering them to create a common theme across 

the study groups. It led to the requirement of three key tactile display interfaces that have been developed later 

in this thesis. 

3.2.2 Step 2 - Analysing Existing Designs 

The overarching requirement from the first step was a tactile display that can be made into a large surface and 

is capable to present information in Braille and tactile graphics. For this, the second step dived deep into the 

technological aspects of refreshable pin array type tactile displays. This step was broken into two parts, 

engineering analysis, and engineering design. The analysis phase decomposed, and reverse engineered the 

existing technologies for tactile displays and revealed a new knowledge about the morphology [391] of 

refreshable pin array displays. The scientific methods used to analyse and critically inquire about the research 

domain aim to identify the ground truth about the design complexity of these interfaces and their mechanisms. 

By assuming a positivist stance [231], the analysis aims to objectively identify the reasons behind the 

complexity of tactile display mechanisms and then based on this learning, utilise iterative design methods to 

conceptualise a new tactile display technology that can address the limitations.  
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3.2.2.1 Creating a Corpus 

For the design review of the product architecture of pin-array displays, 66 product architecture from patents 

and papers were included in the analysis. Multiple digital libraries including ACM Digital Library, IEEE 

Digital Explorer, ASME, SPIE, Springer Link, Taylor and Francis and Espacenet were used using specific 

keywords. Each paper or patent that reported a unique design concept of a tactile pixel matrix along with its 

proof-of-concept design. Papers and patents that propose a concept but do not show any proof of concept; that 

discuss interaction design or human factors based on a previously developed pin-array; and those that discuss 

the design of actuating a single pixel, a single Braille cell, and did not demonstrate a potential for a two-

dimensional array were excluded from the cohort. Single line Braille cell technologies from the analysis 

because they cannot be used for multi-line Braille and tactile graphic displays. However, those designs that 

employ Braille cells to create a large surface tactile display have been included in the analysis. 

3.2.2.2 Analysis of the Literature 

Every included design’s architecture is reverse engineered [247] from the visual diagram of the architecture 

from schematic diagrams, 3D renderings, prototypes, and a description of the working principle. The variety 

of identified systems and subsystems are analysed qualitatively to condense data into categories based on 

inductive interpretation of the diagrammatic content. The engineering mechanism and phenomena was the unit 

of analysis. The categories for coding were derived from the variety of visual data as no prior theory is available 

to classify the architectural schematic diagram of engineering systems using a constant comparison method 

[94]. First, a small sample of data with 10 designs was coded to test the validity and repeatability of this 

method. Once the coding was agreed with, the remaining included designs were coded. Conclusions about the 

design space was drawn from these clustering regarding the suitability of designs for affordability and 

scalability of pin-array type tactile displays. A morphological chart [391] was used as a framework to classify 

and consolidate the functions and mechanisms of various pin array tactile display mechanisms. The 

mechanisms were clustered and arranged into categories across the three key identified functions which allows 

for a design driven inquiry of the mechanisms and opens new potential directions spaces for creative 

explorations.  

3.2.3 Step 3 - Designing a New Tactile Display Technology 

3.2.3.1 Basic Design Cycle 

Based on the identification of the most suitable tactile display architecture for large surface displays, the third 

research question of this thesis was formulated. A new tactile display technology was designed using an 

iterative approach that is described by the basic design cycle [252]. Through a trial-and-error process of 

engineering design which spirals from problem to solution, from abstract concepts to concrete prototypes, the 

design of Tacilia was realised.   
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Figure 18 Process to develop the designs adapted from [36]   

 

The process has five stages, each with a related outcome. The first stage is to analyse aspects related to the 

design goal or the problem and the processed information reveals design criteria. The technology was 

conceptualised, prototyped and evaluated for its performance to be suitable to read Braille and tactile graphics. 

The second stage is to generate possible solutions which results in ideas or designs. Two potential directions 

with special materials with unique but relevant properties were explored to develop the conceptualised tactile 

display technology. The third stage involves modelling and simulation of ideas to estimate and define the 

expected properties of the design. The iterations and developments for the more potential conceptual direction 

was tested in lab conditions based on which the design was improved to meet the set requirements for Braille 

and tactile graphics. It aligns to the existing engineering development methods of iterative design, prototyping 

and testing the prototypes to prove the validity of a design concept [304]. The fourth stage is to evaluate the 

design by making use of the relevant experimental methods against the set criteria. Through functional testing 

using bespoke apparatus, the performance of the tactile display was evaluated. The final decision stage is based 

on the results of the evaluation, after which, either the design progress for further development or it percolates 

back to the earlier stages [252].  

3.2.3.2 Reflective Practice 

The novel tactile technology was iteratively designed using a combination of sketching, 3D modelling, finite 

element modelling and simulation, prototyping, fabrication and then lab-based testing to validate the concept. 

Each step of this synthesis was followed up by a bespoke analytical step that evaluated the design outcome 

against a set criterion. For example, the finite element modelling and simulation of the tactile display’s 
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movement provided insights about the design based on which, iterations can be made before fabricating the 

testing the design.  

 

Using research for design approach [85] the information needed to develop and prototype the proof of concept 

was assimilated and analysed from literature, books and experts in the domain of material science, processing 

and testing. This design driven research was also a reflective practice of the researcher [266] in which, through 

the process of designing the new tactile display technology, reflection was used as a tool for problem solving. 

Through reflection, new problem statements within the development of the technology were identified 

answering which led to new understanding through practice for the researcher and eventual new knowledge of 

making this tactile technology for the community. This action-reflection loop was consistently being used to 

identify a way to make the actuation work in the given constraints. It also led to new requirements for tooling, 

research instruments, fabrication processes and design. Beyond the technical refection, practical reflection and 

critical reflection of the design direction and process provided some implicit guidance on what can be made 

possible using the technology and which requirements can be addressed.  

3.2.4 Step 4 - Designing New Products and Interactions 

3.2.4.1 Interaction Design Process 

In the third phase, the insights gathered from the qualitative research conducted in the first step are translated 

into actionable steps using the tactile display technology developed in the second phase. The fourth and fifth 

research questions, which emerged after the initial user research, focused on creating tools for generating tactile 

media through drawing, printing customized graphics, and displaying them via a refreshable tactile display 

archetype. Furthermore, methods to produce intelligible tactile images were also identified.  

 

A comprehensive approach is adopted to gather essential information for designing the products and 

interactions, drawing from academic literature, reference books, and expert insights. This amalgamation of 

user-centric requirements and engineering design transforms user needs and technical specifications into 

tangible working prototypes of potential products. It encompasses methodologies from mechanical engineering 

design [304], as well as programming and electrical engineering, all guided by the principles of Human-

Computer Interaction (HCI) [241]. Thus, this segment of the thesis follows a pragmatic approach  [332], 

prioritizing the practical application of technology to fulfil user requirements.  

 

The developed technology functions as a problem-solving tool, with its efficacy assessed through its 

implementation in the designed artifacts and prototypes. This process adheres to the fundamental design cycle, 

where the constraints imposed by specific technology and user requirements are accounted for from the outset. 

3.2.4.2 Confluence of User’s Needs and Technical Feasibility 

This phase commences with the generation of a conceptual design, achieved by merging technology 

capabilities with user requirements. The iterative prototyping process is facilitated by employing diverse 
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design concepts that are meticulously honed to create a proof-of-concept prototype, which serves as a platform 

to gather user feedback. This fusion of user-centric demands and engineering design plays a pivotal role, 

guaranteeing that resulting products and systems genuinely cater to user needs and aspirations. Th e 

convergence ensures that the engineering outcome not only exhibits technical robustness but also harmonizes 

with the intended user experience, delivering value to both end users and stakeholders.  

 

The product design follows a trajectory of iterative prototyping, mirroring the approach detailed in the 

preceding section. Subsequently, the products' functionalities undergo systematic evaluation through 

laboratory-based testing. Utilising appropriate user-centred methodologies encompassing quantitative and 

qualitative measures, the research then assesses the suitability of both the technology and user interactions for 

potential utilization. This evaluation extends to the exploration of overarching principles and laws relevant to 

tactile media interaction, thereby deepening the understanding and insights surrounding tactile interactivity.  

3.3 Conclusion 

In essence, the thesis amalgamates a spectrum of methodologies encompassing qualitative research, 

mechanical engineering, product design, and human-computer interaction (HCI) strategies to establish a 

pioneering refreshable tactile display technology, coupled with an array of derivative products. The integration 

of qualitative techniques serves the purpose of comprehensively grasping essential prerequisites and user 

requirements. Concurrently, engineering methodologies are harnessed to identify and rectify technical 

limitations, while design frameworks lay the groundwork for the new technology.  

This technology, in turn, becomes the catalyst for exploring inventive products and interactions, facilitated by 

the application of interaction design principles. Through this comprehensive synthesis of methodologies, the 

thesis not only conceptualizes the tactile display technology but also materializes an array of products, each 

accompanied by unique user experiences. In totality, this contribution significantly advances the field, 

representing a culmination of interdisciplinary efforts in pursuit of innovation.  
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4 Understanding the Needs for Tactile 

Interfaces 

4.1 Introduction 

The central challenge addressed in this thesis revolves around devising an innovative tactile display technology 

that enhances accessibility for individuals with visual impairments. However, before delving into the 

intricacies of the technological domain, it is imperative to grasp the user-centred prerequisites and preferences 

for tactile interfaces, specifically focusing on students with visual impairments. This demographic represents 

a targeted user group poised to derive significant benefits from refreshable tactile interfaces [44,234,377]. 

Consequently, the inaugural research query seeks to unravel the essential question: What encompass the user-

centric requisites for an optimal tactile interface? 

 

The subjective needs and requirements of technologies may vary with the socio-technical and economic 

context of users. Therefore, to answer this question, further filtering criteria is required in terms of the 

geographic specificity of the users to control and focus this thesis. The user centred qualitative research is 

hence focussed on India. This is because nearly a quarter of a million blind children live in India [392], where 

visual impairment is one of the most feared health problems [93]. The implementation and utilization of public 

health programs and overall socioeconomic development have decreased the prevalence of childhood 

blindness in the country [322]. On the one hand, it is imperative to reduce vision loss in children by managing 

preventable and treatable blindness. At the same time, it is important to support blind children to become 

independent, integrated and contributing individuals to their society. Education is the single greatest tool for 

achieving social justice and equality. But the literacy rate for students with visual impairments in India is 

significantly lower than the overall literacy rate of the country [367]. Despite having one of the most 

progressive policy frameworks in the Global South towards the education of people with disabilities, there 

remain considerable gaps in implementation. Issues still need to be addressed in providing science and math 

education, teacher support and training, access to Braille books, assistive technologies and tactile displays and 

training for screen readers [367]. Attitudinal barriers and an apathetic approach to curriculum adaptation for 

students also creates a challenging environment to succeed [224,268].  

 

Pal and Lakshmanan [222] qualitatively explore the experiences of people with visual impairments in the 

workforce in India. The use of assistive technology, especially computers created a sense of possibility that 

opens new job roles and opportunities especially in the IT sector. In terms of job trends, the authors found that 

working in stereotypical jobs like a teacher, banking clerk, human resources or in phone marketing. At 

colleges, students were encouraged to take more accessible areas of study such as social sciences and history 

instead of their preferred choice in STEM subjects. An unwillingness to support the technological needs of a 
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person with vision impairment clearly represents a practice of tokenism rather than inclusion, although at many 

places, it is matter of unawareness rather than unwillingness.  

 

Hence, existing literature in this domain, from the point of view of understanding the needs of users has 

provided an insight to the needs, contexts, behaviours, and experiences of people with visual impairments in 

India. This chapter extends this knowledge by focussing specifically on the need and use of tactile interfaces 

in the life of people with visual impairments in India. New knowledge is created by interpreting the findings 

from three qualitative research studies that provides a rich picture of the meanings, values and anticipations 

for tactile interfaces for.  

 

The initial investigation takes the form of a contextual inquiry conducted at a specialized school for the blind, 

serving as a scoping study for this project. This deep immersion within the field and context aids in the 

accumulation of the researcher's tacit knowledge, fostering a profound comprehension of the needs and gaps 

pertaining to tactile media within a typical school environment. The subsequent study, granted approval by 

both the UCL Research Ethics Committee and the Institute Ethics Committee at IIT Delhi (as evidenced in 

Appendix A), comprises a focus group discussion involving seven university students with congenital visual 

impairments. This discourse delves into their educational journeys, exploring challenges encountered and 

strategies devised to surmount these hurdles. The discussion also endeavours to unveil their pragmatic 

anticipations from forthcoming tactile interfaces. Viewing the study data through the lens of interdependence 

and resilience yields novel insights into the needs, challenges, and adaptive strategies of visually impaired 

students who have achieved placement within top Indian universities. 

 

The third study encompasses a focus group discussion involving educators and bank employees who possess 

visual impairments. This dialogue is directed towards elucidating pivotal functional prerequisites of tactile 

displays, thereby ensuring the product's utility within the users' contexts and daily routines. The amalgamation 

of outcomes from all three studies culminates in a comprehensive analysis, where requirements for the 

refreshable tactile technology and the ensuing products and interactions are methodically delineated. 

4.2 Background 

4.2.1 Visual Impairment in India 

India has 25% of the world’s population with a visual impairment [79]. In its diverse and complex society, the 

experiences with disabilities intersect with sociocultural issues of class, gender and traditional beliefs [248]. 

The general understanding of disability exacerbates stigmatization. Gender differences marginalize females 

with disabilities, and people with low income have limited access to healthcare, education, and stable 

employment [139]. Less than 0.5% of the total number of students in university education are disabled [393] 

out of which 32.13% are visually impaired [394]. Historically, teaching SVIs has been a neglected area 

primarily due to difficulties in accessing accessible content and appropriate teaching practices [395]. A lack 
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of support from teachers and inaccessible teaching methods, especially in integrated schools, poses challenges 

to learning [317]. It is closely linked to the attitudes of teachers towards disabled students [49]. Due to limited 

training and understanding of disability, teachers often discourage students from pursuing science and math in 

higher education [224], which in a context like India provides some of the best job opportunities [143].  

 

However, the community in India is not far behind in terms of technology adoption and use. Due to the shortage 

of Braille content, students turn to audio books to access education materials and freely share content among 

peers [310]. While one study reports that students have little interest in learning and practicing mathematical 

diagrams due to limited tools [38], another study finds that students actively participate in play through tangible 

interfaces to understand basic concepts of computational thinking, without any explicit instructions [119]. It 

shows that students are keen to learn provided there are ways to make education accessible.  

 

In the last two decades, the country has seen significant progress in legislation and policy related to access to 

education. The Constitution of India cites the Right to Education as a fundamental right for free and 

compulsory education for all children aged six to fourteen years [396]. It has led to large-scale government 

initiatives such as the Sarv Siksha Abhiyan (SSA) [397]. Under the SSA, the focus has been on mainstreaming 

children with disabilities into regular schools, which includes four things. (i) identification and preparation of 

an individualized study plan with the provision of aids and appliances and making the school accessible, (ii) 

special training for children to prepare them for schools, (iii) home-based education and providing the basic 

life skills if required and (iv) financial support in exceptional cases. With this support, many students are 

getting primary education. The National Education Policy (NEP) 2020 mandates that ‘children with disabilities 

will be enabled to fully participate in the regular schooling process from the foundational stage to higher 

education [398]. The Rights of Persons with Disabilities (RPWD) Act 2016 defines inclusive education as a 

‘system of education wherein students with and without disabilities learn together and the system of teaching 

and learning is suitably adapted to meet the learning needs of different types of students with disabilities’ 

[399]. The Act also mandates all government higher educational institutions to reserve at least five percent of 

seats for persons with benchmark disability [7]. However, there remains huge gaps in implementation as no 

clear directions or priorities are provided [357]. There are government schemes to provide accessible content, 

teaching aids, transport allowance and teacher training but there is limited guidance for modified or adapted 

curriculum and bureaucratic delays create challenges to obtain the allocated funds [271]. The intent to provide 

inclusive learning environments is there is theory but is far from practical realization [224,235].  

4.3 Study 1 - Contextual Inquiry at a Special School for the Blind 

The National Institute for the Empowerment of Persons with Visual Disabilities (NIEPVD), previously known 

as the National Institute for the Visually Handicapped (NIVH) is a premier residential organization for the 

education and training of people with visual impairments in India. It houses one of the premier special schools 

for children with visual impairments for primary and secondary education. NIPEVD is responsible for the 
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printing of textbooks in Braille and production of audiobooks for the national audio library. NIEPVD also 

provides training and courses in special education, IT and Braille literacy. The contextual inquiry aimed to the 

scope and understood the current educational practices for students with visual impairments. 

 

The immersion of the researcher in the field to observe and engage with the community led to key insights 

about the needs and challenges of students and teachers that might not be possible with interviews and focus 

group discussions. The immersive observations in the context of the user enables a rich direct understanding 

about their motivations, mental models and reasoning that gives rise to certain practices [29]. The availability 

of tools in the context and the reflective demonstration of specific practices on the spot provided an improved 

understanding about the challenges and practical strategies and tools with which they are overcome.  

 

Observing users in their natural environment helps to uncover authentic behaviours and challenges that might 

not emerge in controlled settings. Contextual inquiry fosters empathy by enabling researchers to understand 

users' perspectives and experiences in depth. Observing users in real-world situations provides authentic data 

that reflects how users interact with a product or system in their daily lives. Insights gained from contextual 

inquiry can lead to more usable and intuitive designs, ultimately enhancing user satisfaction .  

 

Findings from contextual inquiry might be specific to the observed context and participants, limiting their 

generalizability to broader user populations. Researchers' presence might influence participants' behaviours, 

leading to potential observer bias. 

4.3.1 Data Collection 

Two days were spent at this institution observing the school activities, classroom teaching, extracurricular 

activities, computer training for adults, its AT fabrication workshop, inclusive library, and the audiobook 

recording facility. Everyone at the school was informed about the presence of a research students at the 

morning assembly. Therefore, everyone at the school was primed about the possibility of an interaction. The 

researcher visited classrooms and labs at different grades and interacted with the students and staff while make 

observational and conversational notes. The researcher also attended lectures to observe the teaching and 

learning practices silently.  

 

During breaks, the researcher held conversation with the students and the teachers focussing on the educational 

experiences, their needs, likes and expectations. Each interaction started with a conversational primer where 

the researcher reintroduced and asked for the introductions of every student and teacher who was part of the 

conversation. Verbal consent was sought to ask a few questions to clarify the observations and inquire more 

about a specific occurrence. Their responses were noted, and photographs of the interactions were taken after 

their permission.  
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4.3.2 Analysis 

A comprehensive narrative analysis [250] was undertaken to distil insights from the entire experiential journey. 

This analysis was anchored in reflections and snippets harvested from the context, spanning conversational 

dialogues, observational notes, and photographic documentation. The ensuing data was methodically 

organized and categorized, delineating distinct contexts encompassing classroom dynamics, laboratory 

settings, interactions among students and teachers, as well as aspects related to the learning and teaching 

processes. Employing various data types, the process unearthed recurring challenges, discernible patterns, and 

noteworthy behaviours that had surfaced during the observations. 

 

To enhance the robustness of the initial observations, they underwent validation by the school principal on the 

subsequent day of engagement. The assorted contextual interactions, including the act of accessing tactile 

information, utilization of audio-based resources, individualized teaching, and collaborative group-based 

instruction, were meticulously encoded. This encoding was a manual undertaking, employing the use of sticky 

notes to denote distinct facets of the data. Following the coding process, the data was subjected to a further 

layer of categorization to unveil overarching themes. These themes, which encapsulate the essence of the 

study's findings, are elucidated in greater detail in the subsequent section. 

4.3.3 Findings 

4.3.3.1 Learning and Teaching through Braille 

Classroom teaching practices used Braille books, but information was delivered like any sighted educational 

system. For example, in a history lecture for grade eight students, a sighted teacher read the lesson from a book 

while the students followed the lesson on their individual Braille books. After every couple of sentences, the 

teacher paused to explain the context in the regional language to help the students understand the topic. Their 

sighted teachers had trained to read Braille characters through sight instead of touch with which, they were 

able to check and review the assignments.  

 

All students were taught to read and write Braille. The importance of Braille education was highlighted by the 

school principal and the students. They mentioned that Braille literacy was important for those who wish to 

understand a topic by reading. However, each Braille book was voluminous, which students had to carry 

between classrooms. A single printed textbook for sighted students is translated into 3-4 volumes of Braille 

books, which meant that students had to carry heavy, bulky, and space-consuming books (Figure 19c). Other 

than that, access to tactile content beyond the subject matter was difficult. However, for most students, access 

to Braille textbooks was already very empowering (Figure 19a).  

 

On one side, the practice involved consuming tactile content, however, both teachers and students mentioned 

having difficulties in creating content – both Braille content and tactile graphics. Current practices to create 

Braille used Perkins Braille Typewriter or a Braille slate. In an English class, students from grade 11 used to 
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the two mediums to work on their classroom assignments. The typewriter was provisioned to the students by 

the school, which the students borrowed for their lessons (Figure 19b). Most students found the printer to be 

beneficial in terms of its speed of typing and less effort was required in comparison to the Braille slate. One 

student mentioned that it was not possible to edit mistakes in the machine as the punched dots could not be 

reconfigured. A missed character would mean that either they had to write over it again or start again with that 

word. For some students, it was not ideal that the machine punched holes in the paper while indenting it. The 

typewriter was also regarded to be susceptible to mechanical damage and its bulkiness and weight also made 

it challenging to take it around. Students hence requested to create a lighter, compact and less noisy Braille 

typewriter.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 19 Observations in classrooms (a) students following a social science lecture using Braille books, (b) a student 

typing in Braille in an English class, (c) Tactile books at the Braille library 

Several students preferred to use the Braille slate over the typewriter because of its operational and portability 

issues. To use the Braille slate, Braille had to be horizontally reflected so that dots are indented properly on 

the underside of the paper. Students had no problems in writing in this form as they had practiced using the 

Braille slate from a young age, but the slow manual process using a single tip stylus was time consuming and 

laborious. At the same time, some dots got punctured when a high manual force was applied or got smudged 

after reading if they were not properly indented. The students wished for a faster and a more accurate method 

to type Braille content.  

4.3.3.2 Teaching STEM subjects 

In India, engineering is an important career choice which directly impacts growth and elevation in the socio-

economic status of an individual and their family. The principal of the school revealed that roughly only 25% 

of students in any given batch took up STEM subjects in their higher education. Most of the students choose 

arts or history subject due to their relative ease of accessibility, and the possibility to pass exams and find jobs. 

One of the students revealed that he had a sincere interest in pursuing a career in science and math but due to 

his performance in the previous year, he was not allowed to take up that subject and forcibly had to study arts 

instead. Both teachers and students regarded this trend to be due to a lack of tactile learning aids for creating 

and learning about scientific diagrams, math and geometry. 
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The Math and Science teachers explained the various ways in which they help students learn about concepts 

that are easily understood visually (Figure 20). For instance, in geometry, the math teacher used 3D objects to 

experience the shapes and thought them the formula of the volume and surface area of the object  based on the 

tactile memory of the object. Other tactile aids included premade 2D tactile stencils and teaching aids to help 

students learn about trigonometry and other geometric principles. These tactile learning aids were made for 

everyday stationery artefacts and low-cost products such as matchsticks, popsicles, glue, foam and thread. 

Students who were training to become special educators in the organization had developed and made these 

teaching aids by hand as part of their education. Students from the school were also given the task to develop 

these teaching aids as projects for the summer. For practicing algebra, students used the Teller frame to solve 

algebraic equations. The students in the class demonstrated the use of this intricate interface in which, the 

orientation of lines on small pegs that fitted slots in an array represented algebraic symbols. Based on these 

symbols, students were able to create the equations and in subsequent lines over the array, solved them. The 

teacher regarded this as an affordable way to learn and teach algebra but complained that it very a difficult and 

time taking to use.  

 

   

   

   

Figure 20 Examples of tactile graphic aids being used at the school 

The math teacher revealed that the previous math teacher at the school who is now retired developed a lot of 

teaching aids to help children learn math and science. He had used everyday materials to make tactile images, 

graphics, and scientific diagrams for the children to explore based on which he was able to teach the students. 
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After his retirement, the present teacher continues to use some of the tactile aids, but also expressed the 

challenge in making new tactile aids for every lesson. Creating the educational material took long time and 

only a few demonstrator pieces could be made to explain the concept. The teacher expressed the need to have 

on-demand and customizable easily available tactile graphics. Again, on the aspect of creation of tactile 

graphics, a major challenge for which the teacher had no solution yet was to teach children how to draw 

geometric drawings in real time. He mentioned the importance of students to learn how to create geometric 

shapes to better understand the concept and to solve math independently but till date, there was no device or 

education aid that could be used to easily draw tactile graphics by the students. There is a need for a tactile 

interface that allows students to create tactile graphics, should be easy to operate, portable, lightweight and 

allows the creation of tactile content that is erasable and correctable.  

4.3.3.3 Audio Based Accessibility 

Every morning, all students and teachers at the school assemble for attendance, morning prayers, and 

instructions for the day. The school choir composed of student singers and instrumentalists sang prayers. A 

sighted teacher read and announced the news highlights to all the children from a newspaper in the assembly 

hall (Figure 21c). Students also read informative topics that they had prepared beforehand from Braille notes 

for the rest of the students (Figure 21b). Unlike morning assemblies in regular schools, the levels of 

engagement of the students were felt to be high (Figure 21a). Students from all classes intently listened to the 

instruction, the news and the notes and were a responsive audience. Students dispersed to their classes in lines, 

grabbing the shoulder of the student in front, forming an extensively long chain of pupils which was guided 

by their teachers.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 21 (a) Speeches, (b) quotes and (c) news being read aloud at the morning assembly. 

In one of the Hindi classes for grade six students, the teacher had given them a free period to interact with me, 

ask questions and tell me ideas to make things for them. The students were very excited to do so the researcher 

sat with them on their bench and started casually chatting. Students shared what they liked, loved, and hated. 

One student demonstrated to me his talking watch which he really loved. He spoke about how it was useful 

for him to know about time and to tell it to this friend. Another girl showed how she was able to read through 

a large print textbook. For this, she had to bend down close to the book to read the letters. She complained that 

because the book is heavy, it is not possible to always hold it up and bending down is better.  
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One of the quieter students told me how he loved books. He was interested in listening audio books and had 

already heard a few famous ones including Harry Potter. He was interested in learning more about Indian 

mythology but shared that he would also like to understand if his imagination matches the world. He shared 

that listening to stories is great but listening to textbooks was boring. So, he preferred to read them in Braille 

which he found to be more engaging. It is also important to note that no student is allowed to possess a 

smartphone if they reside in the school and the source of audiobooks for the student was a Daisy player. 

 

In a science practical classroom, the science teacher explained concepts of the pendulum. There was just one 

experimental setup and students and to basically wait for their turn to experience the phenomena. This practice 

alienated some of the students who were not very proactive which mainly included girls with visually impaired. 

In the interest of time, the teacher could only help one or two girl students to experience the phenomena. After 

observing this practice, when I enquired from the students to find what their ideas were to improve their 

learning experience – they unanimously agreed on having audio interfaces for the science equipment so they 

can hear the weights, temperatures, and distances. 

4.3.3.4 Computer Training 

The school provided education to use computers from grade three. They taught students from a young age to 

navigate the computer using the keyboard, to type text and access the internet. The computer instructor strongly 

argued to increase the inclusion of computers in early education and to provide more computing skills to use 

and learning computers to students with visual impairments. His reason was based on fact that the use of Braille 

as a medium to access information and communicate significantly decreases after students graduate from 

schools. Having been visually impaired himself, he narrated the value computers have brought in his life and 

how grateful he feels that he has the skill which he is able to share with others. He insisted that a grater 

dependence on computer interface will be more beneficial to students that only Braille reading which they 

anyway don’t get access to after schools. A vast majority of the world today is made accessible by software 

and applications on the computer and the smartphone where books can be more easily translated into audio 

eliminating the need for bulky books. In this way, Braille can be accessed through devices connected to the 

computer if made cheaper. Computer training will be instrumental for their future and provide them access to 

unlimited information. Integration of tactile media alongside computer education will be the future of 

education practices for students with visual impairments. 

4.4 Study 2 - Focus Group Discussion with University Students 

with Visual Impairments 

The objective of the second user study was to gain insights into the obstacles encountered by students who 

have successfully gained admission to prestigious universities in India. The study sought to comprehend how 

these students navigated and surmounted challenges during their academic journey, while also pinpointing the 

most urgent unmet needs. To gather this valuable data, a focus group discussion was employed, featuring 
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students with visual impairments who were currently enrolled at top universities in Delhi. The choice of a 

focus group discussion was judiciously made, aligning with the research question's complexity, allowing for a 

comprehensive exploration of the subject matter. Education and its attendant challenges resonate with every 

participant in the group, fostering a conducive environment for in-depth discourse. Shared experiences and 

commonalities across participants could potentially unearth a host of shared challenges. As participants share 

their perspectives, prevalent difficulties and nuances come to light, paving the way for the exchange of 

strategies and practices in tackling these issues. Ultimately, this endeavour seeks to provide a coherent 

framework that delineates the challenges confronted by visually impaired students at Indian universities' top 

echelons. Additionally, it aims to offer a contemporary perspective on how these challenges are surmounted, 

contributing to an enhanced understanding of this landscape [266]. 

4.4.1 Data Collection 

4.4.1.1 Participants 

Seven university students with visual impairments participated in the study (Table 2, Figure 22). The 

recruitment took place using convenience sampling through personal communication with three participants 

who were in direct contact with the first author. They were requested to identify more volunteers for the study, 

which resulted in four more participants to be a part of the study. I attempted to balance the group composition 

to include participants for both urban and rural backgrounds. Three participants were from rural backgrounds 

where awareness and understanding of disability is low, social stigmatization against people with visual 

impairment is high and schools are not properly equipped with the required AT [224]. The remaining four 

participants were from an urban background where there is more awareness especially about the special schools 

for students with visual impairments. Despite a better education environment, there were still challenges at a 

societal level [310].  

Table 2 Participant’s details from the focus group  

Participant Age Current educational 

degree 

Profession Visual 

Impairment 

Background 

P1 20 Bachelor of Technology 

in Computer Science 

Student Congenitally Blind Urban 

P2 20 Bachelor of Technology 

in Computer Science 

Student Congenitally Blind Rural 

P3 32 PhD – Political Science Student Congenitally Blind Urban 

P4 27 Master’s in economics Student/Bank 

Employee 

Congenitally Blind Rural 

P5 28 PhD in English 

Literature 

Student/University 

lecturer 

Light perception Rural 

P6 21 Bachelor of Arts Student Gradual loss of 

vision 

Urban 

P7 20 Bachelor of Arts in 

Economics 

Student Congenitally Blind Urban 
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All the students have been visually impaired since birth. Everyone was also comfortable in using digital 

technologies and worked with laptops and smartphones daily. The mean age of the participants was 24 

(SD=4.93). The group represented a community of highly educated young congenitally visually impaired 

students of India, who went through competitive exams to get admitted to one of the top institutions in the 

country. 

 

Figure 22 Photograph of the focus group discussion 

4.4.1.2 Procedure 

The discussion was conducted in-person within a well-ventilated room, fostering a conducive environment for 

open dialogue. The session was initiated with an icebreaker activity, which served as a catalyst for participants 

to comfortably share their thoughts and ideas with the collective group. Employing a carefully prepared focus 

group guide (detailed in Appendix B), the data collection process unfolded. This guide systematically delved 

into diverse dimensions, encompassing participants' motivations for pursuing education, the gamut of 

challenges encountered within the educational milieu, broader societal hurdles, and the strategies they 

employed to surmount these obstacles. 

 

Furthermore, the discussion ventured into envisioning an ideal future 25 years from now, casting a spotlight 

on the participants' aspirations for future visually impaired students in India. Concluding the conversation, 

participants were prompted to articulate their most immediate unmet needs. The linguistic medium of the 

discussion, English and Hindi, was deftly catered to based on participants' preferences. Every aspect of the 

conversation was meticulously audio recorded, subsequently undergoing translation into English as 

necessitated and eventually transcribed for thorough analysis. 

 

Spanning a duration of just over two hours, the discussion was characterized by participants' fervour and active 

engagement, resulting in a natural, unrestrained flow of discourse. Throughout this interaction, participants 

generously shared personal anecdotes, astute observations, and contemplative insights pertaining to their 
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educational trajectories, societal attitudes, adaptive strategies for overcoming challenges, and their prospective 

visions. The forthcoming sections detail the methodology employed to analyse this rich dataset. 

4.4.2 Analysis  

Transcripts were analysed through a thematic analysis process through a hybrid reflexive approach [400]. First, 

transcripts from the session were inductively coded by two researchers to identify challenges. These codes 

were then clustered according to the four tenets of interdependence; social relations, assistance through 

relations, contributions of people with disabilities, and challenging ability-based hierarchies [22]. These 

clusters were reanalysed, similar codes were combined and reorganized to identify two thematic challenges 

faced by Students with visual impairments and are paired with multiple exemplary quotes.  

 

Second, how students have overcome challenges are identified from the transcripts. Two researchers 

inductively coded these practices. These codes were then clustered with reference to the shortlist from Masten 

that includes social relationships, self-regulation, meaning-making, agency and mastery, intelligence and 

problem-solving, and collective efficacy [176]. Like the previous analysis process, the clusters are reorganized 

to identify three distinct themes paired with exemplary quotes.  

 

Third, for the questions around the ideal future and the most pressing needs, the seven participants one-by-one 

shared their vision and then the most pressing needs and challenges in the context of education. During the 

discussion, statements from each participant were enriched by comments, discussions, and anecdotes from 

other group participants. The discussions were noted on sticky notes. The notes were analysed through an 

affinity mapping exercise with the participants on the spot. Through this process, two major themes were co-

identified by the group.  

 

The focus group discussion with students with visual impairments lasted for two hours. Participants showed a 

high level of energy and engagement in the discussion which led to a very natural flow of the conversation. 

The discussion guide was continuously referred to check that all the sections of the discussion are covered 

given the organic flow. The participants shared their experiences, anecdotes, practices, observations, and 

thoughts related to their motivations to pursue higher education, their perception about their societal practices 

and attitudes, the ways in which they overcame challenges and their expectations from the future of technology 

and society.  

4.4.3 Findings 

4.4.3.1 Challenges 

Although participants in this research study were academically exceptional, they shared several challenges in 

the educational context. Challenges arise when interdependence is broken, and this happens in two thematic 

ways: 
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Restricted and Misfitting Assistance in Learning  

This thematic group entails scenarios where Students with visual impairments are keen to attain education, but 

social relations are not cooperative, and technologies are unavailable to create the required access. The 

participants narrated many incidences in which they struggled to get essential attention because students with 

visual impairments are considered an extra burden. Due to this perception, the needs of students with visual 

impairments are completely neglected, especially in an integrated school. For example, when P4 took what is 

often referred to as PCMB (Physics, Chemistry, Mathematics, and Biology) and made it into the 11th Std class, 

which is the first of two higher education years in India, they faced discrimination: 

“When I was in school, I took PCMB. I somehow managed 11th, but the schoolteachers 

were in a psychologically damaged mindset. Their first reaction towards me was, it’s a 

government school, [and] they have the result as a liability or accountability, so from the 

principal to all the teachers, they were like the result will be bad only. Out of 20, this one 

will fail. He [P4] has come to this school, but our 5% result is gone, so out of that 95% 

let us see how many students I can pass.” – P4 

This resulted in actions such as:  

“They [teachers] will come to the class, teach, and go without caring that I am there. 

There was a shortage of reading material there as well. I used to record their lecture, 

listen to them again and again.” – P4 

This outright denial shows how the social environment may not take the necessary steps to create a relationship 

with a student with visual impairment. It is not restricted to the school environment but is also prevalent in 

universities. Considering the mandates from a legal and policy framework, this social attitude creates a 

tokenistic approach toward people with disabilities. Rather than providing a more active environment with the 

support of assistive technologies, the social ecology in educational contexts is static and, to an extent, unwilling 

to support education. P6 explains this with an example:   

 “You see, there are a lot of students enrolled in XXX University and there is an 

awareness [of disability] in the university for a long time. Once, it happened with me 

when our political lecture was going on, and I requested my professor to record his 

lecture to which he refused directly, saying ‘No, you can’t record my lecture’. Then I had 

to write an email to the principal and meet her. Further, she made my professor 

understand that I have such students, so you must conduct yourself needfully. Forcefully, 

I must work on such things, and then I get the required returns.” – P6 

This attitude also creeps to the top, where policies and directives get established. Misinformed perceptions 

about the capabilities of Students with visual impairments and the lack of awareness of assistive technologies 

limit opportunities of learning by creating barriers citing a lack of AT. This attitude is likely because the voices 
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of people with visual impairments in decision-making panels are also tokenistic. P5 shared his experience at a 

high-level meeting with government officials: 

“I was invited to a high-level meeting with government secretaries, as a case was in the 

XXX Court, and they had to give feedback on what should be done to improve 

accessibility. They had a draft with them in which it was written that PPTs could not be 

provided, and another clause mentioned those sign language interpreters can’t be 

provided.” 

To this attitude, P5 responded:  

“I mean, how can you [secretaries] conclude in advance that such things can’t be 

provided? It would help if you tried it first.” - P5  

The negative perceptions about the capabilities of students with visual impairments limits curriculum that 

disallows them to pursue certain subjects. For example, the omission of math from the curriculum of students 

with visual impairments in educational boards creates barriers for those who understand math and wish to 

pursue it in future. This was explained by P1: 

“One major problem is that after Std. 7th the school will not let you study Math. Schools 

say that you will have to study the same math you studied in classes 5th, 6th, 7th in, 8th, 9th, 

and 10th. So, because of this, it is hard to get Math in std. 11th & 12th.” – P1 

Some narratives in the discussion appreciated attempts made by social relations in the educational context to 

bridge the access gap. Unfortunately, due to a lack of awareness of fit-for-purpose solutions and a casual 

approach to implementation, the bridge often does not fit . Social relations attempt to assist in education but 

due to various reasons, the support is misaligned, incomplete, or improper. Such misfitting relations can happen 

when the mediative AT is inappropriate and due to unawareness of dedicated AT solutions or their non-

availability. It can also occur when the social environment attempts to create workarounds to communicate but 

at the cost of increased workload and poor management. For example, P4 shares: 

“Professors wanted to help. They wanted to provide accessible material and work 

harder, but they didn't have any ideas or knowledge. There were few things that they 

used to do at their personal level such as Latex typing and rather than sending us a 

scanned image and would be willing to type the equations and make the ppt.”– P4. 

This shows that there is little awareness in general about best practices for inclusive education. Previous 

research also suggests that very few learning resources and training are available for tutors in an integrated 

learning environment [66]. I found that institutions have created some form of accessible learning methods, 

which were in response to the demands of previous students with visual impairments. However, even if tutors 

are cooperative, additional effort takes time to create accessible content that can be restrictive for the students. 

A lack of awareness about the importance of inclusion and weak enforcement of accessibility in education is 
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also evident through these procrastinated and reactive attitudes to create an accessible solution for students 

with visual impairments.  

“The coding/programming course that I was talking about, there were teaching 

assistants. So, whatever teachers have written on the blackboard, they have typed and 

given to me but after the 1st lecture, they would give it to me after 15 days or a month 

later.” – P2  

Ableist Social Interactions 

From a social perspective, building relations with peers can often be challenging due to the lack of awareness 

and sensitization about visual impairment. Lack of communication can cause stigma about disability and leads 

to the formation of social bubbles. P7 shared his discovery of this social phenomenon while in conversation 

with one of his sighted friends.  

“I was talking to a sighted friend, and she made a very good point that there are a lot of 

people, even in my university, in their own bubble. Someone who is in the ‘normalcy 

bubble’ wants to stay in that bubble. They may ask you out of curiosity, but they don’t 

want to come out of their comfort zone. They don’t want to go out of the way and 

understand our angle and things related to it.” – P7 

People in these bubbles assert caution and hesitance when speaking to students with visual impairments. P3 

reflected that if people with visual impairments are part of society, then communication should be accessible 

and natural, be it about disability or anything else. However, suppose a person with visual impairment is not 

part of regular society. In that case, communication will be confounded with presumptions that may cause fear 

of sounding offensive. Such presumptions emerge when society fails to consider a person with a disability a 

part of society. Fear of speaking about disability by stepping out from the bubble of normalcy is created by the 

fact that a disabled person is perceived as not normal or as unfortunate and in need of charity.  

“Most people consider us as an object of charity, people who need help, as if I are 

victims and I only need help and people owe a sympathy perception, but this is something 

I don’t want now.” – P1 

Directly talking to people with visual impairments about their disability appears to be discomforting, and 

people generally prefer to be in a bubble of misperceptions. It highlights deeply engrained attitudes that lead 

to ability-based hierarchies in which people with visual impairments must prove their capabilities more than 

others. Often students with visual impairments are not considered productive or contributing group members 

and cannot be treated equally. Such notions often lead to social situations in which people with visual 

impairments are alienated despite being part of a group.  
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“Imagine there is a group of four friends. Amongst them, there is one friend’s birthday 

who is sighted. For his birthday, everyone will contribute except the blind one, no one 

will ask the blind person.” – P2 

On the contrary, in scenarios where the person does well in life, for example, lands a competitive job or clears 

a difficult public exam, society considers a person with a visual impairment to be person with superpowers 

and gets subjected to inspiration porn [99]. 

“Recently, I visited my village where a lot of people say sir, you must be having a super 

intelligent mind’. I reply I have the same level of brain as you, it’s just that I try to utilize 

it.” – P4 

The examples show that the contributions from students with visual impairments are not recognized due to the 

traditional ableist notions of disability. Hard work and persistence are misinterpreted to be superpowers. A 

general lack of participation and visibility of students with visual impairments in education leads to these 

ableist notions. Participation takes place due to inclusive policies, but the emergent social relations are not 

equal and balanced. Assistance through these relations happens reactively and can be casual or procrastinated, 

leading to frustrations.  

4.4.3.2 Overcoming Challenges 

While speaking of the above challenges, participants also narrated how they overcame them. These practices 

reflected an understanding of themselves and the underpinning reasons for the motivation for education. The 

following three themes illustrate the personal and social factors in an educational environment that foster 

resilience among students.  

Developing Self-Confidence 

Self-confidence is defined as an individual’s at tribute that is concerned with the belief that a judgement is 

accurate. It is also considered to be an individual’s ability to be certain about their abilities [401]. For resilience, 

belief in one’s own abilities is crucial [176]. Positive educational experiences created a sense of self-confidence 

that motivated the participants to push ahead through limitations and difficulties. With increased self-

confidence, students with visual impairments develop a resilient mindset and a strong sense of acceptance of 

their visual impairment. For instance, P5, had extremely few resources during his schooling, but positive 

experiences in learning created excitement to learn more.  

“When I was in school in rural XXX, I did not have books. I requested other people to 

narrate and yet, I saw that I was performing much better than others only by listening. I 

saw that despite my difficulties, I am doing good. I started enjoying this and wanted to 

take this further and try different things. It’s becoming my personal journey by pushing 

through my limitations.” – P5 



                                      

 93 

Social ecology plays a crucial role in building a positive sense of self and confidence in one’s actions for 

instance, bridging the access divide was enough for P5 to see his capabilities and build his confidence. 

Repeated positive experiences build autonomy, allowing students to experiment, try and explore to identify 

and navigate resources that sustain and improve well-being. Students demand more from the social 

environment to provide resources in the form of ATs and social support  which P7 explained: 

“I want to be successful and stand out from the crowd. Technology is there, I have a 

laptop and mobile phone in my hand, of course limitations are there but technology is 

there. I must focus and there can’t be a limitation to developing my skills. For that I do a 

lot of experiments. I didn’t succeed but that’s okay. This was one of the main reasons to 

pursue Liberals Arts and Sciences.” – P7    

A positive mindset about self also helps in building personal coping strategies to adapt to adverse situations. 

As explained in Section 4.3.1, restricted and misfitted interdependencies create adversities. Due to a positive 

self-identify and confidence in one’s own ability, students with visual impairments identify workarounds in 

such scenarios and continue to excel. For instance, P4 had developed his own method to understand 

mathematical derivations that had missing steps due to inaccessible class notes.  

“We all are surviving because of being outstanding. I must get out of the box. For a 

sighted student, all the resources are available but for us reading material isn’t there, 

you can’t seek help from a book and the internet is not accessible. So, I used to read the 

logic step by step and imagine ways the sequences used to be formed to fill in the gaps in 

notes and then I used to check if it matched the result. But can every blind student do 

this?” – P4 

As highlighted above, a strong personal belief is critical to overcoming adversities. The previous examples 

also showed that positive self-identity is necessary to build this resilience developed through successful 

experiences and increased autonomy to identify and create the resources needed to support wellbeing.  

Internalizing Extrinsic Stressors to Intrinsic Motivation 

It was interesting to note that some participants had transformed extrinsic factors and events into intrinsic 

motivation. Reflecting on these behaviours from the theory of self-determination proposed by Deci and Rayn 

[70], social factors have created an intrinsic desire to achieve to give a response either to social injustices or 

become valued in the eyes of society. For example, P3 faced many social situations that motivated him to show 

people they were wrong in thinking about him and his mother.  

“As I was blind by birth, first blind in my family, my mother had to face taunts by society. 

So, when I was 3–4-year-old, I used to often wonder why these people were saying such 

things to my mother. No one used to speak to me, instead they talked with someone who 
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used to accompany me. This was a strange societal problem as well. So, I wanted to 

become independent and have my own identity that people talk to me.”  - P3 

Some stories revealed the years of discrimination and suppression that the participants faced due to their visual 

impairments. To respond appropriately to the stigma motivated the participants to attain a good education from 

a reputable place and acquire high-paying jobs. In this way, they believed society would respect them and their 

capabilities rather than doubt their abilities and potential for life. For example, for P4, his perceived image in 

the community he came from was important to him, and increasing his social value within this community 

motivated him: 

“I come from a rural background where educated people are highly valued. If along with 

education you get a permanent job, people literally worship you, so that's the kind of 

value you get there. So, for me that was a huge motivation to get a better education and 

get back to my region where I can get valued there.” – P4 

P6 was motivated by a more personal factor – his grandfather’s job in the government service. The esteem and 

privilege that his grandfather’s employment bestowed had motivated him to gain similar employment that 

would enable him to contribute to society’s development, and in turn, he would be viewed as a contributing 

member of society. 

“Someone close told me that if I get educated, I will be a big man, so the words ‘to be a 

big man’ attracted me. My grandfather had a government job and was highly respected 

because of that. He was a big man. So, I wanted to be a big man.” – P6 

The above examples describe the internalization of social factors to create the intrinsic motivation to be 

educated. Social relations also facilitate access to missing information which I describe ahead in greater detail.  

Navigating with Social Resources 

In recent years, Resilience Theory has been used extensively to study social ecology's effect on an individual’s 

ability to cope with adversities [305]. Many of the narratives described before and, specifically, our focus in 

this section highlights the key role of empathetic teachers, peers, and friends to support and provide the access 

required for education. I use the term empathetic because these activities are not generally standardized and 

are invented by social relations in bespoke ways to create access.  These include teachers who understand the 

needs of students and are willing to put in the required efforts to help them understand the subjects. It requires 

additional time from their end, increased workload, and creative effort to develop interfaces that are accessible 

to the students and help them learn about a concept. For example, for P6, learning Math was a challenge until 

a new teacher worked closely with him and changed his perspective and self-confidence toward learning.  

“A new teacher had come; she didn’t know how to teach well. I was very weak in Math. 

You can say that I used to fail in Math. But then I had another new teacher. He worked 
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on me a lot and pushed me to the point that I was able to pass my Std.10th. Otherwise, I 

had no hope of passing.” – P6 

 P2 and P7 shared that supportive teachers who provide special attention to students are highly 

appreciated. They can make learning more enjoyable and improve their educational experience.   

“There used to be one teacher who supported me for English, Math, Science. I couldn’t 

see much, there were no books. I was partially sighted so I used to sit under bright sun 

and the teacher used to write big letters on the board from either a sketch pen or used to 

write big letters on the copy and teach Math. He used to teach me separately.” – P5 

However, it is important to note that the impact of providing special attention cannot reach everyone. It also 

means that education depends on the motivation and intelligence of the special educator. A good teacher can 

build confidence and capabilities; however, a bad teacher can severely damage the SVI’s personal resilience 

and problem-solving ability. Teachers may also be unable to find ways to teach students with visual 

impairments at the same level as their sighted peers. In such scenarios, students tend towards friends and family 

members.  

 

I identified many situations in which friends and family helped with reading, writing, and explaining a topic. 

Beyond access to education, these practices promote social inclusion and the formation of new relations and 

begin to include students with visual impairments as part of the group. For example, when the teacher of P1 

could not provide access in a needed way, he turned to friends, which increased his social integration within 

the university.   

“My professor used to write code on boards rather than on a laptop. This used to be his 

problem. Many times, I told him to explain whatever he writes but he used to say it’s my 

habit and used to say that he would do it next time, but he never did. So, I reached out to 

my friends, and I studied with them.” – P1 

This highlights how students with visual impairments, and their community organize themselves to create 

pathways to access education. Better AT to promote and support such social relations can also improve 

inclusion and learning experiences. However, the ATs must promote the right attitudes towards people with 

visual impairments because existing perceptions may still be constrained within the ableist hierarchical 

structure. Students with visual impairments in social scenarios can still be perceived as an object of ill-health, 

as a student who is less productive, not equal, and in need of help.  

4.4.3.3 Unmet Needs 

Having understood the challenges faced by students with visual impairments in education and how they 

overcome them, this section focuses on needs that are still unmet. 
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Integration of Assistive Technologies 

Educational resources are currently insufficient for independent education, and access to graphs and diagrams 

is a major issue. Specifically, the lack of accessibility to visual data was highlighted which creates challenges 

for students to pursue the subjects of their choice and to survive the challenges posed by the subject. Not being 

able to fully understand the subject due to a lack of resources is damaging as they may not be able to understand 

and deliver to their fullest expectations.  

“If diagrams are unavailable and if his friends are also not always available to help, 

then how will a student survive at a university level? It will be very problematic. If he is 

interested in the field and if he is unable to learn 100% in the field or give his 100%, then 

he will get demotivated.” – P7 

Two participants strongly advocated that all visual media must be made accessible for students with visual 

impairments to understand the subject through tact ile graphics or automated means to provide text-based 

descriptions of the graphics. This raises the need for a tactile display interface that is visualized by one of the 

participants in the following comment:  

“At initial stages in school, during 9th, 10th, the tactile diagrams are available but what 

after that? In college, there are not a finite number of problems. Making diagrams for 

everything is not possible. So, in this case, there needs to be a device, like the Braille 

display, something that I connect to the laptop or smartphone and just like the Braille 

text, I can see the diagram.” – P1 

Enquiring further about tactile displays, it was surprising to note that none of the participants had ever 

purchased a tactile display. Two participants were provided a refreshable Braille display from the university, 

while one borrowed a display from a friend. The remaining participants either have just seen such devices, or 

never felt the need to buy one. Despite the need for tactile interactions expressed in academic literature and 

the amount of research and development in this field, people still are not satisfied with the available products, 

or at least do not perceive sufficient benefit to make the purchase. 

Another participant mentioned that finding a good scribe who can understand the answers and translate them 

to write in exams is a significant burden and can be eliminated by introducing computers as a medium for 

exams. Deliberating on this thought, the group discussed that it is possible only if computers are introduced in 

early education and with software solutions that require minimum human intervention. Accessing academic 

books through audio and appearing in exams through computers can solve many challenges that students with 

visual impairments face. 

“If I make computer accessible and available at an early school level, where the subjects 

are also confined and that will make more students have a better education who may also 

take up technical fields. They will demand more and will create the need for better and 

more accessible materials.” – P7 
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Previous research has also pointed to increasing access to tactile media and introducing computer interfaces at 

an early school level. Doing so will provide students with visual impairments with an opportunity for 

independent learning that increases personal resilience and improves autonomy and problem-solving ability. 

Integration in Society 

Fostering personal resilience covers half of the factors necessary for better educational experience. Two 

participants from the group (P4 and P2) strongly felt that the most pressing challenge is the lack of awareness 

and negative societal attitudes towards people with disabilities. The group regarded this issue at the root of the 

other challenges, as can be seen in the comment from P4: 

“The biggest challenge for me is the lack of awareness of teaching and non-teaching 

staff. They don’t know how to help or treat.” – P4 

Participants shared that all educational institutions should treat a SVI like a regular student, not a special 

student with special needs. Participants also agree that ATs discussed earlier will make people's lives easier 

and more productive. However, how society changes to include and value people with visual impairments at 

par with sighted people was still concerning. 

“New technologies will keep coming but how far the mindset of people will change I 

don’t know.” – P2 

The group felt that attitudinal changes of society go at a much slower pace in comparison to technological 

advances. The availability of technology would surely facilitate the change in levels of accessibility, but it will 

create a gap between places where technological accessibility is available and where it does not exist.  

“Attitude change is obviously at a very slow pace. Because of this, there would be a huge 

gap, I believe that this huge gap would be the most negative side because some institutes 

like private institutes will provide, and some will not.” – P7 

Discussing this point further, P3 shared that the empowerment of people with technology will make them more 

independent and successful. As dependence on society decreases, society's negative attitude can be easily 

ignored or improved through better participation of students with visual impairments. Hence, technological 

advances must also aim to change societal perceptions and attitudes toward disability. Society creates greater 

barriers for people because of its procrastinated, burdensome attitude toward accessibility and inclusion. The 

bubble of normalcy is so comfortable that people are happy to stay in the shadows of misinformation, away 

from the reality and need for proper accessibility, equitable opportunities, and relevant support so that the 

motivation drives students with visual impairments is facilitated. Participants share this attitudinal concern 

concerning their social integration.  

“Because of technology I will get empowered. The shift in technology will be there, but 

change will be at our level only. The attitudinal level changes at a slower pace. With AT, 
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disabled people will be able to do everything on their own, but they won’t have their self-

satisfaction with the society. They will be educated and have everything but still will not 

get valued. Suppose you are doing a good job and still you face delays for your 

marriage.” – P2 

4.5 Study 3 – Focus Group Discussion with Teachers and 

Professionals with Visual Impairments 

The preceding two studies cantered on elucidating student needs from their vantage point. In contrast, the 

subsequent study endeavours to encapsulate the outlook of tactile displays and their role in tactile-assisted 

education. This perspective is gleaned through a focus group discussion with professionals who are visually 

impaired and hold roles as educators for visually impaired students. The paramount objective of this session 

is to harness collective insights to brainstorm the prerequisites for an efficacious tactile interface. This int erface 

is envisaged to be applicable and fitting for their professional endeavours post -schooling. 

 

The discussion session is purposefully designed to engender a collaborative exploration. Participants 

collectively embark on conceiving a conceptual design for a tactile device endowed with the ability to present 

both Braille and tactile graphics. During this dialogue, the exploration extends to potential attributes and 

interactions integral to a typical day-to-day usage scenario. Adhering to the Covid-19 guidelines in place at 

the time, the discussion session was conducted in a virtual format. It is pertinent to note that this study was 

executed under the aegis of ethics approvals from both the UCL Research Ethics Committee and the Institute 

Ethics Committee at IIT Delhi, ensuring adherence to ethical research standards. 

4.5.1 Data Collection  

4.5.1.1 Participants 

The session was conducted with professionals included teachers, professors and bank employees who are 

visually impaired (Table 3). Six participants took part in the discussion. All the participants of the group were 

either alumni of a special school for students with visual impairments called Blind Relief Association or were 

somehow related to it. This discussion was a part of the group’s weekly meetup. All the participants 

volunteered to participate in the discussion as they have been interested in Braille and have been concerned 

about the use and development of the Braille script. All the participants provided their verbal consent to record 

the conversation and to use it for research purposes on the call. Out of the six participants, two were professors 

at universities and taught Sanskrit and Social Sciences. Two participants were employed in the banking and 

finance sector, while one was teachers at the school and one participant was pursuing his PhD in English 

Literature at that time. Everyone except schools’ teachers for students with visual impairments were visually 

impaired however, everyone was fluent and well versed with Braille and had some experience with tactile 

graphics.  
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Table 3 Participants of the codesign study  

Participant  Profession Braille Literacy Visual 

Impairment 

P8 University Professor Yes Blind 

P9 University Professor Yes Blind 

P10 Banking Professional Yes Blind 

P11 School Teacher for students with 

visual impairments 

Yes Sighted 

P12 PhD Student Yes Blind 

P13 Banking professional Yes Blind 

 

4.5.1.2 Procedure 

The aim of the session was to establish the importance and relevance of tactile interactivity among the group 

despite its declining trend and low number of learners. Having this established, the group was motivated to 

diverge and think about the challenges and limitations of the current tactile interfaces. Based on the identified 

challenges, the group were facilitated to brainstorm about the product features and interactions with a tactile 

display device that could overcome the challenges and played a designer’s roles through the process. To run 

the focus group session, a semi structured guide was formulated which was based on divergent and convergent 

design thinking models [229]. 

 

The researcher in this session had assumed the role of a facilitator, linking ideas, guiding and providing 

scaffolding and prompts to the participants. The final features and details of the designs were summarised by 

the researcher and validated by the group. The entire session lasted for two hours and thirty minutes and was 

recorded for analysis. The audio recordings from the entire discussion were translated and transcribed into 

English.  

4.5.2 Analysis 

The focus group session aimed to elicit and stimulate the requisites and demands for a comprehensive full-

page refreshable tactile display. Through a thematic analysis approach, informed by the principles of inductive 

reasoning [43], participants' comments were meticulously scrutinized. This process yielded profound insights 

into the contemporary necessity for tactile interfaces, the prevailing limitations of existing devices, and the 

latent potential features integral to an ideal tactile display apparatus. 

 

The transcripts from the session were systematically subjected to inductive coding, undertaken by the 

researcher. These codes were devised to capture the diverse trajectories of the discussion, encapsulating both 

divergent and convergent conversational threads among the participants. Subsequently, these codes were 

strategically grouped together to distil thematic requisites. This analytical exercise not only unveiled insights 
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into the extant requirements and hurdles surrounding tactile interactivity but also crystallized the collective 

ideas and demands of the group vis-à-vis a tactile display device. This methodology holistically facilitated a 

comprehensive understanding of the multifaceted landscape of tactile display technology and its intricate 

interplay with user needs. 

4.5.3 Findings 

4.5.3.1 Relevance and Importance of Braille 

According to the participants, lack of access does not mean that the importance of Braille as a medium to 

understand information has decreased. According to the participants, Braille and tactile graphics continue to 

be important for blind students and professionals who aim to understand the concept. Getting access to 

information through audio although is very helpful in some cases, the depth of information which can be 

grasped when the body physically engages with it rather than passively receiving information is much more. 

Participants remarked that reading with fingers is like sighted reading as it helps in grasping the read concept 

better, than just hearing it. Active reading engages the readers with physically with the movement of eyes and 

hands. This reading activity was reflected by people to be more attentive and hence, concepts are better 

grasped.  

“There are some devices now that you can place it on top of a page, and it is able to read 

it out loud to you, but it is not that fun and engaging. If this is possible in Braille that the 

entire page of the book is presented on a Braille display, then it will be revolutionary. 

One thing that you will agree that those who are sighted and read with eyes can grasp 

things better than audio. It is similar for us that when I read with our fingers, I grasp 

things more.” – P9 

Devices that are available to readers today have already been revolutionary in the lives of people who can 

access it. The current reconfigurable tactile display that is available for use for the participants was the Orbit 

Reader 20 and it was regarded as life changing for some of the participants. With its aid, people can read a 

variety of digital text in Braille without delay and can translate unlimited text content on the web. Participants 

mentioned that they were able to read long texts including PhD thesis and write articles which are publishable.  

“Those things that I couldn’t have ever dreamt of reading, I am reading them through the 

medium of Orbit. What I got; I are so satisfied that I am not able to critique it that there 

are these many limitations. There is a special thing that for all my students and their 

PhDs, I check it myself. I takes me a lot of time, but I do it. Then when I show them their 

mistakes, they are taken by surprise.” – P8 

“Yes, what P8 has been able to do is commendable and I learnt from him how to read 

and write using the display and have been able to write 1-2 articles now and hopefully, 

they will get published.” – P12 
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4.5.3.2 Reasons for the Decline of Braille 

Braille literacy and the use of Braille after schooling of children with visual impairments has significantly 

declined which is leading to illiteracy [402] among people with visual impairments. Of the world’s 37 million 

people with visual impairments, over 15 million people live in India, and this number has only doubled since 

2007. Braille literacy rate is only 1% which is abysmally lower than the regular literacy rate of 77.7%. The 

lower literacy rates directly corelates with lower employment rates. The participants of the focus group further 

explained the decline in Braille readership has been due to several factors and its evolution has been gradual. 

One of the reasons as elicited has been the significant rise in audio-based interfaces in comparison to tactile. 

In the past decades, when getting access to Braille books was increasingly challenging, there was easier access 

to affordable audio cassettes through which they could listen to long documents and understand educational 

materials. It was also easer to access audio cassettes and a growing infrastructure around it meant that recording 

and distributing books through audio was just easier. This translated into CDs which could store even more 

information, to MP3 and now to Book share and eBooks. Now most of the information in the world is available 

on the web and through audio-based accessibility via screen reading systems, things have become even more 

accessible which is just not as easily available in tactile formats. Getting information through audio become 

more convenient and easier to access and hence, people moved to it thinking that there is something better than 

nothing.  

“The situation of Braille is due to time. The situation evolved because I did not had 

books. I got cassette to read and record. It was easy and cheap to work with audio, so 

people became more dependent on that. But now, with the time, the situation with Braille 

will improve. And if you believe that there is just an elite community that buys the Braille 

displays, they will buy the display again if there is something new and better. If there are 

policies that they are also making it available, it will be even better. There will be a 

market about it surely.” – P8 

4.5.3.3 Challenges with Single Line Braille Displays and Text to Speech Systems 

Current Braille display devices like the Orbit 20 present a single refreshable Braille line of 20 cells. Participants 

mentioned that though line by line refreshable Braille has been revolutionary for their lives, the small line 

provided a slow and disrupted reading experience. They narrated that the short line display was okay for short 

sentences but when it came down to reading long texts, it was taxing to keeping chaining the lines after a short 

read. Imaging reading long texts on a pager phone, the Braille reader presents information like that. After a 

couple of words, the line must be changed again, which causes disruption in reading.  

“Now when I change the line, short lines are in Orbit. So, the full speed that I can read in 

a paper can’t be read in it. In that, I can read poems according to us but like the flow by 

which I can read, I don’t imagine because it takes time to shift the line.” – P8 

The slow line change rate also disrupts their flow of reading. This causes challenges in a social context in 

which their reading or narration while reading becomes interrupted as the line refreshes. Although there are 
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displays which present 40 Braille characters in a single refreshable line, the cost of these devices lies beyond 

the budget of all the participants.  

“Only 20 cells are there. So, sometimes it doesn’t even cover the entire line. So, I must 

change the line there. So, when I use the orbit to show the point when I am done by 

saying the entire line and I change the line, I must give a gap in between. My students 

don’t know that it’s the limitation of the device. They may think that my preparation is 

insufficient.”- P9 

The small lines combined with a slow refresh rate can make the reading of certain languages very challenging. 

One of the participants of the focus group for example was a teacher of an ancient language that has many 

accents and variations and mentioned that 20 characters barely accommodated 2-3 which made reading very 

disrupted and slow. Clearly, the limited 20 characters was not sufficient for the participants to have a good 

reading experience with the refreshable display.  

“In Sanskrit, you have to many long compound words, and they do not fit in a single line 

of the device. So, if I don’t change the line, I will not be able to say the entire word 

together.” – P8 

Beyond these interactive challenges, P8 also brought three very important criticism for the cu rrent display 

device.  

“In Orbit, the footnotes are not shown on the device. Second, when I type on the display, 

then the speed at which I type seems too fast for the device as the pin pop out randomly 

on the display. Third, every year at least two to three times, I need to send the device 

back to its repair centre for maintenance.” – P8 

Furthermore, access to visual elements becomes a problem on a single line as tactile graphics cannot be 

presented. This is also problematic of displaying the structure of PowerPoint presentations, the sense of 

placement of information which a sighted person can intuitively connected by the visual sense is totally lost 

for the person with visual impairment. Hence, it become challenging for people to follow slideshows when 

they get one line-by-line information. 

“My job is not to do with reading in PowerPoint and Excel. I am unable to make good 

presentations using speech and print formatting in Excel is also hard. So can there be a 

tactile device which can follow the cursor on the computer and show the information of 

the cell or the structure of the slide. Nobody makes a simple line by line slide now. So can 

that slide be displayed on a display?” – P10 

Other interactive challenges on the software end of the current systems are also a matter of concern for the 

participants. Access to translation of local languages in Braille is still very limited. Even web-based translations 

from the internet have errors in spellings and the Braille translations. Accessing .pdf documents is a major 
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challenge that was unanimously agreed by all the participants. Many times, official government document and 

other important notices are scanned and uploaded as pdfs which becomes totally inaccessible for them, both 

through screen readers and Braille readers. For reading the text in Braille, .pdf formats must be changed to .txt. 

or .doc by the users themselves using other third-party software, which is an added step. For such instance, 

people must rely on computer vision and camera-based OCR recognition and audio translation systems. 

4.5.3.4 Tactile Display’s Design 

Participants deliberated on the actual requirements of the product that can meet their needs. According to the 

group, a suitable product should have up to 40 cells in a single line and at least 10 lines of continuous cells to 

present a full page of Braille along with tactile graphics on the same display. The reflected it to be like an 

actual printed Braille page which is much easier to read than the single line refreshable display. Beyond that, 

on a multiline display it will be beneficial to show tables and forms of media, such as flowcharts, slideshows, 

and maps. In situations when the diagram overflows beyond the screen, functions to scroll the image of the 

text should also be present, alternatively the navigation be in chunks of 10 lines.  

“The display must show at least a presentation title in one line which is feasible when the 

display has at least 40 cells. And if there is a big diagram that needs to be presented, it 

cannot be only half shown on the display, right? So at least 10 lines of Braille should be 

there.” – P12 

The only point that was remark by all the participants was that the speed at which the line appear should be 

faster than the reading speed of a good Braille reader. This is to ensure that the reader does not have to wait 

for before reading the next line.  

“You need to ensure that good Braille readers, take how much time to read Braille, 

before they start to read. I need an optimum that the lines come as soon as possible under 

our fingers before they begin to read. For that you need good Braille readers in the 

testing team because you need accuracy at maximum level. Even if you are not able to 

bring all of them, if you can ensure that by the time I read the first line, the second line 

comes before that and before I read the third is already there.” - P12   

In continuation to this, there were further deliberations within the group to understand the flow for the 

character’s appearance. It was clear that a left to right in the direction for reading a then top to bottom line by 

line would be acceptable if in case the display cannot be actuated at once.  

“5 -10 sec. of refresh time, although it does not feel like a lot of time but just imagine that 

if there is a person who is sighted and reads a paragraph and them, I am reading, I mean 

a person who can see, and I cannot see and I using my Braille display. You can imagine 

that there will be a lag in my reading. In long term reading, in a presentation or a lecture 

in the 5 - 10 sec will be a long time. Technology should make one page available quickly. 

You know the Braille dot, the Dotbook, I am facing the challenge that it has a lot of bugs. 
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The processor is not high, the response is late, up to 10 -15s. the gap in between, the 

audience will not know that this is an issue of the refresher, it will think that my 

preparation is inadequate. So, I must manage these things.” – P13 

Its weight should allow it to be easily portable and participants imagine it to be akin to tablets in its physical 

properties including dimensions. This would mean that product has a thin form factor and low weight to make 

the device portable. In terms of cost, participants were very cautious about it as they were competing the 

advantages of the tactile over other computers which provides audio access. The bottom line among the 

participants was the product should be so beneficial that it can match and compliment the access which they 

can achieve through current screen reading software. To some of the participants, the interlinking with software 

didn’t seem the be the greatest challenge. Participants felt that the physical hardware to make a tactile screen 

would be the most challenging and possibly the most expensive part of the display device.  

“In today’s technology, wireless connectivity, information transfer, language translation 

are problems but not the main issue in this domain. I think for Braille displays the 

biggest problem are the cells. You need to work on the cells. Multiple cells and multiple 

lines of cells should respond quickly and accurately. The processing should be fast and 

appropriate.” – P13 

In terms of interactions with the display, participants suggested that the system should be interoperable with 

their screen readers. In principle one participant visualised that the interface to be fully interoperable with the 

screen reader, so that wherever the cursor of the screen reader goes, they section is both made audible and is 

presented on the tactile display. The interoperability of the tactile interface was reflected to be of utmost 

importance by the participants but at the same time, participants wished for the device to be a standalone 

system as well in which they can read and type information independently. It was also very import to have a 

writing keyboard with the display. To make quick notes and to write and interact with the display and through 

the medium of the display, with a computer, it is exceedingly important that the display has a keyboard.  

“Keyboard is very important. For making notes and to quick notes like phone numbers 

etc. If the device does not have the writing facility, then the previous devices are better 

than that.” – P12 

Beyond interoperability with screen readers, the group brainstormed ideas to cover digital media such as a 

drawing in MS paint which can be then seen on the tactile simultaneously. Participants also wanted to see 

maps and integrate the display with navigation assistant programs such as the Google maps. An interesting 

discussion revolved around the accessibility of utilitarian software such as PowerPoint and Excel. Participants 

reflected that they are unable to make good presentations with just the speech interface and visualize that the 

tactile displays the layout of the slide and highlights the areas which are being spoken out by the screen reader.  

In Excel, print format becomes confusing and incomprehensible to the group. Participants imagine the tactile 

interface to display information of that cell in the table which was highlighted by the cursor and as it moved, 

new information is presented. They refrained from displaying the overall table citing that it would waste a lot 
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of the screen area just to show the table. Instead, if only the content is present of that cell which was highlighted 

by their screen reader cursor, it would be sufficient, and a better comprehension and correlation of data can be 

achieved. 

 

For educational purposes, teachers in the focus group cited the benefits of showing flowcharts, graphics, 

geometry and diagrams of things and animals to younger students on the display to help their understanding 

and cognitive development. Furthermore, the group highlighted the limitations of dependence on audio 

information and wanted a system that could translate text for a regular curriculum textbook into Braille and 

tactile graphics. Beyond textbooks, they also imagined seeing storybooks, comics and novels on the display 

where both text in Braille as well as tactile graphics represent the graphical stories for children.  

“This will be good for students to show two dimensional shapes like graphs, flowcharts 

and shapes, for A for apple, animals, geometrical shapes. For both teachers and 

students, it will be helpful. Currently I use several teaching aids made from cut ply etc. 

by giving the students in their hands. The normal books in school’s curriculum are the 

same for students with visual impairments. In them, when there are graphs, shapes etc. if 

they can be made available alongside the books, it will be very beneficial.” - P11 

4.5.3.5 Potential for tactile interactions 

The group reflected the concept to be beneficial for school children in younger classes to present them with 

visual concepts as well as for later classes to help them with geometry, charts, maps, physics and other 2D and 

3D visual concepts. Previously, plywood cutting, and other materials were being custom made by special 

educators to help the students understand concepts. They were permanent products, and their creation was 

dependent on the resources and motivation of the special educator. Having a simpler technology which is 

equally capable or more would be instrumental in teaching.  

“Let’s think of this in epochs. There was one time when Braille was the only thing 

available. The books were rare and expensive and very hard to find. Then came in audio 

and speech-based access which made things very easy. Now I are at the cusp of a new 

revolution where I can think of making a product that has tactile and audio both and can 

compete in terms of its accessibility to the best screen readers today.” – P10 

The teachers also mentioned that till date, there has been a lot of impetus on text -based information and audio-

based instructions. The tactile display concept can be useful to alleviate some of the over dependency on these 

mediums provided, every child gets access to the tactile display. The participants unanimously agreed that a 

tactile display will be clearly beneficial for students, but its access will depend on several factors including the 

cost of the display and the resources of the school. The principal of the school who was part of the focus group 

visualized the journey for this adoption and anticipated that it can be very challenging to onboard schools and 

universities with this idea initially but as the product improves and the benefits are apparent, more institutions 

will pick up the device. It will be a long struggle to bring onboard some of the governmental schools that have 
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limited resources but irrespective of that, he strongly advocated that every child should have access to a 

refreshable tactile display. Building on this discussion, some of the professionals in the group related the use 

of a refreshable multiline tactile display in their workplace especially in banks. Notetaking and charting, 

including making presentations and building reports can be made more feasible and enjoyable with a tactile 

interface.  

“For me it’s very good. If there is a customer who comes to me to get his account details, 

then the boss asked me to make a presentation and legal, I will do it faster. For 

academia, if students have a device with which they can do Braille, graphics and 

everything. Jaws left Braille behind because of the unavailability of Braille but together 

it can be very powerful.” – P12 

4.6 Requirements 

4.6.1 Requirement 1 - Increase the Availability of Tactile Information  

For students and teachers with visual impairments, information consumption primarily occurs through three 

distinct mediums: large print, tactile, and audio. Large print serves the visual needs of low-vision individuals 

and is compatible with mainstream printers and devices. Audio formats enable information access through 

various digital tools like computers, smartphones, and specialized devices like talkback watches. The third 

medium, tactile, encompasses both Braille and tactile graphics. Braille is available in bulky Braille books, 

while tactile graphics are often created through custom aids or limited tactile graphic books.  

 

In the evolving landscape of digital tools and infrastructure, accessing information via audio and large print 

formats is becoming increasingly accessible. However, the availability of information through the tactile 

medium remains restricted. This is particularly crucial in educational settings, especially for subjects like 

STEM that entail graphical concepts. For teachers, explaining graphical concepts without tactile learning aids 

becomes challenging. Limited availability hampers students' pursuit of such subjects, even when they possess 

a genuine interest. Thus, diversifying and expanding the realm of tactile information becomes imperative. 

Tactile information is pivotal for enabling active participation in education for students with visual 

impairments. Consider scenarios such as an employee utilizing a device to access their company's data 

management platform. They can read Braille information in each cell and interpret graphical data such as 

graphs, plots, and statistics. Another instance involves a student accessing live tactile graphics during a 

classroom presentation. This real-time interaction allows the student to follow lectures online, actively 

participate in discussions, and engage with the material during and after class.  

 

Tactile interactivity plays a significant role in shaping societal attitudes, although the connection is not direct. 

Tactile interactivity involves meaningful interaction with tactile senses, enhancing awareness and literacy 

about subjects, topics, objects, or spaces. By employing touch to interpret abstract and practical concepts, 
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people with visual impairments can grasp complex visual ideas through tactile simplifications. This process, 

in turn, heightens literacy levels. As demonstrated by the findings of the second study, increased literacy 

empowers individuals to better navigate challenges posed by inaccessible environments. Enhanced 

comprehension and conceptual visualization allow people with visual impairments to bridge gaps in 

information, fostering personal motivation to excel further. Success acts as a catalyst for absorbing 

information, achieving goals, and surpassing perceived limits. This success-driven mindset generates demand 

and societal participation, transcending the stereotype of people with visual impairments as beneficiaries of 

charity or confined to certain professions. As literacy and participation grow, societal perceptions evolve, 

eroding biases and stereotypes. This transformation leads to demand for increased accessibility and inclusion, 

creating an environment that is devoid of barriers for people with visual impairments. Ultimately, this interplay 

between tactile interactivity, literacy, societal attitudes, and participation acts as a catalyst for holistic societal 

change and genuine inclusion. 

4.6.2 Requirement 2 – Better Mediums to create Tactile Media 

The process of creating Braille content poses its own set of challenges. The Perkins typewriter, while capable 

of producing Braille, is prone to mechanical issues, and its bulkiness limits portability. On the other hand, 

using a Braille slate is a slow and labour-intensive endeavour. Students encounter difficulties with these 

traditional methods and yearn for an improved Braille typing solution. There have been ideas to bridge 

computer education with Braille display outputs, facilitating learning through diverse modalities like audio 

and tactile. Such a device should enable students to efficiently type and edit in Braille while remaining 

lightweight, portable, and durable. The need for a faster Braille interface to facilitate content creation is 

pressing for students with visual impairments. 

 

Similarly, the creation of content by students and teachers with visual impairments spans the trio of large print, 

audio, and tactile mediums. Training students to use computers has been advantageous, as digital tools enable 

them to engage with various online resources for expression, creation, and educational practice. However, the 

process of generating tactile graphic content remains a challenge. Creating tactile graphics continues to rely 

predominantly on manual labour and resourcefulness, involving the use of locally available stationery 

materials to craft tactile learning aids for explaining concepts. There's a palpable demand for a more efficient 

and expedient means to create tactile graphics, especially for teaching subjects like math and science. This 

unmet need significantly impacts both students and educators within the school setting.  

 

Consider a scenario where a sighted teacher captures a photograph of a scientific concept from a book. This 

image is then wirelessly shared with all the tactile devices within the classroom. As a result, every student 

gains access to tactile information, enabling them to effectively follow the lecture. This example underscores 

the potential for seamless integration of technology to facilitate educational accessibility and inclusivity for 

visually impaired students. 
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4.6.3 Requirement 3 – Integrating with Computers 

Users have underscored the importance of an input keypad in the design of tactile displays. While current 

Braille displays possess a Braille keypad for data input and typing on text-based processors, navigating 

computer interfaces and graphical content remains a challenge. Additionally, the increasing prevalence of 

QWERTY input systems, particularly with the proliferation of screen reading software, has rendered computer 

usage more convenient and familiar. Thus, integrating a QWERTY keypad alongside the display as an input 

modality is deemed advantageous. 

 

The interface's design should seamlessly complement popular computer software such as Microsoft Excel, 

PowerPoint, and web browsers. It should facilitate content selection and presentation while harmonizing with 

existing screen reading systems. This integration would empower users to swiftly access and process 

information on the tactile display, ensuring a coherent and efficient user experience. In an ideal scenario, 

information on the display would be rendered rapidly and cohesively across the entire display surface. This 

would involve the actuation of multiple pins simultaneously, enabling tactile information to be presented faster 

than the rate of reading. 

 

Consider a researcher delivering a presentation at a conference, elaborating on her research findings. Using 

the tactile interface, she navigates through slides akin to a clicker or a mouse. By feeling the tactile information 

on the display, she discerns the content currently displayed to the audience. In this interaction, the user deftly 

manoeuvres the computer cursor using the keypad of the tactile device. A key combination is then pressed to 

generate tactile information corresponding to the cursor's location. These conceptual scenarios and 

visualizations encapsulate the ultimate vision of the product under development, epitomizing the envisioned 

capabilities and interactions. 

4.6.4 Requirement 4 – Portability, Functionality, Size and Design 

The display's dimensions are pivotal to its functionality, with the need to accommodate multiple lines of Braille 

and characters within a single line. User feedback has indicated a demand for Braille cells spanning 10 lines, 

translating to a matrix of 120x40 dots. Nevertheless, the currently available displays in the market are 60x40 

dots in size, enabling 20 Braille cells and 10 lines. Given potential variations in user preferences, the display's 

design should be flexible to accommodate diverse array sizes, facilitating easier adaptations as needed. 

 

Portability, size, and weight of the device are integral considerations, enabling users to work remotely and 

transport it to their workplaces. Users have articulated the desire for a bat tery-operated system, aligning with 

contemporary work styles and enhancing the device's usability. In this developmental phase, the envisioned 

product takes on tangible form through the lens of Product Design, primarily through sketching-based 

visualization. Drawing upon insights garnered, numerous concepts for a tactile display product that fulfils the 
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stipulated requirements are drafted. The emphasis lies in ideating a concrete vision for the product's design, 

focusing on its core functionalities rather than its aesthetics or intricate technical aspects. 

 

A visual representation of the product layout is presented in Figure 23. This device operates both independently 

and as a complementary accessory to digital devices. It boasts an input keyboard and a tact ile display 

thoughtfully arranged in an ergonomic layout. The bifurcated interface serves as a clear demarcation, guiding 

users to seek tactile output and input functions separately. Furthermore, the product is designed with portability 

in mind, featuring a foldable structure that can be compacted into a small form for effortless transportation.  

Conceptionally, the input keyboard is detachable from the display. This configuration enables scenarios where 

the display can be directly connected to a different computer, functioning as an extended tactile interface 

instead of a standalone device. This versatility enhances the product's usability across various contexts.  

 

Figure 23. Conceptual rendering of the tactile display product based on Tacilia 

4.7 Conclusion 

This chapter effectively addresses the first research question, which pertains to identifying user-centric 

requirements for a tactile interface. 

 

To gather comprehensive insights into the needs of students with visual impairments, both in school and 

university settings, qualitative research methods, including contextual inquiry and focus group discussions, 

were employed. Professionals with visual impairments who currently use single-line refreshable Braille 

displays or aspire to utilize multi-line Braille and tactile graphic displays were also consulted to ascertain their 

expectations and requirements from a tactile display. These user-centred research methodologies have 

contributed a wealth of knowledge to the community, shedding light on the distinct needs and requisites of 
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individuals with visual impairments in India. Moreover, these approaches have generated implicit insights 

crucial for designing products and interactions that cater to these users' needs.  

 

In summation, students with visual impairments contend with educational challenges arising from 

shortcomings in support systems, ineffectual social interactions, and prevailing ableist dynamics. They 

cultivate self-assurance through successful academic experiences, internalize external pressures as intrinsic 

motivation, and navigate accessibility issues utilizing available social resources. Their requirements 

encompass efficient interfaces for creating tactile media and accessing a diverse array of information. 

Educators expressed a need for a tool enabling the creation of tactile diagrams, while students sought a means 

to facilitate Braille writing. Additionally, students underscored the importance of integrating tactile assistive 

technologies within education to foster social inclusion. Improved access to tactile interfaces can significantly 

enhance educational outcomes and potentially alter societal perceptions toward visual impairment. 

Professionals seeking tactile interfaces for their work highlighted the necessity for full-page refreshable 

displays capable of presenting multiple lines, Braille, and tactile graphics in conjunction with existing digital 

devices. 

 

The chapter effectively establishes the need for a refreshable pin array display capable of presenting both 

Braille and tactile graphics on a full-page layout, as well as enabling users to create tactile content. This need 

is underpinned by the desire for a technologically advanced solution that offers a large display area, Braille-

level resolution, refreshability, and affordability. As the chapter concludes, it sets the stage for delving into the 

technology behind tactile displays and analysing the current state of the art in the subsequent chapter.  
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5 Analysing the Product Architecture of 

Refreshable Tactile Display Technologies 

5.1 Introduction 

The last chapter discussed the user centric needs for a tactile display that is refreshable and presents Braille 

and tactile graphics. Previous research has also demonstrated that refreshable tactile displays can increase 

access to tactile media and creation [44,109,161,215,234,254]. Out of the many haptic technologies that 

provide tactile feedback, pin-array displays are the most widely used and researched for refreshable tactile 

displays [215]. The function of a pin-array is to vertically reciprocate an array of pins that are closely packed 

with each other across a surface. The selective actuation of these pins in specific patterns produces tactile 

information to create Braille and tactile graphics.  

 

Traditional pin-arrays were based on piezoelectric bimorph actuators, which were expensive to produce [403]. 

Some newer pin-array systems use small motors that drive pins as cams and are replicated for each pin [56]. 

The modularised replication motorized pins make pin arrays bulky, noisy and impractical for large surfaces 

that are required for bimanual tactile exploration. For instance, to present just twenty Braille characters on a 

refreshable Braille display, 160 motors are required [404:20]. Advanced materials and micro-actuators have 

been extensively explored in literature. They have pushed state-of-the-art forward, but these research 

prototypes offer limited shelf-life and performance for practical and affordable use. Therefore, this chapter 

analyses the product architecture of pin-array tactile displays that have proven to be suitable for both Braille 

and tactile graphics to deconstruct the design of existing pin-array systems and enable us to understand the 

design challenges for the product. 

 

Therefore, the second key research question of this thesis is what the solution space for pin array displays is 

and what can be a suitable product architecture for large surface pin arrays at an affordable cost and a 

manageable complexity. 

 

Previous literature reviews on pin arrays have captured and classified mechanisms [20,60,61,100,123,319] and 

materials [35,179,333] that enable the actuation of a pin-array tactile display. However, an analysis of their 

product architecture has not been discussed in literature. Analysing the architecture of complex systems such 

as pin-array technologies will help understand these systems' design complexity, provide a clearer overview 

of the solution space that will help to synthesize better ways to simplify future devices [238].  

 

Product architecture defines how a product functions. It maps a product's functional elements to its physical 

and actual units or building blocks [304]. The functional elements are individual operations in the product to 
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produce its overall function. The physical elements of a product are actual parts, components and 

subassemblies that implement the functions. The arrangement of functional elements of a product into physical 

elements and how the physical elements interact with each other define the architecture of a product  [304].  

 

In this chapter, the analysis of pin-array display architectures involves a comprehensive dissection of their 

designs to discern the fundamental functions of the pin-array system. The exploration encompasses an 

evaluation of various physical units that have been validated in existing literature and patents for effectively 

executing these functions. The approach commences by compiling a comprehensive collection of pin -array 

designs from both scholarly sources and patents, each verified for their applicability to Braille and tactile 

graphic rendering. Subsequently, a reverse engineering process is employed to reconstruct the probable 

product architecture of these designs. This step aims to uncover the underlying mechanisms that enable these 

displays to function effectively. 

 

The core contribution of this chapter lies in characterizing the product architectures inherent in pin -array 

display technologies. This characterization extends to the identification of pivotal functions that underlie these 

display systems. Each key function is subject to a detailed analysis, focusing on the diverse mechanisms 

employed to fulfil these functions, along with the intricate interplay of physical elements within these designs.  

 

Consequently, the chapter yields an extensive overview of the product architectures of pin-array display 

technologies, accompanied by a comprehensive insight into their essential functions. Furthermore, the chapter 

offers a critical assessment of the mechanisms adopted to realize these functions and delves into t heir 

applications and implications. The underlying intent is to delve into the intricate nature of these complex 

systems, fostering a deeper comprehension of their underlying mechanics. This examination also paves the 

way for discussions surrounding strategies to simplify the technology and design aspects, with a specific 

emphasis on rendering large surface pin arrays more attainable and cost -effective for individuals with visual 

impairments. As a culmination of these endeavours, the chapter's overarching objective is to methodically 

address the second research question through a meticulous analysis of the existing literature.  

5.2 Related Works 

Interpreting the architectures of pin array displays requires a contextual understanding of their application. A 

significant majority of pin arrays are used in accessibility and education of students with visual impairments.  

The vertical selective, reciprocal movement of pins across a flat surface allows for differentiated tangential 

and normal forces to the fingertip as it slides over the surface [126]. Moreover, the whole hand can be placed 

on the tactile image to gain a global shape and layout information [215]. As a result, pin array displays replicate 

Braille embossed on a surface [215]. Beyond accessibility pin array systems are also found in art installations, 

sensing applications [243], robotic grippers and fixtures [192,272], VR interfaces [405,406] and shape-displays 

[84]. However, our work focusses on developing refreshable tactile displays for tactile interactions.  
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Many design approaches to address this challenge are published in academic literature and patents and have 

been reviewed in Chapter 2, Section 2.2.1. The existing state-of-the-art reviews on this engineering topic have 

systematically mapped and classified published literature based on manufacturing methods [123], tactile 

stimulation modalities [60,61,161,319], actuation materials [35,45,180,333], applications of these displays 

[20], mechanical mechanisms [338] and an overview of challenges and possible solutions [101]. They 

summarize the technical designs and discuss the physical, spatial and actuation performance parameters while 

highlighting limitations. Such surveys are crucial for designers and researchers as they provide an overview of 

the state of the art and are a platform for new inventors and designers to understand this domain. However, an 

analysis of their product architecture has not been discussed in literature. Analysing the architecture of complex 

systems such as pin-array technologies will help understand these systems' design complexity, provide a 

clearer overview of the solution space that will help to synthesize better ways to simplify future devices [238] 

as people with visual impairment worldwide wait for a technological breakthrough that can make full-page 

refreshable Braille and tactile graphics affordable.  

 

To address the challenge of affordability, several innovative designs are published in academic literature and 

can be found in patents. Brenner et al. in 2000 [45] presented a state of the art of actuators that are used in 

tactile graphic display systems. They categorised the state of the art into electromagnetic micro actuators, 

electrostatic microincubators, piezoelectric actuators, shape memory alloys, controllable fluids 

(electrorheological fluids and magnetorheological fluids) and engineering response gels. Chouvardas et al. in 

2005 [61] presented an overview of tactile displays applications that included Braille and tactile graphic 

displays, medical applications, entertainment and educational applications, military applications and virtual 

environment applications. In 2007, Vidal-Verdu and Hafez contributed an updated survey of graphical tactile 

displays that mostly covered mechanical tactile displays [319]. They reported the state of the art of different 

technologies using thermal, mechanical and electrical systems. In 2008, Chouvardas et al. presented a similar 

review [60]. Both the reviews discussed the challenges of complexity of creating large pin array display 

surfaces and their high cost. While Vidal-Verdu and Hafez suggested multiplexing actuators, Chouvardas 

emphasized the exploration of new technologies using surface acoustic waves, ER and MR fluids.  

 

Later in 2015, Ishizuka and Miki in [123] have surveyed different MEMS based methods to create tactile 

displays and categorised them by the type of haptic stimulation they produced on the skin and reported that 

most of the designs used deformation or vibration. Building on the momentum to investigate specific topics 

within the growing body of tactile display designs, Xie et al. [333] reviewed the updated state of the art for its 

use of smart materials in tactile actuators for information delivery. They presented an overview of the 

technologies and analysis of the advantages and disadvantages of each category which included motors, linear 

actuators, electroactive polymers, shape memory alloys, piezoelectric, pneumatic and carbon nanotubes. 

Biswas and Visell [35] recently in 2019, presented an updated review of the materials used in diverse haptic 

technologies that also included pin array displays. Their comprehensive overview surveys the emerging 
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materials, principles of actuation, fabrication methods and the different designs of tactile displays. Taking 

examples of precomputing mechanical systems, the authors argue that as the advances in computing 

architecture from vacuum tubes to transistors has enabled powerful computers to be integrated into small and 

practical form factors. Similar breakthroughs are required for the tactile displays. The most recent survey on 

tactile displays for people with visual impairments was published by Yang et al. [339] They presented an 

updated state of the art and claim that they highlight and analyse the working principles of latch structures 

used in tactile displays that reduces power consumption but increase mechanical complexity.  

 

These surveys are crucial for engineers as they provide an overview of materials and mechanism to develop 

pin arrays. However, people with visual impairment worldwide still wait for a technological breakthrough that 

can make full-page refreshable Braille and tactile graphics affordable. Therefore, a new perspective to 

understand and structure this state of the art in necessary, that is perhaps closer to a designerly way of working 

[304], enabling more creative designs of the pin array technology.  

5.3 Methods 

To understand the design of pin array systems, particularly for tactile displays, we performed an analysis of 

designs published in different engineering venues and in patents. This includes an analysis of qualitatively 

reverse-engineered product architectures of the included designs.  

5.3.1 Data Collection  

Academic literature and patents of a proof-of-concept pin-array display was assimilated using the following 

search terms:  

• “Taxel”, “Pin-array”, “Display” from IEEE Explore, ACM Digital Library, Springer Link, SPIE 

Digital Library, Taylor and Francis Online, Science Direct and  

• “Braille” AND “Graphic” AND “Display” for the Espacenet Patent database.  

 

Taxel and Pin Array are the scientific terminologies that refer to technologies that create Braille and tactile 

graphic displays, while the commercial terms for Braille and Tactile Graphic are more suitable for patents. 

Only publications in English could be included in the corpus (many patents in Japanese, Chinese, and Korean 

had to be excluded). Papers and patents from the reference lists of the literatu re reviews that have been 

completed on this topic from [20,45,60,61,100,161,319,339], [35,179,333], [123] were also added. 

 

Each paper or patent that reports a unique design concept of a tactile pixel matrix along with its proof is 

included. Papers and patents that propose a concept but do not show any proof of concept; that discuss 

interaction design or human factors based on a previously developed pin-array; and those that discuss the 

design of actuating a single pixel, a single Braille cell, and did not demonstrate a potential for a two-

dimensional array were excluded from the cohort. I excluded single line Braille cell technologies from the 
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analysis because they cannot be used for multi-line Braille and tactile graphic displays. However, those designs 

that employ Braille cells to create a large surface tactile display have been included in the analysis.  

Table 4. Total corpus of papers from different sources and the search queries  

Digital Library 
Boolean Operators 

(Anywhere in the metadata) 

Number of 

Search Results 
Included Designs 

ACM Digital Library 

“Taxel” OR “Pin Array” AND “Display” 

32 6 

IEEE Digital Explore 301 13 

Taylor and Francis 

Online 
21 1 

Springer Link 54 2 

SPIE Digital Library 9 3 

Science Direct 27 3 

Wiley Online Library 20 5 

Espacenet 
“Braille” AND “Graphic” AND “Display 

(in title)” 
330 28 

Review References - 12 5 

Total  806 66 

 

5.3.2 Analysis Methods 

Developing the product architecture is a 4-step process. In the first step, a schematic is developed that lays out 

the key functions of the product in the form of elements. In the second step, these functional elements are 

linked to physical systems. The physical systems are then semantically clustered into chunks. Finally, in the 

fourth step, the chunks are diagrammatically laid out, and the interactions between the chunks are defined. An 

analysis of architecture first requires the deconstruction of existing designs to identify the key functional 

elements and the fundamental interactions of the physical chunks [304].  

5.3.2.1 Reverse Engineering Product Architectures. 

 For every included display design, we noted the array size, technology and the key schematic or images that 

explained the design of the pin array system. We also extracted the paragraph from the paper that explained 

the working principle of the design. Based on this insight, we reverse-engineered [247] a visual diagram of the 

architecture from schematic diagrams, 3D renderings, prototypes, and a description of the working principle.  

5.3.2.2 Coding Product Architectures 

As per the above method, each pin array system was analysed qualitatively to identify its functional categories 

and mechanisms based on inductive interpretation of the diagrammatic content [98]. First, a small sample of 

data with 10 designs were coded for their function and mechanism. An initial set of themes were inductively 

derived from the reverse engineered data as no prior theory is available to classify the architectural schematic 

diagram of engineering systems.  Once the researchers agreed with the initial set, with every new design, the 

themes were evaluated for their fit to the classification, using a constant comparison method [20]. Through 
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this process, all the included, interpreted designs were coded. The number of occurrences were also noted to 

provide a cursory quantitative understanding of the domain.  

 

The classification of architecture was based on subjective judgments of authors, three of whom have a 

background in product design, industrial and mechanical engineering and have created many new designs both 

for research and industrial purposes. We conducted this analysis with a deep commitment to improve the 

designs and provision of tactile displays for people with visual impairments and acknowledge that our analysis 

reflects our design thinking and biases.  

5.4 Results  

5.4.1 Morphological Landscape of Pin Array Display Mechanisms  

Tactile display systems use diverse technologies, designs, and approaches to realize three key functions. The 

first function is to actuate selected pins up and down relative to a flat surface, the second is to lock the pins in 

either state, or the third is to expand the working function over a large surface that can allow for bimanual 

scanning.  

 

To vertically reciprocate the pins in an array, existing state-of-the-art designs either use fluid pressure to blow 

up membranes or push selected pins, bend a deformable actuator or uses a material that changes its shape to 

push and pull a pin or its state to allow the pins to actuate. The more common approaches to actuating pins 

have been through electromagnetic interactions and motorized systems. To lock the pins in place, the existing 

state of the art either uses continuous energy to keep the material in its excited state or has a specific interface 

that locks the pins mechanically. Instead of mechanical locking, a few designs use materials that change their 

state to lock the pins. Finally, for creating a large array, the working principle can be replicated pin-by-pin to 

achieve the array. A cluster of pins can be organized in a module and replicated over the surface. Standard 

actuators across rows and columns have been employed to reduce the number of actuators, or a small array is 

translated over a large surface on an x-y gantry. One of the potential approaches to significantly reduce the 

number of components is to integrate functional layers to develop a substantial surface, with each layer 

covering the entire display.  

 

Table 5 presents these in a visual format and summarizes all the possible solutions to each function from the 

existing state of the art. The morphological chart [391] captures the entire included landscape of mechanical 

designs to achieve the reciprocating motion of dots over a large surface. The different technological approaches 

in literature embody a unique combination of mechanisms to design a display for each of the three functions. 

However, all actuation technologies have certain advantages and limitations (Table 6), and only a few of these 

approaches are suited for affordable large surface haptic displays. 
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Table 5 A morphological landscape of the different functions and architectural designs of pin array displays.  

Functions Architectures 

Raise and 

lower pins 
 

Fluid 

pressure 

 
 

Bending 

Materials 

 
Shape 

change 

 
State  

change 

 
Electro- 

magnetism 

 
Motorized 

Locking 

 
Continuous Energy 

 
Mechanical Latching / 

Locking 

 
State Change 

Array 

Design  
Pin-wise 

replication 

 
Module-wise 

replication 

 
Common 

actuators across 

 
Array on a 

planar platform 

 
Layer-by-layer 

 

Table 6 Advantages and disadvantages of actuation technologies 

Actuation 

Technology 
Advantages Disadvantages 

Piezoelectric 
High force density, mechanical 

simplicity, reliability 

Low displacement, high cost, 

high voltage requirements 

Electromagnetic and 

vibrotactile 

Low cost, reliable, easily 

repairable 

Low force, mechanical 

complexity at high resolution, 

replicability 

Pneumatic 
Lightweight display panel, 

tenable properties 

Complex and bulky pressure 

generator and valve system 

Shape Changing 

Materials 

Design freedom, high force 

density 

Reliability, slow response, 

high cost 

 

Each function and mechanism type are discussed ahead in detail with examples.  
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5.4.2 Function 1 - Mechanical Interactions to Raise and Lower Pins 

The first function of the display is to raise and lower selective pins in an array. Each approach has its 

advantages and disadvantages related to its performance to achieve the standard height and force for Braille 

reading, the resolution of pins, its affordability and practical fabrication. The following sections describe 

thematic clusters of mechanisms used to raise and lower pins in a compact array.  

5.4.2.1 Fluid Pressure 

Positive pressure exerted on an elastic membrane that is mechanically fixed expands it to create a blister on an 

otherwise flat surface and the blisters blow under the positive pressure create an asperity on the surface 

[26,27,288]. Instead of the flexible membrane, passive mechanical pins, that are arranged as per the resolution 

of the display in airtight chambers can also be used to create a tactile dot [204,407] when pushed by a 

pressurized fluid. Typically, the elastic membrane recovers its original shape of being flat once the positive 

pressure is removed [37]. Otherwise, the compressor can be modulated to create a negative pressure in the 

system which sucks down the membrane blisters [27]. With pins, the removal or positive pressure along with 

gravitational pull on the mass of the pin recedes them back, resetting the display [204]. Resetting of pins can 

also be aided using springs that are placed against the movement of the pins. In such pneumatically driven 

tactile displays, high density and replicability of dots is possible due to the compact size of tube and other 

small mechanical components at the surface of the display. Bulkier components such as the compressor and 

valves can be kept at a separate location, allowing for wearable pin-array displays as well [302]. In an unique 

array design, Bolzmacher et al. [37] pressurized magnetorheological fluids using a micro pump to deform an 

elastic membrane to create actuated surfaces. The fluid properties themselves forms a valve which is controlled 

by an electromagnetic coil and a permanent magnet. When the electromagnet is not actuated, the permanent 

magnet stiffens the fluid and forms a plug to encapsulate the fluid. When electric current circulates through 

the coil, the magnetic field counteracts the permanent magnet and hence allows the fluid to freely flow and 

inflate or deflate the membrane by the pressure of the micropump.  

 

 
[302] 

 

[27] 

Figure 24 Schematics of pneumatic actuation systems 
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5.4.2.2 Bending Materials (Piezoelectric and Electromagnetic) 

One of the common display mechanisms to achieve displacement of a pin in a tight array has been by bending 

cantilevers. Bending actuators can bend repeatedly in pre-determined motions because of the materials they 

are made of. These actuating materials undergo a transformation in their molecular structure that results in a 

solid-solid mechanical motion when the material is subjected to an external voltage, heat or magnetic forces. 

One of the most reliable pin-array devices have been based on piezoelectric bending actuators. These actuators 

support two layers of piezoelectric materials separated by a passive flexible beam. One side of the piezoelectric 

material gets contracted upon application of a high voltage and causes the beam to deflect in that direction, 

which is resettled by providing voltage to piezoelectric element on the other side. These bimorphs have been 

arranged horizontally to directly raise or lower a dot and with a long enough beam, it is possible to achieve the 

height requirements for Braille reading for a single dot. For example, a bimorph of 25-35mm length can display 

a pin by 0.4mm [408] and create a blocking force of 0.1N [285]. Polymeric actuators [82,136] also bend under 

high voltage and have been used as actuators in a similar fashion. The vertical arrangement of piezoelectric 

bimorphing actuators have been used in a commercially available display HyperBraille. These vertical piezo 

reeds bend on one side to push out a wedge connected to a pin which creates a tactile effect, and its bending 

to the other side recedes the pins back to their flat state [321]. While piezoelectric material bend under the 

influence of high voltages, permanent magnets attached to cantilever beams can also make passive beams bend 

under electromagnetic forces. For example, Mohammadi et al. [195] demonstrate a vibrating tactile array using 

a single coil driving mechanical resonance of individual tactile pixels. A ferromagnetic washer attached to a 

flexible beam gets attracted and repelled at its resonance frequency by controlling the voltage in closely placed 

coil and the stiffness of the bending beam. The deflection creates the tactile effect and hence, bending systems 

under electromagnetic forces can also be used to create displays.  

 

 

[195] 

 

[321] 

Figure 25 Tactile displays based on bending materials 
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5.4.2.3 Shape Change  

Shape changing smart materials can reversibly change their shape or dimensions in response to an external 

stimulus such as heat, light, pressure, or electricity. These materials can intrinsically act as act uators and are 

useful in compact mechanical systems. For example, Nitinol (alloy of Nickel and Titanium in nearly equal 

ratio) which is a shape memory alloy (SMA) has distinct advantages that are well suited for tactile displays. 

Shape memory effect in Nitinol occurs due the material’s ability to reconfigure its crystal structure through a 

temperature induced transformation from its malleable martensite to its memorized and stiffer austenite state 

[30]. A shape memory wire hence can change its form when heated. This has been used to create several 

different tactile actuators. For example, Blazie Engineering filed a patent for a SMA wire-based actuator array 

of pins in which, two SMA wires in an antagonistic pair are attached perpendicularly to the direction of pins 

movement. Selective actuation of the wire by passing current through them contracts the wire which pushes 

up a pin and bends the other SMA wire of the pair. When the SMA wire on the other side of the pin is heated, 

it forces the pin to recede [300]. In other embodiments of SMA wires [177,313], springs made of SMA wires 

are attached in an antagonistic pair to actuate the pins to either raise or lower them. These springs occupy a 

very limited space and can actuate the pins to achieve high stroke and force measurements. There are a few 

designs that use SMA sheets to achieve tactile displays. SMA sheets have a major advantage over individual 

pin arrays – the entire array of tactile pixels can be fabricated at once. Mineta et al. [189] developed a planar 

MEMS based tactile display with a meandering SMA thin film actuator glued to a bias sheet spring on one 

surface and a pin on the other. The bias spring pulls the SMA sheet down however, when it is actuated, the 

sheet tries to become flat and raises a pin. With this design, the researchers were able to achieve an inter-pixel 

pitch of 1mm and generate a force of 5mN on the finger. Vitushinsky et al.[320] developed another bistable 

mechanism using two different shape memory alloys. Their actuator consists of a thin passive buckled sheet 

metal which is raised and lowered by two thin layers of different shape memory alloys that operate with heat 

pulses of different temperatures. The moment of the SMA produces the force necessary to buckle the sheet in 

either direction, which is connected to pins that are raised or lowered. Hafez and Khoudja [102] conceptually 

discuss the possibility of a monolithic single sheet SMA with integrated actuators.  

 

Similarly shape memory polymers, are programmable materials that change their phase and demonstrate 

changes in their stiffness when subjected to heat and are able to store elastic energy [116]. Nadine et al. [27,28] 

published and then patented a display device in which, a shape memory polymer membrane integrated with a 

matrix of compliant carbon-silicone heaters, PCB and flexible fluid chambers created a flexible tactile display. 

Selective Joule heating of the shape memory polymer membrane locally creates a region of low stiffness which 

expands under the external global pressure supply creating a tactile blister. Upon application of negative 

pressure and heat, the membrane retracts to its other side, refreshing the display. By melting PCL crystals and 

HLM particles in a shape memory polymer, convex deformation and shape change of a shape memory polymer 

is achieved by its selective heating to create a Braille dot [113] while mechanical force from a rigid plastic 

sheet pushes the SMP back to its flat / OFF state. 
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[335] [177] 

 

 

[299] [82] 

 

 

[173] [149] 

Figure 26 Actuators based on shape-changing systems 

Like shape memory polymers, electroactive polymers are materials that exhibit a very noticeable change in 

their volume when stimulated with a high voltage electric field instead of temperature. Electroactive polymers 

are sandwiched between two electrodes that generates a high potential difference in the material, that brings 

about the actuation in the polymer and hence are also known as dielectric elastomers. They shape change that 

is induced by the high voltage is used as actuators in compact spaces and has shown to produce high blocked 

forces and stroke when they are electrically actuated at several thousands of volts [210]. Bar-Choen [11] was 

the first to conceive a Braille display driven with electroactive polymers but since then, there have been many 

other experiments to use DEAs for actuator arrays [149,173,245]. The initial concept from Bar-Cohen had 

reading pins that were moulded as a dot but were lowered individually to produce a tactile pattern of high and 
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low dots by contracting an EAP film under high voltage. These reading pins were mounted on the film to 

protect the user from electric shock which is one of the main draw backs of this technology along with low 

blocked force [136] and displacements. Similar designs in future developments use a constrained DEA 

membrane in a fixed mechanical setup. The constrained membrane strains out and creates a tactile blister under 

high voltage and recovers to its initial flat state when the voltage is removed [149]. Positive air pressure is also 

used to lock the dots in place in order to reduce the power consumption to maintain the deformation [245].  

 

Actuators made from soft polymer composites are also interesting owning to their preferable properties of 

being lightweight, inexpensive, and resilient to fracture and damage [10]. Light induced mechanical 

deformation can also be found in liquid crystal elastomer (LCE) polymeric compounds that have been used to 

develop tactile displays in which, stress that gets generated under the illumination from a bright LED light 

exerts a force on a pin to rise. Upon removal of the illumination, the actuator recovers back to its initial state 

and recedes the pin [299]. Such have increased the possibility to made lightweight displays.  

5.4.2.4 State Change 

Few tactile displays utilize materials with low melting and boiling points that change their state to either actuate 

of lock tactile pixels. The change in state enables actuators to be in their compact state when not in use but 

expand to create a tactile display when they are actuated. For example, Vidal-Verdu et al. [318] demonstrated 

a thermo-pneumatic actuator for affordable large surface displays that had an array of diodes which would 

selectively heat chamber filled with a low melting point liquid (methyl chloride). The liquid would turn into 

vapours that are trapped in a chamber with an extendible membrane, which blows up to create a tactile dot. 

The removal of heat then changes the state of the material back to its liquid form, which recedes the expanded 

membrane.  

 

In a patent from Mutsohiro et al. [203], and in a paper from Nakashige et al. [204] the authors make use of a 

low melting point metal, as a clutch to lock the pins in place in their actuated state. A constant air pressure is 

used to drive the pins out from a flat surface. Selected chambers with the low melting point metal are first 

heated to melt the metal which then allows the specific pins to pop out under positive air pressure. At this state, 

the metal is allowed to cool and freezes the pins in their actuated state. By melting the metal again and through 

negative pressure, the pins are then pulled back to their receded stated.  

 

More advanced shape changing materials like hydrogels solidifies from a gel like state upon heating. Carbon -

nanotubes expand under heat have also been explored to create high resolution tactile displays through 

selective variation in input voltage that heats and expands the material locally [190]. Deformation of 

transparent surface has been achieved by selectively changing the viscoelasticity of poly(N-

isopropylacrylamide) gel through heat [190], that is packaged between two transparent membranes. Selective 

heating of localized regions solidifies those areas and creates a tactile contrast. Although the use of hydrogels 
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for tactile displays have advanced the development of new materials and their applications, hydrogels have 

limited shelf life and can be hazardous if directly interacted, which limits its practical use.  

 

 
 

[204] [203] 

 

[318] 

Figure 27 Actuators based on state-changing materials. 

5.4.2.5 Electromagnetism  

A widely experimented and patentable mechanism to create a pin array is based on the electromagnetic 

interaction between a permanent magnet and a changing magnetic field in a coil. A static placed electromagnet 

can repel a permanent magnet axially to create a tactile actuation and then attract the magnet to make it flat. 

For example, Streque et al. [292] integrated a permanent magnet in a PDMS membrane and positioned it above 

a electromagnetic coil so that repulsive magnetic forces stretched and bend the membrane to create the tactile 

effect, while the elasticity of the membrane bright the display back to its flat state. In an EU funded project, 

the BlindPad [342,344,409], researchers explored a matrix of permanent pot magnets between two passive 

multilayer PCB planar coils. By introducing magnetic shielding between the actuators that were tightly 

arranged in an array, independent actuation was possible. The display was an array of 12x16 tactile pixels, had 

10ms refresh time and a stroke length of 0.8mm. The bistable design was also developed previously by Bowles 

et al. [41] using a permanent magnet layer which is sandwiched between two PCB based solenoid actuators. 
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The biostability of the design was useful in decreasing the energy requirements as current is only required to 

actuate the pins in either direction but not to hold the pins at a static position. In a different mechanism to lock 

the pins in place, Leo [156] proposed electromagnets to vertically displace pins against the force of springs, 

which slides up and then to the side to lock like an inverted a ball point click pen. To lower the pins, the same 

repulsive force slips the pins out of the mechanical lock and the spring recovers their initial position.  

 

A recent commercial start-up that manufactures refreshable Braille displays, cells and now tactile graphic 

displays is Dot [410]. Their devices make use of an array of small electromagnetic actuators. In the Dot actuator 

[144,145] an eccentrically placed permanent magnet attached to a pin flips to raise the pin when its 

electromagnetically repelled by a small coil. The mechanical design locks the pin in place, however, when the 

electromagnet attracts the permanent magnet, it flips again back to its unactuated state. In this way, a tactile 

dot gets actuated and locked with little energy and the working principle is then replicated for the entire array.  

 

  

[343] [144] 

 

[41] 

Figure 28 Electromagnetic actuators for tactile displays 

5.4.2.6 Motorized System 

In a variety of ways, rotary motors, piezoelectric motors, and linear actuators have been packed in an array to 

drive the motion of pins. Their operability, control, reliable performance, and affordability has been attractive 

to seek their application in large surface pin array displays. For example, one method is to vertically position 

the axis of the motor, that rotates a screw, which translates a nut connected to a pin which reciprocates it to go 

up and down [138,217,347,378]. A large array of repurposed vibrational motors which are simple coreless DC 
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motors has also been proposed to make a refreshable tactile display. The DC motors have a system of lead 

screws which translates their rotary motion into vertical displacement of pins [56].  

 

The rotation of a motor can be translated into linear motion through a crank system. A rotary arm from the 

motor can create a significant linear displacement when motors are cleverly arranged to form an array. For 

example, Huang et al. [114] demonstrated Retroshape prototype which had a 4x4 taxel grid displaying 

information on the wrist under a smart watch. Servo motors were cleverly stacked and placed above each other 

to create movable 4x4 grid of taxels using a crank arm from the motor. The crank translated the rotatory motion 

of the motor into linear movement of the taxel and locked the taxels in place. Building on gear-based 

transmissions and drive shafts, TextureTouch in an array of 16 probes arranged in a 4x4 grid are driven by 16 

servo motors that are stacked in an external rack [405]. A rack and pinion system transfers the rotation from 

each servo to linear travel. The linear motion is then t ranslated perpendicularly using an additional rack and 

pinion system.   

 

Another mechanism to translate rotary motion into linear motion is a cam system. Chari patented a cam -based 

array of motors that were vertically and horizontally placed to make a 2D grid of rotary shafts [56]. In the 

system, rows consisted of worm gears which could mate with the passive gears under each pin while the 

columns were designed like cam rods that could engage or disengage the line of pins. With fewer motors, 

several pins along a row could be actuated with this design. This mechanism is perhaps used in the Orbit 

Graphiti display.  

 

 

[405] [138] 

 
 

[56] [378] 

Figure 29 Motorized tactile display actuators 
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To reduce the number of actuators over a large surface, some research work and patents introduce the concept 

of a two-dimensional gantry system. The moveable system consists of a single or a small array of actuators 

that moves in a two-dimensional plane to actuate passive pins over a large surface. For example, a patent from 

Lee [159] demonstrates a display in which an array of passive pins is actuated by a single linear actuator t hat 

moves in a two-dimensional plane. So, to actuate a particular pin, the gantry translates the actuator to that pin 

and pushes it up. In another patent from Roberts et al. [251] a tracker is mounted on a 2D guidance system that 

has a freely rotating metal ball at the end of the tube. The motion of the tracker rolls the ball which when it 

contacts with a pin actuates it. A more intricate system from Taphouse [129] has a magazine filled with ball 

bearings. A single actuator releases the ball bearings through the opening on the aperture layers when the 

magazine and the aperture layer is slid relative to one another. The ball bearings are controlled to be interested 

into the apertures of the array, forming the display element. It is then reset by releasing the ball bearings and 

letting them fall by gravity.   

5.4.3 Function 2 - Mechanical Interactions to Latch/Lock the Pins 

While the first function was to actuate the pins up and down, the second function of the pin -array display is to 

lock or latch the pins in place. Latching pins in either position is critical for the entire time a user in tends to 

read on the display and has been achieved in a variety of mechanisms that are described ahead.  

5.4.3.1 Continuous Energy 

One of the basic ways to latch the pins in their actuated state is to continuously provide the energy to maintain 

the position. For example, continuous flow of current in a coil generates a continuous electromagnetic force 

that repels a permanent magnet to lock the pin attached to it [209,292,343]. Similarly, a continuous flow of air 

under a selected membrane can keep a taxel inflated [28,245,318,341], and continuous flow of energy through 

heat or voltage keeps the actuating material in its bent [88,136,153], contracted [313,335] or expanded 

[27,149,173]. Providing continuous energy to maintain the position of the pin is a straightforward mechanism. 

However, there are two major challenges with this locking interaction. Frist, when the tactile interaction with 

people is expected to be for an extended period or for larger display sizes, which will typically be the case in 

practice, the system would draw significant energy that will impact its portability and practical use. For 

instance, in Zarate and Shea’s [343] 4x4 matrix using pot magnets, each taxel requires 1.7W of continuous 

power to remain in either the up or the down state. If their design is expanded to a larger area say 25x25 taxels, 

the power consumption could increase to 1070W. To overcome this, they propose the use of a mechanical 

latching mechanism in future works. Second, continuous energy input to a specific taxel in a large array can 

have unintended interactions with the nearby taxels. For example, when heat is provided to in Xu et al. [335] 

SMA based actuator array, the heat that was used to actuate the material was transferred from the SMA material 

rather than through radiation which could cause, unintended actuations in nearby taxels. Hence, they propose 

to improve and optimize the design for better heat transfer in future works. Such unintended consequences can 

be avoided if the dependency on continuous energy is reduced and a mechanical latching system is used, which 

is described in the next section.  
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5.4.3.2 Mechanical Latching / Holding 

Mechanical systems such as wedges, cranks and frictional surfaces can preserve energy and keep moving parts 

locked in place. The use of such systems has resulted in a low-cost but effective product architecture that keeps 

the pin in place against gravity and forces from the interactions without the need for external energy. For 

example, Zhang [156] uses the mechanism of clicking ball point pen to lock pins in place over a large array. 

The actuators are forced to displace under the repulsive forces of an electromagnet and a passive mechanical 

embodiment guides the actuating pins to a wedge lock, like the ones in a click ball point pen. The system keeps 

the pins locked until the electromagnets are excited again to raise the pins and releases the pins from the locking 

embodiment. Instead of the clicking design, Kim et al [144] propose the flipping latch structure in which an 

eccentrically placed permanent magnet in a pin embodiment is flipped under an external electromagnetic field 

created by static electromagnets. The flipping works like a crank and causes a linear motion in the pin. Each 

pin in their system can be actuated in 5ms and draws 1W of energy only for the actuation, as the mechanical 

latch does not need any external energy, making the design efficient and practical. This has been in use in a 

display called Dotpad [145,146]. Tretiakoff and Tretiakoff [300] in their patent propose the use of a bistable 

spring attached to the centre of a pin which is actuated in either direction by the contraction of SMA wires 

attached in an antagonistic pair. The spring creates an initial resistance to movement but when released in 

either direction, it snaps and keep the pins in place until an eternal mechanical force overcomes its stiffness. 

Satoshi proposed to use friction to lock pins in their unactuated state against the force of a spring [202]. A 

vibrational motor moved pins that were connected to a compressed spring. As soon as the vibration loosened 

the friction, the pins popped out from a surface with the force generated by the spring. With a large mechanical 

force, the pins could be recessed back into their frictional member where the static friction value was higher 

than the force exerted by the spring. Roberts et al. [251] propose the use of an intermediate thin foam plastic 

sheet with very fine cell structures to hold the pins by the means of friction between the pins and the material 

of the sheet. Using a single sheet is an efficient approach for mult i-level displays as one sheet can be configured 

to support multiple pin displacements.  

 

In architectures with individual motors or motorized systems, the pins were locked owning to the holding 

torque of the motor that were used to drive them. Generating rotary motion out from a linear force of the pin 

can be challenging in a compact array while achieving linear motion out from rotation is relatively 

straightforward. Hence, purely by the holding torque the of the motors, the position of the pins can be seized. 

In lead screw type actuation, the taxels are put in position by the rotation of DC motors [273,295,378], stepper 

motors [138,347]. Based on a crank arm that is attached to a micro servo motor, rotational motion gets 

converted into a small linear motions [114]. Rotational motion of an motor that is placed away from a pin is 

translated using cams, gears [56], rack and pinion assemblies [405] which also locks the potion of the motor 

in place depending on the rotation of the motor.  
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5.4.3.3 State Change 

Locking of pins in place has also been achieved by deliberately changing the state of a supplement ary but 

integrated material in the product architecture of the display. The function of this additional component is to 

change its state under external stimuli to lock or release the pins in the place and reduce the need for constant 

energy output. For example, Bolzmacher et al. [37] made use of MR fluid as a clutch to either lock or release 

the pins. MR fluid changes its viscosity in an electromagnetic field. When unactuated, the fluid has high 

viscosity acting as a plug due to the presence of a permanent magnet in the dot. When the dot’s respective 

electromagnet is powered, the magnetic field cancels each other, releasing the fluid and making it less viscous. 

An external air pressure can then easily expand the membrane which is then kept in place by removing the 

electromagnetic field and plugging the MR fluid in this new state once again. Using a low melting point alloy, 

Nakamo et al. [203] proposed that selective melting of the alloy will release the pins that are under and 

externally produced pressure and would either actuate the pins or recede them back through  vacuum. The low 

melting point material hence acts as a latch to select which pins would be free to actuate, and which would 

maintain their original state.  

5.4.4 Function 3 - Array Design 

Vidal-Verdu and Hafez in their 2007 review article [319] stated that for a comfortable tactile reading 

experience with both the hands, a 2D tactile display of 32cm x 24cm will be required. These dimensions would 

accommodate 16 lines of 40 Braille cells, making the display the size of a standard Braille book which can 

also accommodate sufficient details for tactile graphics. If I imagine this one display to be capable of presenting 

both Braille and tactile graphics, then it would need 9600 independently actuatable dots. The question is, what 

would it take for the existing designs to practically achieve the mechanical movement of 9600 dots, and will 

they be able to do so affordably? There is no commercial product or research prototype that has achieved it to 

date. The largest display till date is a the HyperBraille from Metec that has an array of 104 x 60 independent 

dots comprised of 6,240 dots driven by vertical piezoelectric bimorphing actuators [242]. Some of the recent 

displays that are being launched in the market supports a matrix size of 60 x 40 dots [56,145], that are 2,400 

taxels which is roughly the size of an A5 sheet and half of the A4 size. Most research have demonstrated a 

small sample array of 3 x 3 to 32 x 24 taxels, while commercial devices that are based on the patent s often do 

not claim a specific size. Given the state of the art, the following approaches demonstrate the ways in which 

large surface tactile displays have been practically achieved.  

5.4.4.1 Pin-wise Replication  

One of the most prevalent methods to create an array has been the replication of the working principle to 

reciprocate a single pin. Replication seems straightforward as once a compact actuation scheme is designed, it 

can be mass manufactured and arranged in the array. For example, Szabo and Enikov [294] developed a 5x5 

array of solenoids which repelled and attracted a permanent magnet in which each element of the actuation 

system was replication for the array. Instead of the electromagnetic interactions, reciprocation of pin on a lead 

screw driven by a motor also has a similar array design in which, each motor, screw, nut and pin architecture 
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is replicated [138,217,273]. Replication of SMA springs [313] wrapped around each pin in an array and SMA 

and antagonistic pair of SMA wires [300] also follows the same array design strategy. Pin wise replication has 

also been effective in developing arrays from bimorphing piezoelectric actuators that are either arranged 

radially [293] or in different layers [153] to accommodate pins in a compact array.  

 

 

Figure 30 A pin-wise replicated array design [294] 

However, replication cannot be a feasible approach for developing large arrays with thousands of pins. With 

every pin, replication would lead to an increase in every component of that pin module including its control 

electronics. This means that for an array of thousands of taxels, there would be 3-4 times that many number of 

parts. This complexity can be difficult to practically fabricate and maintain. Moreover, with increase in pins, 

the cost of the display will also increase which will likely make the final product unaffordable. Therefore, a 

pin-wise replication strategy cannot be adopted for developing a large display surface. 

5.4.4.2 Module-wise Replication 

A more practical replication strategy has been the replication of a module of dots. Typically, a Braille cell is 

an integrated module with 2 x 4 dots and the Braille cell modules are replicated to form a large array. Many 

commercial technologies use this replication method. For example, Dot that is about to launch the Dotpad 

[411] has and array of 60x40 dots [145] that is made of mass manufactured Braille cell modules of 2x4 dots 

[144]. The mass manufacturing of the module and its compact size aids to the affordability and a portable 

design of the display. 2x5 array of piezoelectric modules [321] are also used in the HyperBraille from Metec 

[403]. The large surface contains hundreds of the actuation modules to output information. Large displays from 

KGS corporation [112] also consisted of modules of 8x2 piezoelectrically driven actuators that are stacked 

together to form the large array. The strategy to replicate modules has been more effective than replication of 

single dots. Modules can be mass manufactured and becomes a common platform that cuts cost and can be 

used in multiple product offerings. Integrated modules also have an easier control system compared to dot -

wise replication because part of the electronics can be integrated in the modules. Hence, addressing a specific 

dot can be made slightly easier and faster in this system. Moreover, to maintain and repair the system, modular 

architecture enables easy replacement and attachment of new modules. However, despite the advantages over 
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dot-wise replication, replication of modules also faces the challenge of significant increase in cost with the 

increase in the number of dots.  

 

 

Figure 31 A module-wise replicated array [144] 

5.4.4.3 Common Actuators Across Rows and Columns 

To decrease the number of actuators required to display tactile information over a large surface, common 

actuating components across the rows and columns are used to combine and mate their actuations to address 

selected tactile pixels in an array. For example, in a patent from Chari [56] that is now used in the Orbit Graphiti 

tactile display, a column of motors driving a spur gear combines its motion with a row of cam shaft that actuates 

to mate the pins of the row with the spur gear column. The column gear creates a perpendicular motion in by 

mating with the gear of a pin. In this way, selected taxels in a row are actuated and the entire information can 

be presented row by row. This system greatly limits the number of actuators that are required in comparison 

to the replication-based product architecture and has the potential for large surface scalability. However,  

increasing the array size by a single column or row of dots would require new actuating modules and hence 

can become increasingly complicated and expensive for larger surfaces. Furthermore, integrated actuation 

systems can be difficult to repair. If a motor is damaged, the entire row cannot be rendered. The many gears 

of the system can also get misplaced or misaligned due to wear over time and hence cause breakdowns.  
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Figure 32 Example of an architecture with common actuators for rows and columns [56] 

5.4.4.4 Pin-Array on a Moveable Platform 

Instead of actuating taxels over a large surface, some prototypes evaluate the use of movable platforms that 

have only a small array that presents information according to the location of the platform in the plane. This 

design approach again reduces the number of compact actuators that are required to present tactile information 

but allows the information to be presented over a large surface due to a movable platform. For example, the 

Shapeshift prototype from Siu et al. [378] has an array of 288 actuatable pins made in an array of 24x12. This 

array is placed on a movable platform on omni-directional wheels that makes it highly mobile on surfaces, 

giving it large lateral mobility and both tactile and kinaesthetic feedback. The prototype has demonstrated its 

use to present tactile maps [378] and 3D CAD model information [282]. Chan et al. [53] also demonstrated 

the use of a piezoelectric Braille cell matrix that is kept on a carriage in an x-y gantry mechanism, that runs on 

linear guides. Tactile graphics gets revealed when users move the carriage on a platform and the pin array 

actuates according to the provided shape in the given region of the display.  

 

These distributed actuation systems reduce the dependency on closely packed tactile actuators to develop a 

large surface display. It is like looking at the tactile graphic from a small window. As tactile reading is a 

sequential process, the fingers are also able to read part of the graphic or information in Braille sequentially, 

hence making it possible to comprehend shapes through a small tactile array moving over a relatively large 

surface. However, creating gantry systems can make the eventual product bulky and stationary as portability 

of the gantry becomes an issue. Furthermore, bimanual scanning or getting a global overview of the image is 

hard to achieve in this mechanism, which can be limiting for the overall comprehension of the shape. Hence, 

a large actuatable surface is seemingly more appropriate than viewing tactile information through a small 

window.  
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Figure 33 Example of a tactile display on a gantry [53] 

5.4.4.5 Integrated Layer-by-Layer Architecture 

To create multiple actuating taxels using fewer components, researchers have developed prototypes of display 

that are based on functional layers of different materials that are stacked on top of each other to create a tactile 

display. Each material layer serves a particular function and can be extended over large surfaces with relative 

ease. The pioneering display design using an integrated approach for the entire array was made Kato et al. 

[136]. They demonstrated a large area, flexible and lightweight sheet of refreshable Braille cells driven by 

organic transistors and soft actuators. The display was mechanically flexible, lightweight, shock resistant and 

potentially inexpensive to fabricate, making it suitable for portable mobile devices. The sheet type display is 

made by laminating three layers of the organic transistor sheet, polymeric actuator, and a cover layer. The 

transistor matrix selectively directed the voltage to ionic metal polymer composite actuators that bend when 

excited by a voltage. Selective excitation through the transistor array created bending interactions in the 

actuator, which translated a dot vertically to create the tactile effect. However, using these actuators 

necessitated high currents to actuate the actuators quickly. The displacement was also small, 0.2mm which is 

limiting for Braille reading. Furthermore, the issues of stability of the IPMC actuators in air and the robustness 

of the organic transistors was limited for weeks. To design of more practical uses case for longer lifetime, a 

sophisticated method of encapsulation is visualized by the authors. To overcome these drawbacks, Fukuda et 

al. [88] developed another sheet like Braille display by integrating the transistor array from a static random 

access memory (SRAM) unit with carbon-nanotube based actuator on top of it that are driven by organic thin-

film transistors. The display consisted of three functional layers that were laminated to on e another, CNT 

actuator layer, organic TFT layer and the organic TFT based SRAM. They reported better air stability, dot 

displacement and long term use in comparison to the display presented by Kato [136]. However, for a large 

surface display, a large area of SRAM would be required which will make the display exceeding expensive.  

 

The largest display that is published till date using this array design approach is 32 x 24 array display from 

Besse et al. [27,28]. The display integrates a thin shape memory polymer membrane with a matrix of compliant 
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carbon-silicone heaters on top of a flexible PCB and a flexible fluid chamber. The integration of these four 

functional layers enables the selective actuation of taxels, in which, positive air pressure in  the fluid chamber 

inflates a selected area of the shape memory polymer that is heated with the array of carbon-silicone heaters 

powered through the PCB. Only four components are hence responsible for the actuation of 768 independent 

taxels. However, if any single layer is missed or breaks down, the function of the entire display can be 

compromised. In a similar design, Feng and Hou [82] developed a 5x5 display prototype using ionic polymer 

metal composite actuators. Each element of the layer of IPMC actuator is controlled by delivering electrical 

signals to each actuator pair through a PCB. The signal bends the IPMC actuator which is sandwiched between 

the PCB and a backing layer. The bending force from the actuator layer pushes up a PDMS dot to selective 

create a tactile effect.  

 

Figure 34 Example of an integrated layered architecture [287] 

5.5 Discussion 

The specific requirements to create an array of thousands selectively addressable pins that are placed 2.5mm 

apart and can reciprocate to 0.4 – 0.7 mm over a flat surface has led to a considerable design exploration over 

the past decades. The state of the art of materials and mechanical systems have been explored from time to 

time, but this survey that classifies the product architecture of pin array tactile displays. To help guide future 

research and design, we recap and discuss critical trends from our analysis and discuss the implication for two 

critical aspects of refreshable tactile displays have been the scalability of the display for bimanual exploration 

and the reduction in the number of parts to increase affordability. 
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5.5.1 Current Foci and Growth Opportunities  

The foundation of our work is the question “what is the solution space for the design of pin array 

technologies?”. These technologies have been published in many venues including patents as the technology 

touches mechanical engineering, electrical engineering, computer sciences, HCI and commercial devices. Our 

decision to filter technologies that are aimed towards interactive tactile displays has shaped our dataset and the 

conclusions we draw from it. In this framing, we acknowledge that we would have missed pin array systems 

that are aimed for different scale and applications but would have qualified for their mechanism, such as 

inForm [84].   

 

However, within the context, our analysis reveals three key functions that are the core purpose of the 

technology, raise and lower pins, lock pins and create a large array. We reported six diverse methods to raise 

and lower pins but found that majority of architectures at this scale have used electromagnetic actuators 

(28.36%, N=19) and motorised systems (23.88%, N=16). A common and an obvious thread between these 

technologies is their availability in a miniature form factor. Most locking systems use continuous power 

(55.24%, N=35) while the most common array architecture is based on pin-wise replication (52.24%, N=35). 

We believe that certain combinations of subsystems, ‘motorised + pin -wise replication’ (17.9%, N=12) and 

‘electromagnetic + continuous power’ (10.4%, N=7) can be avoided as they lead to high bulkiness, complexity 

and power requirements.  

 

This research domain has been increasingly drawing from material research. Advances in materials, and 

miniature actuators often finds its demonstrative use to pin tactile display systems. SMA actuators, shape 

memory polymers and piezoelectric bending actuators are (34.32, N=23) are used frequently as they have 

favourable technical performances given the space constraints and can be fabricated in small sizes. However, 

these materials themselves are uncommon and when combined with pin-wise and module-wise replicated 

architectures (14.9%, N=10), they would also lead to higher costs of making pin array. Therefore, innovat ive 

combinations of materials and mechanisms for the three key functions are required to create new designs that 

are more affordable, less complex and at par with the required performance for Braille and tactile graphic 

reading. We discuss the potential design solutions ahead that address our second research question.  

5.5.2 Simplifying Pin-Array for Scalability and Affordability 

Every included paper and patent is an attempt to address the challenge of affordability and scalability of pin 

arrays for tactile interactions. These two aspects are the most critical challenge in this research domain. 

Scalability is essential for bimanual exploration which leads to a meaningful tactile interactive experience 

[319] and affordability is necessary to make devices that reach its users [284]. Therefore, it is necessary for 

design to find ways to simply the system so that it’s possible to scale and make it more affordable. In fact, 

bending actuations with a layer-by-layer architecture had some of the highest array sizes on average (10x10, 

12x12, 12x24, 27x27 and 32x24). This insight indicates a potential architectural combination that may be used 
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for large surface displays. For example, Besse et al. [27] have demonstrated a tactile display with four 

components that can actuate 768 independent taxels through a layer-by-layer architecture using shape memory 

polymeric actuators. Using a similar architecture, Fukuda et al. [88] demonstrated a 12x12 array of bending 

actuators based on carbon nanotubes. Hafez [100] has also discussed a concept of a tactile actuator using a 

single sheet of a shape memory alloy material with all the array actuators in tegrated into this one sheet. The 

actuators are small cantilever beams that work in bending to create a tactile asperity that can represent a Braille 

dot. Bhatnagar et al. [30] demonstrated the feasibility of the concept using a thin sheet of Nitinol in which 729 

tactile pixels were laser cut and trained on a single material. However, in the present state of the art, five of 

the six designs require continuous energy to maintain the position of the pins, and all are made of advanced 

materials (IPMC, CNT, SMA, Piezoelectric bimorphs and IPMS). We see this as a current limitation of the 

state of the art.  

 

Affordability of the overall pin array display will be depended on the materials, number of parts, its fabrication 

process and design complexity [86]. Expensive base materials, with many parts required to actuate each pin, 

complex fabrication processes and an exceedingly high amount of design complexity will continue to make 

pin arrays prohibitive. Bending actuators arranged in a layer-by-layer architectural combination has shown to 

reduce the number of parts required to make the display and reduce the complexity of the design. Future work 

can investigate mechanical locking designs, more affordable materials and manufacturing processes for this 

architectural combination.  

5.5.3 Reflections on the Research Process, Position and Limitations 

Rigorous curation of pin array systems meant for both refreshable tactile graphics and Braille to generate a 

dataset and applying codes was a challenging and effortful process. Extracting these designs from multiple 

scientific libraries and patents was necessary because of the diversity of research domains and commercial 

interests that overlap this interactive surface modality. Each paper was manually screened, every working 

principle of the included papers was understood, and reverse engineered the product architectures from the 

given data and coded it to contribute a new, morphological chart for classifying the state of the art. Each 

category of the morphological chart of pin arrays with examples from the corpus that helps in understanding 

this new method of clustering is explained. A potential architectural combination can be used towards 

affordable and simpler tactile displays is identified and discussed. 

 

However, beyond the challenges and the contributions, the work has some limitations. First, the classification 

system developed reflects the  position and approach to design new pin array tactile interfaces. Other 

researchers may have defined these codes and classifications differently. Second, although the corpus 

represents a wide variety of literature in this domain, it may not be exhaustive. There may be more large surface 

tactile displays designs that may use a different mechanism than what is presented in the morphological chart. 

This is unavoidable as new design solutions are continuously invented addressing each of the three functions. 

Third, for each design we did not analyse the technologies’ performance in terms of refresh rates, force outputs 
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and displacements. These can vary with materials and mechanisms and will significantly affect the usability 

of the interactive system. But we had to limit the scope of this paper to purely the mechanical architecture of 

these systems, considering that in future work, with design and development, the required perform ance 

parameters can be achieved with novel combinations of architectures. Finally, the survey is limited to a corpus 

of papers specific to pin array tactile displays. As discussed in the related works, pin array systems are used 

for a diversity of applications, from table-top interfaces [84] to interactive environments [406]. The 

mechanisms used in these systems may be useful for inspiring the design of tactile systems but due to the 

significant difference in scale, performance requirements and application areas, we chose not to include them 

in the current scope of this review.  

5.6 Conclusion 

In summation, this chapter delves into an in-depth analysis of pin array technologies utilized in refreshable 

tactile display interfaces. The primary focus is on addressing the second research question: What can be a 

suitable product architecture for large surface pin array type tactile displays for Braille and tactile graphics? 

This exploration not only supplements existing reviews within this domain, which predominantly scrutinize 

mechanisms and materials, but also advances the discourse by presenting an extensive analysis of the product 

architectures intrinsic to pin array displays. 

 

This analysis contributes an innovative morphological landscape within the solution space. This landscape 

serves to illuminate the pivotal functions inherent to interactive surface technology, as well as the myriad 

mechanisms that have been explored in executing these functions. This newfound knowledge offers a fertile 

ground for designing novel and enhanced pin array displays, building upon the established foundation  in 

analysis materials and mechanisms. The outcomes of this analysis, coupled with discussions, underscore the 

diversity evident in designs while concurrently presenting avenues for enhancing the state of the art. Notably, 

the analysis suggests pathways to tackle the persistent challenge of devising scalable and cost-effective pin 

arrays tailored for tactile displays through a layered architecture that minimises the number of components. 

 

Crucially, the research underscores the viability of a layer-by-layer architecture for large surface tactile 

displays, addressing a significant gap in the comprehension of optimal tactile interface design strategies. This 

conceptual direction opens avenues for further designerly inquiry, potentially leading to more accessible and 

simplified solutions. With these findings at hand, the subsequent chapter is poised to harness this knowledge 

for the development of a fresh design iteration for a tactile display.  



                                      

 137 

6 Designing a new Tactile Actuator: Tacilia 

6.1 Introduction 

Chapter 4 underscored the critical requirement for enhanced interaction with tactile information to improve 

literacy and educational experiences. Existing literature further corroborated this by showcasing how 

heightened engagement with refreshable tactile displays markedly enhances educational encounters for people 

with visual impairments, and concurrently supports the professional growth of people within the workforce. 

Chapter 5 embarked on classifying the engineering solution space for refreshable tactile display systems. The 

comprehensive analysis of product architectures performed within this chapter affirms the necessity for 

affordable large-surface display systems to streamline component count and cost. A potential avenue to achieve 

this crucial goal involves embracing a layered product architecture, with a focal point on devising the display 

as a solitary material sheet, embedded with pins at Braille resolution. 

 

Within the confines of this chapter, two distinctive approaches aimed at designing a tactile display using a 

unified material sheet are meticulously explored. The ultimate objective of these explorations is to respond to 

the third research question (How to design a refreshable tactile display mechanism in a single material layer?)  

via iterative engineering prototyping and evaluation. The first experiment entails the use of a thin sheet 

composed of Field’s alloy—a malleable alloy with a low melting point that is amenable to creating a 

deformable display. Capitalising on the material's mechanical attributes at room temperature, the display can 

be reconfigured by heating it above its low melting point (60℃) and then allowing it to cool down. While the 

fabrication of thin sheets from the alloy’s ingot was successfully realized, the introduction of Braille dots or 

tactile marks led to compromised structural stability, rendering the material unsuitable for display purposes.  

 

In the second experiment, a sheet constructed from shape memory alloy is conceptualized, employing specific 

cuts to imbue the material with compliance and deformability. Employing an orthogonal cut pattern, the sheet 

can facilitate out-of-plane bending through heat-induced training. The initial simulation, however, revealed 

considerable strain levels in the design, which were subsequently mitigated in a revised iteration by embedding 

the flaps in a cantilever u-shaped configuration. This revised design was then fabricated, accompanied by the 

development of a methodology to train the flaps for bending. The outcome of this endeavour was the creation 

of a passive reconfigurable tactile actuator—named Tacilia—inspired by cilia sensory probes found in our 

biological systems. Tacilia stands as a central engineering contribution of this thesis. It is an innovative tactile 

display system that, while necessitating external thermal input, can maintain static configurations in both its 

actuated and bent states. It embodies a fully reconfigurable design, capable of seamlessly transitioning between 

the two states. This achievement serves as a compelling response to the third research question: How can a 

refreshable tactile display mechanism be designed within a single material layer? The subsequent sections 
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delve into the intricate details of the two distinct approaches, shedding light on their conceptualization, 

development, and outcomes. 

6.2 Reconfigurable Surface Deformation using Field’s Alloy 

For the layer-by-layer concept, a single sheet needs to be designed so it can be deformed and reformed out-of-

plane at specific locations according to the dimensional specifications of Braille repeatedly. Theoretically, out-

of-plane deformation can be created in a planar sheet by both in-plane and out-of-plane loading. In plane 

loading – that is when forces are applied in the axes of the plane – buckling behaviour of the planar material 

that creates an out-of-plane shape deformation can be observed. On the other hand, out-of-plane loading causes 

bending or bubbling of the material and hence, causing the required mechanical deformation [412].  

 

Therefore, it is required that a sheet material is selectively and repeatedly subjected to mechanical plastic 

deformation that makes out-of-plane asperities at specific locations in an array. It can be achieved in three 

ways. One approach is that the layer is made from a compliant material that can be easily deformed and 

accommodates both is actuated (out-of-plane deformed) state and its flat state due to its innate flexibility and 

elasticity. Field’s Metal, also commonly known as Field’s alloy is a fusible alloy that becomes liquid at 62ºC. 

It was invented by Simon Field who made a eutectic combination of bismuth, indium and tin with a mass 

fraction of 32.5% Bi, 51% In and 16.5% Sn [413]. The interestingly low melting point gives the metal a unique 

malleability at room temperature with which, a sheet of the metal can easily deform and reform under physical 

load. This material was evaluated for its potential use in a tactile display through prototyping.  

Table 7 Properties of Field’s Metal from Matweb [413] 

Mechanical Properties of Field’s Metal Value 

Brinell Hardness 11 

Ultimate Tensile Strength 33.4MPa 

Melting Point  60℃ 

 

6.2.1 Exploration through Prototyping 

Thin sheets of this alloy were developed by first melting the ingot in a beaker and then casting it in a thick 

sheet. The melting of the ingot was done at ambient room temperature and conditions. The slag that formed at 

the surface of the metal was removed and the metal was transferred to a glass syringe. Pouring the material 

directly in the mould as for other metals and alloys to cast was ineffective due to its low melting point and 

relatively high rate of cooling even when the mould was heated to a temperature close to the melting point of 

the alloy. The high rate of convection created the necessity to inject the material in the mould before 

solidification can take place. Therefore, the syringe was used as a suitable plunger to transfer the material in 

the mould for effective spread. The mould was made of laser cut acrylic and lined with a thin layer of silicone 
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lubricant. The syringe with the material was placed at the gate of the mould with a riser at the same to let air 

escape. After multiple attempts, by adjusting the rate of flow, the angle of injection consistent flat sheets was 

produced through the cast (Figure 35).  

 

 

Figure 35 (a) Heating the material and the mould to Field’s metal’s melting point; (b) injecting the molten metal in the 

mould; (b) Cast sheet is retrieved from the process  

These casted sheets were cold rolled for multiple cycles until a thickness between 0.3mm to 0.4mm was 

achieved. The thickness of the sheet was an intuitive estimate to evaluate the possibility of the material to 

deform and reconfigure to its flat state under external mechanical forces. It can be seen Figure 36 that a 

deformation in the sheet produces a tactile indentation that can be erased by the application of force.  

 

Figure 36 This depicts the relation between the thickness of the sheet (vertical axis) of the sheet and the number of 

rolling cycles (horizontal axis). Each stage of rolling was repeated twice in orthogonal directions to homogen ize the 

strength of the material in both directions. 

According to our requirements, I need a display that is capable to create tactile indentation of 0.5mm in height 

and at a pitch of 0.25mm. For this, it is necessary for the sheet to be a thin membrane th at can plastically 

deform to achieve the above values without undergoing necking of the material that essentially reduces its 
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overall strength. In principle, I would need the material to be just near its yield point region of the stress-strain 

behaviour of the material while it is deformed (Figure 37).  

 

 

Figure 37 (a) Tactile mark on the thin sheet of Field’s metal using a ball point pen against a rubber surface. (b) The 

mark is erased, and the sheet visually reconfigures by applying pressure on it.  

The material is compliant and can easily bend in any direction but as other metals but will it be malleable 

enough at the resolution of Braille? This was experimentally observed when a thin sheet of 0.4mm thickness 

was systematically indented and re-flattened at a single point multiple time (Figure 38). A sample of the sheet 

was clamped from all four sides in a window of 5x5cm which mimicked a miniature version of what can be 

the display. At the centre of this window the sheet was poked by round stylus of 1mm diameter to form a tactile 

dot with a height of 0.5mm. The setup was configured to translate 0.5mm so that the indentation can be created 

to the required value. The sheet was then flattened manually after each indentation.  

 

 

Figure 38 Results of the sheet after successive indentations and re-flattening.  

Seeing this unfavourable behaviour of the material based on our concept, I moved out thinking to for stronger 

and reconfigurable materials that can be deformed due to designed defects or points of stretch ability and 

material weakness in them. Field’s metal approach was abandoned but provided use with key insights about 

the material and the interaction.  

3 mm 
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6.3 Tactile Pixel Array on a Single Monolithic Sheet of Nitinol 

6.3.1 Concept Design 

If a thin sheet is cut in a pattern that creates bending flaps and these flaps somehow bend out of the plane 

(perhaps through shape memory materials), then a tactile effect for Braille like patterns can be achieved 

through a single material. The first idea for this concept serendipitously struck by seeing a sticky note on the 

table. The bent nature of the note which popped out from the otherwise flat surface of the table was analogous 

to a tactile pixel of a large surface. To create the impression of a dot that feels similar from all sides while 

reading, instead of a single bending cantilever, four sticky notes were attached to the table which represented 

dots as shown in Figure 39.  

 

 

Figure 39 The first prototype of the idea using 4 sticky notes to simulate the actuated state  

The main aim of this design concept was to develop a tactile display using a single material layer. For this, the 

mechanical bending of flaps that creates a tactile asperity could be used to directly present tactile information. 

Hence, to evaluate this hypothesis before finding a technical method to develop the display, the concept was 

prototyped using thin 3D printed sheets. The prototype was produced using an Ultimaker 2+ with which, a 

single layer sheet was designed. The scale of the pixels was increased to three times the resolution for Braille 

in this iteration to basically try if a tactile effect can be created at first. The orthogonal cuts were made in the 

design, and the triangular flaps were bent out of the plane by pushing them out from one side using a pencil. 

To individually actuate the pixels, straight line cuts were made around each of the pixel so that the deformation 

does not affect the adjacent pixels. The plastic deformation of the PLA held its new position and the bent pixels 

protruding out the plane created a very distinct tactile effect in the region (Figure 40). This was a small success.  
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Figure 40 Initial large 3D printed prototype of the pixel array at a large resolution  

The design was then trailed for the pixel at the resolution of Braille. Similar but this time, much smaller 

orthogonal cuts were made in the sheet to bend the pixels out of the plane. The printing of such small flaps 

was a challenge as the resolution of the printer could not accommodate the small gaps between the flaps. 

However, with successive trails and adjustments, a reasonable prototype with the pixels was printed. Pixels in 

the 10x10 array prototyped were again pushed out using the head of a ball point pen which created a plastic 

deformation and created a tactile effect (Figure 41).  

  

Figure 41 3D printed prototypes at Braille resolution  

Another array of 20x20 pixels was fabrication on which, three shapes were created on the prototype sheet: an 

outline of a square in 5x5 pixels, a circle also in a 5x5 array and a Braille cell with all six pixels in the actuated 

state. The prototype of the designs was fabricated using an Ultimaker 2+ (Figure 42) which was independently 

10mm 

2.5mm 2.5mm 



                                      

 143 

assessed by four participants (27-40 years old, one female, 3 males - one of whom was blind). The sighted 

participants were asked to close their eyes for the cursory study. All the participants were asked to read the 

shapes and count the number of raised pixels in the prototypes. I also took notes on any feedback and 

observations, which included details about accuracy, perception, as well as more general comments on feeling 

the material sheets.  

 

Figure 42 Prototype with a circle, square and a Braille cell  

The tactile pixels produced by the orthogonal cuts were found to be distinctly identifiable and shapes produced 

by their combination were clearly readable by all the participants. All the users were able to distinguish a 

square from a circle made by these pixels. Several participants also mentioned that they felt the pixels to be 

clear, sharp, and readable. This experiment briefly shows that a tactile pixel array can be made by selective 

bending of pixels that are cut from a single sheet. Now the question is to make a reconfigurable display or 

display actuator based on this concept.  

6.3.2 Background - Shape Memory Materials 

Shape memory materials are featured by their unique ability to recover to their original shape from a significant 

plastic deformation when a particular external stimulus is applied to it. This is known as the shape memory 

effect (SME). Over the years of its research, there has been a significant development in shape memory alloys 

(SMA) and shape memory polymer (SMP) materials. Although SME was first observed in AuCd alloy in 1932 

[116], it was an alloy of Nickel and Titanium which brought significant attraction towards this material 

behaviour. The NiTi alloy was named Nitinol by adding the acronym of the Naval Ordnance Lab where it was 

first invented [137]. Today, a wide range of SMAs have been developed from NiTi in the form of wires, blocks, 

films, sheets, and foam. Nitinol is the highest performing shape memory allow owning to its high force, stroke, 

and biocompatibility. Nitinol has high recoverable strains (up to 10%) compared to other materials and high 

actuation stress (up to 700MPa) [117,118] which can be preferable for tactile displays because of their required 

force and motion. The high-power density and a significant thermo-mechanical fatigue life is also suited for 

2.5mm 
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the size and space constraints for tactile displays. Its resulting motion requires no moving parts and is noiseless. 

Unlike pneumatic or microfluidic systems, it can be driven by electric current (resistive heating) making SMA 

suitable for personal applications. Low voltages of 5V-12V are sufficient to drive them, while piezoelectric 

actuators required the voltage of 200V, and electro-active polymer-based actuators require voltage in the order 

of kV. Hence, it is now explored further in this project.  

 

It is also possible to find the alloy in a variety of shapes and sizes as it finds practical use in medical devices, 

automotive and aerospace applications, eyeglasses and fashion products, civil and structural components and 

in various actuators and sensors. Manufacturing methods such as laser cutting and chemical etching can be 

effectively used for Nitinol sheets, and a variety of surface treatments are possible. It is also biocompatible 

and non-corrosive making it suitable for human interaction and long-term applications.  

6.3.2.1 Thermomechanical Properties of Nitinol 

NiTi is a thermo-responsive shape memory alloy. Owning to this heat responsive mechanical motion, NiTi has 

been used in a lot of micro-electro-mechanical systems as actuators and motion generation systems [184]. It 

exhibits shape memory properties due to its unique microstructural behaviour. Shape memory effect occurs 

when temperature changes induce a phase transformation in the alloy which is characterized by four 

temperature points, Austenite Finish (Af), Austenite Start (As), Martensite Start (Ms) and Martensite Finish 

(Mf). At temperatures below As, martensitic from allows mechanical deformation as the crystal structure of the 

alloy in this phase forms twins to accommodate the internal strain energy that gets accumulated when the 

material is cooled from its stable austenite phase. Under deformation, the applied stress can de-twin these 

structures, but no atomic bonds are broken. Eventually, when the temperature of the material is raised, austenite 

form of the alloy becomes thermodynamically favoured and the atoms snap back to their austenitic structural 

arrangement (Figure 43). Depending upon the training, a distinctive shape can associate with austenitic crystal 

structure of the alloy, hence the name – shape memory [414].  

 

 

Figure 43 Transformation temperatures and change in the crystal structure of Nitinol [414]. 
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6.3.2.2 Fabrication Techniques 

NiTi is a hard alloy, and it is a challenge to machine it with conventional techniques such  as milling, turning, 

and drilling. It causes significant tool wear. Shearing and blanking are effective with the right tools. Abrasive 

processes such as grinding, and water jet cutting are successful for Nitinol. However, laser cutting, electro 

discharge machining and photochemical etching are the most useful techniques to fabricate Nitinol 

components [315,325]. Laser machining has become the preferred process to manufacture Nitinol stents [201]. 

Modern laser cutting capabilities offers high speed and accuracy for rapid prototyping with its only drawback 

being the creation of heat affected zones while the laser operates. This can however be managed with post 

processing [115]. Nitinol has excellent material properties and recovers from very high strain levels, functional 

fatigue failure from the regular shape change needs to be considered for long term use with high number of 

repeated cycles. The functional fatigue life Nitinol decreases dramatically with an increase in the bending 

strain [78] and hence, the strain on functionally bending Nitinol when its undergoing a shape memory effect 

must remain much below its ultimate tensile strain at all times.  

6.3.2.3 Training Process 

Typically, training is done by constraining the material in the desired shape and heat it above 500ºC for 20 – 

30 minutes [76], after which, the material is quenched in water. This heat treatment sets the new form of the 

material. When the material is deformed with an external force, the material recovers to this trained form when 

it is heated above the activation temperature. The heat treatment forms the new austenitic state of the alloy. 

However, deformation of the material must be below the ultimate tensile strain of Nitinol.  

 

Austenite is a simple cubic structure with a stable configuration of the alloy and as seen before, represents the 

high temperature state. Martensite is a complex mosaic of wedge-shaped crystals that is attained when the 

alloy is cooled below the Mf. The third state is the stress-biased martensite, which is created by deforming the 

alloy below Mf or near but above Af. Due to training, this third microstructural pattern becomes the learned or 

trained state and eventually, the low temperature shape. Hence, TWSME is a reproducible thermo-mechanical 

cycle between the austenite and the stress-biased martensite states of the alloy [168]. Nitinol typically 

remembers its austenitic state, and instantaneously forgets its martensite state when heated. However, it can 

remain in this form even after cooling due to the formation third stress-biased martensitic state. Nitinol can 

also be trained to memorize two specific shapes for the two states. This Two-Way Shape Memory Effect 

(TWSME) enables the alloy to cycle between two shapes without the application of any external force. It 

occurs due to a solid-solid diffusion less phase transformation through temperature change, which is 

characterized by four temperature points, Austenite Finish (Af), Austenite Start (As), Martensite Start (Ms) and 

Martensite Finish (Mf) (Figure 43). Two-way shape memory alloy prescribed by Perkins and Hodgson in [233].  

Applications of the shape memory effect depend on these transformation  temperatures. 
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6.3.2.4 Related Works – Nitinol for Tactile Displays 

There have been attempts on developing refreshable tactile displays using SMAs and particularly Nitinol. A 

majority of these use array of actuators formed out of SMA wires heated by resistive heat ing. Wires are used 

to either bend a cantilever beam [281] or is formed into a helical springs that contract to lower pins [178], or a 

combination such springs to create an antagonistic motion [312] when electricity is passed through either 

spring. Some attempts have made use of thin SMA sheets using MEMS based fabrication techniques. Mineta 

et al. [14] developed a planar MEMS based tactile display with a meandering SMA thin film actuator glued to 

a bias sheet spring on one surface and a pin on the other. The bias spring pulls the SMA sheet down however, 

when it is actuated, the sheet tries to become flat and raises a pin. With this design, the researchers were able 

to achieve an inter-pixel pitch of 1mm and generate a force of 5mN on the finger. Vitushinsky et al. [27] 

developed another bistable mechanism using two different shape memory alloys. Their actuator consists of a 

thin passive buckled sheet metal which is raised and lowered by two thin layers of different shape m emory 

alloys that operate with heat pulses of different temperatures. The moment of the SMA produces the force 

necessary to buckle the sheet in either direction, which is connected to pins that are raised or lowered. Hafez 

and Khoudja [36] conceptually discuss the possibility of a monolithic single sheet SMA with integrated 

actuators. However, no actual attempt to realize this concept was discussed by the authors and to the best of 

our knowledge, it cannot be found in patents.  

 

The main disadvantage of using SMA for tactile displays is their slow actuation frequency due the time 

required for cooling [151]. A minimum frequency of 5Hz is desirable for single line refreshable tactile systems 

[281] which can necessitates forced cooling in the device. Another disadvantage is that actuation by heating 

SMA directly has high power requirements. There are significantly high latent heats of the martensitic 

transformation and the associated hysteresis which takes time and energy. Finally, and in general, improper 

design of SMA actuators can lead to fatigue failures before the desired number of cycles.  

6.3.3 Engineering Design 

6.3.3.1 Material Properties 

The concept of the actuator is based on Nitinol sheets. There are many manufacturers of Nitinol globally that 

manufacture sheets of diverse specifications. Most manufactures are limited to Nitinol wires, rods and tubes 

that are more frequently used in commercial applications. There are a relatively few manufactures of Nit inol 

sheets and even fewer for large square sheets. After receiving quotes from multiple Nitinol suppliers in the 

UK, Fuxus Smart Solutions [415], a manufacturer, and distributor of Nitinol sheets from Germany was 

selected. The available sheet with the supplier was 0.3 mm in thickness and 100x100mm in surface area, which 

was ideal for prototyping. It costed around GBP 40 per sheet. Initially, three sheets were purchased and then 

eight more sheets were procured for prototyping and testing. The Nitinol sheet had an activation temperature 

of 40±5ºC. Its material composition was 49% of Nickel and 51% Titanium which is typical of shape memory 

materials. 
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To identify its mechanical properties under tensile loading, I conducted tensile tests of ASTM standard 

dogbone specimens cut from the sample sheet with Zwick Roell Proline Materials testing machine based on 

the standard ASTM E8 Tensile Testing (Figure 44). Table 8 presents the average tensile test results from 3 

specimens of the sheet in comparison with the same dimensional samples of stainless steel, giving us a sense 

of the material’s mechanical parameters of its Young’s Modulus, Yield Point, Maximum Strain and Ultimate 

Tensile Strength that aids in its mechanical simulation. Figure 45 and Figure 46 is the stress and strain plot of 

the three specimens for stainless steel and Nitinol respectively. 

Table 8 Comparison of stainless steel and Nitinol from Tensile testing (average values from 3 samples)  

Material / 

Parameter 

Tensile 

Modulus (GPa) 

sM 

(UTS) 

(MPa) 

eM 

(UTS) 

(%) 

sB 

(Break) 

(MPa) 

eB 

(Break) 

(%) 

Steel 136.63 801.15 5.72 460.96 7.12 

Nitinol 42.51 965.79 7.28 944.17 7.28 

 

Due the Covid 19 pandemic lockdown, further testes on the materials became difficult to conduct. Hence, some 

of its other mechanical parameters are taken up from existing literature about the material. These include its 

stress values under cyclic loading in which the material undergoes both tensile loading, recovery and then 

compressive loading and recovery.  

 

 

Figure 44 Nitinol samples after the tests 
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Figure 45 Stress-strain curves for Stainless Steel sample.  

 

Figure 46 Stress-strain curves of the Nitinol Samples. The material has a low yield point in comparison to steel but 

higher recoverable strain at its low temperature phase.  

The ultimate tensile strain of the sample used for the prototype is 7.28%. Therefore, the bending of any 

cantilever in the given sheet must be well below this percent otherwise, not recoverable plastic deformation in 
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the material can happen which would affect its reconfigurability. This is a key evaluat ion criterion of the 

design. To evaluate the concept in this light a finite element simulation of the design of a 3x3 sample array 

was done in Solidworks Student edition software. Using the method of FEA analysis, multiple designs were 

trailed. In the following sections, I explain the two key iterations.  

6.3.3.2 Design Iterations 

Iteration 1 – Orthogonal Cuts 

Based on the 3D printed design, a Solidworks model of the 3x3 sample array with orthogonal cuts to create 

the pixels was developed. It was 0.3mm in thickness and the pixels were maxed out in their sizes so the tips 

when they are bent can be 2.5mm apart in both vertical and horizontal directions. The material properties of 

the sample Nitinol were applied to the model. In a nonlinear simulation to estimate the strain on bending, a 

circular force member was placed under the pixels that would mechanically deform / strain the flaps. The strain 

that is generated in this motion should be well below the ultimate tensile strain of the material and the bending 

should allow the tip of the flaps at the centre to be at least 0.5mm higher than the surface. The other parts of 

the array were held static, so the deformation only takes place at the pixels. This simulation was to evaluate 

the amount of strain that gets developed in the material when it is forced to bend. If the strains are high or if 

the flaps are unable able to reach the 0.5mm displacement, the design would have to be changed.  

 

The maximum size of the cut lines that could be achieved at a 2.5mm pitch was 1.9mm both vertically and 

horizontally, which created four triangular flaps that bend to create a single tactile asperity. Any more length 

would have weakened the sheet. When an external force of 750N per pixel was applied, the cantilever flaps 

bend and deform out of the plane, 0.58mm displacement was calculated by the solver. At this state, the 

maximum equivalent strain calculated was 28% at the intersection of the base of the bend and the cuts. This is 

well above the ultimate tensile strain value of the sample of 9.8%. It means that the pixels would have a high 

strain that could plastically deform the flaps, that may not reconfigure back and there is a high possibility for 

failure (Figure 48). Furthermore, at such a high strain rate, there is chance of fatigue failure after a few numbers 

of cycles. Therefore, this design cannot be feasibly fabricated. 
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Figure 47 Design and simulation of displacement for the orthogonal cut pattern at Braille resolution 

 

Figure 48 For the above displacements, design and simulation of strain for the orthogonal cut pattern at Braille 

resolution 

Iteration 2 – U-shaped Cantilever Cuts 

From the simulation, it was evident that the strain in the material is dependent on the length of the flap and the 

thickness of the material. Mechanically, I can assume the out-of-plane bending of each cantilever to be in pure 

bending. This will produce axial strains in the material which is equal to the ratio of half of the thickness of 

the sheet and the radius of curvature of the bend [40] (Figure 49). From this I can relate that for a given 

thickness of the sheet and to deflect the flap to its required height, the bending strain produced is dependent 

on the length of the cantilever. A longer flap length would therefore allow for a larger deflection under the 

strain limits.  

 

https://www.zotero.org/google-docs/?6bqWoa
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To develop longer flaps in a compact area that needs to also bend a significant height, a single cantilever beam 

that is either vertically or horizontally arranged is the only plausible design option. Therefore, in the second 

iteration, a single U-shaped cantilever geometry was designed. When packed in an array with an inter pixel 

distance of 2.5mm, the cantilevers can comfortably reach a length of 2mm. With a width of 1.2mm, the material 

at the base of the pixels is also relatively minimal which should allow for easy bending. Any longer pixels 

could hamper the strength and stability of the sheet.  

 

Figure 49 Schematic diagram of the bending for each cantilever 

Similar nonlinear FEA simulations are now conducted with the new design. A force is placed under the flaps 

of the 3x3 sample array. Only the beams are allowed to deflect while the rest of the material is statically held 

in place. The external force of 20N is adjusted to allow the beams to defect till 0.58mm out of plane. The 

beams produce a strain of 9.4% which is below the ultimate tensile strain of the material in its martensitic state. 

Bending the material in this range should not incur fatigue failure or plastic deformity in the material and 

hence, can be used for practical applications for an extended period.  With this taxel design, it is now critical 

to understand the method to fabricate it and design the large surface array on the prototype sheet.  

 

Figure 50 FEA analysis for the displacement of the tip of cantilever pixels  
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Figure 51 FEA analysis for the strain of cantilever pixels-based design for the above displacements 

6.3.3.3 Fabrication 

As I discussed in Section 6.3.2 Nitinol can be machined using a laser, and this method is increasingly becoming 

the most useful and accurate method to fabrication components using Nitinol. I was fortunate to have access 

to StarFemto StartCut Tube 60W Femtosecond Cold Laser Cutting Machine [416] that is typically used for 

cutting Nitinol stents, tubes and thin sheets. The cold laser works in an inert atmosphere and minimizes the 

heat affected zones and burr (i.e., rough edges around the cuts) that arises as the laser melts material. However, 

the working area of the laser for flat blanks is 70x70 mm which although is sufficient for prototyping, makes 

the fabrication of large surface of the size of an A4 sheet challenging with this machine. Hence, on the 

100x100mm sheet of Nintol alloy, I was able to pack an array of 29x2 (841) U shape cantilever tactile pixels.  

The U-shape cantilevers are oriented in the rolling direction of the sheet to optimize the overall strength. It is 

cut using. Although the surface area of the sheet allows for a grid of up to 49x49 pixels, margins are left from 

either edge to facilitate fabrication. These 841 pixels can support the display of 54 Braille characters at once 

as well as tactile diagrams and images.  

 

The parameters to cut the Nitinol sample in a single pass were identified through a trial-and-error iterative 

testing on a sample steel blank of a similar thickness. Optimal results were achieved with the focus of the laser 

head adjusted to a beam diameter of 80μm. At a frequency of 995kHz with a single burst and estimated output 

power of 45W the sheet was cut the entire array in a single pass with little burr (Figure 52).  
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Figure 52 The laser cut sheet with the cantilever beam pixels. 

6.3.3.4 Training 

With the array now fabricated, I had a passive untrained sheet of Nitinol. Heat treatment approaches to train 

Nitinol have been extensively explored in existing literature. I now had to adapt the method to make the pixels 

bend out of plane as per our concept. Bending however is one part of the actuation cycle. The bend pixels need 

to also come back to their flat state to reconfigure the display.  

 

For our prototype material sheet, the cut sheet must be trained so that cantilevers attain the actuated 

configuration when they are in the austenite phase. This is because actuation through heat (considering the 

available technologies) is faster, more precise, and less energy intensive than actuation by cooling. Moreover, 

shape memory effect has a low transformation force on cooling [233], which may lead to a ‘soft’ actuated 

configuration. Furthermore, an array of Peltier modules with a large surface area—equal to that of the sheet 

can allow enough heat sinks and can cool the entire sheet rapidly. Therefore, the cantilevers must be trained to 

bend out of the plane when heated and to become flat when they are cooled. I experimentally evaluated the 

possibility of two actuation paradigms with the pixel array. The first paradigm utilizes the two-way shape 

memory effect of the material in which selective heating of the pixels enables actuation or bending, wh ile 

cooling the sheet reconfigures it. This approach eventually turned out to be insufficient to achieve the required 

actuation and control. In the second approach, I utilize the one-way shape memory effect of Nitinol and further 

heat treat the material to make it malleable so that it can be mechanically reconfigured when it cools down 

below its austenite start temperature.  
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Two-Way Shape Memory Actuation 

To train the pixels to perform a two-way shape memory actuation [417], the first step is to bend and constrain 

the cantilevers to their actuated state below the Af temperature of the sheet. This was achieved by carefully 

pushing the cantilevers to their actuated state and constraining them there by a titanium wire of 0.25mm 

between them and the surface of the sheet at room temperature. The fixture was then clamped between two 

steel plates to prevent the wires from slipping out. The assembly is kept in a furnace at 550ºC for 30 minutes. 

After the heat treatment the assembly was rapidly quenched in a cold-water bath. With this process, the sheet 

is retrained to remember the new austenite state or the actuated state. After this process, for the Two-Way 

Shape Memory Effect (TWSME), I followed the training method of Constrained Temperature Cycling of the 

Deformed Martensite [233]. I first cool the retrained sheet in an ice bath to bring the sheet’s temperature below 

Ms. It is then clamped between two flat plates to flatten the cantilevers. The assembly is cycled between 

temperatures above Af (dipped in a hot water bath) and below Ms (dipped in an ice bath) 30 times (Figure 53).  

 

Figure 53 Process steps for TWSME training 

The hot water bath is maintained in the region of 75-80ºC in which the assembly is dipped for 30 seconds. The 

sheet temperature in this time reaches to ~60ºC which is above the specimen’s activation temperature. The ice 

bath can maintain the temperature at 18ºC, which brings the temperature of the sheet down to 18ºC in 120 

seconds. I observed that after the training cycles, the cantilevers instantaneously bend out -of-plane when they 

are heated. However, their recovery to the biased martensite state or the cold state was limited. Even in an ice 

bath, they do not return to their flat state naturally. Figure 54 shows a plot of the average deflection in pixels 

with respect to the number of training cycles. As can be seen, with no TWSME training, the actuated pixels 

are 0.55mm above the surface and when cooled they maintain this position. After 10 cycles, the actuated state 

decreases to 0.48mm while the cool state flattens to 0.38mm above the surface. After 30 cycles,  the height 

when actuated is 0.39mm and when cooled is 0.30mm.  

 

The two-way shape memory effect was intrinsically not sufficient to achieve full reconfigurability of the tactile 

display. This could be due to the strains developed in the first training cycle or insufficient number of training 

cycles. Due to the low recoverable strain which eventually results in a low actuation stroke, the iteration with 

the TWSME concept for the reconfigurability of the alloy was not taken further and the mechanical 

reconfiguration in the previous iteration was developed further.  
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Figure 54 Plot of average height of the pixels with respect to the number of training cycles.  

One-Way Shape Memory with Annealing 

I again adopted instructions that have been previously prescribed for one-way shape memory training [417] in 

which the first step is to bend and constrain the cantilevers to their actuated state below the As temperature of 

the sheet. This was achieved by carefully pushing the cantilevers to their actuated state and constraining them 

there by introducing a thin titanium wire of 0.25mm between them and the surface of the sheet at room 

temperature. This bends the pixels so that their tips are 0.55mm above the surface. The sheet was then clamped 

between two steel plates to prevent the wires from slipping out. The assembly was kept in a furnace at 500ºC 

for 30 minutes after which it was rapidly quenched in a cold-water bath. With this process, the sheet is retrained 

to remember the new austenite state or the new bend state. When the sheet is dipped in boiling water, all the 

pixels bend out of the plane. However, at room temperature, the pixels were observed to be st iff and spring 

back to their bent state which is undesirable for refreshing the display. This can be due to strain hardening in 

the material after the heat treatment and quenching (Figure 55).  

 

 

Figure 55 Training procedure for the pixel array to bend out of plane when heated and allow mechanical 

reconfigurability when cooled 
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To reduce the hardness of the material at room temperature and increase its malleability, the sheet was kept 

again in the furnace at 550ºC for 24 hours without clamping or constraining it. When removed, it was allowed 

to cool at room temperature. The annealing procedure made the material malleable, and the pixels were now 

able deform at room temperature to their flat configuration under external load and maintained that position 

unless heated above the Af when they bend out of plane.  

 

Figure 56 Sheet after the one-way shape memory training  

To increase the malleability of the material, the pixels are again constrained in their actuated state and clamped 

between two plates. The assembly is kept in the furnace at 500ºC for 48 hours. It is then taken out and allowed 

to cool down naturally to room temperature. This annealing procedure develops precipitates of the metal which 

allows it to deform at room temperature (Figure 57 (right)) [13] and retain their deformed position. However, 

due to the constraint, austenitic memory of the material is not lost. Therefore, when the pixels are heated above 

the As, they bend out of plane again and maintain the bend position (Figure 57 (left)).  

 

Figure 57 Actuated (a) and flattened (b) tactile pixels  

2mm 

(a) (b) 



                                      

 157 

6.4 Experimental Characterization of the Actuator  

The core actuator technology is designed and fabricated. The pixels are independently responsive to heat and 

bend. The bending created a clear and distinct tactile effect. In this chapter, I put some numbers to this 

actuation, particularly in terms of the force the pixels generate, the displacement and the time it takes to 

undergo selective actuation.  

6.4.1 Force and Displacement of the Pixels 

I experimentally evaluated the performance of the pixels by measuring their peak displacement, vertical 

blocked force and the force required to reconfigure with respect to the material’s temperature.  

 

To heat the sheet, I used a heater bed from a 3D printer. The heater was attached to sheet with a double sided 

Kapton tape. Power is supplied to the heater with a bench top power supply and the temperature of the sheet 

is monitored by a 10k ohm thermistor attached near the pixel that is being tested. To measure the vertical 

actuation force, the target pixel is kept under a 20kg load cell that has a nonconductive probe. Load cell data 

is calibrated and gathered with an HX711 amplifier and an Arduino Uno on a MacBook Pro 2015 computer. 

To measure the vertical displacement of the pixels, I use a Mitutoyo® Dial Gauge. The room temperature for 

the tests is 26ºC.  

 

Current from the power supply to the heater (12V, 3A), increases the temperature of the sheet and actuates all 

the pixels at once. Force generated by a single randomly chosen pixel and temperature of the SMA sheet is 

measured until the displacement of the pixels saturates. The peak-displacement, rise in temperature of the 

pixels and force variations are recorded after which power is cut off and the sheet is removed from the heater 

and allowed to naturally cool to room temperature. This procedure is repeated for 5 random pixels. The set up 

is visualised in Figure 58. 

 

Figure 58 Test apparatus for evaluating the mechanical performance of the actuation   
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The vertical force from the pixel varies significantly with the rise in temperature. From room temperature and 

a completely flat state, until the rated activation temperature of 40ºC, the average lift force rises from 0kg to 

0.23kg and the vertical displacement of the pixels is 0.4 mm. No noticeable vertical displacement is observed 

beyond the activation temperature. However, force begins to saturate above this temperature (Figure 59) so 

that the average peak lift force generated by the pixels is 0.28kg, which is achieved at around 49ºC.  

 

 

Figure 59 Plots of force vs temperature from five randomly selected pixels show how the lift force from each pixel 

varies with temperature  

When the sheet is allowed to cool naturally, the pixels can be pushed to their flat state at approximately 38ºC 

temperature of the material. Above 38ºC, when the pixels are pressed, they elastically spring back close to 

their actuated state. However, below 38ºC, if the pixels are not pushed, they maintain their bend state with an 

average resistive force of 0.23kg. At 26ºC room temperature, the sheet naturally cools down at a rate of 

3.61ºC/s. This means that it takes 3s for the pixels to cool to a temperature suitable for safe interaction [14] 

from 49ºC. Table 9 provides an overview of these results.  

Table 9 Overview of Pixel Performance  

Parameter Value (Mean / SD)  

Maximum out-of-plane displacement  0.4mm / 0.02mm 

Peak blocked force 0.284kg / 0.03kg 

Blocked force at room temperature 0.23kg / 0.02kg 

Activation temperature ~40ºC 

Temperature at peak blocked force ~49ºC 

Temperature to reconfigure ~38ºC 

Rate of cooling at room temperature (26ºC) ~3.61ºC/s 
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6.4.2 Thermal Characteristics 

6.4.2.1 Assumptions 

Assuming that heat is being externally transferred to the base of a pixel through a small heater that is in physical 

contact with the pixel. The dimension of the heater, its power, the contact pressure, the thermal conductivity 

of Nitinol and the initial temperature of the sheet would play a role in the heat transfer mechanics. To simulate 

this scenario, a thermal analysis was conducted using the Solidworks simulation software. A sample 4x4 array 

of Tacilia was designed using the software for this experiment. The mechanical and thermal material properties 

were added to the model and some assumptions for the simulations were made.  

 

A small heater was assumed to be located under the base of the pixel and its dimensions for now were assumed 

to be the size of a 0402 SMD resistor component. It was assumed that a thermal contact grease will be used 

for the heat transfer that has a given thermal conductivity coefficient with a thermal contact resistivity of 9e-

05 K/W which was derived from the thermal paste that is used later for testing [418]. The sheet and the heaters 

are also susceptible to convective heat losses to the environment. The ambient temperature which was assumed 

to be 27℃ and the starting temperature of the material was assumed to be 25ºC. For the simulation, it was 

assumed that the small heater can output a thermal power of 0.5W. This curve for the power rating with respect 

to time started at zero power at 0 sec, which rose to full power in 0.5s and then receded back to zero at 1s.  

6.4.2.2 Thermal Contact Transfer  

In this cycle, the rise in temperature of the heater, the area at the base of the pixel and temperature in the 

adjacent pixels was measured with respect to time. In the first study, the temperature of the heater and the 

temperature at the base of the target pixel was recorded. Figure 60 presents the change in temperature of the 

heater with respect to time as well as the change in temperature at the base of the pixels. Due to the thermal 

contact losses the rise in temperature at the base of the pixel is much lower compared to the rise in the 

temperature of the heater. Also, as it can be observed in the graph, there is a slight drift in the peak temperature 

readings. In the simulation, the heater peaks its temperature value of 169.38℃ at 0.6s whereas the peak 

temperature of the pixel arrives at 0.75s at 59.46℃. This is already higher than what is required for the pixel 

to actuate (45℃) which is achieved at 0.45s, at which point the heater is at 137.67℃ from the same starting 

temperature.  

 

The estimate of 0.5s is very close to desired temperature requirement for the sheet to be actuated. The results 

also imply that the temperature of the heaters must be much higher than what is required by the sheet to 

accommodate thermal losses and secondly, the sheet would heat at a slower rate than what is being provided 

by the external heaters. However, the values from the results of the simulation are based on the many 

assumptions that were listed above. With changes in the above assumptions, there will be definitive changes 

in the times and temperature outcomes however, a similar behaviour of thermal transfer can be anticipated.  
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Figure 60 Results of the thermal contact transfer simulation 

6.4.2.3 Thermal Conduction 

To understand the spread of heat, the temperature of eight adjacent pixels as represented in Figure 61 were 

recorded in this scenario. Figure 62 presents a plot of the temperature measured the at base of these eight pixels 

in comparison to the rise in temperature of the central pixel. As it can be seen, the low thermal conductivit y of 

the alloy does not allow the heat to spread to nearby pixels in the given simulation scenario. The central targeted 

pixel is heated well above the activation temperature of 40℃ but during that, the temperature of the nearby 

pixels remains below the activation temperature. However, there is a definitive rise in the temperature of the 

adjacent pixels from the ambient state. If the adjacent pixel is now heated, the time to heat the pixel and the 

thermal response of that pixel will be lesser when the sheet  is heated from cold. The next scenario simulates 

activation of adjacent pixels and attempts to devise a strategy for simultaneous activation of pixels.  

  

Figure 61 Simulation of thermal conduction from the heated actuator 
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Figure 62 Results of the temperature values at the base of adjacent pixels  

6.4.2.4 Simultaneous Adjacent Actuation 

Each pixel of Tacilia takes approximately 0.6s to fully actuate. If sequential heating is provided pixel by pixel, 

it can take a significant time of the array to fully actuate. Therefore, simultaneous actuation is required to 

enable faster rendering of information on Tacilia which is especially important for a refreshable tactile 

interface. In the following scenario, two adjacent heaters of the same power are activated at once and the 

characteristics of their thermal transfer to the sheet and the conduction that happens over pixels is analysed.  

 

Figure 63 visualises the simulation and Figure 64 presents a plot of the simulated temperature values when 

two adjacent heaters are activated together to actuate two adjacent taxels. As it can be seen in t he plot, the 

temperature of all the nearby taxels remains below the activation temperature of the materials. However, the 

rise in temperature in taxels 2,37 and 8 is observed to be slightly higher than that of the other pixels. This 

means that the regions just above and below the activated pixels will have a significantly higher effect of 

parasitic heat conduction when two adjacent pixels are actuated at once. Little observable effect of conduction 

is observed for pixels that are horizontally aligned. Therefore, from this simulation it can be argued that for 

ideal simultaneous actuation, heaters in a horizontal line can be activated simultaneously but one row above 

and below the chosen line must be skipped for simultaneous actuation of the entire sheet. In t his way, parasitic 

heating effects will be minimised.  

0

10

20

30

40

50

60

70

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95

Te
m

p
er

at
u

re
 ℃

Time (seconds)

Thermal Conduction over adjacent Taxels

Centre Top left Top Top right Right
Right bottom Bottom Left bottom Left



                                      

 162 

  

Figure 63 Simulation of heating adjacent pixels 

 

Figure 64 Temperature values based on the simulation 
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6.5 Discussion 

6.5.1 A Single Component Display 

The transition from the 3D printed prototype of the pixel and pixel array marked a clear departure, setting the 

stage for the development of a comprehensive large-scale array within a single unit. This progression, however, 

brought forth a new set of challenges—chief among them, the actual realization of the actuation effect on the 

selected shape memory alloy (SMA) sheet, specifically Nitinol. Nitinol's distinctive characteristics render it 

an unconventional alloy. Its propensity to undergo shape changes in response to heat, thereby exhibiting 

remarkable reconfigurability, is an intriguing phenomenon. This behaviour is inherently tied to the material's 

crystalline structure and the phase transitions that occur due to heat absorption. While an exhaustive discussion 

on the intricate realm of material science lies beyond the confines of this thesis, pertinent and succinct insights 

necessary to design the material's behaviour were expounded upon within this chapter. 

 

Existing research that leveraged SMA sheet actuators has harnessed the principle of the shape memory effect 

in various innovative ways. However, the specific aspect of bending, as proposed in the preceding chapter, had 

not been prototyped and validated using Nitinol—thus forming an uncharted territory of experimentation and 

exploration. 

 

The Nitinol material's distinctive properties and its response to thermal stimuli create a compelling backdrop 

for the subsequent stages of experimentation and prototyping, allowing for a tangible evaluation of its potential 

for reconfigurable tactile displays. This chapter contributes to the narrative of the tactile display's evolution, 

extending the thread of inquiry from conceptual design to hands-on experimentation, and forging the path for 

further refinement and innovation. 

6.5.2 Technology Development 

The selection of an appropriate material for this stage marked a pivotal juncture in the research. After careful 

review and assessment of multiple suppliers, the chosen material was deemed suitable for the ensuing 

experiments and tests. While the dimensions of the sheet were confined to a limited size of 100x100, it proved 

adequate for the purposes of prototyping and experimentation. Although a thinner sheet could have facilitated 

greater bending due to its flexibility, the decision to use a sheet with a thickness of 0.3mm was motivated by 

the sheet's commendable strength and integrity. This attribute enhances the feasibility and sustainability of 

repeated actuation. The material properties uncovered through experimental analysis aligned well with the 

typical properties of Nitinol as documented in existing literature, thereby allowing any gaps in understanding 

to be bridged by leveraging prior knowledge. 

 

Given the properties of the sample material, there arose challenges in incorporating the initial design concept 

of orthogonal cuts at the Braille's inter-taxel distance. The strains required to bend the material during training 
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would have greatly exceeded the ultimate tensile strains, potentially rendering it impossible to bend the 

cantilevers or drastically curtailing the material's fatigue life. Consequently, this necessitated the refinement 

of the design. 

 

The iteration process led to the adoption of a single flap design for the tactile pixels. This design modification 

extended the length of each cantilever, leading to reduced bending strains at the base of the flaps when 

compared to the four-flap design. The dimensions of the single flap—2x1.2mm—proved amenable to packing 

within the inter-taxel resolution of Braille while maintaining the sheet's structural robustness. Finite Element 

Analysis (FEA) simulations validated the hypothesis for the given sample material, endorsing its suitability 

for the subsequent fabrication stages. 

 

Nitinol exhibited favourable machinability with laser cutting, and the micron-scale pixels were fashioned using 

a laser cutting machine. The laser cutting parameters were meticulously determined through experimental trial 

and error, enabling precise cutting with minimal burr formation. This single-pass, burr-minimized cutting 

procedure facilitated the creation of the array on the sheet—a singular machining operation culminating in a 

single component. The ability to fabricate a large array through this streamlined process stands at the h eart of 

the innovation's ingenuity. 

 

To imbue the pixels with their desired bending behaviour, the well-documented training procedure for Nitinol 

was employed. An iterative development process ensued, as initial attempts to heat the pixels for actuation and 

then cool them for reconfiguration proved impractical. Achieving a two-way shape memory through the 

methods described in literature proved elusive. Consequently, a shift was made toward pursuing pure 

mechanical reconfiguration in lieu of the thermomechanical approach. To enable this, the material needed to 

exhibit greater malleability and compliance, allowing it to recede to its original flat state through manual 

manipulation. A heat treatment process involving annealing was undertaken, involving placing the sample 

actuator in a furnace for a span of 2 days at a temperature of 550ºC. This treatment endowed the actuator with 

the desired malleability, enabling its manual reconfiguration through firm manual pressure—a breakthrough 

in the evolution of the tactile display system. 

6.5.3 Limitations 

A significant limitation of this work lies in the absence of user feedback during the development of the tactile 

display technology. This shortcoming can be attributed to two major factors. The first factor revolves around 

the nature of this work, which predominantly leans towards technical exploration and laboratory-based 

endeavours. A substantial amount of time and effort was devoted to iterating on the design, perfecting the 

fabrication process, and fine-tuning the training cycles in order to achieve the prescribed functionality dictated 

by the existing functional requirements of Braille and tactile graphics. 
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Notwithstanding the technical advances, it is indeed prudent to integrate user feedback into the developmental 

stages of the technology, particularly during the nascent phases, to capture essential insights that can contribute 

to the eventual success of the technology's adoption. This approach, however, encountered challenges 

primarily due to the global Covid-19 pandemic. The timeline of this technology's development spanned the 

years 2020 and 2021—years that were characterized by widespread restrictions and limitations on in-person 

interactions. Consequently, the logistics of inviting users to participate in the development process or 

conducting field visits for engagement became exceedingly complicated. 

 

Moreover, the tactile nature of the output from the technology presented an additional hurdle. Validating the 

tactile experience through online means proved to be infeasible, as the tactile sensations can only be effectively 

perceived when the display is held and interacted with directly by the user's hands. Consequently, a notable 

lack of user involvement during this stage emerged as a result of these circumstances. However, it's important 

to note that the subsequent chapters in the work delve into the implementation of the technology for a diverse 

array of tactile interactions. In these later phases, users actively participate in the evaluation process, 

contributing to the maturation of the tactile display technology utilizing Tacilia. 

6.6 Conclusion 

In this chapter, a novel design for a passive tactile actuator was introduced, employing a layer-by-layer product 

architecture that holds promise for the development of refreshable tactile displays. The initial exploration 

involved the utilization of Field’s metal with the intention of creating a reconfigurable surface for tactile 

interactions. However, the inherent instability of the material rendered it unsuitable for practical application in 

display technology. 

 

The subsequent design concept centred around the use of a single sheet of Nitinol, a shape memory alloy, as 

the foundation for the tactile actuator. This design incorporated U-shaped cantilever tactile pixels, each 

corresponding to Braille resolution, that were laser cut onto the material. These pixels were then trained to 

bend out of the plane, thus generating a tactile effect. Through a heat treatment process, the Nitinol material 

was rendered malleable, enabling the reconfiguration of the bent pixels. The resulting tactile actuator exhibited 

sufficient force and displacement for both direct tactile reading on the sheet and potential utilization as a pin 

array display mechanism. 

 

By developing a single-component display featuring 841 integrated reconfigurable tactile pins, the third 

research question—pertaining to simplifying the mechanism of refreshable tactile displays—was effectively 

addressed and proves to be a significant step to address the core problem statement of this thesis. However, it's 

important to acknowledge certain constraints associated with this design. External thermal input is essential to 

induce the shape change and subsequently activate the pixels. Furthermore, the relatively slow heat conduction 
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within the material introduces a delay in the actuation time. Consequently, targeted heat is required to 

selectively actuate specific tactile pixels on the display, a process that necessitates external thermal assistance. 

 

This chapter lays the foundation for the subsequent exploration of new and meaningful interfaces that capitalize 

on the capabilities of the developed Tacilia tactile actuator. By addressing the needs identified in Chapter 4 

and harnessing the potential of Tacilia, the forthcoming chapters delve into the creation of designs for 

interfaces that can offer solutions and improvements in the context of tactile interactions.   
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7 Drawing Tactile Media on Tacilia  

7.1 Introduction 

Chapter 6 presented the design and proof of concept of a new refreshable tactile display Tacilia. It needs and 

external source of selective heat to actuate tactile pixels and present tactile information in the form of Braille 

and even tactile graphics. It was based on the insights derived from the analysis of existing designs of tactile 

displays in literature and patents, reviewed in Chapter 5. In Chapter 4, one of the requirements identified by 

the students with visual impairments and their teachers was for an interface that can allow then to create tactile 

information easily.  

 

It can be assumed that manual drawing is perhaps one of the easiest methods to create information that can be 

understood and share with others. It has been a common form of expression from even before the time language 

was invented. It is still a popular medium to visualise and communicate ideas and understanding despite being 

a complex process that requires coordination between the kinaesthetic and visual intelligence [2,216]. Due to 

the kinaesthetic nature of drawing, its perception and comprehension is also possible through touch which 

means that people with visual impairments who rely on tactile interaction to acquire information can also draw 

and understand two dimensional representations of maps, objects and spaces [142]. Furthermore, drawing can 

be of equal importance to people with visual impairments as it is for people with sight in the areas of scientific 

thinking, learning and creativity [141]. However, there are very few tactile interfaces that are available for 

students, artists and professionals with visual impairments to draw, to learn and express themselves.  

 

In this chapter, the focus is on exploring the design and interactions of erasable tactile drawing on the Tacilia 

tactile display. The overarching aim is to address the fourth research question: How can tactile information be 

created on Tacilia? Drawing is inherently assumed to be one of the simplest and most intuitive ways to generate 

tactile information, serving as the starting point for presenting information on the Tacilia display.  To draw 

tactile information, two technical approaches on Tacilia are explored and compared. These approaches are 

thoroughly investigated to identify an optimal functional design that enables freehand manual tactile drawing 

on the Tacilia interface. The chapter details the methods and techniques used for each approach, highlighting 

their advantages and limitations. The results of these explorations showcase the emerging interactions that 

using Tacilia as a tactile drawing interface offers. 

 

However, it's important to note that the process of drawing on Tacilia using heat to shape the surface can be 

challenging. The tactile output achieved through this process is not always accurate or easy to interpret. As a 

result, there is a need to establish methods to control and systematically render the drawings made on Tacilia, 

ensuring that the tactile information created is comprehensible to individuals with visual impairments. While 

drawing presents novel possibilities, it also highlights the complexities of generating accurate and 
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understandable tactile graphics using the shape-changing interface of Tacilia. This sets the stage for further 

research and development to refine the process to create and optimize the rendering of tactile information on 

the Tacilia display.  

7.2 Related Works 

Manual tactile drawing mediums typically are based on thin lines of abrasions on Mylar films that  can be 

sensed by the fingers [419], punctured or embossed dots on thick GSM paper [316] that creates a rough series 

of dots, sticking yarns of fibre or clay or glue to create a tactile line or through other custom bespoke materials 

[232,420,421]. Drawing on these interfaces is made possible through a variety of tools. A plastic film is 

abraded with the help of a round tipped a stylus or even a ball point pen that is pressed on the film against a 

rubber pad. Similarly on paper, a free rotating stylus punctures or embosses a series of holes or dots 

respectively to make tactile lines. On the other hand, common stationery tools to draw tactile diagrams such 

as yarns and glues are mastered through practice. These interfaces have made it possible for students with 

visual impairments to create tactile graphics, but their availability is severely limited. A compounding 

challenge is that drawings on these interfaces cannot be reset, leading to an increase dependency on a constant 

supply of consumable sheets for regular classwork and practice. As errors cannot be erased on any of the above 

interfaces, it becomes challenge to learn from mistakes, practice and iterate. Therefore, in everyday practice, 

educators draw a single graphic on these interfaces and use that as a passive medium for students to learn 

tactile graphics. Students may also get opportunities to draw but that is fairly limited to only a few instances.  

 

These limitations can be addressed with the availability of an erasable tactile drawing interface. Refreshable 

tactile display for example, the Orbit Graphiti has been used as a medium to draw tactile graphics [422]. 

Although graphical tactile information through such devices can significantly improve learning [109], their 

high costs make adoption difficult. Watanabe and Kobayashi explored the possibility of augmenting a 

refreshable pin array tactile display with a custom-built pen-like interface, giving users control to actuate 

individual pixels and draw refreshable tactile images [30]. Their prototype can vibrate and erase tactile pins 

under the pen, store drawings and present computer based graphical content. It can be used not just as a drawing 

tool but also as an interactive tactile graphics display which can allow users to directly manipulate graphical 

interfaces. As limitations, the paper mentions that the retrofit design has a bias towards right-handed users and 

the display has larger interspaces than conventional Braille which was reported to be uncomfortable.  

 

Therefore, the current state of the art has no affordable erasable tactile drawing interface. Tacilia can be used 

as a passive tactile display that in some way heated with a pencil like tool to create tactile graphics. However, 

to create a tool to draw tactile graphics and write information in Braille on Tacilia, its tactile pixels need to be 

selectively heated. Manual drawing is typically created through a pen/pencil on a surface and similarly, a pen 

like tool can selectively heat the pixels to interact with the display to draw tactile graphics. Two ways to explore 

this interaction are presented ahead. 
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7.3 Drawing using a Wireless Soldering Iron 

The tip of the soldering rod can instantly heat a tactile pixel when it comes in physical contact. It is an obvious 

way in which, to draw, the drawer would have to touch the iron at each taxel and create a shape pixel-by-pixel 

– like pointillism [423]. For drawing, an off-the-shelf battery operated-soldering iron was used as an untethered 

pencil to interact with the sheet [424]. The solder iron has a conical or B-series tip made of iron. The tip of the 

soldering iron was taken up to 120℃ as instantaneous actuation of the pixels was observed when the iron was 

brought in contact with the base of the taxel.  

 

Figure 65 (a)Point-by-point drawing of tactile media on Tacilia using a soldering iron, (b) the battery-operated soldering 

iron with Tacilia and UCL created on it 

7.3.1 Functional Evaluation 

The time measured from recorded video was found to be 0.6s for full actuation. The simple experiment was 

repeated for ten randomly chosen taxels and the actuation was video recorded. From the recording, the time 

from the moment the iron was placed on Tacilia until the full actuation of the pixels was achieved was 

calculated. The average time to fully actuate a pixel with this method was found to be 0.51s. This also seems 

to be the minimum time to actuate taxels full through the shape memory effect. In this way, a square shape of 

5x5 made using 16 taxels can be made in 12 – 14 seconds at the least including the time it takes to move the 

drawing tool. This is much slower compared to normal sighted drawing. Nevertheless, the shape could be 

easily drawn and erased manually by applying pressure on the pixels directly from the fingers.  
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Figure 66 Two squares on a 5x5 array drawn on Tacilia 

The thermal convection of the sheet also allowed for quick dissipation of heat for safe interactions with the 

fingers. As soon as the iron is brought in contact with the sheet, the heat transferred to the sheet begins to 

conduct in the metal. This conduction can cause mis-actuations of the nearby pixels if the soldering iron if it 

is kept at a location for longer duration of time. To evaluate the time, this experiment was repeated for 10 

randomly selected pixels. It was found that mis actuations in the nearby areas can happen if the solder at around 

120℃ is kept in contact for longer than 4s. However, as soon as the iron is removed from contact, the 

temperature of the target area rapidly decreases and within 1s, the temperature of the sheet reduces to 36℃ 

which is safe for manual interaction. This rapid decline in temperature makes manual interactions with the 

sheet safe. After multiple attempts, the process of drawing with this tool and Tacilia could be learnt.  

7.3.2 Self-Evaluation of the Interaction 

The interaction was not easy when drawing was attempted without sight. Firstly, without sight, the movement 

of the solder iron was difficult to orient according to the fixed rectilinear array system. Often, the soldering 

iron was found to be in between pixels or above pixels that were not intended. Going back and forth over the 

intended pixel provided some haptic feedback about its actuation as it creates a bumpy area under the iron but 

directing the solder based on the limited haptic feedback was not intuitive. Furthermore, for better orientation, 

touching the actuated pixels after each actuation would be ideal but the presence of a hot soldering iron that 

close to the fingertip made the entire interaction unsafe for practical use. Though using the solder provide a 

simple and affordable method to draw on Tacilia, it was cumbersome and unsafe because of which, this 

approach was not chosen for further exploration. 
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7.4 Drawing using a Hot-Air-Jet Pencil 

If Tacilia encounters heated air, convective heat transfer from the hot air to the alloy can actuate pixels in the 

area. When the area is reduced by directing heated air out from a nozzle, then specific pixels can be actuated. 

The nozzle can be glided just above the sheet without making any physical contact with the actuating pixels to 

facilitate a smoother and safer tactile drawing experience than the previous design. Conceptually, the design 

of the drawing pencil consists of an air pump, a heater, a pencil barrel and a nozzle. The pump pushes in air 

through the barrel that houses a small heater. The heater is placed close to the nozzle inside the barrel for 

higher efficiency of the system however, the barrel is insulated so that the holding fingers do not sense the 

heater inside the barrel. The hot air, hence, exists the pencil through a nozzle that concentrates the air to a small 

area over the sheet. The heated jet of hot air should ideally actuate the pixels directly under it and the fact that 

heated air is used, the pen does not have to be in physical contact with the sheet – allowing for a smooth 

drawing experience.  

 

Figure 67 The hot air jet pencil concept and drawing on Tacilia  

7.4.1 Prototype Design 

The mechanical design of the pencil is inspired from a double barrel vacuum flask which insulates the heat to 

actuate the pixels from the fingers holding the pencil. Two barrels are first fabricated with Bakelite – which is 

a high temperature resistant thermoset plastic. At both ends of the inner barrel, threads are created to screw a 

nozzle on one end and a tube interface on the other end. A heater made from Nichrome wire that consumed 

15W is placed inside the inner barrel. A silicone tube is used to connect the inner barrel to the air pump. This 

pump, for the proof-of-concept prototype is cyclic air pump based on a 6V, 0.15A DC motor. The inner barrel 

is placed inside another larger barrel and an air gap is maintained between the two on all the sides. The ends 

of the outer barrel are then sealed, and vacuum is created between the two barrels to further reduce heat transfer 

through convection.  
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The incoming air from the pump gets heated and exits from a nozzle at the tip of the pencil. The diameter of 

the nozzle is 0.2mm. An extended silicone tube covers the nozzle that maintains a gap of 0.5mm between the 

nozzle and the sheet to provide room for the pixels to actuate. It disallows direct contact of the fingertips with 

the exiting air and the heated pixels. It also concentrates the air exiting from the nozzle over the target area  

(Figure 68). At 6V, the air pump generates 380mmHg pressure at the exit of the silicone cover. In 30 seconds, 

the temperature of the heater reaches 200°C from ambient temperature. At this temperature and air pressure, 

the temperature of hot air exiting the nozzle reaches around 120°C which instantaneously actuates the pixels. 

The average time for targeted actuation (from 5 randomly selected pixels) is 0.6s whereas for freehand 

drawing, it takes an average of 1s for a pixel to actuate. 

 

Figure 68 Design of the hot air jet pencil (©2021 IEEE) 

7.4.2 User Evaluation of the Drawing Interaction 

7.4.2.1 Participants  

Five sighted participants aged between 24-59 years (mean 40 years) out of which 3 were males and 2 were 

females participated in a study to draw tactile diagrams using the pencil and Tacilia. Each participant was 

neurologically healthy and reported no problems with the sensory integrity of their fingertips. Each participant 

had some experience with sighted drawing, but they had no prior experience in reading or creating tactile 

graphics.  

7.4.2.2 Procedure 

In a one-on-one session, the participant was seated on a study table in a comfortable, well-ventilated room and 

the display device was presented to them. Informed consent was taken from the participants to video record 

their interactions and audio record their feedback. After familiarizing themselves with the interface for 10 

minutes, the participants were blindfolded and asked to draw two alphabets of the English language of their 

choice, thrice on the display and erase them after each attempt. Their subject ive feedback along with the 

outcome and the time it took them to draw was recorded. 
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7.4.2.3 Results 

In general, drawing vertical and horizontal lines was easier. Drawing curves and diagonal lines was difficult 

and had to be improvised through self-learning. It was easier to create large shapes with fewer details and 

drawing finer details was regraded to be difficult and time consuming. Erasing was regarded as very easy as 

participants intuitively used their fingertips to flatten selected pixels.  

 

Tactile drawing was slower compared to generic pen-paper based sighted drawing (ranging from 30s to 338s 

for two alphabets). However, the speed of drawing varied across participants and was depended on their 

autodidactic style of drawing. P1, P3 and P5 drew predominantly through the feedback from the pencil. The 

compliant silicone deformed when it encountered an actuated pixel, which was felt by the hand holding the 

pencil as a low frequency vibration. Fingertips of the other hand were therefore used only for overall shape 

perception after drawing or during intermittent pauses to check what has been drawn. With this compliant 

extension, users were also able to selectively actuate targeted pixels. P5 reflected that practice-based learning 

was happening and that with each attempt they were becoming more comfortable and confident about how to 

draw tactile shapes. It took them an average of 47.7s to draw.  

 

Differently from the above, P4 glided over the pixels without touching them while following the trajectory of 

the intended curve through constant feedback from the fingertips of the other hand. This was a fast and accurate 

strategy which took 55s on average and produced satisfactory results for the participant. P2 on the other hand, 

created accurate characters by coordinating actions of actuating, perceiving and erasing pixels. Although this 

strategy provided a greater control and accuracy of the drawing, it took P2 more time to draw in comparison 

to other participants (~4min on average). P2 also developed a unique way to create diagonal lines by following 

the intended diagonal trajectory slower than the straight-line movements. This actuated all the pixels in the 

path, some of them pixels which were intermittently erased to increase the accuracy of the shape.  

 

In summary, distinct autodidactic techniques to draw can be observed. In the first technique, user perceives 

tactile feedback only from the pencil as gentle deformation of the compliant silicone nozzle creates a low 

frequency vibration while the user moves the pencil over actuated pixels. This provides a confirmation of the 

pixel’s actuation. However, this feedback in combination with the kinaesthetic motion of the hand, is 

insufficient to determine the accuracy of the drawing. Therefore, intermittent pauses in the drawing m ust be 

made to perceive what has been created and to erase any errors. In the second technique, users slowly glide 

over the pixels while the fingertips of the other hand trail behind, giving continuous feedback of what has been 

drawn. It is also combined with intermittent pauses to erase errors. Synchronous motion of the two hands is 

observed to provide a higher control and accuracy of drawing, however it is slower than the previous technique. 
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Figure 69 Successive attempts on drawing alphabets by the participants with the time they took to draw (in minutes) (a) 

Drawing freehand with tactile feedback from the pencil (b) drawing with consistent feedback from the fingertips of the 

other hand (c) erasing tactile pixels 

7.5 Erasing Tactile Graphics 

Erasing the drawn graphic and Braille information is relatively straightforward. The tactile pixels can be 

reconfigured to their flat state with perpendicular force acting down on the bent pixels. This mechanical force 

can be created through any soft plastic material such as PLA or Teflon that does not erode or damage the sheet. 

A small block of plastic made from the above materials can be used to manually erase the drawing or to edit 

specific errors. At the same time, the force from the fingertips can also be applied down to the pixels to reset 

them and therefore, erase very specific errors. In this way, manually drawn tactile graphics can be easily erased 

which has been either too complicated or simply not been possible before.  

 

However, the ease of erasing through mechanical reconfiguration can lead to unforeseen errors when pixels 

are mistakenly compressed by students. This is only possible when a higher mechanical load than what is 

ideally required for tactile reading is applied on the pixels. In general use cases, it is highly unlikely to apply 

that much force however in practical scenarios, there may be instances when unintentional forces are applied 

on the pixels that flattens them.  
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7.6 Conclusion 

In Chapter 4, it was established that there is a significant unfulfilled need for students with visual impairments 

to be able to independently draw and erase tactile graphics, allowing them to create information and express 

their ideas effectively. This need is equally important for teachers, who require a quick and iterative method 

of drawing tactile graphics to enhance their teaching methods. However, the existing state of the art had limited 

examples of interfaces that could provide an erasable tactile drawing experience. As a result,  this chapter is 

dedicated to exploring two methods for creating tactile information on the Tacilia refreshable tactile display, 

specifically through the act of drawing tactile graphics and Braille directly on the device.   

 

It's noted that the tactile drawing interaction on Tacilia tends to be slower than traditional pen-and-paper 

sighted drawing due to the unique actions involved in actuating the pixels, perceiving the changes, and erasing 

errors. Straight lines and rectilinear shapes are easier and faster to draw than curves and diagonal lines, which 

present challenges. Participants in the study developed their own strategies for creating tactile graphics using 

tools like the hot air jet pencil and the soldering iron. Erasing, in contrast, is relatively straightforward, fast, 

and intuitive, requiring manual compressive force to return the pixels to their flat state.  

 

From a technical perspective, the pixels were easily actuated by manually touching the soldering iron to the 

desired pixels. The eyes played a crucial role in observing the shape changes and guiding the hands both 

spatially and temporally to adjust to the actuation response of the interface. However, estimating the actuation 

of pixels through haptic feedback alone proved difficult. The use of the hot air jet presented its own challenges, 

as the unintended spread of hot air and mis-activation of pixels disrupted the drawing process. 

 

Both methods of drawing, while offering different advantages and challenges, highlighted the need for a set of 

guidelines to design tactile shapes and graphics accurately and consistently on the pixelated tactile display. 

Traditional shapes created with sighted drawing techniques do not necessarily translate accurately on a 

pixelated array. Furthermore, the tactile comprehensibility of these shapes by individuals with visual 

impairments is yet to be established. 

 

Although this chapter to a significant extent addresses the fourth research question through the process of 

prototyping, it also sets the stage for further evaluation and refinement of the tactile drawing interaction on 

Tacilia, focusing on methods to enhance accuracy, usability, and the comprehensibility of the created tactile 

graphics. The next chapter delves into evaluating the reading of tactile media on Tacilia and explores the 

application of Pixel Art, a method to render low-resolution visual graphics, in the context of tactile graphics 

to effectively render geometric shapes on the shape-changing surface.  
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8 Designing Tactile Media for Tacilia 

8.1 Introduction 

The previous Chapter explored the creation of tactile information on Tacilia through manual drawing 

interactions. Although it was found to be feasible to draw by using a soldering iron and the hot air jet pencil, 

it was difficult to control the drawing output and create clear and intelligible tactile media on Tacilia. There is 

hence a need for a system or a set of guidelines to make tactile information readable on the interface. This 

chapter continues the effort of creating intelligible tactile information Tacilia and aims to answer the fifth 

research question which is how to create comprehensible tactile graphics on Tacilia? 

 

For intelligible information, the Braille Authority of North America (BANA) provides guidelines for printed 

tactile graphics [371], but they do not extend to tactile graphics on refreshable pin array type tactile display.  

Pin array displays are the refreshable tactile displays on which, tactile information is presented through an 

array of evenly spaced pins or tactile pixels that selectively pop out above a flat surface to create a tactile 

bump. Tactile graphics and shapes on these devices are hence created with a series of tactile dots, rather than 

continuous lines of printed interfaces. Among the many surface haptic technologies, pin array are the closest 

in terms of their haptic feedback to printed tactile media [215]. There are now a growing number of interactive 

pin-array displays, and these devices are highly aspirational among students, teachers and professionals who 

are visually impaired [35].  

 

As technology develops, it is important to have guidelines to ensure repeatability, usability and scalability of 

information that is presented on the display [425]. Guidelines support an open innovation approach, which has 

been recommended to scale assistive technology [108]. This is especially important in low-resource 

environments (LREs) where education resources are severely limited for students with visual impairments, 

contributing to poor overall educational outcomes [50]. The educational losses compound over a lifetime, 

restricting the livelihood opportunities of people with visually impairments [92]. Within LREs, digital 

technologies, such as mobile phones, have bucked the trend of poor t echnology adoption [125], allowing 

people with disabilities increased independence and social participation [221]. However, advanced digital 

interactions, such as pin array displays, have been designed for and with people with visual impairments in 

high-resource settings. The resulting technologies remain prohibitively expensive for most people with visual 

impairments globally – a vast majority of whom live in LREs. The exception is Tacilia.  

 

In computer graphics, pixelations of low-resolution images are corrected by anti-aliasing techniques which 

aim to blend the object’s outlines with the background to create the illusion of a smooth line or a curve. The 

direct application of this technique for pixelated tactile graphics would mean that certain tactile pixels are 

partially actuated (to a lesser height). We believe this process will not be suitable as the height difference 
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between a full and a partially actuated pixel may not be sufficient to discern. A partially actuated pixel can be 

perceived as actuated and, therefore, as a part of the shape, causing confusion. Therefore, there is a need to 

investigate how tactile shapes should be designed for Tacilia, so they are easily understandable. To answer this 

question, we explored whether Pixel Art – a technique to create detailed graphics on low-resolution visual 

displays – applies to tactile graphics on a pin-array display. To create Pixel Art, artists follow design guidelines 

that ensure pixelated outlines appear sharp and curves appear smooth [140,170,278,360]. In computer graphics, 

algorithms to downsize visual images and automate the pixelation process [103,120,121] such as the Midpoint 

Line Algorithm developed by Bresenham [46,83] exist. We hypothesize that by considering each pin of a pin-

array display to be a tactile pixel, the application of Pixel Art on low-resolution pin-array displays can 

effectively create clear, consistent tactile graphics, given that the pixels are high enough to be clearly 

perceivable by the tactile sense. In this way, tactile graphics on a pin array display can be considered as a 

pixelated alias of raised line tactile graphics.  

 

In the backdrop of this argument, this section contributes a preliminary evaluation of the absolute threshold of 

scale of square shape on Tacilia and the discrimination of basic shapes on a 5x5 pixel grid on Tacilia. This is 

followed with a qualitative evaluation of the application of Pixel Art guidelines on Tacilia, based on a user 

study that compares the reading experience of pixelated tactile geometric shapes in comparison to a continuous 

raised line tactile graphics of the same size and finally, the qualitative insights about the reading procedure of 

the Pixel Art tactile shapes and interactions that emerge due to the quick reconfigurability of the tactile display. 

 

We close the section by discussing the implications of this approach for designing tactile shapes on pin -array 

displays along with the limitations of this study and scope for future work.  

8.2 Related Work  

Existing refreshable tactile displays have an image conversion processor that segments an image, semantically 

renders it, and maps it to the low resolution tactile pin-array that varies from 60x40 pins [426] to 104x60 pins 

[427]. This mapping is visually relatable to the original image however, the images may not be clearly 

comprehensible for the tactile sense [39]. From existing literature, we know that making large graphics [327], 

eliminating details [263] and presenting only relevant information through the outlines of shapes [19] are some 

recommendations for creating tactile graphics on pin array type display technologies. However, there is a need 

to further down sample tactile graphics to represent them intelligible on a pin array display.  

 

Picard and Lebaz [237] report that the ability to read tactile pictures accurately depends on (i) the display 

modality, (ii) the complexity with which the objects are depicted, (iii) the exploration procedures used and (iv) 

the availability of semantic information. With Tacilia as the display modality, we provide background on the 

remaining three attributes that influence the ability to read tactile graphics.  
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To simplify graphics' complexity, BANA recommends that details should be eliminated and the graphic 

simplified without losing conceptual information [371]. However, these simplifications are limited to raised 

line graphics. Further simplification is required to translate raised line graphics to pin array graphics. A 

straightforward approach would be to increase the size of the tactile graphic to accommodate the finer details 

as Wijntjes et al. [327] demonstrated that larger tactile drawings were recognized more frequently than smaller 

drawings. However, considering the technological limitations of pin-array displays, increasing the size will 

significantly add to the cost of making tactile devices. With the present size, Bornschein et al. [39] found that 

downsizing visual graphics to meet the low resolution and size of HyperBraille [242] (10dpi, 60x120 dots) 

leads to problems in which crucial conceptual details disappear leading to incomplete and confusing shapes. 

To solve this problem, they discuss the need for a special rendering tool that can re-create an image with respect 

to the low-resolution of the display whilst maintaining the crucial identifying markers of the image, but do not 

present any concrete method to do so.  

 

Bellik and Clavel [19] evaluated multiple tactile image rendering methods on the HyperBraille display to 

identify the fastest and most accurate tactile recognition performance. Experimental analysis from 40 sighted 

participants revealed that static outlines of shapes, with empty space inside, were the easiest to recognize 

compared to any other method to present tactile images. Similar results were reported in previous studies with 

Tacilia [30]. The authors found that blindfolded, sighted participants could accurately determine outlines of 

basic shapes of a square, circle, and a triangle made on a 5x5 pixel array with a 10dpi resolution. Velazquez 

and Bazan [312] evaluated the performance of their SMA based tactile display with five blindfolded subjects 

who had no previous knowledge of Braille or tactile graphics. They also found that participants mainly focused 

on exploring the borders of shapes and faced challenges in recognizing a filled circle. Clearly, existing research 

provides evidence that tactile graphics on pin-array displays are best read by their outlines. 

8.3 Preliminary Psychophysical Evaluation of Basic Tactile 

Graphics 

In these initial studies, whether basic tactile graphics can be perceived by the fingers on Tacilia was evaluated. 

There are two psychophysical aspects regarding the clarity of tactile media on the display which are the 

absolute threshold of scale and the discrimination of shapes. Two studies were conducted to estimate the 

smallest size of a simple square that is perceivable of the taxel array and the discrimination between small 

shapes of a square, circle and a triangle just above the threshold level.  

8.3.1 Participants 

The two aspects for reading tactile media were individually evaluated with 5 blindfolded, sighted participants, 

age between 24 - 59 years (mean 40 years), out of which 3 are males and 2 are females. Each participant was 

neurologically healthy and reported no problems with the sensory integrity of their fingertips. They also had 

no Braille or tactile graphic literacy. In a one-on-one session, the participant was seated on a study table in a 
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comfortable, well-ventilated room and the display device was presented to them. After the participants were 

informed about the study and consented to participate, they were blindfolded, and the session was conducted 

in a sequence of the following two studies.  

8.3.2 Analysis of Absolute Threshold of Scale  

The aim of the first study was to identify the threshold of the smallest square which is perceivable on the tactile 

pixel array. 

8.3.2.1 Procedure 

The psychophysics method of constant stimuli was used to determine this threshold. Three columns of squares, 

drawn in an ascending order of scale in a 2x2 to 6x6 pixel array are presented to the participants. In the first 

round, solid squares were presented while in the second round only outlines of squares were presented (Figure 

70). Participants were asked to explore the shapes from bottom to top on the first and the third column and top 

to bottom for the second column. This was done to avoid habituation. While exploring the shapes, A forced 

choice was asked for each shape on whether the shape was clearly perceivable as a square or not clearly 

perceivable. The scale at which participants were able to clearly perceive the tactile diagram as a square more 

than 50% of the time on average of the three rounds was recorded along with the time taken to recognize the 

shape. 

8.3.2.2 Findings 

Participants only used their dominant hand’s index finger to read the tactile diagrams. They expressed a greater 

confidence in recognizing squares through their outlines made with a single line of actuated pixels in 

comparison to filled squares. The tactile contrast between the rough actuated pixels with respect to their flat 

surroundings enabled a clearer perception of the shape. A 3x3 pixel outlined square is perceived clearly as a 

square 73% times by the participants. In comparison, only a 4x4 solid filled square is perceived clearly 53% 

of the time. A 2x2 square is not perceived as a square by any participant whereas 6x6 outlined squares were 

instantly recognized by most of the participants in both the rounds. This also shows that larger tactile squares 

were more perceivable than smaller tactile square which is concurrent to existing findings from tactile shape 

perception with raised line drawings [327].  

8.3.3 Analysis of Discrimination of Shapes 

The aim of the second study was to evaluate if participants can clearly differentiate between shapes on the 

tactile display.  

8.3.3.1 Procedure 

Participants read 9 pre-drawn outlined shapes in a 3x3 array on the display. These were a square, triangles 

(isosceles and right angled), and circle. Every row and column had one of the three shapes. All the shapes were 
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made in a 5x5 pixel array (Figure 70b). It is important to note that the circle was made by erasing the pixels of 

the vertices of the square.  

8.3.3.2 Findings 

Participants used the index finger of their dominant hand only to read the shapes. Overall, the accuracy of 

correctly detecting the 9 shapes was 82.2%, which took an average of 96s to complete. It was also observed 

that the accuracy of perception increased with familiarity. The average accuracy for shape detection in the first 

column was 66.6%. In the second column the accuracy rose to 93.3% and it was 86.6% for the third column. 

The accuracy for detecting tringles was 80%, for squares it was 86.6% and for circles it was 80%. Despite the 

minor difference between the square and the circle, participants were able to differentiate between the two 

shapes 83.3% of the time. This shows that even a single pixel difference is perceivable on the display to a 

novice reader.   

 

Figure 70 (a) Plot between perceptual accuracy and grid size of squares. (b) Accuracy of perception of shapes and time 

taken by each participant. 

8.4 Beyond Basic Shapes and the Rationale for Pixel Art 

In digital graphics, scan-conversion algorithms for graphical primitives compute the coordinates of the pixels 

that lie on or near an ideal thin line on a 2D rasterization grid of pixels. Considering a 1-pixel thick 

approximation for a straight line with a given slope, the sequence of pixels representing the line in a set array 

is decided by the Midpoint Line Algorithm developed by Bresenham [46,83]. The algorithm computes and 

finds the closest pixel in the array to the ideal line. It does so by using an incremental technique in which, 

depending upon the slope of the line, the coordinate of x or the y-axis is incremented by one, and the closest 
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pixel to the point of intersection between the two possible pixels on the incremented value is selected. In this 

way, an approximate line segment on a 2D pixel array is rasterised. In situations when the line segment 

intersects exactly in the middle of two potential pixels, the endpoints of the line must be adjusted to make a 

choice for selecting a suitable pixel. This algorithm has also been adapted to raster circles and ellipses in which 

the drawing process is further improved by producing eight-way symmetric segments. Pixel artists also adopt 

the algorithm to create intelligible low-resolution art. It is a form of digital art where a high level of detail is 

achieved at a low image resolution. There are several recommendations to render Pixel Art [278,360] and 

Keddy [17] and Yu [170] list guidelines for artists, so that jagged lines appear sharp, and curves appear smooth.  

 

The 2D pixel grid of digital graphics can be considered analogous to a tactile pin array. Each pin of the pin-

array display is regarded as a pixel. Hence, only the pixels that follow the Pixel Art guideline are actuated to 

create a shape. In this way, one can recreate any pixelated visual graphic in its tactile form on any pin  array 

display. In the following exploratory study, basic and complex geometric shapes for each participant using the 

Pixel Art guidelines on Tacilia are created. Table 10 presents an overview of the Pixel Art guidelines, which 

have been the basis for multiple pixelation algorithms for digital visual graphics [90,103,120,152]. Table 10 

also provides the tactile representation of a pixelated line segment on Tacilia based on each guideline.  

Table 10 Overview of the Pixel Art Guidelines and their Tactile Graphic Implementation  

 
Pixel Art Guideline 

 Tactile Graphic 

Implementation 

1 

Single Pixel Wide Outlines 

All shapes should be made using just a single pixel wide 

outline. Lines with multiple thickness should be avoided 

and all extra pixels should be removed.     

2 

Diagonal Connections between Segments 

In diagonals lines and curves, pixels or horizontal and 

vertical line segments should only be connected 

diagonally.  
 

3 

Equal or Symmetric Segments in Diagonal Lines 

Diagonal lines are made up of a series of smaller lines 

and all the smaller line segments should be identical in 

length as much as possible.  
 

4 

Proportional Segments in Curved Lines 

For curved lines, the length of the segments should be 

proportionally reduced towards the apex of the curve.    

5 

Straight Line Segments at the Apex of Closed Curves 

In closed curves like a circle, the top, bottom, left and 

right can be straight and identical in size to avoid any 

blips.  
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6 

Overlapping Pixel at Corners 

Outlines on vertices of angular shapes should not be 

connected only diagonally and must have an extra 

actuated pixel at the corner to create a sharp point.  
  

8.5 Evaluation of Pixel Art Tactile Graphics 

The aim of the study is to evaluate the implementation of Pixel Art to design, draw and read pixelated tactile 

graphics on a pin array. The Research Ethics Committee from UCL (UCL REC 18925/001) and Institute Ethics 

Committee from IIT Delhi (IEC P-086) provided the ethical clearance to conduct this study. 

8.5.1 Participants 

Eight visually impaired adults from India participated in the study (Table 11), of which six were male and two 

were female (mean age = 28.6 years, SD = 4.4). Six of the eight participants were congenitally blind, one had 

gradually lost vision up until 14, and one had very limited light perception since birth. Six participants were 

right-handed, while two had a dominant left-reading hand. Each participant was neurologically healthy and 

reported no problems with the sensory integrity of their fingertips. 

 

All were recruited through Saksham Trust, which is an organization for the visually impaired in New Delhi. 

The recruitment was done through purposive sampling, and participants who were above the age of 18 and 

were Braille literate were included. Only adult participants were included in the study due to ethical reasons. 

In addition, adults may have more experience and familiarity with tactile information compared to children 

who’s limited experience and cognitive abilities may affect  the ability to interpret the tactile display. 

Participants with Braille literacy were recruited to capture their expertise in tactile reading. It was anticipated 

that their experience with Braille would make the participants more attuned to the nuances of tactile 

information, allowing them to provide detailed feedback. They also represent a significant segment of the 

population for whom the results of this study are most relevant. Children  with visual impairments under 18 or 

adults who had their education solely with audio or low vision educational aids such as large print documents 

and magnifiers were excluded.  

 

None of the participants had any prior experience with pin-array tactile graphic displays. Three participants 

had extensive experience reading printed tactile graphics as they were involved in earlier research projects. 

Two participants had limited experience from their schooling, while three had no experience in reading tactile 

graphics. Hence, it can be confidently said that reading Pixel Art on Tacilia was a novel experience for 

everyone. 
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Table 11 Participants for the study 

Participant Age Gender Visual Impairment Braille 

Literacy 

Tactile Graphic 

Experience 

P1 22 Male Congenital Yes No 

P2 27 Male Gradual loss of 

vision 

Yes No 

P3 28 Female Congenital Yes Yes, extensive 

P4 32 Female Congenital Yes Yes, extensive 

P5 37 Male Congenital Yes Yes, limited 

P6 29 Male Congenital Yes Yes, extensive 

P7 28 Male Congenital Yes Yes, limited 

P8 26 Male Limited light 

perception 

Yes Yes, limited 

 

8.5.2 Apparatus 

Tacilia is presented in Figure 71a and is compared to a raised line tactile graphic book (Figure 71b) acquired 

from Raised Line Foundation [428]. The tactile book was made by thermoforming continuous outlines of 

shapes on a thin thermoplastic sheet, which is one of the conventional techniques for creating raised-line 

graphics. The book is currently in use at special and inclusive schools for children with visual impairments in 

India. The height of the raised line on the thermoplastic sheet was 1mm with a width of 2mm  in comparison 

to Tacilia where the height of each tactile pixel is 0.4mm and its width is 1.2mm. 

 

Figure 71 (a) Tacilia (b) Raised line tactile book, (c) reading on the tactile book and (d) reading on Tacilia .  

It was anticipated that prior experience of reading shapes on printed tactile media might lead to a better reading 

performance on the book compared to the pin-array display, which was being experienced for the first time. 

Furthermore, bolder, and continuous raised lines would be clearer than thin and light-pixelated graphics. While 

the differences are acknowledged, it is important to clarify that the study did not focus on evaluating this 

specific pin-array display device in comparison to a thermoformed tactile book. Instead, the aim of the study 

is to evaluate the effectiveness of using Pixel Art to design and read tactile shapes agnostic to a pin-array 

display. From this point of view, Tacilia was used as the reconfigurable pin-array display because Pixel Art 
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tactile graphics can be created and evaluated on it, and a tactile book was used for within-subject comparisons 

to evaluate the reading performance. 

8.5.3 Procedure 

Participants were invited to a well-ventilated room and seated in front of a table with the test set up where two 

researchers facilitated the experiment. Informed consent was taken by the participants to conduct the study and 

record their interactions. The study was conducted in three parts to qualitatively evaluate the implementation 

of Pixel Art on a pin array display. No additional time was given to train on Tacilia as their out-of-the-box 

experiences with Pixel Art tactile graphics were also observed. 

8.5.3.1 Part One 

First, the comprehensibility of Pixel Art tactile shapes on the pin array display in comparison to the raised line 

tactile drawings on the book was evaluated. Six basic geometric shapes were selected to evaluate the clarity of 

Pixel Art tactile graphics compared to the same shapes of the same size on the raised line tactile graphic book 

(Table 12). These basic shapes were used as a proxy to implement Pixel Art in tactile graphics as line segments 

in them used a combination of Guidelines 1 to 6. 

 

In this part of the study, no participant was given any hint or information about the shape or the medium  they 

were about to see. Participants we asked to recognize the basic shapes on the two tactile mediums. One shape 

at a time was drawn on Tacilia and intermittently showed a shape on the tactile book. Shapes on the two 

mediums were presented according to a balanced Latin square stimuli randomization to avoid order effects 

between the book and the display. For both the book and the display, participants were requested to read the 

shape only tactually but were given freedom to explore it by the pattern and procedure of their choice. Everyone 

was asked to say ‘start’ when they commenced reading, to think-aloud about their reading experience while 

reading, and after reading, utter the name of the shape to indicate that they have finished the reading. After 

reading, participants were asked to elaborate on the clarity of the shape and highlight any problems that they 

encountered in identifying the shape. 

Table 12 Shapes chosen for comparison on the two tactile mediums. 

Shapes/ 

Medium 
Square Rectangle Circle Ellipse Triangle Star 

Tactile Book 

 
 

 

  
 

Size 

(bounding 

rectangle 

(lxb)) 

25 x 25mm 25 x 50mm 35 x 35mm 20 x 50mm 30 x 60 mm 50 x 50mm 
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Pin-Array 

Display 

 
 

 
 

 

 

Size 

(bounding 

rectangle 

(lxb)) 

25 x 25mm 25 x 50mm 35 x 35mm 35 x 47.5mm 27.5 x 55mm 62.5 x 47.5mm 

Guidelines 1 & 6 1 & 6 1, 4 & 5 1, 4, 5 1, 2, 3 & 6 1, 2, 3 & 6 

 

8.5.3.2 Part Two 

In the second part of the study aimed to gather more data about the reading procedure on the tactile display in 

addition to the previous six shapes. Therefore, participants were then given two additional compound shapes 

(Table 13) to read and identify only on Tacilia. Beyond the comparison of basic shapes, these two additional 

Pixel Art graphics have a combination of line segment types and in multiple orientations that further expands 

the application of Pixel Art to design tactile shapes. Participants were again instructed to recognize the shape 

only tactually and asked to indicate when they start and when they finish for us to record the time. During the 

time of the exploration, participants were instructed to think aloud what they feel and what they anticipate the 

shape to be. No information about the shape was given to the participant before reading, but they were asked 

to share any prior experience with the shape after they had finished reading the shape.  

Table 13 Additional compound shapes. 

 Pentagon Heart 

Compound 

Shapes 

  

Size (bounding 

rectangle (lxb)) 
42.5 x 42.5mm 37.5 x 37.5mm 

Guidelines 1, 2, 3 & 6 1, 2, 3, 4, 5 & 6 

 

8.5.3.3 Part Three  

In addition to these predefined geometric shapes, each participant  was asked if they would like to challenge us 

with a tactile graphic they would like to explore on the display, which was drawn for them on-the-spot. This 

part of the study aimed to qualitatively reflect on the effectiveness of the guidelines to design arbitrary tactile 

shapes manually. The emergent interactions that this new interdependent interaction would provide were also 

keenly observed. Hence, participants five of the eight participants instructed us to draw a tactile graphic, while 

three dropped out from this part of the study due to time constraints. The shapes that were designed and drawn 
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on the spot are presented in Table 14. Their sizes were like the previous shapes and were designed on-the-spot 

using Pixel Art.  

 

All the shapes (6+2+5) in the three parts, irrespective of their complexity, followed Guideline 1 and were made 

from only a single pixel-wide outline. In addition, the diagonal lines of a triangle, pentagon, heart, star, cuboid 

followed Guidelines 2, 3 and 6 in which all their diagonal line segments were made of smaller but identical 

segments that are connected diagonally, and the segments only overlap on a single pixel at the vertex. Guideline 

6 is also used for the rectilinear shapes of a square, rectangle, and the axes of the sine curve. Curved line 

segments of a circle, ellipse, heart, flower, smiley face, and the sine curve follow Guidelines 4 and 5 in addition 

to Guideline 1. 

Table 14 Graphics designed on-the-spot. 

 Sine Curve Smiley Face Flower Cuboid 
English 

Characters 

Tactile 

Graphic 

Challenge 
     

Size 

(bounding 

rectangle 

(lxb)) 

67.5 x 

67.5mm 

37.5 x 

37.5mm 
57.5 x 50mm 

40 x 

32.5mm 
50 x 65mm 

Guidelines 1,2,3,4,5 & 6 1, 4 & 5 1, 4 & 5 1,2,3 & 6 1,2,3,4,5 & 6 

 

8.5.4 Analysis 

In total, 13 hours of video recordings that used to inform qualitative insights. For the first part of the study, 

from the videos, the time from the start till the time the participants either said the name of the shape aloud or 

gave up and were unable to recall the name of the shape was calculated. The time it took to read the six shapes 

on both the mediums by the eight participants was measured. In total, 96 readings of time was used for analysis. 

The time it took for each shape on the two tactile displays was compared and measured the accuracy of their 

recognition. explanations and subjective feedback that the participants provided also informed the subjective 

interpretation. These verbatim were crucial for those scenarios in which the participant was unable to recognize 

the shape or corelated it with other shapes that were experienced in real life.  

 

For the second part of the study, two more compound shapes on Tacilia were included, the eight shapes that 

were presented to each participant were inductively coded. Therefore, 64 samples of tactile interactions with 

Pixel Art tactile graphics were assimilated for analysis. The procedure each participant followed to acquire the 
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tactile information was also observed through the video recordings. The perceived clarity of the pixelated line 

segment types (rectilinear, curves and angular) was also noted.  

 

For the third part, the researcher made notes on the drawing procedure to create arbitrary shapes, which were 

being evaluated by the participants and observed the emergent interactions due to this interdependent activity. 

These qualitative notes and observations were later discussed among the researchers. The findings from this 

analysis are discussed ahead. 

8.6 Findings 

The evaluation of the implementation of Pixel Art on Tacilia are described in four sections. The first section 

presents the quantitative and qualitative data that comparing the reading patterns and reading time on the two 

tactile modalities. Slower reading speed for pixelated tactile graphics are reported, but similar reading patterns 

on the two mediums. The second section reports the reading procedure for pixelated tactile shapes; that has 

four sequential steps. The third section provides qualitative and qualitative evidence about the clarity of Pixel 

Art based line segments. The fourth section reports reflections about designing Pixel Art shapes manually and 

observations about the emergent interactions due to the interdependent approach.  

8.6.1 Reading Patterns are the same, but Reading Time varies with the 

Interface 

There is no significant difference in reading patterns [349] within-subjects between the pixelated lines and the 

continuous raised lines. On both tactile mediums, P2, P4 and P7 had one finger fixed over a line segment or a 

vertex of the shape, and only the other hand's index finger moved over other line segments to acquire 

information about the shape. P1 and P5 switched fingers on static points while the other finger moved over the 

tactile path on both the mediums and across all the shapes. P6 and P8 went back and forth over multiple 

segments simultaneously with two fingers of both hands. P8 also used pinching actions to estimate the 

proportions of a shape. P3 used a unique single-hand multi-finger reading pattern to get a quick overview 

which also had pinching actions across line segments to understand proportions. Participants did not adapt or 

invent a new reading pattern to read Pixel Art tactile graphics. P3, for instance, being an experienced tactile 

graphic reader, compared the clarity of the two mediums and found pixelated graphics to be different but 

equally clear: 

P3 (after reading a rectangle on Tacilia and comparing it to the book) - “This is a 

rectangle. It is very clear. Anyone can make it out. The only difference that the book has 

a straight line, and this has dots. Otherwise, it is very clear.” 
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Figure 72 Average time taken to identify all the shapes by participant, note the difference between the times taken by P3 

– P7 on both the mediums and the times taken by P1, P2 and P8. 

On the first interaction with Tacilia, participants noted that the lines appeared ‘light’ and ‘thin’. The ‘lighter’ 

lines could be attributed to the lower actuated height (0.4mm) and the inter-pixel distance in Tacilia compared 

to the continuous raised line of the book. Participants said that assimilating information on the display required 

greater focus. Participants with prior exposure to tactile graphics performed better with Pixel Art in terms of 

the recall times and accuracies compared to participants who had little or no experience to tactile media in 

general. P3, P4, P5, P6 and P7 had prior experience in reading tactile graphics (Figure 72). Their reading times 

on the pixelated display are less on average than P1, P2 and P8 who had limited experience with tactile graphics 

before. However, P1, P2 and P8 have comparable reading times on the book to other participants. This 

observation suggests that thin, light, and pixelated lines posed difficulties in reading shapes on the pixelated 

display.  

 

For example, it was observed that P1’s and P2’s finger movements were slower on the pin array that led to 

their higher reading times. Most participants and even P1 and P2 who had no prior experience with tactile 

graphics could adjust to the lightness of the interface and were able to accurately interpret or corelate all the 

six basic Pixel Art shapes. For example. P7 saw the star for the first time on the tactile book and then, to his 

astonishment, was able to correlate the shape on Tacilia demonstrating a comparable depiction of the shape 

through a series of dots:  

P7 (while reading the Pixel Art star) – “This is the same star as I saw in the book. Yes, 

this is a star. This is the same figure as I was shown in the book.” 

8.6.2 Reading Pixelated Tactile Graphics has Four Steps 

Existing literature has reported that sighted readers acquire information in a process flow called Whole-to-Part 

learning. In contrast, tactile reading happens in the opposite direction; readers instead get information from 

parts of the tactile graphic that they touch and assimilate information from these parts in a sequence to 

understand the whole picture [352]. Budling on this phenomenon, the sequential reading procedure is presented 

and discussed ahead in detail (Figure 73). 
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Figure 73 Reading procedure for Pixel Art tactile graphics 

8.6.2.1 Step 1 – Finding Dots 

In the first interaction with the Pixel Art tactile shape, participants moved their fingers everywhere on the 

surface with vertical, horizontal, and diagonal reciprocating actions to find the actuated tactile pixels. 

Participants distinguished between the actuated tactile pixels and the underlying flat surface of Tacilia and 

then intuitively followed the adjacent actuated pixels to assimilate the tactile information. Two participants 

who had no prior experience with tactile graphics initially regarded the pixelated graphic as Braille dots and 

started reading Braille characters forming from a few unintended combinations. This demonstrates that novice 

tactile readers, may find it challenging to discern Braille from the tactile graphics. Therefore, rules to juxtapose 

graphics with labels is necessary for clear description of the shapes because after that, readers are able to 

differentiate pixelated graphics from Braille, which is highlighted in the following moment:  

P1 (first interaction with Tacilia) - “What is this, do we have something here? Ah we 

must read all these dots, okay. Have you written something here in Braille? 

(Experimenter responds) Ah so, we must recognize this shape these dots make. Okay, I 

will try.”  

8.6.2.2 Step 2 – Following Tactile Pixels 

The single pixel wide line (Guideline 1) was effective in guiding the fingers to follow and connect a series of 

tactile pixels. The contrast between the actuated pixels and the adjacent flat surface was felt on either side of 

the fingertip made the lines clean and distinct where actuated tactile pixels in a predictable continuation created 

a suggestion of line segment that guided the fingers to follow it. However, as mentioned before, all the 

participants remarked that lines made by tactile pixels were ‘light’ as captured in the following comment from 

P2 who was exploring tactile graphics in both mediums for the first time: 

P2 (first interaction with Tacilia) - “Which shape, am I touching at the right place? Yes, 

there is something made in Braille or in dotted lines. (After following the lines) From 

some places, I think this is a star, but I will have to see it properly because the dots are 

not that high. If the dots were higher then I will be able to identify it easily.” 

It was observed that in shapes such as the pentagon and heart, which had multiple types of diagonal lines and 

the heart that had two curved line segments and two diagonal segments, no participant had any difficulties in 
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identifying the changing nature of line segments (Guideline 1, 2, 3 and 6). For example, P4 and P8 could detect 

the different diagonals and sides of the pentagon, though they were not able to recall the name of the shape.  

P4 (while reading the Pixel Art pentagon) - “Yes, the lines are clear, that is why I can 

count the number of sides. The corners are quite sharp, so I can understand it, but what 

was this called?” 

8.6.2.3 Step 3 – Vertex Verification 

Vertices were found to be crucial markers and anchor points for the fingers. Each vertex in Pixel Art graphic 

had one pixel in common between two lines according to Guideline 6. The overlap made the change in 

segments sharp and apparent.  Participants confirmed the location of a vertex by slightly moving their fingers 

colinear to a line segment but ahead of the corner. Finding no new tactile pixels perhaps created a confident 

assumption that the segment terminates at the location and new segment in another direction has started. 

Participants were even able to count these vertices to determine the geometric shape. For example, P2, P3 and 

P4 counted the vertices which were scanned in Step 1 and were able to accurately guess the rectangle, triangle, 

and the pentagon, skipping Step 2.  

 

   

Figure 74 Three versions of tactile triangles. 

The effect of changing the design of the vertex by extending and reducing the length of the horizontal base of 

a triangle (Figure 74) was also explored. In one scenario, a pixel at the bottom line was increased and in the 

second scenario, it was erased. In both the scenarios, participants were able to detect the changes to the shape. 

They perceived the triangle as distorted when the pixels were erased and thought that it may be a different 

shape, while the extended line was regarded as an error. This exploration indicated that only a single pixel 

overlap (Guideline 6) is required and is sufficient to create a sharp corner for pixelated tactile graphics.  

8.6.2.4 Step 4 – Rescanning 

On both the tactile mediums, it was observed that most participants rescanned the entire shape just before, 

while and even after verbalizing their response. For P1, P2, P5 and P8 it was a common procedure for every 

shape on both mediums. Some participants employed a different reading pattern at the rescanning stage, for 

instance, P1, after identifying and verbalizing the pixelated circle after following the curved line, started using 

multi-finger pinching movements to rescan and confirm the roundness of the shape.  

P1 (while reading the pixelated circle) – “This is a circle, like a wheel. A little bit, like…. 

umm (using pinching action) Yes this is a perfect circle!” 
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Upon further inquiry, P2 and P8 shared that rescanning was necessary to gain confirmation about the presented 

graphic. However, after these four procedural steps, participants were able to perceive the shape, even if they 

had challenges in recalling its name. 

8.6.3 Clarity of Pixel Art Line Segments 

Most elements of a visual image are translated into tactile graphics through an embossed line, making raised 

lines the most important element for printed tactile graphics [14]. The analysis for each type of line segment 

presented to the participants is described ahead.  

 

 

Figure 75 Average time taken to identify each shape. Not the higher times to read ellipse and the star.  

8.6.3.1 Rectilinear Pixel Art Segments 

On Tacilia, straight, single-pixel wide (Guideline 1) horizontal and vertical line segments and shapes made 

using them were clearly identifiable with high confidence. Although the time to read shapes was higher on 

Tacilia in comparison to the book, no participant had difficulty in identifying rectilinear shapes on Tacilia and 

the accuracy of recall of a square and rectangle was 100%. The single pixel overlaps were regarded as a clear 

vertex (Guideline 6). Furthermore, no challenges were encountered in identifying the pixelated horizontal or 

vertical line segments in other shapes (triangle, pentagon, sine curve, cube and the letters). Here, for one 

participant, even the rudimentary rectilinear shapes were identified by their descriptive memory. P1 had never 

seen tactile graphics in school but remembered the description of shapes taught to them. Hence, after following 

the pixelated segments of a square on Tacilia, P1 was able to correlate the tactile sensation to the imagination 

that was created by the memory of the shape’s verbal description  [270]. This is an important observation 

because it demonstrates the clarity with which the pixelated shape was comprehended by a participant who 

had no experience with tactile graphics. 

P1 (while reading the Pixel Art square) - “This is a square. Oh! I have never seen it in a 

tactile form like this. I have studied in a village school, so I only remember its description 

that if two lines are parallel and each line is of the same length connected at ninety 

degrees then it’s a square. So, it’s exactly like that.” 
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8.6.3.2 Diagonal Pixel Art Segments 

Diagonal connections between smaller identical segments created a clear tactile percept of a diagonal line 

(Guideline 2, 3). The time taken to recall shapes with diagonal segments on Tacilia was again higher than on 

the tactile book. However, the accuracy of determining triangles on both the mediums was 100% while a 

pixelated star was accurately identified by seven of the eight participants. The experience of identifying sharp 

vertices and connected lines surprised some participants, for example: 

P4 (while reading the pixelated star) - “This is a star, oh! You have managed to come 

quite close to it. I was not sure if these bends would be managed, I was not sure 

somewhat. But this is quiet there. If someone has seen this on paper and clearly 

remembers it, then I am sure they will be able to see this.” 

Most participants had no difficulties reading the diagonal line segments of a triangle, pentagon, and the heart. 

However, the larger gaps between diagonally placed adjacent pixels compared to adjacent pixels in rectilinear 

lines was noticeable to P6, to which the participant mentioned that the ‘intensity’ of dots in diagonal segments 

was not the same as in the horizontal or vertical line segments. In a pixeled array, a diagonal line will be sparser 

compared to horizontal or vertical lines due to the fixed inter-pixel distance. Still, it was not problematic for 

any other participant and despite the changes in perceived intensity, P6 was also able to accurately identify all 

the shapes with diagonal segments. For example, P6 had earlier seen the 2D tactile representation of a cuboid 

in its raised line form and asked us to draw the same. With the tactile memory of seeing a cuboid before, P6 

was able to identify the three surfaces of the 2D representation of a cuboid on Tacilia and remarked the 

following: 

P6 (while reading the Pixel Art cuboid) – “Yes you are showing me a 3D thing. This is a 

surface at the top, this one is on the side and this one is on the front. I can see three 

surfaces, but the bottom surface is not there and the one at the back is not there. I think 

that will not even be possible to show. I have previously seen this shape in printed tactile 

form, that is why I am able to tell you this.” 

8.6.3.3 Curved Pixel Art Segments 

The proportional shortening segments in a curving line (Guideline 4) created a smooth turning effect which 

participants enjoyed reading. For six out of the eight the interpretation of the Pixel Art circle and ellipse was 

clear. The average time to recall the circle on the tactile book was again less than on Tacilia (Figure 75). The 

ellipse, in particular, took longer reading time on average on Tacilia compared to the tactile book (Figure 75). 

The longer time to identify ellipses on both mediums was mainly due to the general unfamiliarity with the 

shape's name, even if it was perceivable. This phenomenon has been previously studied in [97] and is illustrated 

in the following quote:  

P6 (after reading the pixelated ellipse) – “This is rounded; this is cylindrical. Although it 

is round, it is quite long and because of the long length, we can only call this a 
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cylindrical shape. But what did you want to make? (Experimenter answers) Okay ellipse 

yes, a flattened circle yes that is more exact. I was able to clearly read the shape and yes 

this is elliptical. I just said cylinder because in mind I did not know that this is called 

elliptical.” 

For some participants who did not know the name of the curved shape, the pixelated tactile information was 

correlated to the contours of other physical objects they have encountered in life. This is captured in the 

following comment: 

P5 (after reading the pixelated ellipse) – “This is a circle, but it does not look like it. I 

feel that there is no side protruding. What is this… like an egg. Yes, I can follow the 

shape, but I have never seen a shape like this in 2D nor know its name.” 

P2 asked to see a mathematical graph that he had seen as a school student when he still had sight, and a the 

basic sine curve function was presented to him. P2 had never seen a graph in its tactile form, but without any 

hints or guidance, they could explore the dotted line segments of the graphic and its axes and interpret the 

positively inclined curvature of the function, the origin , and the cartesian quadrants. 

P2 (while reading the Pixel Art sine curve) – “This line starts at the negative x-axis goes 

into the area of negative y-axis and then goes up and crosses the origin into positive x-

axis and the turns down. The x and y axis are very clear, and I can follow the curve. It is 

okay!” 

However, in contrast, a few participants faced challenges in reading curves on the pixelated interface, that is 

captured in the following reflection by P8, who took the most time to read on Tacilia: 

P8 (after reading the pixelated pentagon) – “I feel that if there is a rectangle, a triangle, 

square or even a pentagon, there is no difficulty in understanding the shape. The straight 

and diagonal lines are clear. I think I have some difficulties in circle and ellipse, 

especially after the line turns.” 

In general, making curves and diagonal lines on low-resolution pixel array is challenging [83]. It was noticed 

that the apex segments of curves made using Guideline 5 confused two participants by making them think that 

the shape has straight lines (Figure 76). P3 and P8 second-guessed a circle to be an octagon and a hexagon, 

respectively but were underconfident. Upon further enquiry, P3 expressed that an octagon was also not fully 

apparent because of the curvy lines between the straight lines, and that is why the participant had guessed it to 

be a circle in the first place. However, this limitation of Pixel Art curves was learned by all the participants. 

The two participants who had difficulties in reading the first curved shape had no difficulty in identifying the 

second curved shape, which P3 explains: 

P3 (after reading the pixelated ellipse) - “This is an oval shape. Yeah, but you must guess 

because here (pointing at top apex) and here (pointing at the bottom apex) there are 
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lines. But I think if someone uses this frequently, then it can be learnt easily. Like I have 

not used it much still, I am able to guess it. If I can guess it, then other people can also 

guess it. Then even the circle can be read easily.” 

  
(a) (b) 

Figure 76 The straight-line segments in a circle (a) and in an ellipse (b) caused confusion initially. 

8.6.4 Emergent Interaction Facilitated Interdependence  

The combination of pixelated graphics and the ability to iterate them quickly led to notable interactive 

experiences. These interactions resonated with the paradigm introduced by Bennett et al. [22] who emphasize 

that an individual’s relationship with the environment is mediated by ATs and relationships with people who 

collectively work to create access. The refreshability of Tacilia coupled with the ease of implementation of 

Pixel Art guidelines to create arbitrary shapes enabled an iterative creation of tactile shapes and learning 

through the experiences. These two emergent interactions are described ahead. 

8.6.4.1 Iterative Codesign of Tactile Graphics 

Bornschein et al. [39] have argued that involvement of users of tactile graphics in the early stages of tactile 

graphic production will increase the reliability of the tactile graphic and speed up the overall production time. 

Therefore, for early evaluation of graphics, refreshable tactile graphics displays are necessary. Ahead a 

scenario in which P3 asked us to draw and present a smiley face icon she has used in text messages is described.  

 

Figure 77 (a) Initial smiley face, (b) Iterated smiley face  

A smiley face based on our mental image was drawn using Guideline 4 and 5. Drawing a circle was 

straightforward, and then inside the circle, two eyes were created that depicted by four co-located pixels to 

show big apparent eyes (Figure 77a) and a smile was designed with a semicircular arc. After reading through 

the segments of the face one by one, P3 was able to interpret the round contour of the icon, the semicircular 
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smile but not the eyes. P4 remarked that four dots made a square, and as eyes are round, they were not clear. 

She suggested that a single dot would be a more accurate representation. The eyes were quickly erased and 

made them from a single dot (Figure 77b), which P3 enjoyed exploring, as captured in the following remark:  

P4 - “This has four dots here, four dots here and then this semicircle and the circle. A 

smiley face! But here for an eye, there are two squares instead of a dot. If you just make 

the dot instead of these four dots, then it will be easy. (After iterating and presenting the 

new smiley face). Wow okay yes, this can be seen easily.” 

Similarly, P5 wished to see a flower on Tacilia. So, four ellipses for petals and a small circle at the centre of 

the petals was drawn (Figure 78a). P5 was able to somewhat associate the shape but enquired how the petals 

being connected to a plant. A curved line segment emerging from the centre was quickly iterated. To this P5 

reacted (Figure 78b):  

P5 – “Yes this is more like it. Okay. This is how a flower is connected. Yes, this looks like 

a flower because from the middle it’s like this only. Yes, the petals are also okay, it’s a 

flower.” 

 

Figure 78 (a) Initial flower, (b) Iterated flower 

This demonstrates that Pixel Art guidelines are replicable to make any arbitrary shape but more importantly, 

the ability of the participants to imagine and suggest practical ways to iterate a tactile graphic, shows that 

participants can learn the interface and its capabilities.  

8.6.4.2 Learning through Pixelated Tactile Graphics 

The involvement of tactile readers with visual impairments in the process of designing tactile media through a 

fast, iterative pin-array display would improve the quality of tactile graphics [39]. The interaction also creates 

an opportunity for participants to learn, when they are supported by contextual frame of reference either from 

previous knowledge or new relatable information. Participants could understand new concepts presented 

through Pixel Art on Tacilia. For example, P7 requested us to draw English characters. P7 had no previous 

knowledge about the shapes of English letters as all education for the participant had been in Braille or audio 

and hence, expressed an intent to learn alphabets on Tacilia. The researcher drew the initials of the university 
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of the participant and the researchers “IIT and UCL” and then guided the participant through each letter by 

hand. P7 scanned and identified the shape and verbalized the characteristics of the pixelated line segments. 

The research informed P7 about the alphabet that was being felt, and through this procedure, P7 was able to 

learn the shapes of the English alphabet for the first time. 

P7 – “This is a horizontal line above then a vertical line going down and then again, a 

horizontal line. What is this? (Researcher informs that this is an ‘I’). Ah okay, ‘I’ is made 

like this and then this, this in another I.”  

As it can be seen in the above quote, P7 was able to recognize the letter ‘I’ at second instance without guidance. 

However, connecting the alphabet to create a word was not automatic and required further instruction to 

understand the gap between letters. It may be because reading among blind adults is limited, and their 

understanding of language is dependent on the phonetic assimilation of audio media rather than spellings and 

letters [227].  

8.7 Discussion 

This chapter explores the reading experience on Tacilia. The first student investigated the absolute threshold 

of scale for square shapes and the discrimination of the shapes for the smallest identified grid size. The second 

student qualitatively evaluated the implementation of Pixel Art guidelines to create tactile shapes on a pin array 

display Tacilia. With these two studies, the fifth research question of how to create comprehensible tactile 

graphics on Tacilia? Is addressed not completely but to a significant extent. We now know that the smallest 

grid size that can be identified accurately for basic shapes is 5x5 pixels and that Pixel Art is a simple, replicable 

system that provides sufficient guidelines to render tactile graphics on Tacilia. Therefore, our contribution 

takes this knowledge one step further as we identify how we should design these line segments and primitive 

shapes that would also combine to create more complex tactile graphics.  

 

The preliminary psychophysical evaluation for basic shapes showed that shapes are better identified by their 

outlines and that larger shapes are more likely to be identified accurately. It also demonstrated that small pixel 

level changes were identifiable and distinguishable even on a 5x5 pixel grid. However, it is important to 

consider these findings in light of the basic shapes that were used to conduct a preliminary evaluation of the 

tactile feedback. 

 

The second user study with eight blind and partially sighted tactile readers, in which, they compared the clarity 

of reading pixelated tactile shapes to raised line graphics revealed that it took greater time to read shapes on 

Tacilia, due to its low actuation height but shapes on both the mediums were read with comparable accuracy 

and in similar reading patterns. This shows that the use of the Pixel Art guidelines led to the design of 

intelligible basic tactile shapes on a pixelated display. Pixelated rectilinear and diagonal lines are clear to 

comprehend (Guideline 1, 2 and 3), corners are sharp (Guideline 6) and the curves, despite being difficult to 

make a pin array are also understandable (Guideline 5, 6). However, there were a few limitations to this 
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implementation which are discussed later. Based on 64 video samples, a four-step exploration procedure of 

reading tactile shapes. Finally, the refreshablity of Tacilia, combined with the guidance from Pixel Art created 

a new emerging interaction to design tactile graphics and learn from tactile media, which needs to be explored 

in future works. Overall, our findings have implications to improve accessibility through standardization, ease 

of implementation and interpretation that are discussed ahead. 

8.7.1 Implications of Guidelines 

Using guidelines to make tactile graphics can have several positive implications for the HCI community and 

towards accessibility of tactile information on pin arrays for people with visual impairments. Guidelines 

provide a set of recommendation to apply design principles to provide a positive user experience [429]. It 

provides a consistent framework for creating tactile shapes and establishes the conventions for representing 

lines and curves using a standardized approach. This standardization can also be evaluated for other pin array 

interfaces, which will eventually help users to develop a sense of familiarity with the representations of tactile 

graphics. Guidelines will also ensure that in the limited surface and resolution of refreshable pin array displays, 

image perception is consistent, accurate and fast. Various features (vertices, crosses, and proximal features) 

and line segment types (rectilinear, curved and diagonal) were explored in this research on a Tacilia prototype 

that participants were able to accurately identify with varying degrees of visual impairments. In larger, more 

advanced displays, the evaluation of the same guidelines is expected to provide a similar result, based on the 

Gestalt principle of good continuation [55] and the Law of Proximity [54].  

 

Pixel Art guidelines for tactile displays were found to provide a necessary framework to design tactile graphics. 

The rules to create graphics enabled creativity, to express arbitrary tactile shapes that are comprehensible, 

leading to new tactile experiences and interactions. This translation of an arbitrary mental image into tactile 

shape following the given rules of Pixel Art can also be used as a framework of down-sampling algorithms for 

pin array displays. In addition, people can also be trained to create tactile graphics on a pin array display. By 

having a structured approach to the creation and presentation of tactile media, educators and trainers can align 

their mental image to the pixel grid for communicating information about shapes.  

 

Building on the Frame of Interdependence for AT proposed by Bennett et al. [22], drawing and learning on 

Tacilia facilitated interdependence. The study showed scenarios in which the researcher learnt about creating 

tactile graphics. In contrast, the participants learnt about the creations. For example, P5’s requirements were 

easily drawn and evaluated on the spot. In another case, P7 got exposure to the characters of the English 

language for the first time using the pixelated display and was able to learn the shapes of few English alphabets. 

At the same time, P7 was critical of the juxtaposition of characters for instance and wished for more spacing 

in-between letters. This became new knowledge and presents a new question for the researchers, which will 

be explored in future works. Involvement of designers with visual impairments at the time of the creation of 

tactile graphics mediated by a reconfigurable pin-array display enables quick changes initiated by designers 

with visual impairments, which has been shown to improve the overall quality of tactile graphics [39]. 
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Extending this phenomenon, by using Pixel Art, a consistent and replicable format of tactile graphics can be 

made for faster and easier interpretation. Hence, with the combination of refreshable pin arrays and Pixel Art 

designers of tactile media and its readers work together to codesign, iterate and learn from tactile media.  

8.7.2 Beyond Pixel Art 

In the scope of the second study, qualitative evidence about the positive implementation of Pixel Art for basic 

line segments and shapes is presented. These are the building blocks of any graphic or diagram. However, 

tactile graphics in everyday use feature many different line widths, textures, Braille labels, tactile icons and 

symbols [371]. Graphics and diagrams can also compose of a combination of multiple basic shapes that are 

proximal to one another or cross in various orientations. These requirements may break some of the Pixel Art 

guidelines or would need more rules to present comprehensible information.  

For example, P2 read the sine curve comfortably perhaps due to the familiarity, anticipation, and contextual 

sematic information about the diagram. However, for novice readers, a cluster of actuated tactile pixels at the 

origin of the graph may be disorientating. On another note, the semantic mapping of the position of English 

characters for P7 also took some further instructions, which was not part of the guidelines. The guidelines are 

hence limited to closed, simple shapes. For more complex diagrams where multiple features must be 

represented, or there is a need to create adjacent or crossing lines and textures, there is a need to go beyond the 

implementation of Pixel Art and generate new rules based on psychophysical studies. For instance, what should 

be the minimum gap between two distinct shapes to keep them distinct? How to represent crossing lines or 

overlapping lines? How to represent adjacent lines? Where can one put Braille labels? and how to create 

textured areas? are some unanswered questions. 

 

The insights included in this study are based on a limited sample of tactile graphics on a single pin-array type 

display. There were two reasons to limit our exploration at this stage. First, the Tacilia prototype on ly had 

27x27 tactile pixels and therefore, only basic shapes with few details can be effectively presented in this small 

space of about 67.5 x 67.5mm. Secondly, it is know that reading performance depends on previous exposure 

and experience [237]. The familiarity with tactile sensations of shapes, mental mapping of information to 

reconstruct visual images and regular exposure that enhances tactile discrimination skills are some of the 

individual factors that will influence the comprehension, speed and reading performance of tactile information 

[182,270,430]. Participants in the study had varying experiences with tactile graphics. Therefore, for a 

balanced comparison, it was decided to limit our graphics to basic and simple geometric shapes that everyone 

can recognize to some extent. However, participants with previous exposure to tactile media performed better 

with Pixel Art, which is in line with previous research [106,323]. Despite the study having basic shapes and 

was conducted with a limited sample of participants, none of the participants had any experience in using pin 

array displays. Therefore, as each of the eight participants could read Pixel Art tactile shapes to a large extent, 

it can be confidently said that the findings open the possibilities for the development of standards to create 

tactile graphics on refreshable pin array displays.  
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With this finding, the HCI community is encouraged to replicate and enhance the study by using the guidelines 

to create diverse tactile graphics on different display devices. Repeatable, standardized experiments across 

devices that include psychophysical and qualitative evaluation Pixel Art tactile graphic’s size, orientation, gaps 

between pins and shapes, Braille labels and graphical complexity will provide the necessary evidence to 

establish this as a standard method of rendering tactile graphics across pin array displays.  

8.8 Conclusion 

In conclusion, this chapter described a quantitative preliminary evaluation of reading tactile graphics on Tacilia 

and a qualitative evaluation of the implementation of the Pixel Art system to render tactile shapes and arbitrary 

graphics. Reading was proven possible, and it became clear with use of outlines of shapes, increase in size and 

with the implementation of Pixel Art. We also observed that the reading procedure for a tactile shape on Tacilia 

by people with visual impairments has four sequential steps and new interdependent interactions emerge due 

to the refreshability of the display and the ease of implementing the Pixel Art guidelines. These results 

significantly address the fifth research question that aimed to explore.  

 

However, it is important to note that only basic tactile shapes have been evaluated at this stage due to the time-

consuming nature of drawing tactile shapes on Tacilia. In order to create shapes faster and with higher 

complexity, new forms of interactions with the material is required. For this purpose, in the next chapter, we  

explore whether laser radiation directly on Tacilia at specific spots is able to create bespoke and complex tactile 

graphics on demand.    
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9 Printing Tactile Media on Tacilia  

9.1 Introduction 

In this chapter, the focus shifts towards increasing the speed of creating tactile media on the Tacilia display, 

addressing the sixth research question: How to print bespoke tactile media on Tacilia? The previous chapter 

discussed the qualitative evaluation of using Pixel Art to create tactile graphics on Tacilia, but the process was 

found to be slow and labour-intensive. This chapter aims to overcome this limitation by proposing a solution 

that leverages the unique capabilities of Tacilia to create refreshable tactile media rapidly.  

 

Traditional methods of creating tactile graphics involve specialized mechanical equipment and processes like 

thermoforming, inkjet printing on microcapsule swell paper, and 3D printing. However, these methods are 

often time-consuming, expensive, and result in static tactile graphics that are challenging to reconfigure. As 

Chapter 4 highlighted the need for real-time and adaptable tactile information for individuals with visual 

impairments, there is a gap in providing affordable and on-demand tactile printing solutions. 

 

To address this gap, the chapter introduces the concept of a Refreshable Tactile Printer based on Tacilia. This 

proof-of-concept printer utilizes Tacilia's unique properties to present refreshable tactile media. It does so by 

heating specific pixels on the Tacilia sheet using a laser beam from a commercially available laser engraver. 

Pixel Art approximations of tactile graphics are transformed into g-codes for the laser engraver, which then 

targets the Tacilia display. The heat from the laser actuates specific tactile pixels, allowing tactile graphics to 

be "printed" on the surface. These actuated pixels can be rubbed away to refresh the display for new 

interactions. 

 

By employing this method, a wide range of tactile graphics can be rapidly created and refreshed on Tacilia 

within minutes, depending on the complexity of the graphics. This approach not only leverages Tacilia's semi-

permanent reconfigurable actuation but also employs a cost -effective and simple technique with minimal 

components. This chapter contributes to the development of an innovative refreshable tactile display interface 

that bridges the gap between rapid tactile media creation and affordability, ultimately addressing the needs of 

individuals with visual impairments for real-time access to tactile information. 

9.2 Related Works 

The basic definition of printing is the activity of producing writing or images on paper or other material with 

a machine [431]. Tactile printing is the process of added a raised lines and surfaces over a substrate that can 

be sensed through touch [355]. Existing tactile printing systems are designed to create tactile pictures, 

diagrams, maps and graphs through raised features. These printing systems are based on a variety of fabrication 

methods that can be broadly classified into: 
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1. Additive fabrication  

2. Deformative fabrication  

 

In additive fabrication of tactile graphics, layers of a solid material are added over a substrate to create a raised 

feature or ridge that can be sensed by the finger. This is done through simple processes like gluing thread, dots 

or spaghetti on paper [420] to more sophisticated processes like deposition of glue on paper [432], 3D printing 

[111:3,433] and inkjet printing [181] that cures a deposited resin. Additive fabrication of tactile prints is 

gaining popularity due to the availability of low-cost 3D printers. Typically, the tactile prints are useful and 

robust, and the availability of 3D printing allows users to easily fabricate bespoke tactile graphics. A challenge 

however is that printing requires skills in 3D modelling to create the bespoke tactile graphics [230]. Although 

models for fabrication are available freely over the internet, which may be used for representative purposes 

[110], the design of bespoke plots, graphs and graphics would need 3D modelling skills to print it.  

 

In deformative fabrication processes the substrate on which the tactile graphic is developed is intrinsically 

deformed by the application of an external mechanical force or due to thermal expansion. The traditional forms 

of Braille printing [162] deforms a sheet of paper by pressing and embossing dots by pressing the sheet against 

a steel template. Series of dotted lines can be embossed directly onto paper to represent graphics instead of 

Braille [434]. Thermoforming is a common method used to print tactile graphics in which a thin sheet of 

thermoplastic is heated and then vacuum formed against to a 3D printed mould whose impression is created 

on the sheet [269]. Another substrate to print tactile graphics is swell paper. The paper has a specialised coting 

of a heat reactive chemical that is impregnated in micro-capsules on the surface of the paper. When the 

chemical is heated, the molecules fracture and expand, forcing the paper to inflate. Placing black ink over the 

paper in specific regions absorbs more heat and hence controls the raised surfaces. Each method requires 

specific machinery, and specific consumable materials [3].  

 

A common drawback of the two methods is that the lack of reconfigurability of the printed results makes them 

redundant and obsolete after their use as tactile prints, like other printed media can are typically short lived 

and later shelved. Furthermore, for some of the processes like Braille printing and thermoforming, specialist 

equipment and consumables are required that is operated by trained personnel. Although it is exceedingly 

important that people with visual impairments get that tactile graphics they require, the exceeding complexity 

and costs of tactile printing for short usage acts as a deterrent for expanding tactile graphic access.  

 

Another drawback of printing is the time it takes from the point a need for tactile graphic arises to the moment 

it is available for the fingertips. Mass printing services typically have a lead time in the order of week to months 

whereas bespoke printing processes like 3D printing and swell paper printing can take hours to days to reach 

back to students. As a result, teachers at schools for the visually impaired often resort to old traditional ways 

of making tactile graphics to aid learning and education [236].   
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For fast and bespoke access to tactile information, refreshable tactile displays have been in extensive research 

and product development. However, reading tactile graphics and interpreting them typically takes much longer 

than reading and interpreting printed graphics [346]. Therefore, in practice, rapid reconfiguration of tactile 

graphics may not be required in most scenarios. Figure 79 presents a 2x2 between methods that are suitable 

for low-volume and high-volume tactile graphics on the vertical axis and methods that are place from low cost 

to high cost on the horizontal axis. This distribution of the methods to produce tactile graphics shows a gap in 

which, there is a need for a low-cost, high volume tactile printing method. Refreshable tactile interfaces can 

be used to present a large volume of tactile content by refreshing the same display, whereas the use of Tacilia 

for this purpose can lead to an affordable tactile graphic printer that can create bespoke tactile graphics rapidly 

on demand.   

 

Figure 79 Mapping of tactile printing methods  

The concept of a refreshable tactile display device has been discussed for many years, but the idea of 

refreshable tactile printing introduces a novel and innovative approach. Refreshable tactile printing combines 

the benefits of a refreshable tactile display with the accessibility of printed tactile media. This concept is made 

possible by Tacilia. This approach offers a refreshable and cost-effective solution to provide a wide range of 

tactile graphics and information to individuals with visual impairments. Unlike traditional methods that require 

expensive equipment or static tactile media, refreshable tactile printing leverages Tacilia's capabilities to 

dynamically create and refresh tactile information. This can significantly improve the accessibility of tactile 

media for students with visual impairments without the need for complex and costly devices or printing 

processes. 

 

In the context of creating a refreshable tactile printing system, the previous chapter discussed the potential 

challenges of using direct thermal contact and convective hot-air-jet methods to draw tactile diagrams directly 
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on Tacilia. Both methods could require bulky mechanical gantry systems if implemented in the form of a tactile 

printer. A more streamlined and efficient approach could involve using laser radiation to selectively heat 

specific areas of the Tacilia sheet, resulting in a cleaner and simpler tactile printing mechanism. This innovative 

approach holds the potential to revolutionise the way tactile information is created and accessed by individuals 

with visual impairments. 

9.3 Laser Irradiation to activate Shape Change 

Tacilia is made from Nitinol, which is a metal alloy. In the interaction between a pulse laser and metal, certain 

amount of laser is reflected from the top surface, and some is absorbed within a shallow depth of the metal 

surface [165]. Absorption of photons is dominated by the availability of free electrons in the metal [58]. The 

absorbed energy is transferred through the lattice by collisions that creates the thermal effect in the metal. For 

most metals the thermalization time is rapid and in the order of 10-12s which creates the thermal effects through 

electromagnetic waves, however if the laser-induced excitation rate is lower that the above rate, it can be 

considered that the absorbed laser energy is directly being transferred into heat. This is called a photothermal 

(pyrolytic) response. This results in elevated temperature of the metal which can trigger thermally activated 

process. Heating the metal by a laser below its melting point can activate processes that reorganise the crystal 

structure of the metal. This can also create a rapid transformation to high-temperature austenitic phase of the 

shape memory material [48].  Therefore, a laser beam can become a source of actuation for Tacilia. Laser 

irradiation on selected areas of Tacilia will heat a localised area and cause the pixels to bend ou t of plane to 

attain their actuated state.  

 

The selection of areas to be laser irradiated can be controlled by commonly available laser engraving systems 

that can control the movement of the laser beam through g-code programmes. To experimentally evaluate this 

concept, an off-the-shelf laser engraver called LaserPecker was procured [435]. LaserPecker is a portable laser 

engraver that has a movable beam system instead of a gantry mechanism. This makes the laser module compact 

and easily customisable but can only engrave an area of 100x100mm. The laser engraver is based on a 500mW 

405nm blue laser diode that has a luminous power of 1.5W and a 0.15mm beam diameter. It works on 5V, 2A 

power. The laser module can engrave materials that are kept 200mm away from its laser. The laser is available 

off-the-shelf for £172 and comes alongside a free smartphone app with which, any photograph, image or graph 

can be loaded to the laser [435]. The software has a custom slicing system that is able to process the image for 

the laser [436]. It also allows to control the power of the laser and the time the laser spends at a particular spot 

given by its depth control value.  

 

When Tacilia is placed 200mm under the laser pointer, the low power laser can heat up the metal beyond its 

activation temperature of 40℃ to actuate the pixels [34]. Nitinol is a hard alloy and given the low power of 

the blue diode laser, it will not be able to ablate or melt them metal or change its surface properties. Previously, 

laser irradiation has been used to cut Nitinol [34], heat treat the material and shape setting [33], melting [289], 
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surface modification [206] and for 3D printing with Nitinol powder [212] but there is no available literature 

on the use of low power lasers to activate Nitinol for its shape changing effect. Hence the onward work is 

purely experimental and the use of this laser in combination with Tacilia is evaluated to create a new 

refreshable tactile printing system. 

9.4 Prototype Design and Experiments 

The chosen laser needs to be placed 200mm above Tacilia for optimal heating. Therefore, a prototype for the 

laser printer is designed. The prototype has a 3D printed base and top laser housing component that keeps the 

laser 200mm from the place where Tacilia will be placed. The laser area is covered by 4 sheets of orange 

acrylic that is responsible to absorb the reflected beams of the laser. A sperate 3D printed frame keeps Tacilia 

in place under the laser. Care is taken that the design of this setup calibrates with the laser beam so that it starts 

at the centre of the sheet and can cover the entire area symmetrically (Figure 80). For further adjustments, the 

laser beam was calibrated using the functionality provided in the LaserPecker app.  

 

 

Figure 80 Prototype of the Laser Printer with LaserPecker placed on top that irradiates laser based heating on Tacilia 

kept underneath 

Initially, to develop digital graphics for testing, Pixel Art graphics are designed manually in Adobe Illustrator 

(Figure 81). For this, a standard file size equal to the array size was created (71.2x72mm). A pixel grid of 

29x29 square pixels was designed on this file and stretched out to align with the edges of the artboard.  

 

Each square pixel that represents an actuated taxel was coloured black with a white outline of 0.65mm so that 

the laser only targets the area of the taxel and not the area of the sheet in between taxels. In this way, any tactile 

graphic can be created as a low-resolution graphic and the guidelines from Pixel Art that are established in the 
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previous chapter can be utilised to render that image manually. Graphics made on Illustrator are saved in .jpg 

format after increasing the size of the image by 1000%. In this way, the graphic retains its Pixel Art style, but 

the quality is not dithered for .jpg conversion. The .jpg file was transferred to the LaserPecker app and the 

necessary parameters for depth and power were evaluated. In future works, a custom design and printing 

software will be developed translate and prepare graphics for printing. For the scope of this work, the custom 

software provided by LaserPecker is used.  

 

Figure 81 Software to design tactile graphics and various graphical examples created using the guidelines of Pixel Art 

9.4.1 Optimising Laser Parameters 

The desired tactile graphic must be fully printed in the least possible time. Therefore, keeping the number of 

passes to one to minimise print time, the first experiment was conducted to find the minimum power and depth 

settings for the laser for the quickest, most complete and accurate actuation. These two parameters could be 

controlled in the LaserPecker App. Although the documentation on LaserPecker is limited, the power 

parameter seemed to determine the intensity of the laser output, that is the number of photons that are emitted 

by the laser beam at once. Whereas the depth parameters seemed to determine the speed at which the beam 

moves over the plane. It must be noted here that increasing the depth will increase the time it takes to create 

the graphic in a single pass. Hence, optimal values are required so that: 

1. the taxels rise to their maximum height of 0.4mm, 

2. have no mis-actuated taxels so the tactile graphics are visually identical to the digital graphic and 

3. renders the image in the least possible time.  

 

To find the optimal values of the power and depth parameters of the laser to actuate the taxels of Tacilia, a 

trial-and-error experiment was conducted. Starting from 10% power and 10% depth, the laser parameters were 

increased till the graphical cross shown in Figure 83 was clearly visible and fully actuated at the centre of 
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Tacilia. Increasing the power without the value of the depth from 10% to 100% did not have any change on 

the time it took to complete the job, but the taxels were not fully actuated even at 100% power. Therefore, at 

100% power, the value of depth was systematically increased. With the increase in depth, the time to complete 

the job rose but the longer time the beam irritated energy to the sheet improved the actuation performance of 

the taxels. With successive increase, the actuation of the taxels grew from 0.2mm at 10% to full 0.4mm at 

40%. However, at the intersection of the cross, mis actuations were observed at 100% power and 40% depth. 

This may be due to accumulation of heat along the horizontal line that spread to the lower taxels (as it was 

estimated from the simulations in Section 6.4.2). To avoid this, the power was reduced to 90% that resulted in 

a clear and accurate tactile graphic. Therefore, 90% power and 40% depth was set to be used to render tactile 

graphics on Tacilia. 

 

Figure 82 Blue laser heating selective areas of Tacilia 

 

Figure 83 Art created on Illustrator and printed on Tacilia at 90% power and 40% depth  
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9.4.2 Printing Tactile Graphics 

To test the replicability of the system, a wide variety of tactile graphics can be printed on Tacilia using above 

mentioned process and parameters of power and depth percentages in a single pass. 30 images from the Tactile 

Graphic Image Library are selected to print on Tacilia. The images represent 15 categories of tactile graphics 

provided in the library and two sample graphics from each category are chosen to be printed on Tacilia. Some 

images also contain Braille labels. Only those tactile images that could be fully translated into a Pixel Art in 

the 29x29 array were chosen to be printed. Each image was translated into the low-resolution tactile graphic 

manually using the Adobe Illustrator program, following the guidelines of Pixel Art and then the image was 

printed using the LaserPecker. Each output was then analysed for any rendering issues such as mis actuations 

and incomplete actuation of the taxels. The graphics examples explore a variety of complex scenarios that the 

printer should be able to render. The results of this exploration can be seen in Table 15. 

Table 15. The translations and printing of tactile graphics from the TGIL on Tacilia 

Categories Image 

Description 

Image from the 

Tactile Graphic 

Image Library 

Scaled down image 

using Pixel Art 

adjusted to the size 

of Tacilia 

prototype 

Printed tactile graphic on 

Tacilia 

Time 

to 

print 

(min: 

second) 

Activities Maze 

 
 

 

10:39 

Dominos 

 

 

 

8:37 

Art Teddy bear 

  

 

9:40 
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Fibonacci 

sequence  

 
 

 

3:45 

Education Inclined 

plane  

  

 

6:17 

Leaf 

 
 

 

6:6 

Health Half-cut 

boiled egg 

 
 

 

7:25 

Kidney 

  

 

10:52 

Independent 

Living 

T-shirt 

 
 

 

7:55 
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Food plate 

 
 

 

11:30 

Maths Fraction 

 
 

 

9:27 

Bell curve 

  

 

3:54 

Music Piano keys 

 

 

 

22.2 

Monuments Taj Mahal 

  

 

14:3 

Big Ben 

 
  

5:33 
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Mobility and 

Orientation 

Crossing 

 
 

 

16:57 

Transportation Truck 

 

 

 

8:57 

Science Venn 

Diagram 

  

 

8:49 

Constellati

on  

 
 

 

1:13 

Symbols Radioactive 

  

 

8:42 

Ahead and 

right 

signage 

  

 

14:32 
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9.5 Discussion 

The experiment described in this chapter represents a groundbreaking exploration in the field of tactile 

technology by demonstrating the possibility of printing tactile graphics on Tacilia by inducing the shape 

memory effect of Nitinol through laser irradiation. This experiment provides strong evidence that Nitinol can 

be effectively heated using a laser to activate its shape memory effect, and this mechanism can be harnessed 

to print digital media on a tactile display, answering the sixth research question of this thesis. The results of 

the experiment highlight the potential of this approach to significantly reduce the time required to produce 

bespoke tactile media on demand, as evidenced by the rapid printing of various graphics within minutes, all of 

which were fully reconfigurable. 

 

The process of manually creating graphics on Illustrator and rendering them on Tacilia through laser irradiation 

demonstrated promising results. The repeated success of the centre point calibration in selectively actuating 

desired taxels underscores the accuracy of the approach. Notably, even for larger shapes with closely adjacent 

taxel orientations, the printing was successful in a single pass, eliminating the need for post -processing to 

correct mis-actuations.  

 

While the experiment marks a significant advancement in the field, there are qualitative observations and 

limitations that must be acknowledged. For instance, while the exact amount of heat absorbed by the Nitinol 

alloy and the resulting temperature rise of the taxels could not be precisely measured, the increased occurrences 

of mis-actuations at greater depths suggest that successive laser irradiation in a specific area above a taxel 

accumulates energy in the material, leading to temperature rise and subsequent actuat ion. Furthermore, there 

has been a lack of involvement of users at this step of the project due to social restrictions imposed by the 

Covid-19 pandemic.  

 

While this experiment showcases a significant advancement, there are practical limitations and avenues for 

future improvement. The current display area of 29x29 pixels restricts the complexity and size of tactile 

graphics that can be printed. Similarly, the laser's coverage area of 100x100mm sets an upper limit on the 

printed area. Future iterations could involve the development of larger printers with multiple lasers or more 

advanced laser systems to accommodate larger tactile graphics. 

 

The manual down-sampling of graphics is another aspect that can be improved upon. Future works might 

involve the design of algorithms to algorithmically down-sample digital media, making them suitable for 

printing on Tacilia. Additionally, the limitations of the laser system used in this experiment, particularly the 

corners of the sheet not being adequately actuated in later prints, suggest potential benefits from utilizing more 

advanced laser technology with higher resolution and accuracy. 
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It's worth mentioning that customised G-code based laser cutting was not explored in this experiment, though 

it could potentially reduce the overall printing time. The feasibility of this approach was hampered by 

limitations in the laser's app and firmware for handling G-code. While not within the scope of this exploration, 

the adoption of G-code based rendering might offer advantages in the future. 

 

However, the envisioned impact of such a tactile printer is noteworthy. The availability of a tactile printer at 

home, school, or office settings could revolutionize accessibility for individuals with visual impairments. This 

technology has the potential to make tactile information readily accessible and customizable on -demand, 

eliminating the need for traditional consumable materials. The conversion of digital media into tactile format 

and the quick printing times would empower students and professionals to access necessary tactile graphics 

whenever required. In an educational context, such printers could alleviate the burden on teachers by enabling 

the swift production of tactile graphics, enhancing the learning experience for visually impaired students by 

keeping them in sync with classroom activities. Overall, this chapter introduces a game-changing concept that 

can transform the way tactile information is created, shared, and accessed.  

9.6 Conclusion 

The concept of refreshable tactile printing introduces an innovative approach that combines the advantages of 

refreshable tactile displays with the affordability of printing technology. By leveraging a single laser source to 

actuate intended pixels on Tacilia, this approach offers a unique solution to the high cost associated with 

traditional refreshable tactile displays. The use of an off-the-shelf laser engraver as the laser pointer provides 

sufficient power to achieve full actuation of the desired pixels. 

 

The development of a conversion system to down-sample digital graphics using Pixel Art and then rendering 

them onto Tacilia allows for a wide variety of tactile graphics to be easily printed. Each graphic remains fully 

reconfigurable, enabling the display to be reset after reading. This intrinsic actuation mechanism eliminates 

the need for external energy to maintain the actuated pixels while the graphic is being explored tactually. This 

system not only enhances rendering speed but also expands the potential for creating diverse tactile graphics. 

 

One notable aspect is the simplicity of the proposed approach that was a major challenge to refreshable tactile 

displays as per the analysis on Chapter 5. With only two key components—Tacilia and an off-the-shelf laser 

engraver—this archetype of refreshable tactile printing offers a potentially highly replicable solution in the 

field of tactile display research. It represents a significant step towards addressing the research question of how 

to print bespoke tactile media on Tacilia. 

 

However, it's important to acknowledge the limitations of this work. The current scope lacks a software 

element that would optimize the process and enable a more automated and user-friendly experience. The 

reliance on proprietary software from the laser engraver company highlights the potential for further software 
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development to streamline the process and provide users with a more intuitive way of creating and rendering 

tactile graphics. This would likely enhance the overall usability and accessibility of the refreshable tactile 

printing solution. 
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10 Tacilia for a Refreshable Tactile Display 

10.1 Introduction  

In the previous chapters, the development of Tacilia as a new tactile display technology was thoroughly 

explored, along with methods to create tactile information using different tools. The chapters also investigated 

the clarity, readability, and overall reading experiences of tactile graphics on Tacilia. Considering the 

requirements identified in Chapter 4, a significant need emerged for a tactile interface that could seamlessly 

integrate with existing digital devices, enhancing the accessibility of spreadsheets, presentations, websites, 

PDFs, graphics, and mathematical content. The solution to this need lies in the concept of an archetypical 

refreshable tactile display. 

 

Therefore, the central focus of this chapter is to address the final research question: How can Tacilia be 

effectively utilized as a refreshable tactile display for computer interfaces? 

 

By delving into this question, the chapter explores the potential of Tacilia to serve as a refreshable tactile 

display for computer interfaces. It aims to demonstrate how Tacilia can be seamlessly integrated with digital 

devices to provide tactile representations of various types of content. The research in this chapter likely 

highlights the technical intricacies, user interactions, and potential challenges involved in using Tacilia as a 

computer interface for refreshable tactile displays. 

 

The purpose of refreshable tactile display devices is to translate information into tactile format, typically to 

present Braille and tactile graphics on a display surface that can be reset to present infinite amount of tactile 

information. These devices are often standalone instruments with an internal memory to store information in 

e-Braille or some other custom format, a processor to interpret the data and control the movement of actuator 

to represent it on the display [404:20]. They can also be connected to computers and smartphone to serially 

communicate data to the display and whatever gets typed in Braille on the keyboard of the device is recorded 

and presented the computer. The use of text to speech programs that are available today provides audio access 

alongside the tactile to present a multi-modal access to information [154]. Through there are several processes 

that happen in parallel to create the interaction and each one is important, the most critical issue in this human-

computer interface has been the availability of a large enough display that conveniently and sufficiently present 

Braille and tactile graphic information at an affordable cost. This is the primary reason why every person with 

a visual impairment who can read Braille does not own a tactile display [215]. This chapter explores the design 

of a refreshable tactile display panel and its potential products based on Tacilia.  

 

Chapter 7 and Chapter 9 of the thesis introduced and explored different methods for selective heating of the 

taxels on Tacilia. These methods included manual application of a soldering iron, using a hot air jet, and 
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employing a low-power laser beam. While these methods achieved selective heating, they lacked the 

autonomy, speed, and responsiveness required for an archetypical refreshable tactile display. Additionally, to 

fulfil the requirements of modern digital devices, the refreshable tactile display needs to be thin, lightweight, 

and portable. To address these challenges and design a refreshable tactile display prototype based on Tacilia, 

a comprehensive electro-thermo-mechanical system is proposed. This system encompasses three primary 

design subsystems: Tacilia, a heater array, and a refresh system. The aim is to achieve precise and individual 

heating of each taxel, as well as efficient mechanical reconfiguration for resetting the display.   

 

The chapter describes the fabrication of a smaller but improved 4x4 taxel array for controlled design 

exploration. Building upon the layer-by-layer design principle, a heater array is designed and aligned to the 

taxels of Tacilia. This array enables the selective and autonomous heating of individual taxels. Additionally, a 

single motor-driven reconfiguration system is introduced to reset the display quickly. The combination of these 

three design subsystems - Tacilia, heater array, and refresh system - results in a proof-of-concept tactile display 

panel. Technical evaluations are conducted to assess the performance of the prototype. Notably, each taxel 

takes 1 second to achieve full actuation, rising 0.6mm above the flat surface. The actuation process requires 

2.1 watts (3.5 volts, 0.6 amps), with a peak blocked force of 0.32kg and a steady-state force of 0.25kg. By 

simultaneously actuating multiple pixels, the rendering process is expedited, allowing for quick activation of 

all desired pixels. Resetting the entire display takes just 2 seconds.  

 

Comparing this design to existing actuators, the proposed electro-thermo-mechanical system boasts fewer 

components, comparable performance, and the capability to sustain continuous operation for multiple cycles. 

The chapter also outlines the concept of a consumer device based on this technology and the tactile media that 

would be displayed. A co-design session with people with visual impairments is explored to refine and tailor 

the technology to their needs and preferences. 

10.2 Technical Concept  

Referring to Chapter 5, the use of a layer-by-layer architecture to create large surface tactile display was 

proposed to contribute to reducing the number of parts that are required per taxel and the cost per taxel. This 

product design approach will play an instrumental role in reducing the cost of tactile display that eventually 

makes them more conveniently affordable for people with visual impairments. As mentioned earlier in this 

chapter, Tacilia is a part of this product architecture. There are certain characteristics which will define 

Tacilia’s functionality, such as its actuation time and displacement which are discussed in Chapter 6, but its 

reconfigurability makes it suitable to be used for a refreshable tactile display.  

 

For each taxel of Tacilia, there is a need to create an array of small heaters that can align with the taxels to heat 

them selectively and individually. An array of heaters can be aligned with the taxels at the underside of Tacilia, 

that transfer heat to the sheet in a localised area, possibly through thermal contact conduction, to heat a targeted 
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taxel and actuate it. This array of heaters can be arranged on a single printed circuit board (PCB). To reset the 

display, the pixels need to be mechanically pressed back to their flat state that can be achieved using a 

mechanical actuator like a motor. Pins can be arranged and aligned to the tips of the taxels that are pushed up 

when they are actuated. A single plate aligns all the pins over the taxels, and this plate can be pulled by a single 

motor to bring all the pins down and the taxels back to their flat state (Figure 84).  

 

These three components (heater array, Tacilia and motorise reset) can be thought of three separate layered 

subsystems that are combined to create a refreshable tactile display hardware (Figure 84). A program can be 

developed to control the activation of each heater by directing current in an array, just like an LED pixel grid. 

Through this approach, piece of tactile information can be created in seconds and reset to present a new piece 

of tactile information. This concept is now realised by prototyping the components.  

 

Figure 84 Conceptual schematic design of the refreshable tactile display panel 

Figure 85 presents a render of the proof-of-concept prototype of the refreshable tactile display. Figure 86 is its 

exploded view. The top interface layer is a flat stainless steel sheet metal surface with laser cut holes to allow 

brass pins to reciprocate. The pins are made from brass due to the material’s high manufacturability at the 

given dimensional specifications. Under the top layer, a reconfiguring sheet is aligned to the pins and is free 

to vertically move between four guide bushes that are also made of brass. This is because of the self-lubricating 

ability of brass that keeps the movement of the sheet smooth and stable. This metal layer which is also made 

of sheet metal has holes to allow the free movement of the pins. However, the base of pins has a larger diameter 

that mechanically is obstructed with the smaller diameter of the plate above it. As a result, when the free 

moving middle plate is pulled down by a motor that is connected to this plate by 3D printed parts, the pins are 

pulled with it, resetting the display.  
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Figure 85 Proof of concept of a refreshable tactile display panel based on Tacilia  

 

Figure 86 Exploded view of the design with all the components 

Under each pin, the tactile pixel of Tacilia is aligned so that the tip of the pixel rests at the centre of the base 

of the pins. Under Tacilia, the base of each tactile pixels is aligned to a resistive heater that is a placed on a 

PCB. The PCB is designed to direct current to each heater individually. This entire layered assembly is held 

together with four screws. In these following Sections 9.2.1 to 9.2.3, each of the three main subsystems 

(Tacilia, Heater Array and Refreshing Pin Array Assembly) are discussed in detail.  

10.3 Optimisation of Tacilia 

In its current design iteration, Tacilia’s mechanical performance in terms of its displacement is suboptimal. 

The 0.4mm peak displacement of the pixels is less than what is required for refreshable pin -array displays for 

presenting Braille information. Furthermore, given that the design will have other components that Tacilia 
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interacts with mechanically, mechanical tolerances will further reduce the actual displacement of pins if Tacilia 

is used as an actuator to push up an array of pins for interfacing with the fingertips. Therefore, it is necessary 

to optimise the mechanical performance of Tacilia.  

 

To improve the bending performance of the pixels, one straightforward method is to increase the length of 

each taxel. Increasing the length will reduce the bending angle to achieve the required height. This reduces the 

strain on the material. However, increasing the length would weaken the overall sheet as the cuts will be 

positioned close to one another and heating individual taxels will become a challenge as heat from one taxel 

will spread to other nearby taxels. Hence, a creative design is required to work with these constrains. In the 

following section, two iterations to improve the force and displacement of taxels are described.  

10.3.1 U-shaped Pixels with Notches 

The highest amount of strain can be observed at the corner of the bend where the cantilever beams are attached 

to the sheet. To reduce the notched cuts at the base of the pixels were evaluated. In this design, the cantilevers 

are attached at a single knife edge rather that a vertex that caused a strain 9.4% (Figure 88). With a notch at 

the corner, the corners are free. Pure bending can be assumed in the remaining connected area and hence, there 

can be a reduction in the strain. FEA simulations with the same parameters as in Section 6.3.3.2 show that the 

strain 5.2% at the bend with the same pixel length to bend a minimum of 0.59 mm out from the flat surface. 

This is a definitive improvement in the design of the pixel. A longer pixel length would further decrease the 

strain percentage, but it would reduce the strength of the sheet.  

 

Figure 87 Displacement of the U-shaped pixels with notches 
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Figure 88 Strain at the base of U-shaped pixels with notches 

10.3.2 V-shaped overlapping pixels with notches 

To increase the length and still pack the pixels in the dimensions of Braille, one idea can be to increase open 

the base of the pixels wider and overlap the tip of the pixels, making a V shape with a rounded tip. Overlapping 

the pixels in this arrangement can be advantageous to reduce the strain  percentage because the length of the 

pixels can increase allowing the pixels to bend less to achieve the same displacement of 0.5 mm above the 

plane. Combining it with the notches explored in the previous iteration, the strain at the ben can be further 

reduced and therefore, this design iteration was explored.  

 

The design’s displacement and strain values are shown in Figure 89 and Figure 90 respectively. As it can be 

seen from the simulation, the combination of the two geometrical optimisations to the design improves the 

strain performance of the pixels. The notches reduce the strain at the corners of the pixels, that was estimated 

to be the max of 6.2%, which is much below the UTS of the material while the force required to bend the taxels 

above 0.5mm. This means that the pixels can bend higher within the specified strain limits with this design.  

 

Figure 89 Displacement of the V-shaped taxels with notches  
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Figure 90 Strain at the base of the V-shaped taxels with notches 

 

Table 16 presents a comparison of the two design iterations to improve the original u-shaped design. As it can 

be seen, with an increase in the length of the pixels and the inclusion of notches, the maximum strain reduces 

to attain a deformation of more than 0.5mm. With this, the design of the pixel array is now based on the V-

shaped pixels with notches. This design was hence taken ahead for fabrication and testing. 

Table 16 Comparative evolution of forces and displacement  

 U-Shaped U-Shaped with 

Notches 

Overlapping V 

shaped with notches 

Schematic 

   

Pixel Length 2mm 2mm 2.2mm 

Force required to bend 20N 15N 14N 

Height at the above force 5.75mm 5.7mm 5.87mm 

Max Strain at bending 9.4% 6.3% 6.2% 

 

A sample using the same procedure as reported in Section 0 was developed for a 4x4 taxels array. The training 

procedure of Section 6.3.3.4 was applied to create the actuation system for the pixels. The results were also 

evaluated in a similar way to Section 6.4.1.  
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Figure 91 Prototype of a 4x4 taxel array of Tacilia in comparison to a 2x4 motorised pin array of Orbit 20. The 

prototype of Tacilia has a prototype heater array attached to its base taxels which is discussed in Section 9.3.2. 

Upon heating the array, all the pixels actuate. The average displacement of the pixels in 0.62mm while the 

peak blocked force is 0.39kg. At room temperature, the holding force is 0.26kg and the temperature to refresh 

is 38ºC. The results clearly show and improvement in the actuation performance in terms of its stroke and force 

of the pixels. However, how do the pixels perform over time and their thermal properties in terms of the time 

it takes to actuate the pixels and the spread of heat. These tests are described next.  

Table 17 Values for force and displacement of the taxels 

Parameter Value (Mean / SD)  

Maximum out-of-plane displacement  0.6mm / 0.03mm 

Peak blocked force 0.39kg / 0.02kg 

Blocked force at room temperature 0.26kg / 0.02kg 

Activation temperature ~40ºC 

Temperature at peak blocked force ~49ºC 

Temperature to reconfigure ~38ºC 

Rate of cooling at room temperature (26ºC) ~3.61ºC/s 

 

10.4 Fatigue Testing 

Strain induced in the cantilever pixels due to bending while training the material was 6.2%. This is well below 

the ultimate tensile strain of 7.28% for the given sample. The bending should be able to recover back without 

any damage or failure. However, fatigue failure in Nitinol is highly specific and reduces significantly with an 
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increasing strain. Therefore, to understand the fatigue performance of the actuators a technical test was 

conducted on a custom designed test rig (Figure 92). 

 

Figure 92 Schematic diagram of the test rig. 

The test rig was based on a linear guide that is driven by a high torque Nema 23 stepper motor. The motor 

rotated a lead screw which causes a linear motion in a carriage. The carriage has a stand and a brace from 

where a sample (4x4 array) of the actuator is placed vertically, facing the end of the lead screw. The carriage 

moves relative to one end of the lead screw that has a wall with rigid projections that align with the pixels. 

When the carriage moves into the wall, it pushes the pixels. On the other end of the lead screw, a heater is 

placed which comes in physical contact with the sample and heats it above the activation temperature to acuate 

all the pixels. The distance between the travel and speed is adjusted so that the same cools down before 

engaging with the reconfiguration end of the screw (Figure 93). The torque of the motor allows the pixels to 

be pushed further into the wall so that they are completely bent back to their flat orientation.  

 

 

Figure 93 Zoomed in photo of the test rig. 

Therefore, in the test, at one end the sample gets heated and actuated, it moves through the lead screw and 

cools down before engaging again with the compressive wall that flattens all the pixels. This cycle is repeated 

2000 times and tests are conducted after 1st, 50th, 100th, 500th, 1000th, 2000th cycle. The test included measuring 

the blocked force the pixels and their displacement in the same way as it was measured in Section 6.4.1.  
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Figure 94 shows the graph of the results from the test. Over the number of cycles, the blocked force of the 

pixels has remained consistent. However, with the growing number of cycles, it seems like a two-way shape 

memory effect occurs. The peak displacement of the pixels when they are heated remained consistent over the 

cycles, but as they were allowed to cool, the displacement of the pixels at room temperature decreased from 

0.6 mm at the 1st cycle to 0.45 mm at the 2000th cycle. This result indicates that the pixels will not be able to 

retain their peak displacement after cooling after several cycles but can still produce a consistent shape memory 

effect actuation. Although 2000 cycles are a limited indicative study, it shows that the actuators are capable 

for longer and practical use. Long term fatigue studies will be done in future works when the technology is 

aimed to be commercialised.  

 

Figure 94 Graph depicting the change in peak displacement and blocked force over number of cycles. 

From this mechanical optimisation experiments, the mechanical design of Tacilia, given the same material 

composition and sheet thickness was optimised. It now experiences a lower strain percentage and achieves a 

higher bending performance, with a peak displacement increase of 0.2mm. The force from the actuator has 

also increased.  

 

However, from the fatigue testing experiment, it is interesting to note with increasing cycles of actuation and 

resetting, the Tacilia begins to demonstrate a two-way shape memory effect. The material fully actuates 

consistently after heating it above its activation temperature and consistently delivers its peak blocked force. 

However, even if its force at room temperature remains consistent over the number of cycles, there is a 

significant decrease in the displacement of the taxels after cooling back to room temperature. This creates a 

technical requirement to hold up the actuated pins when Tacilia is used as an actuator which can be achieved 

through mechanical latches that hold the pins in place.  
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10.5 Designing an Array of Heaters 

To selectively heat in small areas at an arbitrary location, a microheater array is required that is in physical 

contact with the underside of Tacilia and transfers heat through direct conduction. Microheaters are a miniature 

form of a heating system that generates a small heating spot through resistive Joule heating, ultrasound or 

radiation [128]. Microheaters are used to heat a very small area for precise temperature control. Their thermal 

performance depends on electrical, mechanical and material properties including the geometric design of the 

heater. They are most widely used in thermal printing systems but are also found in gas sensors, actuators, 

biomedical testing devices, microscopes, fibre lasers, along with more advanced use cases in fuel cell heat 

sources, electrodes heating, small volume gas heating and igniters [128].  

 

Microheaters are typically made of metals and alloys that have a high resistivity which include Pt, Au, Ag, Ti, 

W, and NiCr  [128]. It can also be made using other advanced materials like polysilicon, CNT, ITO, AZO  

[128]. Beyond metals and alloys, heaters are also made of ceramic, polymer, and glass-based substrates. Their 

temperature requirements determine the choice of materials and the design of the heater. Existing fabrication 

methods for microheater arrays a wide variety of methods including injection moulding, electrochemical 

deposition, etching, chemical vapor deposition, screen printing, physical vapour deposition, aerosol jet printing 

and ultrasonic spray pyrolysis systems [6,31,166,193,207]. Typically, they have been used for small surfaces 

and small devices. Existing literature has no recommendations or design that is suitable for arrays with 

thousands of heaters that are selectively addressable. Therefore, in this section, the invention of a new heater 

array is described.  

10.5.1 Design Approach  

Designing a heater array was an iterative process. The goal was to fabricate heaters that are small, so they only 

heat a single taxel but can be arranged and powered for a large array. It took several attempts to create a 

scalable and simple system. This section explains the iterations and the result of the final proof of concept 

design. For heaters that work on the principle of Joule heating, the resistance of the heater is determined by: 

 

R = p*l/A 

 

Where R is the resistance, p is the resistivity of the material, l is the length and A is the cross-sectional area of 

the resistive element. Increasing the length of the heater by designing an optimal geometry and decreasing the 

cross-sectional area through a thin wire will increase the resistance of a given material and therefore the heat 

that will be generated. Jeroish et al. [128] reviewed the wide variety of geometrical patterns of micro heaters 

that were classified into Box patterns, Annular patterns, and Serpentine patterns of resistive materials to 

optimize and concentrate heating in a compact area.  The heat that is generated in the heater is described by:  

 

H = I2Rt  



                                      

 225 

 

Where H is the thermal energy produced by the heater in Joules, I is the current that flows through the heaters, 

R is its resistance and t is time. The heater increases with the increase in current flowing through the wire and 

the increase in resistance. The heat is proportionate to the square of the current and hence, the increase in 

current has a higher impact on the amount of heat. Good microheaters are characterized by low power 

consumption, fast thermal response, good heating confinement, mechanical stability, and fabrication yield. 

Key considerations for the design and fabrication of microheaters as discussed by Jeroish  et al. [128] are as 

follows: 

1. The heaters must be designed to minimize oxidation which increases reliability and usability. Their 

design must be mechanically stable and should be able to withstand the high temperatures for the 

desired application. 

2. The heaters should produce identical heating so that all the hotspots are identical, the response time 

should be short and appropriately designed for the application. 

3. Power consumption must be low and is managed through the design of the heater.  

10.5.2 Assumptions 

There are a few assumptions required to the heater that are determined by design of the taxels. Each taxel is 

1.5mm wide and 2.2mm long. The heaters must be equal to or smaller than the size of the taxels. Each taxel is 

separated by 2.5mm in both vertical and horizontal directions. Therefore, the heater array must also be 2.5mm 

apart from each other. Assuming that the heaters be in physical contact with Tacilia, their thermal 

characteristics must consider the thermal contact transfer and spread of heat over Tacilia. Given the thermal 

characteristics identified in Section 6.4.2.1, the temperature of the heater needs to rise to about 150 ℃ to 

transfer the heat to the taxel. To avoid the spread, the temperature of the taxel must also rise withing 2s. 

Therefore, there is a need to design a heater that can fit in an array, raise to 150 ℃ in less than 2s to actuate a 

single taxel and then turn off to cool down rapidly as well.  

10.5.3 Experiments with Nichrome 

Nichrome is an alloy of Nickle, Chromium and often iron which is commonly used as resistance wire and is 

the heating elements in products like the toaster, electric kettles and space heaters [437]. The material is 

corrosion resistant and has a high melting point of about 1400℃, specific heat capacity of 0.5J/g℃ and a 

thermal conductivity of 13W/mK which is 1/66 of copper [438]. When heated to red-hot temperatures, 

Nichrome develops a layer of chromium oxide which is thermodynamically stable in air and does not allow 

oxygen to penetrate to the metal. It protects the element from further oxidation. Hence unlike other metals that 

oxidise quicky become brittle and break, Nichrome remains stable even after several heating cycles. Along 

with these favourable thermal properties, Nichrome is widely available, has low manufacturing cost and has a 

high strength, ductility and stability at higher temperatures which makes it a suitable material for heaters. 
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10.5.3.1 Nichrome Loops 

For the first experiment, small loops of Nichrome wires were used to produce a heating effect for each pixel. 

The wire had a cross sectional area of 0.19mm2 and an overall length of 10mm which created a resistance of 

around 0.7Ω. A custom PCB was designed to align the loops under Tacilia. One pad of the heater was 

connected vertically with other elements in the array to the positive terminal while the other pad was connected 

horizontally across the array to ground. This array architecture is common in LED array matrixes. The 4x4 

array of heaters were connected according to the schematic shown in  Figure 95. 

 

 

Figure 95 Nichrome loops on a PCB according to the taxel array  

The heaters were manually activated through a bench top power supply. At 2V, the heaters drew around 2A, 

which is very high current for individual heaters and makes the entire array energy intensive. At  this power 

input, the heaters were able to ramp up their temperature from 26℃ to 300℃ in 2s. However, due to the low 

resistance of the looping nichrome elements, a high amount of current was drawn in the circuit. Although it 

heated the selected nichrome element, the entire supply trace was also heated due to Joule heating. With the 

trace heating up, mis-actuations across the trace’s length were observed. This design problem can be addressed 

by increasing the width of the trace, increasing the resistance of the heater or by changing the circuit layout to 

independently address each heater. Increasing the width of the trace will allow for higher current to flow 

without losing energy to resistive heating but given the compact space of the array, there is a limit to the 

thickness of the trace. Changing the design of the heater was considered as a suitable option for this stage of 

exploration to increase its resistance, reduce its volume and improve the overall design and form of the panel.  

10.5.3.2 Independent Meandering Laser Cut Nichrome Heaters   

To improve the design individual heaters, a new form of microheaters were created. The design of the 

microheater was based on thin Nichrome films that could have been laser cut in designed patterns to increase 
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the thermal resistance in a compact space to reduce the energy consumption. Existing design explorations have 

shown that meandering serpentine structures for microheaters yields uniform temperature distribution with 

low power consumption [207]. A new pattern was hence designed to cut from Nichrome.  

 

Following the assumptions set in Section 9.4.2 and recommendations from Jeroish [128], the Nichrome heater 

must be smaller than the taxel in size and can have a serpentine design for increasing the length of the wire 

segment in the limited area. Given these starting points and the possibility to fabricate these small heaters using 

a Femtosecond Cold Laser that is also used to fabricate Tacilia, the design of the heaters was iterated till 

parameters for consistent and reliable fabrication was achieved. Previously, laser ablation has been used as a 

method to fabricate microheaters [207] and have shown reliable performance. Optimal parameters to cut a thin 

film of Nichrome was obtained through a trial-and-error process. Figure 96 presents a microscopic image of 

the heater alongside its technical drawing. In this design, a serpentine heater is created that has an overall 

length of 5.2mm and a cross sectional area of mm2. The overall surface area of the heater was 0.03mm2 given 

that the thickness of a commercially available Nichrome strip was 0.1mm. Each heater had an overall end to 

end resistance of 1ohm which is only a slight improvement from the wire loops but, it significantly decreases 

the thickness and complexity of the assembly.  

 

Figure 96 (a) The engineering drawing of the laser and (b) the laser cut heater made from Nichrome 

A custom PCB was again designed and fabricated to place these heaters in an array and align them to Tacilia’s 

4x4 sample. The flat laser cut heaters had two small legs that were bent out at the ends to become the pins for 

the heater. A small step was designed in these pins to keep the heater away from the substrate of its PCB  

(Figure 97). With this assembly, a much thinner heater array at Braille resolution was fabricated. Given the 

small improvement of the resistance from the wire loop in this heater, the circuit was designed to address each 

heater independently. At 2V, a single heater drew 1.1A current and the temperature at the heater changed from 
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25 to 150 ℃ in 2s (Figure 98). Increasing the voltage can increase the rate of heating but it also damages the 

heater due to the high current.  

 

Figure 97 Zoomed in photos of the heater array and the heaters. 

 

Figure 98 Thermal performance of the heater at 2V and 1.1A.  

The array was able to actuate the taxels of Tacilia individually in 3s (due to the time it takes for the shape 

change effect) and all the taxels were fully responsive. However, after successive trials with the heater, the 

thin mechanical bends oxidised and broke off. A combination of factors (current, scale, material) was 

responsible for this failure but seeing the unfavourable results, this design was not suitable for further 

exploration and trials.  
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10.5.4 SMD resistors as Heaters 

SMD (Surface Mount Device) resistors are commonly used in electronic circuits, but it's not common to use 

them as heaters in an array. SMD resistors are generally used for their small size and low power consumption. 

They are not typically designed to handle the high-power levels required for heating applications. However, it 

is possible to use SMD resistors as heaters to reach temperatures up to 100℃-130℃, but it would depend on 

the specific resistors and the power levels used. SMD resistors are not typically designed to handle high power 

levels and high temperatures, so it would be important to use resistors that are rated for the power levels and 

temperatures required for your application.  

 

There aren’t any specific examples of an array of SMD resistors as low temperature heaters, but it is 

theoretically possible as some resistors are made of thin-film material and can be used for heating small specific 

areas. If heating individual taxels of Tacilia can be achieved through an array of SMD resistors, an integrated 

panel of low-cost components making a large surface actuation affordable. However, it is important to consider 

the additional components and thermal management that may be required to operate correctly. It is important 

to ensure that the heat generated by the resistors can be dissipated effectively to prevent damage to the resistors 

or other components in the circuit.  

 

To experiment the heating with SMD resistors, the first step is to source a proper component. Although a taxel 

of Tacilia is 1.2mm wide at its base and 2.2mm in length, the assumption that the heater must be smaller than 

the surface of the heater means that the resistor must be smaller than 0804 component size which is 

2mmx1.2mm. Secondly, SMD system have rules for traces, pad size and distance between components for 

proper functioning. To adhere to the rules, the only component size that can fit in a compact interpixel 

resolution of 2.5mm is 0402 which is 1mm x0.5mm. Although the small heating surface of the resistor may 

take longer time to heat and the pixel, it is the only possible design solution.  

 

 

Figure 99 SMD resistors in an array to work as heaters for Tacilia. Zoomed in image of the resistors with thermal paste  
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Therefore, a 0402, 10Ω, thick film SMD resistor was procured, and a custom PCB was designed to arrange 16 

resistors in alignment to the taxels. The PCB was designed to be like an LED array with common vertical and 

horizontal traces for each pad (Figure 99). All the resistors were soldered on to the PCB for testing and 

evaluation. The SMD resistors drew 0.6A current at 3.5V and heated to 150℃ in 1s (Figure 100). The base of 

the taxels align to the heater array and actuate fully in 2s without affecting the state of nearby taxels (Figure 

101). Both the performance and the reliability of the system improves with this design. The repeatability of 

heating was also not observed to be a problem with up to 100 cycles. Its full cycle testing for several cycles 

will be done in future work.  

 

Figure 100 Thermal images of the heating cycle of a single heater at 3.5V and 0.6A. 

 

Figure 101 (a) Tacilia and the heaters aligned and (b) a single tactile pixel actuated (second row and third column) 
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10.6 Pin-Array and Refreshing the Display 

With independent heaters under each taxel of Tacilia, an independently addressable one-way tactile actuator 

is achieved. Once the taxels are actuated, the heater can be cut off as the taxels maintain their position. 

However, to reconfigure them back to their flat state, an additional vertical force in the downward direction is 

necessary. To achieve this and to use Tacilia for a pin array display, the concept proposes to place an array of 

passive pins over each taxel. These pins have an inverted t-shaped profile. A single plate with holes of the size 

of the pin and in the dimensional specifications of the array keeps all the pin in place. This plate is moveable 

and is connected to a single motor that is placed under the PCB. The motor is connected to the plate through 

an attachment that allows for linear motion using a lead screw. The motor drives the lead screw which creates 

vertical linear motion in the plate. This can either pull all the pins down at once, compressing the taxels and 

bringing them back to a flat state, or it can leave the passive pins free to actuate. This simple mechanism can 

be activated by the push of a button and resets the entire display at once.  

 

In terms of the functional performance of the pin array display, each pin was observed to be actuated in an 

average of 2s independently. Multiple pins could also be simultaneously activated which reduces the overall 

time to present a graphic on the display. Each pin raises 0.6mm above the flat surface of the display panel 

which is sufficient for Braille and tactile graphic reading. The average blocked force on actuation is 0.32kg 

while the force at which the pins rest at room temperature is 0.25kg. This is comparable to some of the 

advanced pin array tactile displays available today in the market. Therefore, there is tremendous potential in 

this technology for developing affordable and portable tactile displays for Braille and tactile graphics for 

students with visual impairments.  

 

Figure 102 Final proof of concept prototype of the display panel 
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10.7 Discussion 

In this chapter, the focus is on addressing the final research question of the thesis: "How can Tacilia be used 

for a refreshable tactile display computer interface?" The need for a refreshable tactile interface that can 

seamlessly integrate with existing computers and smartphones was established in Chapter 4. To fulfil this need, 

the chapter discusses the initial steps taken to develop a refreshable tactile display based on the Tacilia 

technology. The optimisation of Tacilia involved enhancing its mechanical performance by increasing the 

displacement and peak blocked force of the tactile pixels. These improvements were achieved through careful 

design iterations and material adjustments. 

 

The enhanced tactile actuator demonstrated consistent performance over 2000 cycles, showcasing its durability 

and stability. However, a noteworthy aspect that emerged was the two-way shape memory effect of the 

material, which led to a decrease in the retaining height of the tactile pixels over time. This implies that the 

display would eventually experience a decline in its tactile output. Further experimentation is necessary to 

determine the maximum number of cycles before this effect becomes significant.   

 

The development of a heater array, a crucial component for selective and autonomous heating of Tacilia's 

taxels, was also explored in detail. Iterative prototyping experiments were conducted to refine the design, 

material choices, and fabrication processes for an optimized heater array. This process ultimately led to the 

use of existing SMD resistors as spot heaters to selectively actuate Tacilia's taxels. While the actuation time of 

2 seconds per pixel may be considered relatively high for practical implementation, the ability to perform 

parallel actuations allows for the creation of a full-page tactile display. A simple screw mechanism is used for 

refreshing the display, making it a three-component system comprising the heater array PCB, Tacilia, and the 

reconfiguration system. 

 

Although the chapter presents a proof-of-concept using a 4x4 tactile display, it suggests the potential for 

extension to larger surface displays. However, developing larger displays with thousands of SMD heaters 

introduces challenges such as heat dissipation, precise control of heating cycles, and maintenance. While the 

scope of this thesis does not encompass the development of such large displays, it sets the stage for future 

works in this direction. Hence, this chapter lays the foundation for a refreshable tactile display based on Tacilia 

technology. The focus on enhancing mechanical performance, integrating a heater array, and demonstrating a 

refresh system showcases the feasibility of creating an archetypical refreshable tactile display suitable for 

integration with digital devices. 

10.8 Conclusion 

In this concluding chapter, the journey embarked upon in the thesis culminates in addressing a core research 

question: How can Tacilia be used for a refreshable tactile display computer interface? The chapter synthesises 
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the culmination of design and development efforts, presenting tangible implementations and outcomes of the 

proposed concepts. To begin, Tacilia's design undergoes optimization to achieve mechanical enhancements, 

resulting in tactile pixels capable of bending up to 0.6mm out of the plane and exerting a peak force of 0.39kg. 

This improvement aligns with the predefined design criteria and lays a foundation for efficient tactile 

interaction. Remarkably, accelerated ageing cycles demonstrate Tacilia's resilience against thermo-mechanical 

stress, though an intriguing two-way shape memory effect emerges as a result, warranting further exploration. 

 

The orchestration of individual tactile pixel actuation is achieved through the meticulous design and 

prototyping of a heater array. Utilizing commonly available SMD resistors as independent heaters in an array, 

this innovative approach proves its efficacy by enabling precise and complete actuation of tactile pixels. This 

design iteration ensures that Tacilia's tactile pixels can be manipulated with accuracy and independence. 

 

Lastly, the implementation of an array of passive pins atop the taxel array, interconnected to a single geared 

DC motor, presents a novel solution for display refreshment. This approach streamlines the reset process, 

reducing the overall component count while maintaining efficiency in refreshment. In summation, this chapter 

culminates in presenting the successful integration of Tacilia into a practical refreshable tactile display panel. 

By optimizing Tacilia's design, implementing an array of heaters for tactile pixel actuation, and devising an 

efficient mechanism for display refreshment, the developed solution effectively addresses user needs and 

requirements. The achievement of a refreshable tactile display with comparable performance but  fewer 

components mark a significant advancement in the development of tactile interfaces catering to the visually 

impaired community. 
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11 General Discussion and Conclusion 

The central problem addressed by this research endeavour revolves around the design of a novel large surface 

refreshable tactile display technology catering to the needs for tactile interactivity of individuals with visual 

impairments. The exploration encompasses identification of its need, the development of the technology itself 

and the investigation of user interactions with it.  

 

The research journey begins by delving into the user-centric requirements of a tactile interface, utilising 

qualitative research methodologies to discern the specific needs of individuals with visual impairments. This 

foundational exploration forms the basis for subsequent research questions. Building upon the established user 

requirements, the research examines the existing landscape of large surface tactile display interfaces, 

particularly focusing on pin array type displays for Braille and tactile graphics. Through this analysis, it 

becomes evident that a reduction in component complexity can lead to more streamlined refreshable tactile 

display technologies. To actualise this technical concept, the development of Tacilia is undertaken, guided by 

iterative design cycles and prototyping. This endeavour effectively answers the third research question, aiming 

to craft a refreshable tactile display mechanism utilizing a single material layer. The next steps involve 

addressing the creation of tactile content on Tacilia.  

 

Tactile drawing emerges as a fundamental interaction, with experiments conducted using two different 

instruments. However, challenges arise, prompting the recognition of the need for overarching guidelines to 

facilitate the generation of comprehensible tactile graphics. In pursuit of generating intelligible tactile content 

on Tacilia, Pixel Art is employed to render diverse tactile shapes. Additionally, the need to expedite rendering 

and digitally print stored information drives the creation of a proof-of-concept refreshable tactile printer 

employing a low-power laser. The outcome showcases for the first time, the potential of laser-induced shape 

change in Nitinol and its application in tactile graphics printing. Finally, the last research question explores 

the practical implementation of Tacilia as an actuator for refreshable pin array tactile displays. This leads to 

the development of a proof-of-concept prototype, underscoring Tacilia's viability as a core component in a 

refreshable tactile display.  

 

In essence, this research journey addresses the multifaceted challenges inherent in designing a novel 

refreshable tactile display technology. It navigates through user requirements, technological design, interaction 

paradigms, and practical implementations, all converging to offer a significant advancement in the realm of 

tactile interfaces for individuals with visual impairments. 
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11.1 User Centric Requirements 

In Chapter 4, a comprehensive investigation into the user-centric requirements of individuals with visual 

impairments, primarily students and professionals, was conducted. This exploration involved various 

qualitative research methods, including a contextual inquiry at a special school for the blind, focus group 

discussions with university students who have visual impairments, and online focus group sessions with 

teachers and professionals in similar circumstances. These grounded user-centred approaches yielded 

invaluable insights into the needs and challenges faced by individuals with visual impairments, particularly 

within the context of India. 

 

The findings from these research efforts provided a wealth of information. Students dealing with visual 

impairments encounter significant educational obstacles due to systemic deficiencies and a lack of suitable 

tactile display technologies. Previous research has shown that due to a lack of tactile tools [38], accessible 

information [71,222,258,310] and appropriate teaching practices [155], students find it difficult to pursue 

education. Previous research also highlights the challenges in learning math at high schools [38,71,155]. Still, 

participants opted for math in our study. The findings highlight how some exceptional students can internalise 

the challenge and develop bespoke methods to visualise and access mathematic information. This thesis 

highlights that assisted education was realised through makeshift-tech by teachers in the educational ecosystem 

(such as Latex files) and through peers that collaborate to create access to information. In practice, these actions 

were considered an extra or a special effort to support a few capable and outstanding students; not every SVI 

can have that entitlement. Therefore, education as a human right needs to move away from the disability-

centric bespoke approaches that have been reported to cause an invisible burden to the person with a visual 

impairment and their social environment [42] to widely available inclusive practices that every student can 

engage using their respective abilities.  

 

The qualitative analysis conducted within the focus group discussions brought to light strong evidence that 

improving access to tactile interfaces can have a direct and positive impact on literacy rates, leading to 

increased societal participation and a transformation in societal attitudes towards visual impairment.  The 

challenges related to long waiting times for accessing educational content, the presence of inaccessible 

practices, and the lack of suitable technical interventions for creating and disseminating tactile information all 

contribute to a suboptimal educational experience for students with visual impairments.  

 

Existing education policies and practices can be critiqued to promote ableism and tokenism. It focuses on 

adapting students to the education system, citing differences in abilities and accepting that visual impairment 

is a problem that requires special adjustments to be fixed. For example, it motivated the curricular adaptations 

that limit choices for students, and its implementation without appropriate teacher training limits the support 

SVIs get in schools. The policy allows students to use screen reading software to appear for exams and use 

computers in schooling; however, schools or the board have no mandate to provide software or hardware 
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support [271,357]. The lack of access to AT creates dependencies, and with inappropriate support, surviving 

the educational environment becomes challenging.  

 

The research also identified that requirements encompass not only the need for efficient interfaces to create 

tactile media but also the accessibility to a diverse range of information. Educators emphasised the necessity 

for tools that facilitate the creation of tactile diagrams, while students expressed their desire for solutions that 

aid in Braille writing and tactile graphics. These insights, rooted in the perspectives of the users themselves, 

underscore the importance of creating accessible tactile interfaces that enhance the educational experiences of 

those with visual impairments. Additionally, professionals articulated a vision for a multi-line refreshable 

Braille and tactile graphic display. It's evident that the vast digital information available today should be 

complemented with tactile interfaces capable of rendering textual and graphical content in a meaningful way. 

This underlines the long-standing need for large surface refreshable Braille and tactile graphic displays that 

can provide a comprehensive presentation of information—a sentiment that was echoed by the participants, 

who also outlined specific requirements in terms of size, refresh rates, and applications for such displays.   

 

Therefore, on the one hand, the education system needs to empower students with AT such as tactile interfaces 

to develop autonomy over their experience and develop more command by having the opportunity to learn 

independently. At the same time, the system needs to be empowered to identify ways that facilitate better and 

deeper relations with their social ecosystem. Empowerment through assistive technology in employment [222] 

and peer effects in learning [310] have been discussed before. The findings extend these works by showing the 

impact of makeshift AT by interdependent actors in the educational ecosystem that creates access to 

information.  

 

The exploration of the first research question in Chapter 4 significantly contributes to the foundational 

understanding of user requirements and the distinct challenges encountered by individuals living with visual 

impairments. These insights serve as a pivotal bedrock, laying the groundwork for the subsequent phases of 

this research endeavour. By meticulously unravelling the needs and hurdles faced by this demographic, the 

chapter underscores the compelling urgency of fashioning effective tactile interfaces that can tangibly bolster 

education, accessibility, and inclusive participation for those navigating the realm of visual impairments.  

 

However, it is imperative to acknowledge certain limitations. Notably, the user requirement investigation was 

predicated upon a relatively small sample size, encompassing a solitary school context, and engaging seven 

participants each for the focus group and eight for the online sessions. The constraints posed by the prevailing 

COVID-19 pandemic were influential in shaping this limited scope of user-centric data collection. It is 

important to underscore that while these numbers might appear constrained, the validation of the pressing need 

was robustly established by the participants. Furthermore, it resonates with existing findings from around the 

world, hinting to the generalisability and transferability of these findings to different parts of the word where 

people live in similar economic and social conditions [92]. For instance, Okonji and Ogwezzy [213] discern 
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that several pivotal factors contribute to the decline of Braille usage in contexts such as Nigeria which 

encompass a prevailing perception that Braille skills are dispensable, a dearth of interest or motivation to 

acquire Braille proficiency, inadequate training opportunities, prohibitive costs, limited availability of assistive 

technology, and an overall lack of awareness while in Nepal, Lamichhane points to the lack of suitable teaching 

practices that renders challenges to education and learning for children with visual impairments [155]. The 

broader implications of this trend resonate beyond educational contexts, as a lack of exposure to tactile 

interfaces perpetuates social exclusion, exacerbates unemployment, and restricts opportunities for personal 

growth and intellectual enrichment. Thus, addressing these multifaceted challenges is imperative to foster an 

inclusive and equitable educational environment that empowers individuals with visual impairmen ts to reach 

their full potential and actively contribute to society. To address this challenge through design and innovation, 

the research transitioned into its next phase, marked by a technical developmental trajectory.  

11.2 Analysis of Existing Refreshable Tactile Display Designs 

Refreshable tactile displays function as interfaces capable of presenting Braille and tactile graphics by 

orchestrating the precise movement of an array of pins. The development of such displays involves satisfying 

specific prerequisites, which entail crafting arrays composed of thousands of selectively controllable pins 

spaced 2.5mm apart. These pins must be capable of oscillating within a prescribed range of 0.4mm to 0.7mm 

across a flat surface. Over time, the pursuit of this objective has driven substantial design exploration and 

developmental initiatives. Nevertheless, the cost associated with refreshable tactile devices remains a notable 

challenge, primarily due to the intricate technical and mechanical complexities intertwined with their 

conception and fabrication. The essential functions of these devices necessitate the implementation of distinct 

engineering designs and materials, each tailored to fulfil specific tasks. The technological landscape governing 

these devices spans an array of disciplines, encompassing mechanical engineering, electrical engineering, 

computer sciences, HCI and the realm of commercial product development. These technologies have been 

comprehensively documented across diverse platforms, including patents, academic publications, and 

commercial product documentation. 

 

Nevertheless, it is noteworthy that this research domain has progressively drawn insights from material 

research. Advances in materials, particularly miniature actuators, have played a prominent role in the 

construction of pin tactile display systems. Shape Memory Alloy (SMA) actuators, shape memory polymers, 

and piezoelectric bending actuators are frequently leveraged owing to their favourable technical characteristics 

within the confined spatial constraints of these systems. However, these materials, when employed in 

conjunction with pin-wise and module-wise replication architectures, can contribute to escalated production 

costs. Therefore, devising innovative combinations of materials and mechanisms for the fundamental functions 

of these devices is essential to forge novel designs that are not only cost -effective and less intricate but also 

meet the requisite performance benchmarks for Braille and tactile graphic comprehension. This discussion lays 
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the foundation for exploring potential design solutions that address the central query of our second research 

question. 

 

The analysis underscores three fundamental functions that constitute the crux of this technology: raising and 

lowering pins, pin locking, and array formation. The exploration identifies a diverse array of six methods to 

achieve pin elevation and depression. However, a predominant trend across architectures of this scale indicates 

a pronounced preference for electromagnetic actuators and motorized systems. Notably, these technologies 

exhibit a commonality in their availability within miniature form factors, contributing to their widespread 

adoption. In the realm of pin locking mechanisms, a substantial portion relies on continuous power 

consumption. Meanwhile, the prevalent architecture for array construction predominantly embraces pin -wise 

replication. Within this context, it becomes evident that specific combinations of subsystems, particularly 

'motorized + pin-wise replication' and 'electromagnetic + continuous power', ought to be approached 

cautiously, as they tend to incur challenges related to unwieldy size, intricate complexity, and elevated power 

demands.  

 

In the broader framework of the analysis, as presented in Chapter 5, the primary objective is to provide insights 

that can offer valuable guidance for forthcoming research and design endeavours. The comprehensive analysis 

of the state-of-the-art landscape not only illuminates critical trends but also highlights pivotal advancements 

within the field. It specifically addresses two paramount dimensions associated with refreshable tactile 

displays: the capacity for scalability, catering to bimanual exploration, and the strategic reduction of 

component count to foster enhanced affordability. 

 

The concept of scalability assumes a pivotal role in the creation of tactile displays that facilitate bimanual 

exploration—an essential capability allowing users to engage both hands, thereby enhancing the depth and 

comprehensiveness of their tactile experience. This facet has garnered substantial attention owing to the 

manifold advantages it promises, including heightened learning outcomes, optimized information processing, 

and expanded possibilities for interaction [109,215,254]. While the presented survey refrains from delving into 

intricate technical particulars concerning scalability, it aptly recognises the paramount importance of this factor 

and the potential transformative influence it can exert on the user's tactile engagement. 

 

Concurrently, affordability emerges as another critical facet warranting meticulous consideration. Central to 

this concept is the prudent reduction of the number of components that constitute the foundation of tacti le 

displays. By streamlining the intricacies of the design, a more cost -efficient framework can be attained, 

effectively broadening the accessibility of such displays to a wider spectrum of users. The survey underscores 

the profound relevance of affordability, particularly within contexts characterized by resource constraints, 

where the realization of widespread adoption might be impeded by prohibitive costs.  
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Every included paper and patent are an attempt to address the challenge of affordability and scalability of pin 

arrays for tactile interactions. These two aspects are the most critical challenge in this research domain. 

Scalability is essential for bimanual exploration which leads to a meaningful tactile interactive experience 

[319] and affordability is necessary to make devices that reach its users [284]. Therefore, it is necessary for 

design to find ways to simply the system so that it’s possible to scale and make it more affordable. In fact, 

bending actuations with a layer-by-layer architecture had some of the highest array sizes on average (10x10, 

12x12, 12x24, 27x27 and 32x24). This insight indicates a potential architectural combination that may be used 

for large surface displays. For example, Besse et al. [27] have demonstrated a tactile display with four 

components that can actuate 768 independent taxels through a layer-by-layer architecture using shape memory 

polymeric actuators. Using a similar architecture, Fukuda et al. [88] demonstrated a 12x12 array of bending 

actuators based on carbon nanotubes. Hafez [100] has also discussed a concept of a tactile actuator using a 

single sheet of a shape memory alloy material with all the array actuators integrated into this one sheet. The 

actuators are small cantilever beams that work in bending to create a tactile asperity that can represent a braille 

dot. Bhatnagar et al. [30] demonstrated the feasibility of the concept using a thin sheet of Nitinol in which 729 

tactile pixels were laser cut and trained on a single material. However, in the present state of the art, five of 

the six designs require continuous energy to maintain the position of the pins, and all are made of advanced 

materials (IPMC, CNT, SMA, Piezoelectric bimorphs and IPMS). We see this as a current limitation of the 

state of the art.  

 

The layer-by-layer architecture emerges as a particularly promising avenue for the development of expansive 

surface display technologies. This approach envisages a solitary functional layer housing a substantial number 

of actuators, potentially encompassing the entirety of 9600 units. These actuators are subsequently managed 

and coordinated by additional layers, responsible for governing signal transmission and power distribution. 

The literature has already presented compelling indications of the potential inherent in this methodology. For 

instance, Besse et al. [27] have showcased a tactile display that relies on a mere four components to command 

an impressive 768 independent taxels, effectively employing the layer-by-layer structure. Similarly, Fukuda et 

al. [88] have employed a comparable architectural framework to demonstrate a 12x12 array of bending 

actuators. 

 

Moreover, Hafez [100] has delved into a concept centred around a tactile actuator, wherein a solitary sheet of 

shape memory alloy material incorporates an intricate array of actuators. These miniature cantilever beams 

operate through bending motions, collectively crafting tactile asperities capable of representing Braille dots. 

However, despite these conceptual strides, tangible evidence validating the successful realisation of this 

actuator remains a notable gap in the existing body of knowledge. 

 

However, the analysis has some limitations. First, the classification system developed reflects the researcher’s 

position and approach to design new pin array tactile interfaces. Other researchers may have defined these 

codes and classifications differently. Second, although the corpus represents a wide variety of literature in this 
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domain, it may not be exhaustive. There may be more large surface tactile displays designs that may use a 

different mechanism than what is presented in the morphological chart. This is unavoidable as new design 

solutions are continuously invented addressing each of the three functions. Third, for each design the 

technologies’ performance in terms of refresh rates, force outputs and displacements were not analysed. These 

can vary with materials and mechanisms and will significantly affect the usability of the interactive system. 

But the scope had to be limited to purely the mechanical architecture of these systems, considering that in 

future work, with design and development, the required performance parameters can be achieved with novel 

combinations of architectures. Finally, the survey is limited to a corpus of papers specific to pin array tactile 

displays. As discussed in the related works in Chapter 2 and also in Chapter 5, pin array systems are used for 

a diversity of applications, from table-top interfaces [84] to interactive environments [406]. The mechanisms 

used in these systems may be useful for inspiring the design of tactile systems but due to the significant 

difference in scale, performance requirements and application areas, we chose not to include them in the 

current scope of this review.  

11.3 Designing Tacilia 

The primary innovation presented in this thesis is the introduction of a novel tactile display technology named 

Tacilia, which stands out for its distinctive feature of employing a single sheet of Nitinol to constitute the 

complete array of tactile pixels. This advancement marks a significant departure from the existing state of the 

art in tactile displays. Through comprehensive research, this work has contributed valuable engineering 

insights, encompassing mechanical design aspects, methodologies for fabricat ing the actuator, its thermal 

responsiveness to external heat sources, and its efficacy in actuation performance.  

 

A noteworthy accomplishment of this research is the successful realization of a proof-of-concept prototype of 

Tacilia, featuring an impressive array of 841 independent taxels. Each of these tactile pixels takes the form of 

a minute cantilever, intricately laser-cut and trained to execute out-of-plane bending motions upon localized 

heating. This phenomenon is consistently observed, with the taxels capable of bending up to 0.4mm out of the 

plane when subjected to a local temperature of approximately 50ºC. This milestone underscores the practical 

feasibility of Tacilia's design and its potential to revolutionise tactile display technology. 

 

Prior attempts to use SMA for refrehsable tactile displays has been reviewed by Singhal et al. [281] and Vidal-

Verdu and Hafez [319]. Most of these displays use SMA wires for each pin of a pin array that are heated 

through Joule heating in different configurations and actuator designs. For instance, Matsunaga et al. [177] use 

a shape memory wire coiled around pins which contract to pull each pin up relative to a flat surface. The pins 

are then locked in place using permanent magnets. Similar coils of SMA wire were used by Velazquez et al. 

[312]. They placed the coils around the pins as antagonistic pairs that are selectively actuated by heated air. 

Sapra et al. [260] developed a simpler approach wherein they use a cantilever mechanism for raising and 
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lowering pins actuated by a single SMA wire to create a refreshable braille display cell. This technology has 

been commercialised in DotBook [410].  

 

There are a few designs that use SMA sheets to achieve tactile displays. SMA sheets have a major advantage 

over individual pin arrays – the entire array of tactile pixels can be fabricated at once. Mineta et al. [189] 

developed a planar MEMS based tactile display with a meandering SMA thin film actuator glued to a bias 

sheet spring on one surface and a pin on the other. The bias spring pulls the SMA sheet down however, when 

it is actuated, the sheet tries to become flat and raises a pin. With this design, the researchers were able to 

achieve an inter-pixel pitch of 1mm and generate a force of 5mN on the finger. Vitushinsky et al. [320] 

developed another bistable mechanism using two different shape memory alloys. Their actuator consists of a 

thin passive buckled sheet metal which is raised and lowered by two thin layers of different shape memory 

alloys that operate with heat pulses of different temperatures. The moment of the SMA produces t he force 

necessary to buckle the sheet in either direction, which is connected to pins that are raised or lowered. Hafez 

[102] conceptually discuss the possibility of a monolithic single sheet SMA with integrated actuators. These 

are in the form of cantilever beams that work in bending which is like our concept. However, no actual attempt 

to realise this concept was discussed by the authors and to the best of the researcher’s knowledge, it cannot be 

found in patents.  

 

Tacilia effectively bridges this existing gap by introducing a groundbreaking tactile display methodology that 

hinges on a remarkably streamlined approach: employing a solitary sheet replete with integrated, shape-

altering tactile pixels. This innovation constitutes a groundbreaking leap, one that substantially diminishes the 

requisite components essential for crafting tactile displays. If a multitude of tactile pixels can be fashioned 

from a singular, unified component in forthcoming advancements, a revolutionary manufacturing process, 

already in existence, can be leveraged to actualize this vision. This paradigm shift holds the potential to 

dramatically reduce the cost of fabricating expansive tactile displays, rendering them substantially more 

economically viable. Importantly, this breakthrough also obviates the necessity for individualised control of 

myriad motors and actuators, which has conventionally posed a challenge in traditional tactile display designs.  

 

However, it's essential to emphasise that while this concept shows great potential, its practical realization, 

alongside technical hurdles and compatibility across various application contexts, necessitate comprehensive 

exploration and validation. Moreover, a robust examination of factors such as tactile rendering quality, 

precision, component longevity, and user engagement are imperative to ensure the efficacy of this design 

paradigm. In the forthcoming chapters, the focus shifts towards delving into these intricate interactions that 

directly address the discerned user needs. At its core, this pursuit revolves around enabling the creation and 

dynamic reconfiguration of tactile media on the display. This entails devising effective strategies to selectively 

apply heat to the tactile pixels and ingeniously manoeuvre their mechanical configuration, thereby creating 

meaningful and intuitive interactions. 
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11.4 Interacting with Tactile Media 

The tactile pixels of Tacilia require precise heating to initiate their actuation, while mechanical force is needed 

for their reconfiguration. Mechanisms for applying mechanical force vary, and thermal energy is transferred 

via three modes: conduction, convection, and radiation. Chapter 7 delves into the exploration of convective 

drawing on Tacilia using a hot air jet  pencil. In Chapter 9, a prototype of a refreshable tactile printer is 

introduced, utilizing laser radiation for the selective actuation of pixels. Chapter 10 showcases the proof of 

concept for a refreshable tactile display, demonstrating the use of conduction to transfer heat through an array 

of compact heaters aligned to each tactile pixel. These three explorations represent distinct methods for 

creating tactile media: manual drawing, printing, and display-based rendering. 

 

The explorations detailed in Chapters 7, 9, and 10 offer distinct methodologies for achieving the selective heat 

actuation and reconfiguration of Tacilia's tactile pixels, each presenting unique approaches and implications. 

Chapter 7 delves into the convective approach, employing a hot air jet pencil to facilitate tactile drawing on 

Tacilia. This hands-on technique exemplifies the manual creation of tactile information, providing users with 

an interactive and tangible experience. While this method demands careful execution, it offers a direct means 

of generating tactile media. In Chapter 9, the concept of a refreshable tactile printer is introduced, utilising 

laser radiation to selectively activate pixels on Tacilia. This innovation showcases the potential for swift and 

on-demand printing of tactile graphics, effectively bridging the gap between digital content and tactile output. 

The printer's ability to rapidly generate diverse tactile graphics makes it well-suited for scenarios where 

diversity and efficiency are paramount. Chapter 10 presents a proof-of-concept refreshable tactile display that 

relies on the conduction of heat through an array of small heaters aligned with each tactile pixel. This approach 

combines the benefits of rapid refresh rates and precise actuation, offering a promising solution for real-time 

tactile information rendering. The incorporation of a heater array enhances actuation precision and provides 

fine-tuned control over tactile pixels. 

 

All three methods contribute significantly to the overarching objective of enhancing the accessibility and 

interactivity of tactile information for individuals with visual impairments. They collectively showcase the 

adaptability of Tacilia as a versatile platform that can be customised for diverse applications, spanning from 

manual drawing to automated printing and dynamic display. Each approach boasts its unique strengths and 

limitations, and the selection of a specific method could hinge upon factors such as the complexity of the tactile 

content, the desired speed of rendering, and the available resources. In essence, these explorations establish a 

pathway for more inclusive and efficient creation and presentation of tactile media. They provide a spectrum 

of options for individuals with visual impairments to actively engage with in formation in a tactile format, 

thereby fostering greater autonomy and participation in various contexts. 

 

The introduction of the erasable tactile drawing interface empowered users to create and easily erase tactile 

graphics. The opportunity to sketch tactile graphics on a pixelated display introduced fresh complexities in 
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designing coherent tactile media within the constraints of the pixel array. While the adaptability of pin array 

displays allows the presentation of various tactile graphics on a single screen, it is important to acknowledge 

the inherent trade-off between reconfigurability and limitations in size and resolution. This balance is crucial 

to ensure effective and meaningful tactile communication. 

 

Existing displays, technologies have an image conversion processor that segments an image, semantically 

renders it, and maps it to the tactile pin-array that varies from 60x40 pins [426] to 104x60 pins [427]. This 

mapping is visually relatable to the original image however, the images may not be clearly comprehensible for 

the tactile sense [39]. From existing literature, we know that making large graphics [327], eliminating details 

[263] and presenting only relevant information through the outlines of shapes [19] are some recommendations 

for creating tactile graphics on pin array type display technologies. Our contribution takes this knowledge one 

step further as we identify how we should design these line segments and primitive shapes that would also 

combine to create more complex tactile graphics.  

 

To address this challenge, a set of seven guidelines was formulated to facilitate the design of tactile graphical 

media specifically for pin array displays. These guidelines draw inspiration from the principles of Pixel Art, 

offering a pragmatic, consistent, and straightforward approach to creating tactile graphics. The efficacy of 

these guidelines was demonstrated through experimentation, revealing that they enabled the generation of 

tactile shapes that could be read with accuracy akin to that of raised line graphics. The implementation of Pixel 

Art principles within the confines of refreshable pin array displays ensures the creation of tactile graphics that 

are both accurate and swiftly perceptible, even within the limitations of surface area and resolution. This 

approach effectively bridges the gap between tactile communication and visual representation  of shapes for 

individuals with visual impairments. 

 

To speed up creation of tactile content and broaden the range of possibilities achievable through Pixel Art 

techniques, a groundbreaking refreshable tactile printer was conceived. This inventive exploration introduces 

a novel product archetype to the realm of tactile interfaces. The printer harnesses laser-generated heat on the 

Tacilia platform, marking a groundbreaking development as the first documented instance of employing laser 

irradiation to trigger the shape memory effect of Nitinol. The conducted experiment incontrovertibly validates 

the viability of utilizing laser-induced heat to activate Nitinol's shape memory effect and leveraging this 

mechanism to effectively imprint digital media onto the tactile display. Furthermore, the experiment vividly 

illustrates the printer's capacity to substantially abbreviate the time required for on -the-fly production of 

custom-tailored tactile media, as evidenced by the rapid printing of all graphics within a matter of minutes. 

Notably, each graphic retains complete reconfigurability. Looking ahead, the image that has been rendered can 

be read, refreshed, and subsequently reprinted to reveal entirely new tactile information. This approach holds 

immense potential to significantly amplify the accessibility and availability of an extensive array of tactile 

media, all at an affordable cost. 
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The final product design, based on Tacilia, delved into utilising the actuator within a refreshable tactile display 

panel. To achieve this, Tacilia underwent optimisation to enhance its actuation performance, and an assessment 

of its fatigue life was conducted. These efforts render the technology's performance comparable to the state of 

the art. Supplementary tests on the tactile pixels showcased consistent force and displacement outputs over 

numerous cycles. Nevertheless, the tests unveiled a two-way shape memory effect, wherein the tactile pixels 

exhibit shape change both when heated and cooled repeatedly, alongside mechanical loading over time.   

 

The proof of concept for a refreshable tactile display panel integrated a layer of heaters arranged in an array, 

all housed within a reconfiguration system. This combination yielded a thin, lightweight, and energy-efficient 

solution suitable for a portable display. This endeavour introduces the pioneering heater array based on SMD 

components, tailored to Braille's resolution. With its proof-of-concept design, precise actuation of the intended 

tactile pixel was achieved within two seconds. Furthermore, simultaneous actuation of multiple tactile pixels 

can be attained by increasing the current, thereby enabling the more efficient creation of tactile graphics. This 

method allows an array of passive pins to be actuated and maintained in their actuated state until a single motor 

retracts them and effectively presents a proof of concept for a refreshable tactile display technology. 

 

The primary focus of future endeavours will be to materialize the Minimum Viable Product (MVP) of a co-

designed and cost-effective refreshable tactile display based on Tacilia, aimed at offering accessible Braille 

and Tactile graphics to individuals with visual impairments. This progression is a logical extension of the 

accomplishments achieved thus far, which have successfully demonstrated a proof of concept on a small scale.  

 

Up until now, the proof-of-concept prototype has successfully established a small-scale 4x4 tactile pixel array. 

In forthcoming efforts, the 4x4 array dimensions will be expanded to a substantial 60x40 configuration. The 

plan involves creating six modular tactile panels, each measuring 20x20 pixels. These modules will integrate 

the shape memory layer, an underlying heater array, and a control unit responsible for managing the activation 

of designated heaters. The technical assessment of the display will encompass evaluating factors like mis-

actuations, enhancing the panel's operational lifespan, bolstering repairability and main tenance procedures. 

 

The pivotal integration of the tactile display panel with an input mechanism will lead to the creation of the 

MVP for a self-contained digital device. This device will be powered by a Raspberry Pi computer, overseeing 

the control of the display's actuations. A QWERTY keyboard will be seamlessly integrated, enabling the input 

of characters and commands displayed on the tactile interface. This setup will lay the groundwork for future 

open-source software development and various applications tailored for the device's functionality. Custom 

firmware will be formulated to orchestrate the actuation of tactile pixels in response to user inputs and 

commands. This phase will entail testing basic interactions, such as character input and command execution 

to generate Braille output and pre-loaded tactile graphics. 
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Developing the MVP stands as a pivotal stride towards establishing an affordable and sustainable avenue for 

tactile information access. The fabrication process of the MVP will undoubtedly illuminate the intricacies of 

crafting a responsible technology, while its assessment among individuals with visual impairments will furnish 

invaluable insights into its usability and interaction dynamics. Surmounting the challenges that arise in this 

journey, and doing so through a design thinking approach, will not only foster the evolution of the technology 

but also contribute to the body of knowledge in both product development and academic realms. The utilisation 

of Tacilia in contexts like healthcare and education will effectively showcase the significance and value of 

tactile interactions, aspects that have hitherto been underexplored due to the scarcity of fitting technology 

solutions. 

11.5 Conclusion 

This thesis presents a comprehensive design process aimed at the development of a groundbreaking tactile 

display technology named Tacilia, along with its applications tailored to individuals with visual impairments. 

The primary accomplishment of this endeavour is the creation of an innovative and cost -effective refreshable 

tactile technology. This technology not only facilitates the rendition of Braille but also enables the portrayal 

of intricate tactile graphics. The thesis showcases the ingenious concept of crafting independently controllable 

tactile pixels from a single shape memory material. This ingenious design approach significantly mitigates the 

expenses and intricacies associated with conventional tactile display systems. 

 

Building upon this technological breakthrough, three novel products have been conceptualized and developed, 

each offering distinct avenues for both the creation and consumption of tactile information. The erasable tactile 

drawing interface empowers users to manually generate tactile representations that can be easily erased and 

reworked. A user-friendly set of Pixel Art-based guidelines is adapted to provide effective guidance for tactile 

drawing on the Tacilia platform. For enhanced efficiency and broader utility, a refreshable tactile printer has 

been innovated. This inventive printer employs an affordable off-the-shelf laser engraver to swiftly imprint 

tactile information onto the Tacilia medium. Lastly, a tactile display panel has been meticulously designed 

utilizing a layered architecture. This display panel serves as a pivotal component for potential future 

refreshable tactile display products, which have been thoughtfully co-designed in collaboration with users. 

 

To encapsulate, this thesis yields substantial contributions: the inception of Tacilia through an intricately 

woven tapestry of user insights and technical analysis, design refinement, and engineering finesse. This 

multifaceted approach not only enriches the tactile display landscape but also presents a pivotal steppingstone 

toward addressing the multifarious challenges of refreshable tactile display innovation. 

 

The amalgamation of user studies, design exploration, and engineering processes to bring forth this product 

engenders novel insights in the realms of engineering design and interaction design. The acquisition of 

qualitative insights into the educational journey of individuals with visual impairments in India not only 
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enriches the existing literature but also underscores the pressing unmet requisites. These findings harmonise 

with analogous research in LMIC contexts, affirming the imperative of enhancing the accessibility and 

availability of tactile media. Although a plethora of mechanisms for fabricating refreshable tactile displays are 

documented in academic discourse, they often fall short in generating commercial viability. By dissecting the 

architecture of design, the thesis uncovers the intrinsic interplay between mechanism anatomy and fundamental 

functions. This, in turn, guides the exploration of optimal amalgamations, culminating in the conception of 

Tacilia. This groundbreaking initiative strives to untangle the intricacies of refreshable tactile display design, 

offering a novel vantage point. 

 

The advent of a solitary-component passive actuator is a testament to the notion that a multitude of tactile 

pixels can emanate from a solitary material source. This revolutionary approach significantly reduces the 

assemblage of components requisite for pin-array displays, all the while upholding commendable tactile 

resolution and actuation performance. The deployment of this actuator across drawing, printing, and display 

applications showcases the versatile prowess of this passive display. Furthermore, this technology paves the 

way for the exploration of novel paradigms in interaction design. Notably, the adaptation of Pixel Art emerges 

as a novel technique to craft tactile graphics tailored for pin-array displays. 

 

Building upon these foundations, future endeavours will extend the trajectory of crafting an economical 

refreshable tactile display product, poised to seamlessly transmute digital information into tangible, tactile 

forms. This trajectory will encompass an amplified scope of interaction design, encompassing the creation of 

software mechanisms geared towards facilitating the seamless translation and intricate rendering of tactile 

media upon the display, guided by the principles and methodologies delineated within this research odyssey.  

As this product embarks on its journey into the market realm at a feasible cost, its transformative potential 

emerges as a beacon of empowerment. A wider demographic will be afforded the opportunity to delve into the 

realms of Braille literacy, traverse the contours of tactile graphics, and embark upon a profound journey of 

tactile exploration, thereby fostering a deeper understanding of the world through the evocative medium of 

touch. 

 

In summary, this thesis yields significant contributions through the conceptualization, development, and 

exploration of Tacilia as a novel tactile display technology. It showcases the viability of this technology 

through the creation of three distinct research products that cater to the diverse needs of individuals with visual 

impairments, fostering the creation and consumption of tactile information in an innovative, affordable, and 

user-centric manner.  
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NOTE TO APPLICANTS: IT IS IMPORTANT FOR YOU TO INCLUDE ALL RELEVANT 

INFORMATION ABOUT YOUR RESEARCH IN THIS APPLICATION FORM AS YOUR 

ETHICAL APPROVAL WILL BE BASED ON THIS FORM.  THEREFORE ANYTHING 

NOT INCLUDED WILL NOT BE PART OF ANY ETHICAL APPROVAL.  

 

YOU SHOULD READ THE ETHICS APPLICATION GUIDELINES AND HAVE THEM 

AVAILABLE AS YOU COMPLETE THIS FORM. 

 

SECTION A  APPLICATION FOR ETHICAL REVIEW: HIGH RISK 

 

A1 

 

Project Title: User Experience Evaluation of Refreshable Tactile Display and Tactile Drawing Interfaces.  

 

Date of Submission:  05th Feb 2021 Proposed Data Collection Start Date: 01/03/2021 

UCL Ethics Project ID Number: 18925/001 Proposed Data Collection End Date:  01/12/2022 

Is this application for continuation of a research project that already has ethical approval?  For example, a preliminary/pilot study has been 

completed and this is an application for a follow-up project? If yes, please provide the information requested below. 

Project ID for the previous study:        
 

 

A2 

 

Principal Researcher  

Please note that a student – undergraduate, postgraduate or research postgraduate cannot be the Principal Researcher for Ethics purposes.  

Full Name:  Professor Catherine Holloway       Position Held: Professor 

Name and Address of Department: Catherine Holloway, 6.04 

MPEB, Dept of Computer Science, London WC1E 

6BT 

Email:  c.holloway@ucl.ac.uk 

Telephone:  0207679 4466       

Fax:  N/A 

Declaration To be Signed by the Principal Researcher  

▪ I have met with and advised the student on the ethical aspects of this project design (applicable only if the Principal 

Researcher is not also the Applicant). 
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▪ I understand that it is a UCL requirement for both students & staff researchers to undergo Disclosure and Barring Service 
(DBS) Checks when working in controlled or regulated activity with children, young people or vulnerable adults. The 

required DBS Check Disclosure Number(s) is: Catherine Holloway (00572457), Tigmanshu Bhatnagar 

(001674969317). 

▪ I have obtained approval from the UCL Data Protection Officer stating that the research project is compliant with the 

General Data Protection Regulation 2018. My Data Protection Registration Number is: Z6364106/2019/01/08  

▪ I am satisfied that the research complies with current professional, departmental and university guidelines including UCL’s 

Risk Assessment Procedures and insurance arrangements. 

▪ I undertake to complete and submit the ‘Continuing Review Approval Form’ on an annual basis to the  UCL Research 
Ethics Committee. 

▪ I will ensure that changes in approved research protocols are reported promptly and are not initiated without approval by 
the UCL Research Ethics Committee, except when necessary to eliminate apparent immediate hazards to the participant.  

▪ I will ensure that all adverse or unforeseen problems arising from the research project are reported in a timely fashion to 

the UCL Research Ethics Committee. 

▪ I will undertake to provide notification when the study is complete and if it fails to start or is abandoned.  

 

SIGNATURE: 
DATE: 04/02/2021 
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Applicant(s) Details (if Applicant is not the Principal Researcher e.g. student details): 

Full Name:  Tigmanshu Bhatnagar 

 

Position Held: PhD Student 

 

Name and Address of Department:  UCL Interaction Centre, 66-72 

Gower Street, London, WC1E6EA, UK 

Email:   t.bhatnagar.18@ucl.ac.uk     

Telephone: +447383970408 

Fax:   

Full Name:  Dr Nicolai Marquardt 

 

Position Held: Associate Professor 

 

Name and Address of Department: UCL Interaction Centre, 66-72 

Gower Street, London, WC1E6EA, UK 

Email:  n.marquardt@ucl.ac.uk 

Telephone: +44 (0)20 3108 7065 (x57065) 

Fax:        

Full Name:  Professor Mark Miodownik 

 

 

Position Held: Professor of Materials and Society  
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Name and Address of Department: UCL Mechanical Engineering, 

Room 509A, Roberts Building 

Torrington Place 

London 

WC1E 7JE 

Email:  m.miodownik@ucl.ac.uk 

 

 Telephone:  

Full Name: Vikas Upadhyay 

 

Position Held: PhD Student 

 

Name and Address of Department:  School of Information 

Technology, Department of Computer Science, Indian 

Institute of Technology Delhi, Hauz Khas, New Delhi 

110016 

Email:  vikasjk4@gmail.com  

Telephone: +91 8587096914 
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Full Name: Anchal Sharma  
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Name and Address of Department:  Department of Design, Indian 

Institute of Technology Delhi, Hauz Khas, New Delhi 

110016 

Email:  anchalsharma.mail@gmail.com 

 

Telephone: +91 9810718979 

Fax:        

Full Name: Professor PVM Rao 

 

Position Held: Professor and Head, Department of Design, IIT Delhi 

 

Name and Address of Department:  Office of the Head, Department 

of Design, Indian Institute of Technology Delhi, Hauz 

Khas, New Delhi 110016 

Email:  pvmrao@iitd.ac.in  

Telephone: +91 11 2659 6729 

Fax:        

 

 

A4 

 

Sponsor/ Other Organisations Involved and Funding  

a) Sponsor:  UCL   Other institution  

If your project is sponsored by an institution other than UCL please provide details:  

 

b) Other Organisations: If your study involves another organisation, please provide details. Evidence that the relevant authority has given 

permission should be attached or confirmation provided that this will be available upon request.    

mailto:m.miodownik@ucl.ac.uk
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A part of the study would be conducted in India, in collaboration with the Indian Institute of Technology 

Delhi, under the direction of: 

Prof. PVM Rao 

Mehra Chair Professor and Head, 

Department of Design 

Indian Institute of Technology Delhi 

Hauz Khas, New Delhi, 110016 

+91 11 2659 6729 

Email: pvmrao@iitd.ac.in 

c) Funding: What are the sources of funding for this study and will the study result in financial payment or payment in kind to the depar tment or 

College? If study is funded solely by UCL this should be stated, the section should not be left blank.  

The project is funded by UCL and a part of the funding comes from the UCL-IITD Strategic Seed Fund 

2020. 

 

A5 

 

Signature of Head of Department [or Chair of your Departmental Research Ethics Committee/Departmental Ethics 

Lead]  

(This must not be the same signature as the Principal Researcher) 

A. I have discussed this project with the principal researcher who is suitably qualified to carry out this research and I 

approve it.    

I am satisfied that [please highlight as appropriate]: 

(1) Data Protection registration: 

• has been satisfactorily completed  

• has been initiated 

• is not required  

(2) a risk assessment: 

• has been satisfactorily completed  

• has been initiated 

(3) appropriate insurance arrangements are in place and appropriate sponsorship [funding] has been approved and is in 

place to complete the study.      Yes       No 

(4) a Disclosure and Barring Service check(s): 

• has been satisfactorily completed  

• has been initiated 

• is not required  

Links to details of UCL's policies on the above can be found at: http://ethics.grad.ucl.ac.uk/procedures.php 

**If any of the above checks are not required please clarify why below. 

  

 

PRINT NAM

http://ethics.grad.ucl.ac.uk/procedures.php
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SIGNATURE:   DATE: 05/02/2021 

 

SECTION B  DETAILS OF THE PROJECT 

 

**It is essential that Sections B1 and B2 are completed in simple understandable lay language that a 

non-expert could understand or you risk your project being rejected 

 

B1 

 

Please provide a brief summary of the project in simple lay person’s prose outlining the intended value of the project, giving necessary 

scientific background.  (max 500 words).   

 

Refreshable tactile display are digital devices that translate visual text on a computer or a smartphone into 

Braille. Existing display technology is commercially viable only for a single line of Braille, which allows 

its readers who are typically blind or partially sighted to read the text line by line with 20 to 40 Braille 

characters in each line. We have developed a new technological component that can allow the production 

of a tactile display which can present multiple lines of Braille and also tactile forms of graphics. It is based 

on a shape changing materials called Nitinol (Figure 1). The way in which it is designed, and its potential 

production methods can lead to a component that is low cost per braille character over multiple lines.  

 

Based on this, we have designed two devices. The first device is an erasable tactile drawing interface with 

which users can draw and erase tactile diagrams. It uses a specially designed hot air pencil which blows 

hot air over the component to develop the tactile drawing (Figure 2). In the second device, we will digitalize 

the development of Braille and Tactile graphics based on the component (Figure 3).  

 

We would like to evaluate user’s experiences of using the two devices. This will inform further iterations 

of their design and the development towards commercially suitable technology. The first objective of the 

study is to compare the speed and accuracy of reading and creating tactile information on our devices in 

comparison to existing tactile display devices that are available in the market. We also intend to assess the 

utility of our concept for specific use cases for example, understanding 3D graphical images on 2D tactile 

surfaces and tactile maps in journey planning and spatial exploration. As these are physical devices with 

which, the interaction happens with hands and fingers face-to-face studies are eminent. 

 

B2 

 

Briefly characterise in simple lay person’s prose the research protocol, type of procedure and/or research methodology (e.g. observational, 

survey research, experimental).  Give details of any samples or measurements to be taken (max 500 words). 

The aim of the user study is to evaluate and to assess the performance of our devices in order to make 

improvements to its design and the technology. This will be done in a series of user studies that are explained 

ahead. Local ethical approval for this study has already been obtained.  
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Pre-Study: Prior to the study, when the participants are contacted, we will enquire about their physical 

health, symptoms related to Covid 19 and travel history to UK. Only if they are healthy, have no temperature 

or symptoms and have not returned from the UK in the past 7 days. This is a precautionary measure to limit 

the chances of the spread on the new Covid 19 variant  that originated in the UK.  

 

We will also enquire their status on the Arogya Setu Government Application to self-determine COVID-19 

symptoms and to consider whether they, or other individuals in close contact (e.g. sharing their household), 

might be at increased risk of contracting COVID-19. Aarogya Setu is a mobile application developed by the 

Government of India to connect essential health services with the people of India in our combined fight 

against COVID-19. The App is aimed at augmenting the initiatives of the Government of India, particularly 

the Department of Health, in proactively reaching out to and informing the users of the app regarding risks, 

best practices and relevant advisories pertaining to the containment of COVID-19. 

 

If the Arogya Setu application presents moderate to high risk of having the COVID-19 infection in the 

vicinity of the participant, they will be offered a reimbursable home Covid test. Information about their 

name, email, home address for the home collection facility, pincode, preferred collection date and time, 

gender and age information will be taken and a home collection test will be booked for them. This 

information will be stored in a safe hard drive with the researcher. For such participants, after the results of 

the test are negative, they will be offered the choice of particular time slots for the study session. A sanitised 

pick and drop facility will be arranged for them at this time slot wherein a vehicle will pick them up from 

their residence, bring them to the test site and after the study, drop them off back to their residence.  At the 

site, their temperature will be measured and recorded, and we will re-enquire them about any symptoms 

related to Covid 19. This is in accordance with the current Covid 19 guidelines in India from ICMR.  

 

An Information Sheet describing the procedures taken to minimise potential COVID-19 infection, will be 

provided to the participant in advance. An informed consent form will require the participants to confirm 

that they have read, understood and agree to participate in the experiment with said precautions in place. 

Specific instructions to meet the researcher, maintain distance and preparation that is required for the study 

will also be provided to the participants in advance. For example, participants will be instructed to bring 

their own water bottle and will be informed that the usual participant comfort items (e.g. snacks) will not be 

available. They will be encouraged to visit the toilets prior to arriving to the testing facility, as access to 

bathrooms may be limited. If the participant requires accompanying while inside the building, the 

individual/s accompanying the participant will be provided with similar documentation and instructions as 

outlined above for the participants. They, too, will be required to provide informed consent to follow any 

COVID-related building regulations.  
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All the researchers will get tested for COVID-19 prior to running the experiments and their symptoms will 

be screened before each test session.  

 

Preparation for the Study: Adhering the government guidelines on Physical Distancing and minimal 

interaction with people, we will conduct the study by remotely controlling the haptic devices. As the 

interaction with the device is tactile in nature, fully online study is not possible. However, the study will be 

conducted individually with each participant who will be invited to a clean and sanitized facility at the IIT 

Delhi Campus. After arrival at the test site, an initial temperature screening will be conducted, participant’s 

hands will be sanitized, the participant will be escorted and seated in a clean, well-conditioned room. The 

researcher during this interaction will wear face masks (a minimum of triple layer surgical masks will be 

donned at all times.), face shields and gloves to protect themselves. The participant will also be advised to 

wear his / her face covering for the entire duration of the study. At this moment, all information about the 

study and COVID-19 protocols will be provided to the participant, informed consent will be taken and the 

participants will have the opportunity to ask questions about the study. In this room, a computer and the 

haptic device will be placed on a table in front of the subject. After each trial, the table, chair, prototype, the 

computer and other objects in the vicinity of the participant will be thoroughly sanitized with alcohol wipes. 

In an adjacent room, physically separated by a wall / window / curtain, the researcher will be seated with 

another computer which virtually controls the computer connected to the prototype that the subject uses. A 

webcam connected to the subject’s computer will provide the required visual feedback of his interaction. 

Continuous contact with the subject will be maintained through video conferencing software, Microsoft 

Teams. With the participant’s consent, the video feed and conversations will be recorded for the duration of 

the study.  

 

Post Study: After the studies are over, the participant will be escorted to the exit of building, then asked to 

apply hand sanitizer, and finally asked to remove and discard the face mask and wear a new one. A sanitized 

transport with a COVID-19 negative driver will taxi the participants back to their residence free of cost. 

After the participant has left, the researcher will disinfect the room, remove and discard the protective 

equipment.  

 

Study Session 1 - Evaluation of Refreshable Tactile Drawing and Graphic Display:   
 

This session will be for approximately 1hour and 10 minutes, which is divided in two parts of half 

hour each with a 10-minute break in between. In the first part of the session, the participant will 

be instructed to use the device and draw freehand directly on the drawing device and through 

think-aloud, we would record the kind of things the participant would like to draw. He will also 

be advised to erase whatever is drawn. Their feedback on this interaction will be recorded and 

supported through a semi-structured questionnaire. After the display has been erased, the 

researcher will control the prototype to create multiple shapes on the display. During this time, the 

participant would be advised not to interact with the device. Once the development of the shapes 

is complete which is monitored by, the participant will be asked to read the shapes on the display 

and think-aloud what he/she perceives. The accuracy of the response will be measured. The 
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shapes will be simple geometric figures rendered at various scales in a random order to avoid 

inductive bias. The subjective perception of difficulty in reading the shapes and comfort will be 

recorded in a semi-structured interview. Then the participant will be asked to erase the display. 

The second part of the session will start after a break of 10 minutes. In this, the participant will be 

asked to draw geometric drawings like circle, straight line at various angles and of various 

lengths. Their subjective feedback on the experience will be recorded through a semi-structured 

interview procedure based on a parametric questionnaire. After this evaluation, the participants 

will be asked to erase the display.  
 

Study Session 2 - Comparative evaluation of the user experience of a refreshable tactile display that 

presents multiple lines of Braille and graphics to presently available tactile displays: This study will be 

conducted for 1 hour and is divided into two parts. Before the two-part study, the participant will be 

introduced to the prototype of a refreshable tactile display device.  A basic user evaluation of functional 

aspects such as tactile legitimacy, shape of the pinheads, inter pixel distance etc. will be subjectively 

evaluated through a semi-structured questionnaire. Thereafter, in the first part of the study, the visually 

impaired participant will be asked to read a passage of a certain defined length on a popular commercially 

available braille display. Their speed of reading will be recorded, and their comfort and difficulties will be 

investigated after they have read the passage. Some questions related to the passage will also be asked to 

ensure that the participant has gone through the text and has not skipped sections in order to finish faster. 

After this, a different passage of the same length will be presented to them on the multi-line refreshable 

braille display. Again, the time to read will be recorded followed by an enquiry about the text, their comfort 

reading it and any difficulties. The second part of the session will be a comparative study similar to the first 

for tactile graphics. Participants will be first asked to read Tactile reliefs on a tactile book (th is could be 

maps, scientific diagrams, mathematical equations etc.). The time to read, comfort and accuracy will be 

recorded. Images at a similar level of complexity will then be rendered on the refreshable display and the 

time required to read them, the accuracy and comfort will be recorded. 
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Flow for Study 1                                              Flow for Study 2 

 

Render of the Tactile Drawing Display Prototype  
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Render of the Refreshable Tactile Display Prototype  

 

Prototype of the Shape Changing Layer 

Attach any questionnaires, psychological tests, etc. (a standardised questionnaire does not need to be attached, but please provide the name and 

details of the questionnaire together with a published reference to its prior usage). 

 

B3 

 

Where will the study take place (please provide name of institution/department)?   

If the study is to be carried out overseas, what steps have been taken to secure research and ethical permission in the study country? 

Is the research compliant with Data Protection legislation in the country concerned or is it compliant with the General Data Protection Regulation 

2018?  

The research will be conducted in New Delhi, India. A local ethics approval from a strategic partner institute 

in Delhi, Indian Institute of Technology Delhi has already been obtained for this study. Attached to this 

application you will find the letter of ethics approval from Institute Ethics Committee of IIT Delhi. The 

research will be compliant with the General Data Protection Regulations 2018 which includes the researchers 

from UCL.  

 

B4 

 

Have collaborating departments whose resources will be needed been informed and agreed to participate?  

Attach any relevant correspondence. 

Yes, attached to this application is the notice for the award of the Strategic Seed Fund for the study with IIT 

Delhi in India.  
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B5 

 

How will the results be disseminated, including communication of results with research participants?  

 

The results will be published in journals related to human-computer interaction, visual impairment, assistive 

technologies and Disability and Rehabilitation. Journal publications that allow for short video extracts, may 

be used and the video will be anonymized before publication unless written consent for use without 

anonymization has been obtained from the participant. Apart from the publication of the results of this study 

through peer reviewed journal, academic conferences and lectures, we will endeavour to disseminate the 

results in such a way that in each country the community can access the results, this will likely be through 

public lectures. Non-academic reports containing summary of the research results will be produced in the 

local language by the research team. These reports will be shared with the participants and the wider public 

through webinars or any other suited means.  

 

B6 

 

Please outline any ethical issues that might arise from the proposed study and how they are be addressed.  Please note that all research projects 

have some ethical considerations so do not leave this section blank.  

 

Language: Participants whose primary language is not English will not be able to understand the 

information in the written documentation in English. Those who are visually impaired will also find it 

difficult to read. To mitigate this, data collectors will provide translations of these information sheets 

and consent forms in a language different to English (Hindi) and will provide a narration of the 

information sheet and consent form to those who cannot read printed script.  

 

Personal information and privacy: Contact information of participants will remain in the country where it 

was collected and will be deleted upon the finalizing of this study. Personal data in relation to race, ethnicity, 

political opinions, religious and philosophical beliefs, trade union membership, sexuality and criminal 

offences will not be collected. Their health condition at the time of the study would be enquired to safeguard 

the researchers from the spread of Covid 19.  

 

Interaction with the proof-of-concept device:  As users interact with new proof of concept devices that 

work with heating, the interaction can be alarming when users come in accidental contact with some regions 

of the interface. To mitigate this mild adversity, the interface has been carefully designed to avoid all 

electrical and temperature leaks by placing physical barriers and insulators so that even by mistake, users 

will not come in contact with regions that are hot or have live electric current running.   

 

Data transference: as this research is carried out in a different country and data is shared among partner 

institutions, there is the risk that data is lost or that it is transmitted in an unsafe way that might increase the 

risk for participants’ privacy. To mitigate these risks no identifiable data will be transferred across 

institutions. No data transfer will take place unless data has been anonymized beforehand. Data collected in 

one country will be anonymized (for example audio data will be transcribed, translated and anonymized by 
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the researcher in the country) and only anonymized data will be shared across the research team. Similarly, 

faces will be blurred when videos are recorded and video recordings will not be shared nor viewed by anyone 

outside the ethics approval, unless prior consent has been given by the participant. In the case where consent 

has been given, a limited number of anonymized videos will be used for presentations at conferences and for 

teaching material. Furthermore, to reduce the risk of data being mishandled in countries where GDPR does 

not apply, researchers from UCL will deliver training to partner institution on how to safely handle, 

anonymise, store and transfer data. 

 

Face to Face interaction during the Covid19 Pandemic: As face-to-face studies to evaluate the devices is 

eminent, proper care will be taken to protect the participant and the researcher from the spread of Covid 19. 

Only participants who are Covid negative before the research will included for the study. A sanitised personal 

transport will be offered for their travel to the test site and back to their residence. At the site, the participants 

will be seated in a clean and well-ventilated room and the apparatus required for the study will be sanitised 

after each trial. The researcher and the participant will wear face coverings covering the nose and mouth for 

the entirety of the study and maintain physical distance. No other person would be allowed to enter the room 

when the study is taking place.   

 

Conduct: Researchers will be required to be gentle and respectful during the study in order to slow it  down, 

give a brake or end it or suggest the participant to call a family member or friend or a support service, if the 

study is visibly causing discomfort or distress or if the participant indicates that it is causing distress. We are 

using a semi-structured interview approach and therefore we will be able to adjust the format of the questions 

if people become distressed or upset. We are working in a collaborative and co-researcher framework with 

colleagues and users (i.e. Public Patient Involvement – PPI) within each country to ensure that the questions 

we ask are culturally and socially acceptable. The researcher will also clearly illustrate this risk to the 

participant when explaining the information sheet and consent form before the start of the study and remind 

participants that they can refuse to answer a question or ask the researcher to pause or end the interview or 

the study at any time. Participants will also be reminded on the information sheet that they can call a friend 

or family member at any time and that they can receive further support from organizations and local support 

groups if necessary.  

 

SECTION C DETAILS OF PARTICIPANTS 

 

C

1 

 

Participants to be studied 

C1a. Number of volunteers: 20  

Upper age limit: No limit  

Lower age limit: 18  
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C1b. Please justify the age range and sample size: 

20 subjects which includes blind and partially sighted people above the age of 18 who are educated and are 

able to provide informed consent after listening to it. Participants must be able to read basic Braille Script in 

either English or Hindi or both. Each trail with the participants will be conducted face to face individually.  

 

C2 

 

Accessing/Using Pre-Collected Data:  

If you are using data or information held by a third party, please explain how you will obtain this. You should confirm that the information 

has been obtained in accordance with the General Data Protection Regulation 2018. 

Not Applicable  

 

 

C3 

 

Will the research include children or vulnerable adults such as individuals with  

a learning disability or cognitive impairment or individuals in a dependent or unequal relationship?   Yes     No 

                                                                                                                          

How will you ensure that participants in these groups are competent to give consent to take part in this study? If you have relevant correspondence, 

please attach it. 

      

 

C4 

 

Will payment or any other incentive, such as gift service or free services, be made to any research participant?  

 

  Yes     No 

             

If yes, please specify the level of payment to be made and/or the source of the funds/gift/free service to be used.  

Upfront, at the point of recruitment participants will not be offered a financial benefit in order to minimize 

the risk of motivating the participation solely on the financial benefit. However, those that agree to participate 

in the study will be offered free sanitized travel to the test site and back to their residence.  

 

Please justify the payment/other incentive you intend to offer. 

Participants will not be offered the money upfront; the information sheet will mention that they are invited 

to request the researcher to cover the travel cost, if they choose to come by their own means.  
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C5 

 

Recruitment 

(i) Describe how potential participants will be identified: 

Participants required for the study should be educated blind and partially sighted adults who are able to read 

Braille. Participants should reach a 50% female and 50% male distribution. Due the restrictions on travel 

and to curb the spread of the Covid 19 virus, all participants will be from a single city and probably will be 

associated to a single institution for the Blind. This institution will be identified and contacted through our 

partner research institute in India which includes the National Association for the Blind, Delhi, National 

Institute for the Visually Handicapped, Tamana School of Hope and Saksham Trust.  

(ii) Describe how potential participants will be approached: 

An open call for participation will be made through this network, seeking people who fit in our inclusion 

criteria. The participants who respond to the call with an interest will be asked for their phone numbers and 

a telephone call will be scheduled with them. A direct email will also be sent separately to those individuals 

who have had previously been engaged in research activities of a similar kind with IIT Delhi.   

(iii) Describe how participants will be recruited: 

In the call, we will explain them about the study, the time it would take, the procedures and understand if 

they will be comfortable to participate. If they need time to think and decide, we will ask them for a suitable 

time to call back. We will not reveal about the renumeration and travel arrangements at this stage, to avoid 

undue coercion.  

 

If they positively respond to the information provided regarding the study and verbally confirm their 

participation, they will be informed about the logistics related to the participation such as the, travel 

arrangements, renumeration and the Covid related information. If any participant specifically requests the 

company of thier personal supporter, then their supporter will also be contacted over phone to explain the 

Covid related information. After the call, consent form to abide to the Covid related information will be sent 

to them via email.   

 

They will be invited to the test facility in a sanitised transport arranged by us. For this, their telephone number 

and address will be recorded. The data they provide will be stored in a safe location for the time being and 

will be destroyed once the service is availed. At the site, consent for their participation related to the study 

will be signed after the information sheet regarding the study is explained again.  
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C6 

 

Will the participants participate on a fully voluntary basis?    Yes   No 

 

Will UCL students be involved as participants in the research project?  Yes  No 

 

If yes, care must be taken to ensure that they are recruited in such a way that they do not feel any obligation  

to a teacher or member of staff to participate. 

 

Please state how you will bring to the attention of the participants their right to withdraw f rom the study without penalty? 

The written information sheet will state that participation is entirely voluntary and that participants have the 

right to withdraw from the study at any time without penalty. This will also be stated verbally during the 

consenting process. No UCL student will be a part of this study.  

 

C7 

 

CONSENT 

Please describe the process you will use when seeking and obtaining consent. 

Consent form and information sheet (attached) will be shared with participants prior to their participation 

and will receive a verbal explanation the day before obtaining written consent.  

Researchers in India will produce verbal translations of the information sheet and consent form in Hindi for 

participants that wish to hear the information and consent form in a language different to English.  Still, they 

will have to sign the consent form and the information sheet to acknowledge that they have received the 

information for our records. The information sheet states that participation is entirely voluntary and that 

participants have the right to withdraw from the study at any time without penalty. This will also be stated 

verbally during the consenting process.  

A copy of your participant information sheet(s) and consent form(s) must be attached to this application. For your convenience proformas are 

provided in Appendix I. These should be filled in and modified as necessary.  

 

In cases where it is not proposed to obtain the participants informed consent, please explain why below. 

      

 

 

C8 

 

Will any form of deception be used that raises ethical issues?  If so, please explain. 

No deception will be used. 
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C9 

 

Will you provide a full debriefing at the end of the data collection phase?     Yes     No 

 If ‘No’, please explain why below. 

      

 

 

 

C10 

 

Information Sheets And Consent Forms: Appendix I 

A poorly written Information Sheet(s) and Consent Form(s) that lack clarity and simplicity frequently delay ethics approval of research 

projects.  The wording and content of the Information Sheet and Consent Form must be appropriate to the age and educational level of the  research 

participants and clearly state in simple non-technical language what the participant is agreeing to.  Use the active voice e.g. “we will book” rather 

than “bookings will be made”.  Refer to participants as “you” and yourself as “I” or “we”.  An appropriate translation of the  Forms should be provided 

where the first language of the participants is not English.  If you have different participant groups you should provide Information Sheets and Consent 

Forms as appropriate (e.g. one for children and one for parents/guardians) using the templates provided in Appen dix I.  Where children are of a 

reading age, a written Information Sheet should be provided.  When participants cannot read or the use of forms would be inap propriate, a  description 

of the verbal information to be provided should be given. Where possible p lease ensure that you trial the forms on an age-appropriate person before 

you submit your application. 
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 THE RESEARCHER AND THE RESEARCHED 

SECTION D: APPROPRIATE SAFEGUARDS, DATA STORAGE AND SECURITY 

 

SECTIO 

D1 

 

Will the research involve the collection and/or use of personal data? 

 Yes     No 

 

Contact information classified as personal data will not be collected for the purpose of the study. Contact 

information of the participants will be saved in an encrypted format and stored securely on password 

protected folders by researchers. Data from India would also be saved in an encrypted format, in a password 

protected hard disk (of the computer) with the researcher. All contact information or any identifiable personal 

data such as the name, address, social security number etc. take prior to the study to organise the Covid test 

will be destroyed after the service has been delivered. Data of the participant collected in the duration of the 

study will be deleted at the end of the study. No other sensitive information will be collected from 

participants. 

 

Personal data is data which relates to a living individual who can be identified from that data OR from the data and other information that  is either 

currently held, or will be held by the data controller (the researcher). 

 

This includes: 

− any expression of opinion about the individual and any intentions of the data controller or any other person toward the 

individual. 

− sensor, location or visual data which may reveal information that enables the identification of a face, address, etc (some 

postcodes cover only one property).  

− combinations of data which may reveal identifiable data, such as names, email/postal addresses, date of birth, ethnicity, 

descriptions of health diagnosis or conditions, computer IP address (if relating to a device with a single user).  

If yes, is the research collecting or using special category data as defined by the GDPR 2018 , for example data:  

• which reveals racial or ethnic origin, political opinions, religious or philosophical beliefs, trade union membership ; 

• data concerning health (the physical or mental health of  a person, including the provision of  health care services) ; 

• data concerning sex life or sexual orientation ; or 

• genetic or biometric data processed to uniquely identify a natural person. 
 

− data which might be considered sensitive in some countries, cultures or contexts? 

Note that if you intend to process ‘special category’ information you will need an ‘additional’ legal basis for processing that particular data 

and further safeguards will need to be put in place.   

If yes, state whether explicit ethical informed consent will be sought for its use and what data management measures are in place to 

adequately manage and protect the data.   
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D2 

 

During the Project (including the write up and dissemination period) 

State what types of data will be generated from this project (i.e. transcripts, videos, photos, audio tapes, field notes, etc). 

Video recordings of the interaction and audio recordings of their feedback on the interaction will be generated 

as research data. All other personal information will be destroyed after the study.  

How will data be stored, including where and for how long?   This includes all hard copy and electronic data on laptops, share drives, usb/mobile 

devices. 

Participants will be assigned an individual code and data will be encoded in such a way that personal 

identifying information will be stored separately from other research information. This means that all data 

will be pseudonymised.  

Audio data will be collected through a password protected mobile phone and saved in the hard disk of the 

phone and not on the cloud server. If a portable audio recorder is used, the collected data will be tran sferred 

at the end of the day to a password protected laptop and the original recordings will be deleted from the 

portable device.  

Video data will be collected using portable cameras and immediately transferred to a password protected 

laptop and deleted from the portable device. These recordings will focus on the interaction and engagement 

of the participants with the device. If the recordings are done through a mobile phone, the data will also be 

immediately transferred to a password-protected laptop following each activity with participants. If they are 

recorded on the laptop or over video conferencing calls, the recording will be stored on the computer and not 

in the cloud. Microsoft Teams will be used for all video calls and prior consent will be taken by the 

participants to record the study. Audio recording of the semi structured interviews will be transcribed and 

pseudoanonymised as soon as possible and original recordings will be deleted as soon as transcription is 

completed. Video data cannot be fully anonymised, but in order to protect participants’ privacy researchers 

will pseudoanonymise the data by covering participants faces if they get recorded. Once 

pseudoanonymisation is completed, original video recording will also be deleted.   

Who will have access to the data, including advisory groups and during transcription?  

 

Only researchers and data collectors listed in the data protection and ethics of this project will have access 

to the data.  

 

D3 

 

Will personal data be processed or be sent outside of the European Economic Area (EEA)*?  

If yes, please confirm that there are adequate levels of protection in compliance with the General Data Protection Regulation 2018 an d state what 

these arrangements are below.          

No, only anonymised transcripts and pseudo-anonymised video data will be transferred between IIT Delhi 

and UCL through a password protected hard disk. 
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D

4 

 

After the Project  

What data will be stored and how will you keep it secure? 

 

All the pseudonymised data will be stored in the UCL data safe heaven for future reference. Only the UCL 

PI and UCL researchers named in this application will have access to the data.  

Where will the data be stored and who will have access?  

 

Data will be stored in the UCL Data Safe Heaven and only the PI and other researchers named on this 

application will have access to it after project completion  

Will the data be securely deleted?        

If yes, please state when will this occur: 

 

Only anonymized datasets which do not contain personal information (e.g. data from sensors) will be 

retained and shared with the wider research community as part of the open-science commitment. Any 

personal data will be deleted after the study.  

    

 

D

5 

 

Will the data be archived for use by other researchers?                Yes  No 

 

If Yes, please describe provide further details including whether researchers outside the EEA will be given access.  

Only anonymized datasets which do not contain personal information (e.g. data from sensors) will be 

retained and shared with the wider research community as part of the open-science commitment. 

 

 

SECTION E: DETAILS OF RISKS AND BENEFITS TO THE RESEARCHER AND THE 

RESEARCHED 

 

 

E1 

 

Please state briefly any precautions being taken to protect the health and safety of researchers and others associated with the project (as 

distinct from the research participants).  

 

We have performed a risk assessment which is attached to this application. 
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E

2 

 

Will these participants participate in any activities that may be potentially stressful or harmful in connection with this re search?                

Yes  No 

 

If Yes, please describe the nature of the risk or stress and how you will minimise and monitor it. 

      

 

E3 

 

Will group or individual interviews/questionnaires raise any topics or issues that might be sensitive, embarrassing or upsett ing for 

participants?  

 

If Yes, please explain how you will deal with this. 

No 

E4 

 

Please describe any expected benefits to the participant.  

 

We foresee as an immediate benefit to the participant to feel a sense of participation in society that will be 

reflected in their inclusion in the shaping and execution of research within and by their own communities. 

Other potential benefit for the participant will be their contribution to shaping research findings that could 

be used to develop novel tactile display technology and also as evidence for its commercialisation to reach 

and benefit a wider audience. 

 

 

E5 

 

Specify whether the following procedures are involved: 

Any invasive procedure(s)  Yes  No    

Physical contact       Yes  No 

Any procedure(s) that may cause mental distress   Yes     No 

  

Please state briefly any precautions being taken to protect the health and safety of the research participants. 

No physical contact will take place between the participant and the researcher and no distress is expected in 

the study.  
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E6 

 

Does the research involve the use of drugs?    Yes        No 

 

If Yes, please name the drug/product and its intended use in the research and then complete Appendix II  

      

 

Does the project involve the use of genetically modified materials?   Yes    No             

If Yes, has approval from the Genetic Modification Safety Committee been obtained for work?  Yes  No      

If Yes, please quote the Genetic Modification Reference Number:       

 

E7 

 

Will any non-ionising radiation be used on the research participant(s)?  Yes  No 

If Yes, please complete Appendix III. 

 

E8 

 

Are you using a medical device in the UK that is CE-marked and is being used within its product indication? Yes  No 

If Yes, please complete Appendix IV. 

 

 

 

 

CHECKLIST 

 

Documents to be Attached to Application Form (if applicable)  Tick if attached  

Section B: Details of the Project  

• Questionnaire(s) / Psychological Tests   

• Relevant correspondence relating to involvement of collaborating   

department/s and agreed participation in the research i.e. approval letters  

to gatekeepers seeking permission to do research on their premises/ 

in their company etc.   

Section C: Details of Participants 

• Parental/guardian consent form for research involving participants under 18     

• Participant/s information sheet    

• Participant/s consent form/s   
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• Advertisement   

Appendix I: Information Sheet(s) and Consent Form(s)                                            

Appendix II: Research Involving the Use of Drugs 

• Relevant correspondence relating to agreed arrangements for dispensing                                   

with the pharmacy 

 

• Written confirmation from the manufacturer that the drug/substance has                                     

has been manufactured to GMP 

  

• Proposed volunteer contract    

• Full declaration of financial or direct interest   

• Copies of certificates: CTA etc…   

  

Appendix III: Use of Non-Ionising Radiation                                                                 

Appendix IV: Use of Medical Devices                                                                            

 

Updated October 2019 
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UCL IITD Strategic Partnership Seed Fund Award 

 
Dear Dr Holloway, 

  
Thank you for submitting the project below to the UCL – IITD Strategic Partner Fund. 

 

MFIRP 

Proposal 
ID 

Area of 

Research 
Project Proposal Title Experts 

138 
Global Health 
and Wellbeing 

Refreshable Tactile Drawing 

UCL - Dr Catherine Holloway, 
Dept. of Computer Science 

IITD - Prof PV Madhusudhan Rao, 

Dept. of Design 

  

I am pleased to inform you that your application has been successful, and your project has been 
awarded £10,000. As per the application guidelines you will receive half of this funding as 
the UCL lead applicant, with the other half being provided to your IITD lead collaborator. We will be 

in touch separately to arrange the transfer of your portion of the funding. 
  

Congratulations on your successful application and best of luck for your collaboration. 
 
Best wishes, 

  
Sophia 
  

  
_______________________________ 

Sophia Hilt 
Administrative Assistant 
Vice-Provost (International) | Global Engagement Office (GEO) 
s.hilt@ucl.ac.uk 
Tel +44 (0)20 3108 7795 
Internal: 57795 
 

 

 

 

 

 

mailto:s.hilt@ucl.ac.uk
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Local Ethics Committee Approval 
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Participant Information Sheet for Adults 

UCL Research Ethics Committee Approval ID Number: 18925/001 

 

YOU WILL BE GIVEN A COPY OF THIS INFORMATION SHEET 

 

Title of Study: User Experience Evaluation of Novel Refreshable Tactile Display and Tactile Drawing 

Interfaces 

Department: UCL Interaction Centre 

Name and Contact Details of the Researcher(s): Tigmanshu Bhatnagar, PhD Student, UCL  

Interaction Centre, +44 7383970408, t.bhatnagar.18@ucl.ac.uk 

 

Name and Contact Details of the Principal Researcher: Dr Catherine Holloway, Associate Professor, 

UCL Interaction Centre, +44 2031087990 (x57990), c.holloway@ucl.ac.uk 

 

 

1. Invitation Paragraph  

You are being invited to take part in a research project.  Before you decided, it is important for 

you to understand why the research us being done and what participation will involve.  Please 

take time to read the following information carefully and discuss it with others if you wish.  Ask us 

if there is anything that is not clear or if you would like more information.  Take time to decide 

whether or not you wish to take part. Thank you for reading this. 

 

2. What is the project’s purpose? 

This study aims to evaluate two tactile devices that are based on a novel technology that uses 

smart materials. These displays work very differently to the ones that are available in the market 

today. This design enables the creation of multiple lines of Braille and Tactile Graphics on the same 

display which can be helpful to read large volumes of text and tactile graphics. The first tactile 

device based on this technology is an erasable tactile drawing interface with which, one can draw 

tactile diagrams using a specially designed pen. We would like you to try this device while we 

observe your interaction on some specific tasks. You can also let us know what you think through 

a set of questions that we have prepared regarding the interaction. The second tactile device is a 

LONDON’S GLOBAL UNIVERSITY 

mailto:t.bhatnagar.18@ucl.ac.uk
mailto:c.holloway@ucl.ac.uk
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refreshable Braille and Tactile Graphic Display which is connected to a computer and translates 

visual information into Braille and tactile graphics. We would like you to evaluate this device to 

see if the technology enables you to read better and faster in comparison to existing devices.  

 

3. Why have I been chosen? 

You have been chosen for this study because you have identified yourself as a person who is blind 

or has partial sight and is a potential user of these devices.  

 

4. Do I have to take part? 

It is up to you to decide whether or not to take part.  If you do decide to take part, you will be given 

this information sheet to keep and be asked to sign a consent form.  You can withdraw at any time 

without giving a reason and without it affecting any benefits that you are entitled to. If you decide 

to withdraw you will be asked what you wish to happen to the data you have provided up that point.  

 

5. What will happen to me if I take part? 

Should you choose to take part in this study, you will be invited to a clean and sanitised test site at 

IIT Delhi Campus located in Hauz Khas, New Delhi, India. A sanitised transport can be arranged 

for your visit that will also escort you back to your residence. At the test site, you will be invited 

by the researcher to be seated comfortably infront of a computer and two devices. You will be 

encouraged to wear your mask and/or face shield for the entirety of the study. The site will be 

sanitized after each study. There will be minimal interaction with the researcher. The researcher 

would also be wearing their mask and/or face shield during this time.  

 

The researcher will instruct and monitor the study (which can also include the use of video 

conferencing mediums) to maintain communication with you during the study and to control the 

device that you are evaluating. The study is expected to last for around 2hour 30mins including 

short breaks. No refreshments can be offered as per the government guidelines, but sufficient breaks 

will be provided.  

 

In the study, you will be invited to touch, feel and create tactile information presented on our novel 

devices. For the first device, there will be three studies in which you will be asked to identify tactile 

shapes and draw them using a special pencil. Instructions will be provided to you to use the devices 

which you will have to follow. You will be asked quest ions during and after these interactive 

experiments. Each of the three studies will be separated by a small break.  

 

For the second device, you will be asked to give your feedback on the tactile feeling while you read 

braille on it. This will be guided through a set of questions. After that, you will be asked to read a 

passage in Braille on a refreshable tactile display followed by a few questions related to your 

experience in reading it and about the passage. It will be followed by another reading task on another 

tactile display, and which will be followed by a few questions. This session will be followed by a 

break. After the break, you will be asked to read tactile graphics on multiple tactile displays which 

will be followed by a few questions after reading on each display.   

 

6. Will I be recorded and how will the recorded media be used? 
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Your interaction and engagement with the devices will be video recoded during the evaluation of 

the prototypes. Your responses will be audio recorded. These recordings will be used only for 

analysis and for illustration in conference presentations and lectures after blurring any identifiable 

information. These unidentifiable videos may also be used for public dissemination of the 

technology on our website and science related blogs and social media pages. No other use will be 

made of them without your written permission that we seek in the consent form and no one 

outside the project will be allowed access to the original recordings.  

 

7. What are the possible disadvantages and risks of taking part? 

There are no potential risks or situations in the study that can lead to discomfort. You will be 

seated in a comfortable controlled environment, and the devices will be placed in front of you on 

a table at a comfortable height. Care has been taken to avoid all risks of any injury while interacting 

with the device. However, if there is any physical interaction which makes you distressed or 

uncomfortable, please let us know immediately and we will pause or end your participation.  

 

8. What are the possible benefits of taking part? 

Whilst there are no immediate benefits for those people participating in the project, it is hoped 

that this work will help to develop a device to aid blind and partially sighted children in their 

school, students in college education and professionals globally. To compensate for your time, we 

will  

 

9. What if something goes wrong? 

If this study has harmed you in any way or if you wish to make a complaint about the conduct of 

the researcher, please use the details below for further advice and information: Dr Catherine 

Holloway, Associate Professor, UCLIC, Computer Science, University College London, UK, 020 3108 

7990 (x57990), c.holloway@ucl.ac.uk. If you feel that your complaint has not been handled to 

your satisfaction, then please contact the Chair of the UCL Research Ethics Committee: 

ethics@ucl.ac.uk 

 

10. Will my taking part in this project be kept confidential? 

All the information that we collect about you during the course of the research will be kept strictly 

confidential. You will not be identifiable in any ensuing reports or publications. 

 

11. Limits to confidentiality 

Please note that confidentiality will be maintained as far as it is possible, unless during our 

conversation I hear anything which makes me worried that someone might be in danger of harm, 

including you, I might have to inform relevant agencies of this.  

 

12. What will happen to the results of the research project? 

mailto:ethics@ucl.ac.uk
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The information collected in this study will be analysed and the results published in peer reviewed 

articles. We may present the research in a research conference. Information collected in this study 

will be kept until the end which is expected by the end of 2022. Participants will not be identified 

in any report or publication. Your identity will be kept confidential.  Depending on the results of 

this project, we may find an additional use to the information collected and used for subsequent 

research or for teaching, in which your identity will also be kept confidential.   

 

13. Local Data Protection Privacy Notice  

The data controller for this project is University College London (UCL). The UCL Data Protection 

Office provides oversight of UCL activities involving the processing of personal data, and can be 

contacted at data-protection@ucl.ac.uk. UCL’s Data Protection Officer is Alex Potts and she can 

also be contacted at data-protection@ucl.ac.uk. Your personal data will be processed for the 

purposes outlined in this notice. The legal basis that would be used to process your personal data 

is that this task is in public interest. You can provide your consent for the use of your anonymized 

data in this project by completing the consent form that is provided to you along this information 

sheet. Your personal data will be processed so long as it is required for the research project but 

no longer than 2022. We will anonymise any identifiable personal data and will endeavour to 

minimise the processing of personal data wherever possible. If you are concerned about how your 

personal data is being processed, please contact UCL in the first instance at data-

protection@ucl.ac.uk. If you remain unsatisfied, you may wish to contact the Information 

Commissioner’s Office (ICO). Contact details, and details of data subject rights, are available on 

the ICO website at: https://ico.org.uk/for-organisations/data-protection-reform/overview-of-the-

gdpr/individuals-rights/  

 

14. Who is organising and funding the research? 

The research is support by UCL Graduate Research Scholarship scheme and UCL-IIT Delhi 

Strategic Partnership Seed Fund Grant.  

 

15. Contact for further information 

Dr Catherine Holloway, Associate Professor, UCLIC, Computer Science, University College 

London, UK, 020 3108 7990 (x57990), c.holloway@ucl.ac.uk  

 

--------------------------------------------------------------------------------------------------------------- 

 

Thank you for reading this information sheet and for considering taking part in this research study.  
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CONSENT FORM FOR ADULTS IN RESEARCH STUDIES 

 

Please complete this form after you have read the Information Sheet and/or listened to an explanation 

about the research. 

 

Title of Study: User Experience Evaluation of Novel Refreshable Tactile Display and Tactile Drawing 

Interfaces 

 

Department: UCL Interaction Centre 

 

Name and Contact Details of the Researcher(s): Tigmanshu Bhatnagar, PhD Student, UCL Interaction 

Centre, +44 7383970408, t.bhatnagar.18@ucl.ac.uk 

 

Name and Contact Details of the Principal Researcher: Dr Catherine Holloway, Associate Professor, 

UCL Interaction Centre, +44 2031087990 (x57990), c.holloway@ucl.ac.uk 

 

Name and Contact Details of the UCL Data Protection Officer: Alex Potts, data-protection@ucl.ac.uk 

 

This study has been approved by the UCL Research Ethics Committee: Project ID number: 18925/001 

 

Thank you for considering taking part in this research. The person organising the research must explain 

the project to you before you agree to take part.  If you have any questions arising from the 

Information Sheet or explanation already given to you, please ask the researcher before you decide 

whether to join in. You will be given a copy of this Consent Form to keep and refer to at any time.  

 

I confirm that I understand that by ticking/initialling each box below I am consenting to this element 

of the study.  I understand that it will be assumed that unticked/initialled boxes means that I DO NOT 

consent to that part of the study.  I understand that by not giving consent for any one element that I 

may be deemed ineligible for the study. 

 

LONDON’S GLOBAL UNIVERSITY 

mailto:data-protection@ucl.ac.uk


                                      

302 

 

  Tick Box 

 I confirm that I have been narrated and I understood the Information Sheet for the 

above study. I have had an opportunity to consider the information and what will be 

expected of me. I have also had the opportunity to ask questions which have been 

answered to my satisfaction and would like to take part in evaluation of two prototypes 

and the individual interview 

  

 

 I consent to participate in the study. I understand that as far as possible, my personal 

information will not be collected and the contact information I share will be used for 

the purposes explained to me. I understand that all information will be handled 

according to data protection legislation.  

 

 I understand that all efforts will be made to ensure I cannot be identified. I understand 

that my data gathered in this study will be stored anonymously and securely. It will be 

anonymized and it will not be possible to identify me in any publication media. 

 

 

 I understand that my information may be subject to review by responsible individuals 

from University College London and IIT Delhi for research purposes. 

 

 

 I understand the potential risks of participating and the support that will be available  

to me should I become distressed during the course of the research.  

 

 

 No promise or guarantee of benefits have been made to encourage you to participate.  

 

 

 I understand that the data will not be made available to any commercial organisations 

but is solely the responsibility of the researcher(s) undertaking this study.  

 

 

 I understand that I will not benefit financially from this study or from any possible 

outcome it may result in in the future.  

 

 

 I understand that I will be compensated for the portion of time spent in the study.  

 

 

 I agree that my anonymized research data may be used by others for future research. 

No one will be able to identify me when this data is shared.  
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 I understand that the information I have submitted will be published   

 I consent for my interaction with the devices to be video recorded and my feedback 

to be audio recorded. I understand that the recordings will be stored anonymously, 

and all identifiable information will either blurred or removed. The recordings will be 

used for specific research purposes, teaching, in conference and presentation 

and for public dissemination of the technology. 

 

 

 I understand the inclusion criteria as detailed in the Information Sheet and explained 

to me by the researcher. 

 

 

 I am aware of who I should contact if I wish to lodge a complaint.  

 

 

 I voluntarily agree to take part in this study.   

 

 

 I understand that personal contact details will not be transferred overseas.  

I understand that my anonymized data and recordings during the study will be 

transferred to University College London in the United Kingdom for analysis.   

 

 

 

If you would like your contact details to be retained so that you can be contacted in the future by UCL 

researchers who would like to invite you to participate in follow up studies to this project, or in future 

studies of a similar nature, please tick the appropriate box below. 

 

 

 Yes, I would be happy to be contacted in this way 

 

 

 No, I would not like to be contacted  

 

_________________________ ________________ ___________________ 

Name of participant  Date   Signature 

 

_________________________ ________________ ___________________ 

Researcher   Date   Signature 



                                      

304 

 

   

Covid 19 Related Participant Information Sheet 

 

This information sheet details the procedures and adjustments put in place to reduce risks related to 

COVID-19 transmission during the experimental procedure. We are following UCL and Government 

guidelines and will update these procedures regularly as the situation evolves.  

 

If you have participated in experiments before, you will notice that your experience in the lab will 

differ from previous visits. We have implemented strict controls and regulations with your safety, and 

the safety of the experimenters as our highest priority.  

 

After reading this information sheet, you can contact the researchers to ask any questions you may 

have about participation in the study, and to ask for more information if anything is unclear. Whilst 

the proposed set of procedures is designed to minimize the risk of COVID-19 infection, they will not 

abolish the risk completely. We encourage you to consider your participation carefully. It is up to you 

to decide whether or not to take part. If you choose not to participate, you won't incur any penalty or 

loss of benefits to which you are otherwise entitled. If you do decide to take part, you will be asked to 

read and answer a series of consent questions in order to document your agreement to participate.  

 

The purpose of this document:  

This document should be read together with the additional information sheet detailing the procedures 

specific to the experiment in which you are participating. Here we will focus on COVID-19 related 

procedures. The other document will explain procedures specific to the research study.  

 

Personal details:  

When you sign up to participate in this experiment you will be required to provide your contact details 

including your address, mobile phone number and email address. We will use this information to 

contact you for a health screening prior to the experiment and may share them with government 

officials if contact-tracing becomes necessary. This information will be kept secure, adhering to 

General Data Protection Regulation (2018) requirements and will be safely deleted after an 

appropriate amount of time, which is usually 3 weeks after the date of your visit to the lab.  
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Before your appointment:  

We will contact you 24 hours before your appointment to go over the details of your visit and to 

confirm your current state of health using the Arogya Setu Self Assessment questionnaire.  

 

Arrival at the research facility:  

Please make sure to arrive on time, and no earlier than 5 minutes before the appointment time. This 

is important to minimize interaction with other building visitors and to avoid crowding in communal 

areas. Please see attached a document explaining the current procedures for entering the building. 

The usual participant comfort items (e.g. snacks or drinks) will not be available. Please make sure to 

bring your own water bottle and snacks if needed 

 

On arrival:  

You will be met by the experimenter and briefed with further instructions about building regulations. 

You will be provided with a face mask, or if appropriate, another face covering that you will be required 

to wear during your visit. You will be required to sanitize your hands regularly as instructed by the 

experimenter. 

 

During the experiment:  

We have adjusted the experimental procedures to minimize face to-face interaction and maximize 

social distancing. Therefore:  

• It will be important that you stay within the experimental area as much as possible.  

• We will ask you to minimize toilet trips by encouraging you to use the toilet upon arrival at the 

building.  

• Strict disinfection procedures will be followed before, during, and after the experimental session.  

• As much as possible instructions and explanation will be delivered in a computerized way or via 

video.  

• If the experimenter’s presence in your vicinity is required, they will try to position themselves behind 

you to minimize face-to-face contact  

• Talking will be minimized, focusing on the necessary instructions and answering questions about the 

procedure. But please do not let this deter you from asking for further information if anything is 

unclear, or if you have concerns.  

 

Your responsibility:  



                                      

306 

 

• As part of the informed consent procedures we will be asking you to formally confirm that you 

understand and will adhere to these regulations.  

• It is your responsibility to contact us to let us know if you test positive for COVID-19 within 1 week 

of your visit to the lab.  

 

Potential risks:  

Immediate risk: The procedures we have set up are designed to minimize the risk of COVID19 

infection, however it is important to understand that a certain level of risk is unavoidable. If you fall 

within an at-risk group, as defined by the NHS, or are sharing a household with an at-risk individual 

we encourage you to carefully consider your participation.  

 

Secondary risks:  

• You will be required to wear PPE for the duration of your visit to the research institute. You may find 

this uncomfortable.  

• If required, your contact information will be shared with the Government contact tracing service.  
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CONSENT FORM FOR HEALTHY ADULT VOLUNTEERS TAKING PART 

IN RESEARCH STUDIES 

 

Please complete this form after you have read the Information Sheet for procedures in place for 

reducing COVID-19 transmission risk in experiments involving human participants. If you are happy to 

take part in the study, we will need you to give your consent. To do this, please read the statements 

below and tick the appropriate boxes. 

 

  Tick Box 

1. I confirm that I understand that by ticking each box below I am consenting to this 

element of the study. I understand that it will be assumed that unticked boxes mean 

that I DO NOT consent to that part of the study. I understand that by not giving 

consent for any one element, I may be deemed ineligible for the study. 

 

 

2. I confirm that I have read and understood the Information Sheet for procedures in 

place for reducing COVID-19 transmission risks. I have had an opportunity to 

consider the information and what will be expected of me. I have also had the 

opportunity to ask questions which have been answered to my satisfaction. 

 

3. Personal Information  

I understand that:  

• For purposes of Government-led contact tracing, I will need to supply my mobile 

phone number, address and email address. These data will be stored in accordance 

with the EU General Data Protection Regulation (2018) that protects the privacy of 

personal information.  

• No one other than the researchers (and authorized government officials, if 

necessary) will have access to this data.  

• This data will be safely deleted 3 weeks after the participation date as shown on 

this form.  

 

4. Right to withdraw: I understand that my participation in this study is voluntary and 

that I am free to withdraw from the study without giving a reason. 

 

5. COVID-19 transmission risk:  

I understand that whilst every effort is made to reduce COVID-19 transmission risks 

down to manageable levels, the risk cannot be abolished completely.  
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6. My responsibility:  

• I confirm that I will adhere to the instructions detailed in the information sheet 

including those that relate to face covering, hand sanitizing and social distancing.  

• I understand that my contact details will be shared with Government officials in 

case contact tracing is necessary. 

I will inform the experimenter, using the contact details provided to me, in the 

event that I test positive for COVID-19 within 1 week of today’s date.  

 

7. I am aware of who I should contact if I wish to lodge a complaint  

8.  I voluntarily agree to take part in this study.   
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Appendix B: Focus Group Discussion 

Guide for Section 4.3 

The plan for the codesign session 

1. Aim – understand the needs, challenges, and practices of students with visual impairments. 

2. Participants – Students in colleges who are visually impaired. 

3. Methods 

a. General discussion of everyday student life. 

b. Discuss / identify challenges in the context. 

c. Discuss the problems, the ways in which the participants overcome them. 

d. Identify what is required in education? 

4. Discussion Guide 

a. Pre-Study 

i. Set up the room for a focus group discussion session. 

ii. Receive the participants.  

iii. Bring all the participants into the room and provide them with a seat. 

iv. Arrange for water, tea, and biscuits – it’s 11 and some may have had an early 

breakfast. The Covid norms have eased so you can provide meals. 

v. Introduction of the study 

1. Get the consent signed and agreed – those who can’t sign, get verbal 

consent, or ask to sign on their behalf.  

b. Study Session 

i. Start the discussion – with an ice breaker. 

ii. In a circle –  

1. Where are you going to college? 

2. What is the degree that you are pursuing/recently graduated?  

iii. Seeing that you all are pursuing higher degrees. 

1. What has been the most difficult thing in education in school and 

now? 

2. What social challenges do you face? 

3. What challenges do you face because of the subjects? 

4. What is it that you like the most about your education today? What is 

it that you don’t like? 

iv. Speaking of challenges: 

1. What are the ways in which you overcome the difficulties? 
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2. What keeps you motivated? 

3. What aids are available in your college to help in your education? 

What is not there but could have been very useful? 

v. Speaking of learning aids –  

1. What was perhaps the most important learning aid today? 

2. What is important but very difficult to learn or handle? 

3. What was useless but was is still there? 

4. What should be there but is not available? 

vi. You must have also been lucky with good teachers. 

1. How have teachers played a role in your education?  

2. What are teachers unable to do?  

vii. Broadly - how do you think your present education can be improved? 

1. What are the biggest challenges? 

2. What are the most urgent needs? 

viii. Imagine it is the year 2050 and a young man born blind in Delhi is about to 

attend school/college. What would you hope their experience would be like? 

How would technology facilitate this? 

c. Debrief  

i. overview of observations and notes 

ii. highlight important points. 

iii. ask for clarification. 

iv. key takeaways. 

d. Allow for any last comments from the group. 

 

 

 

 

 

 

 


