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ABSTRACT 

The movement of society into the Fourth Industrial Revolution introduces a fundamental shift in 

how Mechatronic devices are implemented in daily life and the workplace. Terms such as 

‘efficiency’ and ‘competitive advantage’ bolster the drive to develop technology that sets one 

company, business or manufacturer apart from the rest. However, is there a possibility that the 

same technology can be used to unify society by providing equal opportunity within the 

workplace, academia, and everyday life? This research addresses the position of the South African 

visually impaired community within Industry 4.0 and how Mechatronic technology can be used 

to improve current employment statistics and quality of life.   

The purpose of the research project was to assess the financial and operational viability of a 

portable text to braille transcription device with focus on the implementation of novel small-scale 

Dielectric Elastomer Actuators (DEAs).  The device was required to transcribe printed characters 

into braille in real-time. This allowed visually impaired individuals access to books, journals and 

newspapers without assistance or the need to wait for the production of a braille-embossed printed 

copy. In addition, the research included an assessment of the current employment and educational 

circumstances of the blind and visually impaired community of South Africa as well as an 

investigation of the ideal approach to address multiple key factors using a single device.  

The design of the selected device was comprised of three major subsystems; the optical character 

recognition hardware, the software and electronics required to transcribe the characters into a 

series of voltage outputs and the actuation system of the tactile display. The synthesis and 

operating conditions of the dielectric elastomer actuators were experimentally assessed. The 

tactile display was required to be low cost, small-scale, portable, and robust to present a 

sustainable solution to the challenges presented by the lack of accessible reading material and 

high cost of commercially available options. Scaled models of the DEA were synthesised. The 

subsequent experiments included the comparison of elastomer materials, electrode materials, the 

effect of pre-strain on DEA performance, the effect of different application methods of carbon 

electrodes and the performance of inflated DEA membranes. The electronic subsystem was 

simulated to investigate the reaction time of the device. Design challenges included the 

requirement of a high voltage power supply to actuate the DEA, the insulation of the synthesised 

membranes, electrical protection of the micro-controller and the incorporation of optical character 

recognition programmes.  This research aimed to assist in the development of actuators with 

greater portability and scope for miniaturisation than commercially available pneumatic or 

piezoelectric alternatives while addressing the challenges faced by the visually impaired 

community of South Africa. 
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INTRODUCTION 

1.1 Introduction 

The following dissertation presents the systematic study of a Mechatronic approach to improving 

accessibility of the blind and visually impaired in the workplace and educational environment. 

The design of the mechatronic device aimed to bridge the gap between the lack of literary 

resources and media available for the visually impaired in South Africa, particularly to school-

age children. The appropriate function and requirements of such a device were first investigated 

through a literature review before the ideal solution was defined. The final device was required 

to transcribe printed text into braille in real-time using novel Dielectric Elastomer Actuators 

(DEAs). The device consisted of three sub-systems: the optical character recognition scanner, text 

to braille transcription software and supporting hardware, and the haptic feedback output. The 

haptic feedback output actuated the refreshable braille display. The literature review accounted 

for selecting the appropriate haptic feedback actuation system, of which DEAs were the final 

choice. A proof-of-concept design of the DEA was then manufactured and tested against 

specifications compiled in the literature review. The following motivation and background 

provide a detailed account of such a device's validity in the search for equal access to information 

for the blind and visually impaired in South Africa. 

1.2 Motivation and background 

The initial aim of the research project was to develop a solution to incorporate a larger percentage 

of the disabled members of the South African population in industry and manufacturing. This 

intended to carve out a position for the disabled community in South Africa’s movement into the 

fourth industrial revolution. The project's focus was narrowed down to individuals affected by 

visual impairments and blindness to restrict the specifications of the project while reaching as 

large a percentage of the population as possible. Vision impairment was identified as the highest 

percentage of all disabilities, comprising 32% of the disabled population in South Africa [1]. In 

order to develop an understanding of the ideal mechatronic solution to improve accessibility to 

the blind and visually impaired in the modern workplace, a study was conducted on the current 

global and national statistics relating to the visually impaired.   

The number of blind or visually impaired individuals in the world was identified as approximately 

253 million by the Orbis Annual Report [2]. The report further defined that 89% of effected 

individuals live in low/middle income countries and that 75% suffered from preventable or 

treatable conditions. Both statements prove true for a country such as South Africa where majority 

of the visually impaired population reside in remote areas and fall within the low-income bracket 

[1]. This economic position results in a limited access to treatment and a greater risk of developing 
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When investigating possible job opportunities and careers for the blind, the following statement 

from the American Printing House for the Blind [6] is considered, “People who are blind or 

visually impaired are employed in as many diverse jobs as those who are sighted in the workforce. 

Individuals with vision loss can perform jobs across all industries, including marketing, human 

services, business management and administration, health science, law, agriculture, and more.”  

To assess the viability of this statement and understand the scope of accessibility, five 

professionals from diverse career paths were researched. These individuals and their respective 

careers are briefly described below. 

Nathaneal Wales is an advocate for the National Centre for Blind Youth in Science in America 

and the president of the California Association for Blind Students. He completed his bachelor’s 

degree in Civil and Environmental Engineering in 2001. Wales credited his ability to complete 

his degree in four and a half years to a strong basis in braille literacy and attendance of an 

adjustment to blindness training course he attended before commencing college [7].  Wales made 

all class notes using a slate and stylus, his braille typewriter, and Braille Lite, which was 

particularly useful to record matrices and differential equations. He employed readers to assist in 

reading his textbooks since not all course material was available on tape or in braille. Further, he 

employed lab partners to read gauges and make visual observations during practicals. Wales 

attributed his successful university experience to the assistance of the Disabled Student Services 

to provide funding, the guidance of blind mentors in the National Federation of the Blind, as well 

as his determination to be independent and reach the high expectations that he set for himself [8]. 

John Furniss is a woodworker based in Washougal, Washington. Furniss was diagnosed as legally 

blind after an accident when he was 16 years old. He attended a vocational rehabilitation school 

in Utah where he learnt braille and woodworking using accessible tools; he went on to graduate 

from the Emil Fries School of Piano Technology for the Blind [9]. Furniss uses the lathe in his 

workshop without assistance and uses a rotomatic to measure components. The rotomatic is a 

threaded tool designed to allow blind artisans to measure using a notched rectangular nut and 

hexagonal locking nut which runs on the threaded rod. Through counting the number of turns of 

the rectangular nut between notches on the threaded rod, exact measurements in multiples of one-

sixteenth of an inch can be determined [10]. 

Justice Zakeria Yacoob served as a constitutional judge in South Africa and has served as the 

Chairperson of the South African National Council of the Blind. Justice Yacoob was diagnosed 

as blind at 16 months and completed his education at the Arthur Blaxall School for the Blind. He 

completed a BA majoring in English and Law and an LLB at the University of Durban-Westville 

[11]. Justice Yacoob is well known for his role as an anti-apartheid activist and advocate of social 

justice in South Africa. During his time as a judge on the South African constitutional court, 
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Justice Yacoob utilised the JAWS computer reader software, a braille printer, a Braille-Note 

braille note-taker and the assistance of a legally trained personal assistant to perform his duties. 

His response to an interviewer posing the question on what he believes to be the ideal balance 

between braille, assistive technology and sighted assistance for a blind lawyer was as follows “, I 

think each blind person would require a different balance. I use braille for anything that needs to 

be carefully studied and other assistive technology for the rest.” [12] 

Michael Forzano started his career as a programmer at Amazon at the age of 26 in 2013 after 

graduating from Birmingham University. Forzano was born blind due to a genetic condition. 

Forzano uses a standard laptop with a screen reader program to read each line while writing code 

[13].  

Molly Burke is a Canadian social media personality and motivational speaker. Burke became 

legally blind at age 14 after suffering from a degenerative eye disease since adolescence [14]. The 

slow onset of her condition allowed her to learn braille, the use of a Perkins braille typewriter and 

typing classes on a keyboard while sighted. This was provided to her by the educational board of 

the school that she was attending and included finger sensitisation, sensory books and the braille 

system. She further states that, even with the assistance of modern technology, braille is blind 

individuals’ access to a proper education. Braille is the only solution to learning correct English 

spelling and grammar. Burke used a Perkins braille typewriter and braille display during her 

schooling. She now uses a range of Apple products in her career as a social media personality. 

Apple products are accessible for the blind with built-in voice-over technology. Similarly, 

Android products have also adopted voice over technology. As with Forzano, Burke uses a 

standard Apple laptop with voice-over software and navigates using key commands instead of the 

tracker pad [15] .  

The information above is not an exhaustive account of the variety of professions performed by 

the blind and visually impaired but does succeed in providing an indication of what can be 

achieved as well as the technology and resources available to achieve it. The importance of braille 

as a means of communication has further been highlighted. What can also be concluded from this 

research is that, although all noted individuals are now successful in their own right, the funding 

provided by foreign education systems, such as America and Canada, or employers was 

imperative in the accessibility to equipment and information. Therefore, the expectations and 

budget of the education system in South Africa must be considered when analysing the suitability 

of the abovementioned equipment and technology in schools. This statement, in combination with 

the overview of professionals provided, gives a clear indication that accessibility within the 

workplace is within reach, however, it must be supported by a stable foundation provided by the 

education system.  
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Therefore, the question of the high unemployment statistic must now be analysed in the scope of 

the education provided to blind and visually impaired students in South Africa. The primary 

challenges faced by the government in providing an equality-based educational system for the 

visually disabled can be summarised as follows: [11] 

1. Staff provisioning

2. Adequate training of teachers

3. Access to learner teacher support material in braille

4. Access to assistive learning devices

Are these challenges being met? Khumalo et al. [11] asserts that a lack of an equitable budget 

dedicated to inclusive education at both a provincial and national level is a major opposition to 

overcoming these challenges. The lack of appropriate budget designation is revealed to have a 

long-term impact on all the challenges listed above, most often not for lack of effort from the 

leaders and educators of these schools. These systemic issues further separate the goals of 

American and other first world schools dedicated to the visually impaired from their South 

African counterparts through introducing complex socio-economic issues such as having to 

choose between access to electricity or appropriate learning material. Therefore, even though it 

may not be the result of the decisions of individual schools, problem areas must be identified to 

build an understanding of what is required in these institutions.   

Statistically, of the 22 schools dedicated to the blind and visually impaired in South Africa, 17 do 

not have access to braille textbooks of the CAPS syllabus [11]. Further, the absence of sufficient 

Perkins braille typewriters result in students having to share during class, making note-taking 

difficult. This leaves many students at a disadvantage when studying for tests and exams. The 

lack of funds to even repair damaged Perkins typewriters rules out the option for majority of the 

22 schools to provide computers with JAWS screen-reader software. This results in students 

leaving school with no computer literacy skills, drastically impacting their chances of being able 

to attend tertiary education or work without assistance [11].  

Beyond the lack of technological and academic resources, the absence of professionals trained to 

educate the visually impaired and blind impact the students’ academic success. The absence of 

an education qualification dedicated to the visually impaired results in many teachers starting 

their career at these specialised schools with no knowledge of braille or the unique requirements 

of teaching blind students [11]. Wolffe [16] states, “There is an almost universal 

misunderstanding about differences between people with vision loss and those who are fully 

sighted exists and is demonstrated when sighted people speak to others with vision accompanying 

blind individuals rather than to them or automatically assume that someone without sight must 

also have a hearing or cognitive impairment.” Of course, this is entirely untrue. However, in the 



6 

case of instructors and teachers who do not have experience living or working with the blind and 

visually impaired, the consequence of this bias is severe. It can be argued that career education is 

equally as important as the content and subjects taught to attain access to that career path. If the 

student’s goals and aspirations are not taken seriously, an idea of futility is cultivated within their 

mind, thus eroding the pressure and drive to continue their studies and practice their braille 

reading skills.  

The ideal solution would be the employment of education professionals who are trained to work 

with specific disabilities such as the blind and visually impaired. However, in an already 

financially strained system, the ideal solution may not be possible. Alternatively, caring adults in 

the student’s lives must be provided with the tools to convey their high expectations of the child 

and develop the child’s disability-specific skills [16]. A possible example of this is shared reading 

time, where the sighted parent can read along with the child in order to provide feedback on their 

performance and assist them in developing their skills outside the school environment. This 

scenario could be enabled through the use of a portable text to braille transcription device, which 

will allow the child to read using the braille interface while the parent follows by reading the 

printed text. This introduces the requirement that the device be easy to operate and maintain 

without training in order to allow parents to assist the child when using it at home.  

Upon analysis of the information above, it can be concluded that the device to be designed must 

meet the following requirements. The device must be low cost to account for the socio-economic 

challenges of distribution in South Africa. The device must fulfil the needs of school-age children 

in order to assist with their education, as this is the area faced with the largest challenges. The 

device must be able to convey written information in a medium accessible to blind students. This 

is due to the noticeable lack of computers or funding for digital equipment. Therefore, the device 

must be able to deal with the most common and inexpensive existing material, thus textbooks and 

printed subject matter provided by the Department of Education and public libraries. It must be 

capable of transcribing printed text into a medium accessible to the blind and visually impaired 

in real-time. 

1.3 Challenges 

The above information highlighted an area of deficiency in the education of blind or visually 

impaired individuals, specifically the absence of appropriate braille printed learning material. The 

challenges of developing the design included the use of low-cost materials and synthesis 

procedures to make the device as accessible as possible to the visually impaired community. The 

design was required to be robust to be handled by both children and adults on a daily basis without 

failure or the need for short term maintenance. As a reading apparatus, the device needed to be 

capable of miniaturisation and weight reduction to be portable. The miniaturisation of the haptic 
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feedback system posed the greatest challenge since both actuators and auxiliary mechanics were 

required to be scaled to fit on a single, handheld device.  

1.4 Research question 

Can a Mechatronic design approach to portable text transcription provide a low-cost solution to 

the job accessibility crisis affecting the blind and visually impaired in South Africa? 

1.5 Research objectives and dissertation structure 

The aim of the research project was to investigate, design and analyse the viability of a portable, 

low-cost text transcription device as a solution to the lack of accessible information available to 

the visually impaired. The following research objectives facilitated the achievement of this aim: 

1. Analysed the ideal approach to making information and printed media accessible to the

blind and visually impaired.

2. Identified an appropriate medium to which the printed or written test is to be transcribed,

most notably audio or braille.

3. Identified a haptic feedback system that would facilitate real time text to braille

transcription while meeting the requirements of the research question.

4. Identified appropriate software and programming to control the device and enable optical

character recognition.

5. Designed the electrical, mechanical and software subsystems of the device with emphasis

on miniaturisation and a low-cost design.

6. Tested and analysed a proof of concept of the haptic feedback subsystem against the

requirements of the design.

The dissertation served as a record of the above-mentioned objectives and through the completion 

of the objectives, answered the research question.  

The dissertation was structured as follows: Chapter 2 presented a literature review in which the 

transcription medium, transcription technology and optical character recognition software were 

researched and identified. Chapter 2 also identified the requirements and specifications of the 

design through analysing braille mechanics and similar commercially available devices.  

The research collected in Chapter 2 was applied in Chapter 3 which detailed the proposed 

mechanical and electronic design of the device. The first subsection of Chapter 3 summarised the 

specifications and requirements and was followed by a series of conceptual designs. Thereafter, 

the final mechanical design and final electronic design was discussed.  

The analysis of system performance was divided into three chapters. Each chapter included a 

methodology, description of the testing, results and an analysis of the results.   
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Chapter 4 included the installation and configuration of the experimental Optical Character 

Recognition (OCR) program and further discussed the results of the tests conducted to test the 

accuracy and processing speed of the subsystem. The OCR software comprised the control 

subsystem of the device.  

The second subsystem which included the DEA output was tested in two stages, each stage was 

recorded in Chapters 5 and 6 respectively. Chapter 5 was comprised of the initial set of 

experimental results and analysis of the ideal materials to be used in the synthesis of the Dielectric 

Elastomer Actuators. The data collected in the chapter was then utilised in Chapter 6 to synthesise 

and test a proof of concept of the dielectric elastomer diaphragm-type actuators to analyse the 

response against product specifications.  

Chapter 7 detailed a comprehensive discussion of the applicability of the entire system with 

consideration toward the aims and objectives of the dissertation. Further, the results of the system 

performance chapters were summarised and compared to design specifications, and potential 

areas of further study were explored.  

Chapter 8 served as the conclusion of the dissertation and explored the key insights of the 

dissertation, the limitations of the research and recommendations for future work in the field of 

study. 

1.6 Chapter Summary 

This chapter introduced the reader to the research topic and highlighted the challenges faced by 

the blind and visually impaired in South Africa. The welfare, financial and educational situations 

of the visually impaired community were explored from both an international and local 

perspective. This allowed a background of the topic to be constructed and provided a focussed 

portrait of the motivation behind the research topic and aims of the project. The challenges of the 

research and proposed Mechatronic device were identified and a succinct research question was 

presented. An action plan was established through a set of objectives and the resultant structure 

of the dissertation was presented. The following chapter presents the literature review exploring 

the dynamics of braille and voice-over technology as a possible solution to the research question. 

Thereafter, the requirements of the selected system are refined through the analysis of 

commercially available technology.  
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LITERATURE REVIEW 

2.1 Introduction 

The literature review serves to identify key requirements and specifications of the design while 

fulfilling the first four objectives of the project as set out in Chapter 1.5. The first area of interest 

being the analysis of the ideal approach to making information and printed media accessible to 

the blind and visually impaired. Thereafter, an appropriate transcription medium is explored 

followed by a Mechatronic-specific analysis of the technology required to produce the 

transcription medium. 

2.2 Braille versus voice-over 

Once the target market has been narrowed down the student body of South African schools 

dedicated to the blind and visually impaired the following question must be posed: will a design 

based on braille or text-to-speech technology be most successful in improving the education and 

employment statistics of this group? A survey conducted by the National Federation of the Blind 

Jernigan Institute [17] provided evidence of education and employment levels being directly 

dependent on the ability to read braille. However, in a society that is becoming progressively 

more dependent on technology and favours efficiency above all, it is challenging to believe that 

a braille system will continue to exceed the performance of audio-based technology. Of course, 

the use of braille and text-to-speech technology in conjunction would be ideal; this discussion 

deals with a scenario in which the economic situation of the majority of learners calls for a single 

device in which to interpret printed reading material. The discussion below analyses the 

advantages and disadvantages of each. 

Examples of accessible audio technology include text-to-speech synthesisers, audiobooks, tapes 

and voice-over software on laptops and mobiles. The primary advantage of this approach is that 

the technology involved is progressing much faster than braille counterparts. This is partially 

since this technology is not only limited for use by the visually impaired. Sighted individuals who 

favour efficiency and multi-tasking are now listening to audiobooks during their daily commute. 

Typing is steadily being replaced by voice input on mobile devices. Therefore, the target market 

and resulting motivation for companies to produce voice-over technology are increasing. It can 

further be argued that voice-over technology is more accessible than braille typing and reading 

equipment since most iOS and Android smartphones now possess voice-over functions. Free text 

to audio scanning applications such as KNFB reader is also available to be downloaded to 

smartphones [18]. Voice-over software such as NVDA are also free to download on laptops and 

computers [19]. However, this will only apply to a small group of students who are in the financial 

position to afford personal smartphones and laptops.  
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A significant appeal of voice-over software or text-to-speech synthesisers is the lack of 

requirement to learn a new method of interpretation such as the grades of braille. It is easy to use 

and requires minimal effort from the user [20]. This concept is further influenced by the spiral of 

misunderstanding connected to braille literacy. This misunderstanding is influenced by three 

factors, the difficulty to learn braille, the limitations on reading speed when using braille and the 

stigmatization of learners who use braille by peers who read print. These points are particularly 

true for learners who are integrated into mainstream schools. The lack of learning material and 

teachers who are braille literate further build on the façade of inaccessibility of braille [17]. The 

long lead time to order and produce books in braille using braille embossing printers is both a 

national and global problem that has influenced the opinion of braille. Braille printed books are 

also much larger than their printed counterparts, an example of this is the popular Harry Potter 

series which is printed in 56 volumes [21]. 

Braille literacy is a right advocated for by many, the reasons for which will be discussed below. 

Studies have proven that the information retained through purely listening memory is 

considerably less than reading memory due to the focus of the attention of the reader [22]. 

Learning through purely audio sources also places limitations on the student’s understanding of 

spelling, grammar, and mathematics-based courses. The ability of sighted individuals to read 

mathematic symbols and music notes and form their own interpretations is an uncontested 

necessity in the mainstream education system. Similarly, visually impaired students should be 

afforded the same opportunity, an opportunity made possible by the diversity of the braille system. 

The braille system is used to represent all 26 letters of the Latin alphabet in upper and lower case, 

punctuation symbols, numbers, mathematical operators and can be used to write musical 

compositions [23]. The braille alphabet can also represent dialects such as Urdu and Japanese. 

Braille literacy introduces the opportunity for silent reading. Studies indicate that silent reading 

results in increased neural plasticity and activation of deeper areas of the brain, such as the 

thalamus and brain stem [24]. The processing of spoken language can also experience increased 

speed and accuracy through the improvement of an individual’s literacy skills [25].  Literacy does 

not only have a cognitive and developmental impact but also presents a social and cultural effect 

on the individual. The concept of literacy generates a sense of belonging within human 

psychology since it forms a method of communication with others of an identifiable group [26]. 

Beyond this sense of social union, braille literacy specifically has attributed to the self-esteem of 

children and facilitated the acceptance of their disability. Further, it allows braille literate 

individuals a greater sense of independence later in life through allowing them to search for 

alternate sources of information, decreasing their dependence on a single source or caregiver [27]. 
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The long-term impacts of the cognitive advantages and independence granted by braille literacy 

result in higher employment rates. A study conducted by Ryles [28] in 1996 analysed the 

employment achieved by 74 working-age adults who have been blind since birth. It was recorded 

that 56% of individuals who were taught braille were employed while non-braille users only had 

an employment rate of 23%.  A larger study consisting of 1000 blind adults was conducted by 

Bell in 2013 confirmed this hypothesis and went on to note that the level of earnings and quality 

of employment also improved the more proficient the individual was at communicating using 

braille [29].  

It must also be noted that, even though the spiral of misunderstanding surrounding braille exists 

and is a valid challenge when tasked with adjusting the attitude of newly blind individuals, 

children and sighted parents of affected individuals, it is based on incorrect facts. Under the 

tutelage of a well-educated teacher, braille is not more challenging to learn than traditional 

reading; however, the stigma is caused by the limited supply of teachers and learning material 

[30]. There is currently no formal qualification for teachers to work with the visually disabled; 

therefore, many teachers arrive at the special schools without the appropriate knowledge of braille 

[11]. A further misconception is the idea that braille readers are slower than traditional readers, 

the National Federation of the Blind Jernigan Institute recorded readings speeds of 200 words per 

minute in children who learnt braille at an early age [17].   

It is doubtful whether an equal level of creativity and self-expression can be attained through 

purely audio input or with the assistance of a sighted person. The presence of a condition such as 

blindness does not over-ride the individual personality of the person affected. As with many 

introverted children within the mainstream education system who function at their best when left 

to work through academic assessments alone and with the freedom to dedicate a self-determined 

period of time to the question, this trait is also true for individuals of the blind community [31]. 

Beyond academics, many perceive the reading experience as an opportunity for introspection and 

self-reflection. To be limited to linear tapes, audio recordings, or the reliance on a reader will 

afford little chance for an opportunity that the sighted are given since the early stages of their 

education.  

Upon consideration of the opposing ideas of the research presented above, it can be concluded 

that a device dedicated to the transcription of text to braille would be both a novel concept as well 

as more suitable to cover a larger number of challenges faced by the blind community. Lack of 

appropriate reading material, the cognitive benefits as well as the improved employment statistics 

all support the decision for a braille-based system. It can further be concluded that the text to 

speech medium satisfies an immediate problem. However, the impact of text to braille not only 

serves as a means of communication but has more prominent long-term effects through 

advocating for higher braille literacy statistics.  
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2.3 Existing braille technology  

Commercially available braille technology can be divided into three categories: 

• Embossers and braillers: These devices “print” braille onto embossing paper by pressing

indentations into the paper to form the braille cells.

• Refreshable Braille-display: A device connected to a PC, tablet or Smartphone device

that transcribes the output into braille and allows the user to input information using the

Perkins-style keyboard.

• Note-takers: Personal digital assistants which includes a Perkins-style input and voice

synthesizer, touch screen and refreshable braille outputs

Notable examples and supporting technology of each category are discussed below. 

2.3.1 Embossers and braillers 

• Embossing printers

Embossing printers are manufactured in a variety of sizes. Industrial or large-volume printers 

range from R160 000 to R1 350 000 and can print textbooks and magazines. Personal or small-

volume printers’ cost between R30 000 and R84 000 [32]. Some printers such as the Braille 

Express 150 are portable and can emboss braille at a speed of 150 characters per second. The 

Braillo 400SR is a high speed, large volume printer and is advertised to print 1200 pages per hour 

[33]. 

• Perkins brailler typewriter

The Perkins Brailler is perhaps the most well known and most common piece of technology 

utilised by the visually impaired. It is a braille typewriter with six keys that correspond with the 

six braille dots that make up a braille cell. The embossing paper is fed into the machine in a 

manner similar to a traditional typewriter as illustrated in Figure 2-1. It is the primary method of 

braille communication used in South African schools dedicated to the visually impaired [34]. 

However, many schools do not utilise their total number of Perkins typewriters due to poor 

budgeting for maintenance and repairs. Therefore, due to the high cost of replacement parts and 

specialised technicians, students are required to share typewriters during class and assessments 

[11]. This is a concerning observation, particularly when designing a secondary mechatronic 

device to be used in schools. It can be concluded that the designed device must be robust and 

prioritise low-cost maintenance and replaceable parts that are cheap and easily sourced. 
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• Slate and stylus

The slate and stylus represent the traditional pen and paper within the world of braille technology. 

The slate is manufactured from plastic or metal and is designed with a hinge to allow for the 

embossing paper to be slipped between the front and back plates. The common pocket slate 

measures 29,7cm x 4,4cm x 0,27 cm [35]. The stylus comes in variety of shapes depending on 

the requirement of the user and has a metal tip used to punch dots into the embossing paper. It 

remains the cheapest method of taking notes in braille and is priced at R207 on Amazon for a 

stylus and plastic slate [36]. 

Figure 2-1 Perkins brailler [34] 

Figure 2-2 Slate and stylus 

2.3.2 Refreshable braille display 

• Focus 14/40/80 Braille Displays

Refreshable braille displays such as the Focus line are utilised in conjunction with the JAWS 

screen reading software to transcribe digital text into a braille output. The braille-display can be 

connected to computers, smartphones and tablets using a Universal Serial Bus (USB) or Bluetooth 

connection. The model number of the Focus line indicates the number of refreshable braille cells 

per device. The Focus 80 depicted in Figure 2-3 contains 80 refreshable braille cells and the 

aluminium and steel frame result in a total device weight of 1.02 kg. [37] The cost of the Focus 

braille displays range from R 20 187,17 for the Focus 14 to R 124 630,46 for the Focus 80 [38].  
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Figure 2-3 Focus 80 braille display [39] 

Commercially available refreshable braille displays utilize piezo-bimorph actuators to control the 

displacement of the dots in the braille cells. The height of the Focus models is 19 mm, which 

provide an indication of the level of miniaturisation which the piezo-bimorph actuators are 

capable of [38]. The piezo-bimorph actuators are further discussed in Section 2.4.  

2.3.3 Note-takers 

Note-takers such as the Braille Sense, Actilino and Braillenote take the refreshable braille displays 

a step further by combining a refreshable braille display with an internet connection and word 

processor software [40]. Therefore, it is possible to complete tasks without the requirement of an 

additional PC, tablet, or smartphone connection. The Actilino is a compact device that functions 

as both a refreshable braille display and note-taker. It consists of a braille keyboard and 16 

concave braille cells, indicated in Figure 2-4. It can connect to four smartphones/PCs at a time 

via Bluetooth and USB. The device has a 30-hour battery life and measures 16,6cm x 10,9cm 

with a height of 2,9cm. The current price is listed as R47 287,35 [40]. The Braillenote Touch 

pictured in Figure 2-5 includes a touchscreen that uses voice-over to indicate the readers finger 

position on the screen. The average touching force of the Braillenote refreshable braille dots are 

between 0.05 N and 0.39 N [41]. The Braillenote Touch is priced at R 88 776,79 [42]. 

Figure 2-4 Actilino Note-taker [40] 
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Figure 2-5 Braillenote Touch [42] 

2.4 Applicable actuation technology 

In order to assess the ideal actuation technology ideal for the application as a portable braille 

reading device, the scale and requirements of a typical refreshable braille cell were first reviewed. 

Thereafter, applicable actuation technology was explored. 

2.4.1 Summary of mechanics behind braille 

The standard dimensions of a braille cell are indicated in Figure 2-6. The average dimensions of 

the dot base diameter and height are 1,44 mm and 0,48 mm respectively [43]. The tactile braille 

display will be mounted on the forefinger of the reader’s hand to simulate the natural position 

when reading braille. The braille cell must conform to the finger and be as thin as possible as to 

not interfere with the proprioception of the reader [17]. Proprioception is defined as the perception 

or awareness of the position and movement of the body [44]. In the case of reading braille, 

proprioception is centred around the pad of the index finger. A line of braille is read by running 

the pad of the index finger from left to right over the embossed line of braille. A light pressure is 

encouraged when reading in order to increase the quality of perception to the braille symbols. Wu 

et al [45] states that a minimum contact force of 50 mN at a minimum displacement of 0,25 mm 

is required to stimulate the shallowest mechanoreceptor. The average reading rate of braille is 

approximately 120 words per minute [46].  

As with experienced sighted readers, readers experienced in braille can predict the complete word 

before all letters of the word are read. This pattern recognition is considered a result of 

proprioception by Foulke et al. in studies that compared the recognition of braille characters under 

static and dynamic test conditions [47]. Foulke hypothesised that there was a high correlation 

between the movement of the finger and the recognition time. Heller goes on to divide this 

movement into two categories: active and passive [48].  The non-movement or static condition 

involved keeping the finger stationary while the pins of the refreshable braille display pressed 

into the pad of the finger. Active movement was identified as the finger moving over the braille 

display. The passive movement involved the finger remaining stationary relative to the braille 
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display but both finger and display were free to move horizontally. The method that generated the 

best performance was active movement of the finger across the braille display. This result is 

supported by the work of Darden et al which investigates the effect of friction induced by the 

sliding motion over embossed braille characters on fingertip sensitivity [49]. Heller’s work was 

reviewed by Russommanno et al. in 2015 and it was hypothesised that the passive movement 

resulted in better performance statistics than the static tests due to the ability to mimic the 

proprioceptive feedback in the hand while moving from left to right [46]. 

Figure 2-6 Braille cell dimensions 

2.4.2 Comparison of actuation technology 

With an understanding of the requirements of the method of actuation established, possible 

actuation systems can now be explored. Piezo-bimorph actuators remain the only type of actuation 

utilised in commercialised refreshable braille displays, however, the rapid miniaturisation of 

technology in recent years has led to many alternative actuation techniques being analysed [46]. 

Possible actuator technologies explored in literature pertaining to braille displays include: 

• Electric motors

• Solenoids

• Piezoelectric

• Electrothermal

• Shape Memory Alloys

• Pneumatic

• Electroactive Polymers (Dielectric Elastomers)

Electric motors were not included in the discussion below due to the prioritisation of 

miniaturisation and portability of the design. Piezoelectric actuators have dominated the market 

of refreshable braille displays due to their response time and variable force output. The piezo-

bimorph actuators utilised in braille displays can be divided into two mechanisms: the bimorph 

bender and relay-lever mechanism, Figure 2-7. The piezoelectric bimorph bender relies on 

vibrations initiated by the presence of an electric field to displace the pin while the relay-lever 

system actuates the pin upward when a voltage is supplied to the relay [50]. The drawback of 

these mechanisms is the module being comprised of additional components attached to the pin, 
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therefore limiting the minimum dimensions of the device, and increasing the risk of mechanical 

failure. The aforementioned auxiliary mechanics are depicted in Figure 2-8, which illustrates the 

typical configuration of a piezo-bimorph braille cell. Beyond placing limitations on 

miniaturisation, these drawbacks also result in piezoelectric based braille displays being 

exorbitantly expensive, as illustrated by the commercially available products discussed under the 

previous heading [46]. 

Figure 2-7 Examples of existing Braille mechanisms: (a) piezoelectric 

bimorph bender and (b) relay-lever system. [50] 

Figure 2-8 Configuration of piezo-bimorph braille cell [51] 

The attraction of researching alternative actuation technology was primarily motivated by the 

reduction of these high costs as well as further miniaturisation of the design. The ideal actuator 

to be implemented in portable tactile displays were required to encompass the following 

properties: light weight design, low power, mass manufacturable and robust. Maximum pressure, 

strain and relative response speed of possible actuator materials are compared in Table 2-1, 

adapted from the work of Pei et al [52]. 

Table 2-1 Comparison of Actuators Materials 

Type Maximum Pressure 

(MPa) 

Maximum Strain 

(%) 

Response 

Speed 

References 

Piezoelectric Ceramic (PZT) 110 0,2 Fast [53] 

Piezoelectric Polymer (PVDF) 4,8 0,1 Fast [53] 

Shape Memory Alloy (TiNi) >200 >5 Slow [53] 

Solenoid 0,1 50 Fast [53] 

Pneumatic 0,1 56 Fast [45] 

Dielectric Elastomer (acrylic with 

prestrain) 

3 63 Fast [53] 

Dielectric Elastomer (silicone 

with prestrain) 

7,2 380 Fast [53]
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Other factors that were considered when selecting the actuator best suited for the application 

included the scalability of the mechanism and the power required. The scalability particularly 

effected the potential selection of piezoelectric and pneumatic actuators. Pneumatic actuators 

have the potential for miniaturisation while still maintaining a suitable pressure, however, the 

additional valves and control components limit the compactness and portability of the entire 

system [45] [54]. Similarly, a prototype developed by Velázquez et al [55] using shape memory 

alloys initially satisfied the size requirements of a portable design, but reduction of thickness was 

limited by the requirement for forced air convection supplied by a computer mini fan. Without 

the additional temperature regulation, the speed of actuation reduced dramatically. The 

combination of the technical data presented in Table 2-1 and the disadvantages detailed, 

highlighted the presence of dielectric elastomer actuators amongst the others listed. This novel 

approach to actuation is discussed further in Section 2.5. 

2.5 Dielectric elastomers 

2.5.1 Overview 

The development of soft actuator technology has experienced an increase of interest in recent 

years as emerging materials have made it possible to synthesise the theoretical designs into 

applicable mechanisms [52]. Soft actuator technology is capable of providing a unique solution 

to the common miniature actuator problem of maintaining mechanical integrity while reducing 

weight, size and cost [56]. There are a variety of applications where the aforementioned properties 

would be required with some notable examples being: haptic feedback in touchscreen devices and 

gaming controllers, refreshable tactile displays and use in biomedical applications such as 

rehabilitation or artificial muscle synthesis [57]  [56].  

Common small-scale actuation technology includes electric motors, solenoids, piezoelectric 

actuators, shape memory alloys and pneumatic devices [56]. However, many of these devices 

have limitations regarding miniaturisation while maintaining low cost of fabrication, portability, 

and mechanical integrity, as discussed in Section 2.4. Notable problems are the expense of 

piezoelectrics and the portability limitations of pneumatic devices [58] [59]. This brings to 

attention Electroactive Polymers (EAP), colloquially known as soft actuators. EAP’s is a broad 

category of motion generating polymers which are controlled by an applied electric field [60]. 

EAP’s can be further divided into two categories: ionic electroactive polymers and electronic 

electroactive polymers. Ionic EAP’s depend on the diffusion of ions to generate motion while 

electronic EAP’s require an electric field to generate motion. Ionic EAP’s are further divided into 

ionic polymer gels, ionic polymer metal composites, conductive polymers, and carbon nanotubes 
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[61].  Similarly, electronic EAP’s consist of the subdivisions; piezoelectric polymers, dielectric 

elastomers, electrostrictive polymers and liquid crystal elastomers [61].  

Of the subdivisions, dielectric elastomers were selected upon consideration of the maximum 

strain, maximum pressure, efficiency, and relative speed of multiple EAP actuators. A detailed 

comparison of material was documented in the journal paper written by Brochu and Pei [52]. The 

aforementioned paper documented that pre-strained DE’s with an acrylic film exhibited the 

largest maximum strain at 380%, this is approximately 950% greater than the maximum strain 

that the human muscle can produce and 3 times greater than its competitor; shape memory 

polymer. The DE also exhibited maximum efficiencies between 60-90% with relative speeds of 

medium to fast depending on which film material is selected. A major drawback of DEA 

technology is the large voltage (1-10 kV) input required to actuate the device, however, the 

production and accessibility of small-scale DC voltage to DC high voltage converters has led to 

these actuators gaining greater interest in recent years [62]. 

In order to generate a conclusive decision on the application of DEAs as the actuator system in 

the portable braille device the working principle, mathematical modelling and present examples 

of its application were investigated. 

2.5.2 Working principles of DEs 

Dielectric elastomers can act as either a generator, sensor or actuator depending on the required 

applications [63]. DE’s as actuators have been researched for applications such as artificial 

muscles, tactile displays, biomimetic robots, and loudspeakers amongst others [52] [56] [64] [65]. 

A Dielectric Elastomer Actuator (DEA) is primarily comprised of three active layers which 

produce the actuation of the structure. A polymeric material such as silicone or acrylic elastomers 

forms the central layer which is sandwiched between two layers of flexible electrodes. Figure 2-

9 a) illustrates the dielectric elastomer composite when there is no voltage supply. There is no 

electric field created between the two layers of electrode material and therefore no force of 

attraction between oppositely charged electrodes. Figure 2-9 b) illustrates the dielectric elastomer 

when the switch is closed and allows a voltage to be supplied to the opposing electrode layers. 

Figure 2-9 Simplified representation of DEA configuration. a) Switch open, therefore no voltage supply to opposing 

electrode layers. b) Reaction of DEA to voltage supply. 
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The top layer will generate a positive charge and the bottom layer will generate a negative charge, 

thus creating an electric field in which the electrodes of either layer are attracted to the opposing 

layer. This force of attraction forces the polymeric elastomer layer to reduce in thickness. 

Assuming the elastomer is composed of incompressible linearly elastic material, the reduction in 

thickness will result in a directly proportional increase in area. Therefore, if the DEA is not 

constrained about the edges of the electrode layers, the DEA will expand outwards as thickness 

reduces. Alternatively, if the DEA were to be constrained with rigid boundaries about its edges, 

the expansion of area will result in the DEA buckling upwards and mimicking the mechanical 

motion of a diaphragm [56]. The direction of the vertical displacement must be constrained in a 

specific direction. Methods of constraining the direction of the buckling include embossing the 

elastomer, attaching a spring mechanism to one side or creating a fluid filled recess between the 

active DEA layer and a passive elastomer layer [56] [66] [67].  

2.5.3 Mathematical modelling of dielectric elastomers 

It must be noted that the mathematical modelling of DE’s currently available is limited to cases 

under ideal conditions and with polymer films assumed to have constant volume. Environmental 

conditions will impact the practical results. Polymer films, once pre-strained, also exhibit altered 

properties from non-pre-strained samples. Therefore, experimental results are imperative when 

analysing the performance of the DE, however, mathematical relationships drawn from the 

fundamental equations are used to form the necessary hypotheses before testing commenced.     

Before expanding upon the mathematical modelling of a DEA, it must first be noted that a DEA 

exhibits properties of a capacitor and therefore stores charge during operation, a reason why it 

can also be used successfully as a sensor and generator. The circuit schematic in Figure 2-10 

represents the circuit breakdown of a dielectric elastomer, reused from the journal paper by 

Rizzelo et al. [68] In earlier studies a DEA was originally simply modelled as a capacitor, 

however, the electrical dissipation of the device was not considered, the presence of the Rl resistor 

represents that electrical dissipation. [68] The Re resistors represent the electrodes and Ra simply 

acts as the external resistance of the DEA e.g., wires.  

Figure 2-10 Equivalent electrical circuit of a DEA [68] 
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The mathematical modelling of DEAs is performed under ideal conditions and under the 

assumption that the elastomeric matrix is an incompressible linearly elastic material of constant 

volume. [52] This relationship is illustrated by Equation 2-1 where C is a constant, A represents 

the area of the polymer and t represents the thickness. The Maxwell stress (P), also known as the 

electrostatic stress, Equation 2-2 uses this assumption as well as the capacitive properties of the 

DEA to define the response of a DEA to an applied electric field where 𝜀𝑟 represents the relative

electric permittivity of the material, 𝜀0 represents the electric permittivity of free space and E is

the applied electric field. [52] 

𝐶 = 𝐴𝑡 

𝑃 = 𝜀𝑟𝜀0𝐸
2

Equation 2-3 further defines the Maxwell stress where the Electric field is defined by the applied 

voltage (V) per unit thickness (t) of the elastomeric film. Pelrine et al. [69] indicated that if this 

Maxwell stress is then divided by the elastic modulus (Y), the product will represent the elastic 

compressive strain (st), as seen in Equation 2-4. Considering Equation 2-3, a reduction in 

thickness through pre-strain would result in a higher applied electric field and, therefore, a 

reduced elastic compressive strain. Upon return to Equation 2-1, it is concluded that a relative 

reduction in elastic compressive strain will result in an increased strain in plane with the 

elastomer.  

𝑃 = 𝜀𝑟𝜀0(
𝑉

𝑡
)2

𝑠𝑡 = −
𝜀𝑟𝜀0𝑉

2

𝑌𝑡2

The following conclusions can be drawn from the equations presented: an elastomeric material of 

higher relative permittivity and possessing a small elastic modulus will produce strains in plane 

with the DEA and that a reduction in thickness, through either material selection or pre-tension, 

of the elastomer will produce larger strains. 

2.5.4 Applications of DEAs 

As a result of the variety of materials with which to synthesise DEAs, these actuators are capable 

of being applied in a diverse range of unique configurations. These configurations include, but 

are not limited to, unimorph, bimorph, stacked, diaphragm, rolled and stretched frame structures. 

(2-1) 

(2-4) 

(2-3) 

(2-2) 
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As interest in this field of actuation continues to grow, as does the variety of configurations in 

which it can be applied.   

Unimorph and bimorph structures are comprised of flat dielectric elastomer structures which 

produce bending motion in the direction in which they are constrained. These structures can be 

applied as low force, high strain gripper attachments. Bend angles of up to 360° has been achieved 

using these DEA benders, outperforming the available rigid piezoelectric alternatives. Controlled 

strain in a predetermined direction can be achieved by coating the elastomer in non-uniform 

electrodes. For example, a stiffer electrode material on the side that does not require high strain, 

this will induce a biased deflection in the direction of the electrode of greater stiffness [70]. 

A similar configuration to the unimorph and bimorph structures are stretched-frame DEAs which 

operate as a form of artificial muscle actuated by contractions. The flexible frame buckles as a 

pre-strained dielectric elastomer material is applied, holding the buckled position at 0 V due to 

the forces of tension in the elastomer matrix [52]. Once voltage is applied and the area of the 

elastomer expands, and the frame will uncurl to return to its original shape. This resulting 

mechanism can be used for artificial muscle movement, such as in the work presented by O’Brien 

et al. [71].  

A stacked configuration consists of multiple individual DEA films layered on top of each other. 

The application of voltage reduces the overall thickness of the stacked structure and therefore 

induces linear contractile actuation. An advantage of the stacked configuration is the reduction of 

driving voltages to the individual layers while still achieving the required strain results [72]. 

Stacked configurations have been implemented in designs such as robot legs in order to mimic 

mammalian leg movement [73]. This is achieved through manipulating the joints to operate as a 

crank slider mechanism using two stacked DEA actuators. The actuators measure 23mm in length, 

weigh 9,68g and are capable of supporting a load of 900g with a compression strain of 3,6% [56]. 

Along with the stacked configuration, rolled spring DEAs are also capable of elongation motion.  

An elastomer layer is wrapped around a compressed spring to fabricate this configuration. The 

application of voltage to the DE layer allows the spring to relax and elongate. Potential areas of 

application for such actuators are robotic limbs, high force grippers and as an alternative to 

solenoid or linear actuators [70]. Maximum strokes of 5-7% of their active length have been 

recorded in experimental analysis of rolled spring DEAs [52].   

Diaphragm-type DEAs are circular electrodes adhered to an elastomer with edges constrained by 

a rigid frame. The circular DEAs are inflated or embossed to hold initial hemispherical shape and 

encourage strain in a specific direction, Figure 2-11. An example of an application of this 

configuration is the study by Hosoya [65] which investigated a small lightweight loudspeaker 

using a dielectric elastomer actuator vibrating in the breathing mode - a motion which mimics the 
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pulsating expansion and contraction of a balloon. A similar study was conducted by Boys et al 

[74] which analysed the performance of a single spherical tactile display when interacted with

by the pad of a finger. This specimen utilised a hydrostatically coupling gel to maintain initial 

curvature of the actuator before voltage was applied. A maximum force of 0,7 N was generated 

when a voltage of 4,5 kV was applied. The tests conducted demonstrated the repeatability of the 

vibratory deflections of a diaphragm-type DEA. This observation lends itself to the assumption 

that this configuration is a robust actuating system. Other examples of miniature applications 

include a tactile display utilising a 10x10 array of embossed diaphragm type actuators. This 

application manipulated the flexibility of the elastomer matrix to wrap around the user’s finger. 

Each actuator cell was designed to be controlled independently using two signal inputs. One signal 

input along the rows and the other along each column of the matrix. Only when both signals 

registered as high, did the actuator cell respond by deflecting upward. With this strategy, n² tactile 

cells can be easily controlled with only 2n lines, this is denoted as Dynamic Scanning Actuation 

[56].  

Figure 2-11 Inflated diaphragm-type DEA [65] 

The vertical displacement of a diaphragm-type DEA can be predicted using a combination of 

the calculated lateral strain and trigonometric relations of the actuator before and after an 

electric field is applied, as illustrated in Figure 2-12. 

Figure 2-12 Actuation principle of tactile diaphragm type DEA [56] 



24 

Assuming no pre-strain of the elastomer material, the resultant circumference of the buckled 

convex induced in an elastomer sheet can be defined as b in Equation 2-4 [64]. Where a is the 

initial unactuated length, 𝛿𝑎 is the induced strain in the lateral/radial direction, r is the radius of

curvature and 𝜃 is the corresponding angle. 

𝑏 = 𝑎(1 + 𝛿𝑎) = 𝑟𝜃

𝑟 sin (
𝜃

2
) =

𝑎

2

Substituting Equation 2-4 into Equation 2-5 generates the following relationship, Equation 2-6. 

𝜃

sin(
𝜃
2
)
= 2(1 + 𝛿𝑎) 

Rearranging Equation 2-6 to make 𝜃 the subject. 

𝜃 =  2(1 + 𝛿𝑎) sin(
𝜃

2
) 

Equation 2-6 and 2-7 illustrates the application of the Taylor series expansion to sin(
𝜃

2
) to find an 

approximate value of 𝜃 using Equation 2-8. Note that the third term of the infinite expansion and 

all terms thereafter are assumed as negligible due to the large denominator values. Therefore, due 

to this assumption, the final theoretical answer will differ from the true value by 10−4 units.

sin(
𝜃

2
) ≈  

𝜃

2
− 

(
𝜃
2
)
3

3!
=  

𝜃(24 − 𝜃2)

48

𝜃 =  √
24𝛿𝑎

(1 + 𝛿𝑎)

Therefore, substituting Equation 2-9 into Equation 2-4, the radius of curvature can be defined as 

a function of the induced lateral strain and initial length of the DE sheet, Equation 2-10.  

𝑟 =  √
(1 − 𝛿𝑎)3𝑎2

24𝛿𝑎

Utilising trigonometric relations, the convex height h can be determined, Equation 2-11. Finally, 

Equations 2-9 and 2-10 can be substituted into Equation 2-12 to create a definition of h using only 

known variables a and 𝛿𝑎. 

(2-4) 

(2-5) 

(2-6) 

(2-7) 

(2-8) 

(2-9) 

(2-10) 
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ℎ =  𝑟(1 − cos (
𝜃

2
)) 

ℎ =  √
(1 − 𝛿𝑎)3𝑎2

24𝛿𝑎

[

1 − cos

(

 
√

24𝛿𝑎

(1 + 𝛿𝑎)

2

)]

2.6 Synthesis of Dielectric Elastomer Actuators 

This subsection discusses the synthesis and materials required to synthesise the dielectric 

elastomer actuators. A brief overview of possible synthesis approaches is discussed along with 

the concept of pre-straining the elastomer matrix and how this effects performance. Thereafter, 

an in-depth discussion of available elastomer and electrode materials is presented with notable 

examples of how these measures have been applied in previous research.   

2.6.1 Synthesis 

The variety of possible electrode and elastomeric film materials available to manufacture DEAs 

provide several synthesis options. These methods can range from simple to complex. A simple, 

low-cost option would be to apply graphite powder or carbon grease to an adhesive acrylic or 

silicone elastomer using a brush. However, there are drawbacks to such a method, e.g., 

inconsistent thickness of electrode layers and difficulty to ensure the correct shape of the DEA. 

A possible solution to this is using a stencil or masking the areas around the electrode shape to 

ensure a higher precision of electrode formation. Electrode patterning using an electrode solution 

further improves the precision of application through now being able to control the exact thickness 

of the electrode layers, however this increases the cost and complexity of manufacturing [56]. 

Most elastomeric matrices are sourced as acrylic films or adhesive strips of predetermined 

thickness which reduces manufacturing time of the elastomer film, however, should an 

elastomeric matrix such as silicone be used then further synthesis techniques such as spin coating 

will be required to ensure homogenous properties [56].   

2.6.2 Pre-strain 

Elastomer films are often pre-strained before the electrodes are applied. This improves the 

performance of the DEA and increases efficiency, response time and breakdown strength. Figure 

2-13 illustrates the radial strain of a DEA using an elastomer film that was pre-strained to 300%

of its original size [75]. It can also be used to increase actuation in one direction if stretched 

perpendicular to the direction in which greater percentage of strain is required. However, pre-

strain does not only reduce the thickness of the film but also modifies material properties. The 

Maxwell stress equation in Section 2.5 is no longer valid when anticipating the reaction of the 

DEA to voltage input at high pre-strains [52].  Novel instabilities are also introduced in the DEA 

since the material no longer conforms to the constant volume relationship exhibited by most 

(2-11) 

(2-12) 
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elastomeric films. Instabilities result in pull-in failure and relaxation over time [63]. Additives 

such as interpenetrating polymer networks can be sprayed onto existing acrylic films to improve 

material instabilities and hold pre-strained films in tension when removed from the frame [76].  

Figure 2-13 Actuation of circular DEA using pre-strained elastomer film stretched across a Perspex frame. [75] 

2.6.3 Electrode Materials 

The selected electrode material must have negligible stiffness, maintain good stability during 

cyclic loading and must be resistant to loss of conductivity under large strains [77]. Cost and 

accessibility are also major deciding factors. Table 2-2 catalogues common electrode materials 

and the advantages and disadvantages of each. 

Table 2-2 Comparison of common electrode materials 

Electrode 

Material 

Advantages Disadvantages References 

Thin metal 

films 

High electrical conductivity 

Most efficient for large-scale production 

Limited strains to ≈ 1% 

Patterning only possible on small-

scale 

Requires machinery/patterning 

equipment to apply 

[52] [77]

Carbon 

grease 

Inexpensive 

Easy to apply 

Easily accessible 

Good Conductivity at high strains 

Low stiffness 

Result in slip between layered 

dielectric elastomer constructs 

Experiences creep 

[52] [77]

Graphite / 

Carbon 

Powder 

Most widely used method 

Inexpensive 

Can be applied by hand using a paintbrush 

Easily accessible 

Good conductivity at high strains 

Better for multilayer DEA’s 

Low stiffness 

Can be applied as a solution using an inkjet 

nozzle for complex electrode shapes 

Sensitive to static charge 

Requires further synthesis to apply 

as a layer of uniform thickness 

(must be mixed as carbon solution 

and sprayed on masked elastomer)  

[52] [56]

[77]

Conductive 

Rubber 

More robust than carbon grease/powder 

High electrical conductivity 

Requires complex synthesis 

process 

Expensive 

More effective on thicker 

elastomer films  

[77] 

Carbon 

Nanotubes 

Self-healing 

Breakdown resistant 

Tolerant of high strains 

Prone to instabilities 

Requires complex synthesis 

process 

Expensive 

[52] [78]

[79]
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Thin metal films were some of the first materials implemented as electrodes in early DE research. 

These films were initially selected due to their superior conductivity properties, however the 

rigidity of metal films limited maximum strain values. Examples of metal films include silver and 

gold. 

Graphite or carbon powders are the most common materials used in compliant electrode synthesis 

in current research. Graphite or carbon powders are the cheapest electrode option and provided 

greater flexibility to larger strains than the metallic alternatives. Powders were originally 

challenging to apply to elastomer materials in early research since elastomers available on the 

market were limited to synthesised silicone or acrylic films. This resulted in an additional 

adhesive to be used between electrode and elastomer or combining the powder in an elastomeric 

matrix. Synthesis options using powders have since been simplified with the introduction of 

commercially available double-sided elastomer films which allow the powders to be brushed on 

and adhere to the surface. Accurate application in the form of complex shapes and patterns can 

be achieved by applying a stencil or mask to the adhesive film before electrode application. Laser 

ablation and sprayable carbon solutions also utilise a mask during application.  

Although capable of much larger strains, purely powder based carbon applications also 

experience limitations in maximum strain values since only the surface layer of powder is adhered 

to the adhesive elastomer layer. The upper layers of powder are not adhered to the surface and, 

unless the electrode layer is sealed, will be displaced by environmental conditions or the rapid 

expansion of the elastomer layer. Therefore, the surface layer of carbon will experience separation 

as the elastomer expands, thereby increasing the resistivity experienced by the elastomer and 

decreasing the strength of the induced electric field. This problem area introduced the application 

of conductive particles suspended in a non-conductive matrix, such as carbon grease, metal paints 

or graphite/carbon powders mixed into a silicone matrix. Of course, particulate matrices also 

experience the risk of the non-conductive matrix thinning as the elastomer stretches, thereby 

increasing the distance between conductive particles. However, the matrix allows for greater 

volume of conductive particles to be applied at a time, allowing the 3-dimensional layers of 

particulates to interact with each other and decrease the risk of single layer conductive separation. 

Examples of conductive carbon grease include Chemtronics CW7200, Nyogel 756G, MG 

Chemicals 846, MG Chemical 847, Molykote 44 combined with Cabot Vulcan XC72 carbon 

black [71] [53] [80]. 

Recent studies have proven that single layer carbon nanotube (CNT) based electrodes maintain a 

conductive network under high strains at an equivalent performance to carbon powders and 

carbon grease electrodes [52]. Therefore, reducing the minimum electrode thickness by utilising 

the flexibility of the nanotubes to maintain the conductive network. Both functionalized and non-
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functionalized single-walled nanotubes have been tested with performance equivalent to carbon 

grease while including the additional benefit of synthesising transparent electrodes. Therefore, 

resulting in a completely transparent DEA when combined with a silicone or acrylic elastomer 

matrix. A disadvantage of CNT electrodes is the susceptibility to corona discharge through the 

air which results in loss of electrode conductivity [78]. Non-functionalized are also at risk of 

continuous breakdown-clearing effects which eventually lead to mechanical failure of the DEA. 

Breakdown-clearing effects are unique to CNT electrodes and occur when an electrical short 

burns off a localised region of CNTs without damaging the elastomer layer. A single occurrence 

breakdown-clearing is considered an advantage since it prevents total mechanical failure which 

would be the case should a similar short occur in a carbon grease/powder or metal film-based 

electrode. However, continued occurrences result in a loss of DEA stability as more localized 

regions lose functionality [79]. Overall, CNT electrodes provide a promising future for DEA 

applications, however, the high cost of the CNTs and specialised synthesis procedures must be 

considered during selection for application.  

It must be noted that Pelrine et al. [53] states that most electrode materials are capable of self-

healing if a sufficiently thin layer is applied to the elastomer. Therefore, this property is simply 

more noticeable in compliant electrodes such as CNT electrodes since it is possible to apply an 

exceptionally thin layer without compromising the conductive matrix under large strains. Should 

research indicate a solution to the reduction of thickness of carbon grease electrodes without 

compromising conductivity, self-healing will also be possible.   

Another recent addition to possible compliant electrode materials are ion implanted metal 

electrodes in Polydimethylsiloxane (PDMS). These are particularly attractive due to the ability to 

achieve a smooth, uniform thickness electrode. Conductivity is recorded to be maintained up to 

175% by these electrodes [81]. Other advantages include the synthesis of semi-transparent 

electrodes as well as a longer lifespan under cyclical loading relative to other metal film-based 

electrodes.  Filtered cathodic arc deposition is utilised to implant metallic (gold, palladium and 

titanium) particles in the PDMS matrix. The requirement of equipment to synthesise both the 

PDMS membrane and deposit the particles makes this a notably expensive approach to the 

synthesis of compliant electrodes but displays improved characteristics over alternative 

techniques.  

Another interesting application of an electrode material was documented by Christianson et al. 

[82]. The work discussed the design of a submersible robotic fish which utilised the surrounding 

salt water as the compliant electrode. The design was comprised of three layers of VHB acrylic 

elastomers with two inner pockets filled with salt water. A positive charge was applied to one of 

the pockets of fluid which resulted in an electric field being generated by the interaction with the 
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external fluid, thus resulting in the actuation of the dielectric elastomer. An alternating voltage 

being applied to the inner pockets resulted in the robot’s body oscillating in the water and creating 

a forward motion of 9,2 mm/s.  

2.6.4 Elastomer materials 

As with the compliant electrodes, the variety of possible elastomer materials continues to expand 

as interest in DEAs grow.  The ideal materials must possess a large percentage area strain, a high 

dielectric constant, high energy densities and efficiencies that approach 100% [52]. 

According to the detailed comparison of various elastomers presented by Brochu et al. [52], the 

acrylic elastomer films known as VHB 4905 and VHB 4910 outperform all other potential 

candidates in terms of a combination of area strain, maximum pressure, efficiency and electric 

field generation. However, the pre-strain of the materials is essential to optimize performance. An 

indication of the improved characteristics is the comparison of VHB 4910 at 300% pre-strain and 

0% pre-strain is as follows; the former is documented to exhibit a maximum area strain of 158% 

while the latter produces only 7.5% [52]. The VHB films are produced by 3M in the form of a 

double-sided adhesive tape with VHB 4905 and VHB 4910 having thicknesses of 0.5mm and 1.0 

mm respectively. Both grades are readily available in South Africa and are low cost, particularly 

since no further synthesis of the film is required and the adhesive surface provides the ideal 

solution when applying electrodes that do not possess their own adhesive properties. Research 

indicated that the VHB 4910 was the preferred grade regardless of the greater thickness [63]. 

Ideally the abovementioned conclusion must be verified through testing both 4910 and 4905. 

Alternative elastomer materials include silicone elastomers which presents faster response times 

than the acrylic alternative due to the lower viscoelastic property of silicones. Silicones do not 

achieve equivalent strain results to acrylics materials when under the same voltage input due to 

their requirement for higher electric fields to cater for the lower dielectric constant of the material 

[52]. However, new silicone materials with improved characteristics have been mentioned in 

research, such as the KE441 ShinEtsu silicone used by Kwangmok et al. in the actuation of an 

artificial annelid worm. This film was spin coated and used in a stacked configuration [64].  Spin 

coating silicone films also allowed finer control of the thickness of the elastomer without the need 

for pre-strain. Possible improvement to silicone film performance includes thinning the silicone 

with poly(3-hexylthiophene) (PHT), which improved actuator performance at lower applied 

electric fields [83]. 

Rubber materials such as Oppo Band Red 8012 have also been documented as possible DE 

membranes [80]. The Oppo Band is designed as an orthopaedic resistance band for strength 

training and serves to illustrate the diversity of materials that can make suitable dielectric 

elastomer membranes. The rubber band was coated by carbon grease electrodes and implemented 
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as a parallelogram-shaped dielectric elastomer generator with a maximum imposed strain value 

of 4,5% to generate a voltage output [80].  

2.6.5 Protective films 

Protective layers between the electrodes and environment must be applied in order to protect both 

the user from the high voltage and the electrode layers from contamination. Although the low 

current required by the DEA reduces the risk of contact with the active electrodes, steps must still 

be taken to insulate the device and ensure the safety and comfort of the user, particularly in a 

situation where the device is to be applied close to the skin.  

Most acrylic and silicone elastomer layers mentioned in the previous subsection can be applied 

as a protective layer due to the insulating properties of the elastomer films. However, the 

maximum strain of the selected material is equal to or greater than the elastomer layers and the 

Young’s Modulus is less than the elastomer material. This will ensure that the protective material 

does not impact the maximum strain of the DEA.  

Protective layers mentioned in literature include spin-coating silicone layers or PDMS 

membranes. Igmo et al. recorded that a protective silicone membrane of half the thickness of the 

elastomer layer was applied to the wearable tactile display [56]. Araromi et al. discussed the 

application of a 10 μm PDMS encapsulation membrane to a PDMS-based DEA of equal 10 μm 

thickness when designing an interactive sensor-actuator combination [84]. The capacitive sensor 

was still capable of detecting finger proximity through the encapsulation layer, but the hand was 

protected from any potential arcing.     

Taking the above research into consideration, it was be concluded that the best course of action 

was to experiment with the effect of different thicknesses and pre-strain when applying the 

protective layer to ensure minimal influence on the performance of the actuator during operation. 

Further, it was noted that it is possible to use the same material for the protective membrane as 

the elastomer matrix, which will reduce the cost of excess materials. 

2.7 Control of High Voltage Output 

The most common reason for overlooking dielectric elastomers as a valid option for actuation is 

the requirement of a high voltage Direct Current (DC) power supply. This caused a problem 

during early research of DEA’s since high voltage power supplies were not easily transportable 

and were costly to incorporate into the design, therefore limiting dielectric elastomers to 

experimental and laboratory use.   

This issue was addressed in 2016 when the power supply company XP EMCO signed a global 

distribution agreement and made their products, which include small scale DC voltage to DC high 
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voltage converters, easily accessible [85]. Majority of recent DEA research that required design 

portability utilised XP EMCO converters in their research, from submersible robotics and 

biomimetic lenses to tactile displays [82] [86] [56]. 

Average voltage requirements of dielectric elastomers range between 2kV and 5kV but are 

dependent on force and displacement requirements. Possible XP EMCO products that satisfy 

these requirements are summarised in Table 2-3.  

Table 2-3 Applicable XP-EMCO DC- HV DC Converters 

Product Power 

Output 

(W) 

Maximum 

Output 

Voltage 

(kV) 

Output 

Current 

(at Max 

Rated 

Voltage 

Output) 

(mA) 

Input 

Voltage 

(V) 

Input Current  

(at Max Rated 

Voltage Output) 

(mA) 

Dimensions 

(mm) 

Reference 

G Series 1,5 6 15 0,7-12 300 38,1 x38,1 x 16 [87] 

Q Series 0,5 10 5 0,7 -

5/12/15/24 

400 12,7x12,7,12,7 [88] 

A Series 1 & 1,5 6 15 0,7- 5/12/24 550 28,69 x 6,35 x 

11,43 

[89] 

C Series 1 8 10 11,5-16 250 53,3x28,2x12,7 [90] 

E Series 3 12 30 0,7- 12/15 400 63,5x38,1x21,6 [91] 

Upon analysis of the above information as well as the availability of the possible DC- HV DC 

converters, it was concluded that the A series XP EMCO product was ideal for the required 

application. Utilising previous research conducted on dielectric elastomers, an average maximum 

voltage of 5 kV was specified for experimental procedures [56] [52]. The details of the A series 

model rated at a maximum voltage output of 5 kV are summarised below. 

Model Number: A50P-5 

Maximum Voltage Output: 5 kV 

Voltage Input Range: 0-5 V 

Maximum Current Input: 500 mA 

Maximum Current Output: 0,2 mA 

Major Dimensions: 28,69 x 6,35 x 11,43 mm 

2.8 Text to braille transcription software 

Optical Character Recognition (OCR) refers to the process of extracting text data from images. 

OCR is comprised of a range of tasks due to the variety of image layouts from which data must 

be extracted. These tasks range from identifying printed text in paper format to identifying 

characters on signposts from random images. Other types of OCR tasks include Street View 

House Numbers (SVHN), Licence Plates and Completely Automated Public Turing tests to tell 

Computers and Humans Apart (CAPTCHAs). All require unique strategies to complete the tasks 
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As stated by Smith [94] “, Since HP had independently developed page layout analysis technology 

that was used in products, and therefore not released for open-source, Tesseract never needed its 

own page layout analysis. Tesseract therefore assumes that its input is a binary image with 

optional polygonal text regions defined.” Therefore, for Tesseract to complete the text recognition 

task and additional post-processing functions, a separate program is required to detect the text 

within the scanned image and feed into the Tesseract software. 

Open Source Computer Vision (OpenCV) is a library utilised for OCR which detects and defines 

the text regions. OpenCV can be utilised to independently complete the text recognition tasks 

attributed to Tesseract, thus creating a standalone image capture and text recognition system 

without the need for Tesseract [97]. However, the development of the Tesseract software provides 

a concise platform for character recognition with numerous design iterations which have solved 

programming problems that would need to be worked through again should OpenCV be used as 

a standalone program. It must be emphasised that only OpenCV can be used as a standalone OCR 

engine, Tesseract requires a secondary program like OpenCV or Leptonica to process the image 

before character recognition can be completed by Tesseract [98]. An advantage of using OpenCV 

independently for the task of text recognition over Tesseract would be in a situation where the 

text-to-braille design is expanded to include a variety of linguistic scripts, such as Tamil script 

[97]. This is because the Tesseract engine is currently limited to Latin script recognition. Under 

the current circumstances where a proof of concept of the mechanical design is priority, the 

OpenCV-Tesseract combination is ideal to reduce the time dedicated to programming and 

debugging. The online support available for OpenCV-Tesseract OCR text extraction is also a 

motivator for selecting this system due to its popularity amongst developers of prototype systems. 

Step by step project tutorials such as the referenced examples provide concise instructions and 

resources to build rudimentary systems which can be further customised [99] [100] [101]. 

In order to increase the rate at which the transcription device operates, pre-processing should be 

limited by catering for the pre-processing techniques using the hardware of the design where 

possible. For example, zoning, line removal and segmentation is not required for single character 

OCR scanning. Light Emitting Diodes (LEDs) illuminating the scan surface will assist in 

improving image quality and reduce the need for despeckling. Correct hand orientation relative 

to the text document will reduce the need for de-skew pre-processing.  

One of the potential areas for error in a single character identification design is the limited amount 

of post-processing that can be conducted to improve the output. Most post-processing techniques 

rely on a lexicon-based system. Post-processing checks lexicons against an existing library to 

correct possible errors and grammar [96]. In order to identify a lexicon, more than one character 

needs to be identified at a time. This will pose a risk in a text to braille transliteration system 
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with the proprioception of individuals who are accustomed to reading traditional embossed 

braille. The actuation technology known as Dielectric Elastomer Actuators was selected and the 

working principles, materials and synthesis were researched. Thereafter, it was necessary to 

investigate high voltage control devices to ensure the DEAs were safe to use and possible to be 

mounted onto the user’s hand. Finally, Optical Character Recognition software was studied in 

order to develop a plan on how all subsystems will be incorporated into a single device.  

Chapter 3 summarised the specifications derived from the literature review and presents the 

conceptual designs of the proposed device. Once the ideal concept was selected, the final 

mechanical and electrical design of the text-to-braille transcription device was recorded and 

discussed.  
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DESIGN OF ACTUATION SYSTEM 

3.1 Introduction 

The following chapter details the design process of the wearable, low-cost braille display. Upon 

analysis of the research described in the literature review, it was concluded that the ideal 

mechatronic solution to improve the accessibility of the visually impaired to information was a 

text to braille transcription device. This device confronted economic and social challenges 

specific to the visually impaired demographic of South African.  

The chapter is divided into specifications derived from the literature review, conceptual designs 

of the DEA system, the final electrical design, and the final mechanical design.   

3.2 Design specifications 

The information featured below, along with Table 3-1 and Table 3-2, detail the design 

requirements and specifications of the low-cost, wearable braille transcription device. 

As per the discussion in Chapter 2.5, the device is required to scan and transcribe written text to 

braille in real-time. The device must fully portable, capable of being battery powered and able to 

be mounted on the hand in an unobtrusive manner. 

The selected method of actuation upon a comparison of available miniature actuation technology 

is dielectric elastomer actuators due to their robust design, low power consumption, portability, 

and miniaturisation. Dielectric elastomer actuators require high voltage inputs at low current to 

operate successfully. Research dictates that the A50P-5 XP-Power DC to HV DC converters are 

ideal for this application. The addition of this component into the system introduces additional 

specifications, as listed in Table 3-2. 

Table 3-1 Braille Specifications 

Specification Measurement Unit Reference 

Nominal dot base diameter 1.44 mm [43] 

Nominal centre to centre distance between two dots in same cell 2.34 mm [43] 

Nominal dot height 0.48 mm [43] 

Average touching force 170 mN [41] 

Average reading speed 120 words/min [46]
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Table 3-2 Design Specifications 

Specification Measurement Unit Reference 

Range of touching force required by commercial tactile displays* 50 - 390 mN [41] 

Reaction time to process visual information and form letter on braille 

display** 

0,418 s 

Refreshable bandwidth of commercial piezoelectric braille displays 5 Hz [50] 

Maximum surface area of dorsum on which to mount hardware *** 

(L x B) 

100,92 x 

78,74 

mm [103] 

[104] 

Input voltage to power A50P-5 DC to HV DC converter 5 V [89] 

Input current to power A50-P DC to HV DC converter 500 mA [89] 

Maximum output voltage of A50P-5 DC to HV DC converter 5000 V [89] 

Maximum current output of A50P-5 DC to HV DC converter 0,2 mA [89] 

Minimum cost of competitive commercially available braille display 21800,00 R [105] 

Average font size of printed text 10 – 14 

3,528 – 4,939 

Point 

mm 

[106] 

*The touching force of braille displays such as the Braille Note is adjustable depending on the

user’s preference. 

** Calculated using the average reading speed and the assumption of an average of 4,79 letters 

per word. 

***Determined using the average dimensions of female right hands. In order to ensure 

accessibility by largest population group, the smaller dimensions of female hands were selected. 

The length is measured from the crease of the palm to the first knuckle of the longest finger. The 

breadth is measured across the widest area where the fingers join the palm. 

3.3 Conceptual designs of actuator 

Four possible actuator designs were considered during the conceptual stage. Three of the 

conceptual designs utilised the foundation of a diaphragm-type DEA while the fourth was based 

on a rolled-type DEA. The advantages and disadvantages of each design were analysed before a 

final design was selected. The selection process consisted of a decision matrix that compared the 

most important aspects of the design, cost, overall actuator size, power consumption and 

percentage displacement.  

3.3.1 Rolled-type actuator 

The rolled type DEA consists of a compressed spring wrapped in pre-stretched DE. The spring is 

constrained to motion in only the axial direction by a solid guide tube at the centre. The DE film 

can be wrapped around the spring multiple times, thus increasing the induced electric field when 

voltage is applied. Once the circuit is closed, the DE will reduce in thickness and expand in area, 
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therefore allowing the spring to relax and elongate along its axis. Figure 3-1 illustrates the 

proposed design with arrows indicating the direction of deflection upon the application of voltage 

to the DE. 

Figure 3-1 Rolled-Type DEA 

The advantages of this system include the presence of the spring to apply the required actuator 

force while the DE plays a passive role in controlling the percentage elongation of the spring. 

This allows the actuator to support a greater load than the stretched frame or diaphragm type 

DEAs. The maximum compressive stress that the Rolled DEA developed by Zhang et al. [107] 

could sustain was recorded as 7.2N, notably larger than the maximum touching force of 170mN 

required by the braille display. The rolled DEA developed by Zhang et al. consisted of VHB 3910 

acrylic electrode lined film that was wrapped 30-40 times around a spring of diameter 7mm. A 

voltage of 3.5 kV was applied to create a maximum displacement of 3mm.  

Notable disadvantages include the relative dimensions of the component to achieve the required 

displacement. In the abovementioned example, the length of the device was recorded as 45mm to 

achieve a displacement of 3mm.  Other studies indicate a similar relationship between the passive 

length of the component and resultant strain that introduces limitations on the miniaturisation of 

such a configuration [52]. Another factor to consider is the risk of premature failure and gradual 

film relaxation due to the continuous stress exerted by the spring on the film [52]. As relaxation 

occurs, the length at which the device is in passive equilibrium will change, thus impacting on the 

reliability of the device. 

3.3.2 Diaphragm-type using air pressure 

The second conceptual design consists of a single layer of acrylic film coated with compliant 

electrodes and pre-strained across a circular rigid frame. A chamber is created on the concave 

side of the DEA by adhering a thin plate to the lower rigid frame. A silicone adhesive is used 

between plates to allow a syringe to be inserted between the plates and inflate the DEA membrane 

to the required initial height. The use of a silicone adhesive is specified to utilise the self-healing 

properties of the matrix. Once the needle of the syringe is removed, the silicone is drawn together 

to reseal the needle path and create a sealed chamber on the concave side of the DEA. Therefore, 
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a directional bias is introduced by creating an initial curve in the membrane. Once a voltage is 

applied, the elastomer layer will reduce in thickness and increase in area, forcing the diaphragm 

upward due to the presence of rigid constraints at the edges of the expanding area. Figure 3-2 

illustrates the proposed design. 

Figure 3-2 Conceptual design of inflated diaphragm-type DEA (a), DEA before inflated by a syringe inserted 

between acrylic surfaces (b), DEA inflated to required initial height with V=0 (c), DEA inflated with V≠0 

Advantages of the abovementioned configuration include ease of manufacture and inexpensive 

materials and synthesis procedures. Due to the DEA being comprised of a single layer elastomer 

and compliant electrodes, the range of possible synthesis methods expands as compared to 

situations such as a stacked configuration. An adhesive acrylic film such as VHB 4910 can be 

used as the elastomer which negates the requirement of complex synthesis procedures of 

substrates, silicone films and, in turn, expensive auxiliary production equipment. Of the 

diaphragm type DEAs, this method is the most common approach used in related research papers, 

thus allowing for multiple sources of comparative data. This method also allows for the most 

diverse selection of compliant electrode materials, further discussed in Section 3.3.3. An example 

of the application of this synthesis configuration is detailed by Marette et al. [108]. Their work 

was based on a 4.5 diameter diaphragm DEA which produced results of 400 μm deflection at 

1.05kV across the electrodes. The absence of complex synthesis allowed for a high degree of 

experimental repeatability. 

A disadvantage of using a single layer synthesis technique is the requirement for a higher driving 

voltage to achieve the same displacement results as multi-layered diaphragm type arrangements. 

The layers of the acrylic frame must be well sealed to prevent pressure loss. The design also 

requires a protective layer to insulate the electrode along the convex curve and protect the user.   
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3.3.3 Diaphragm-type with multiple stacked layers 

The third concept constitutes a similar configuration to the previous where a circular DEA is 

constrained by rigid acrylic layers at its edges. The difference lies in the number of elastomer and 

electrode layers utilised to create the DEA. Instead of a single elastomer layer sandwiched 

between two compliant electrodes, multiple layers are stacked using spin coating of elastomer 

layers. The increase in overall thickness allows for alternative methods of constraining the DEA 

to move in only one direction. A cavity can be created such as in Concept 2 and inflated using air 

or another fluid medium. Alternatively, the initial shape can be stamped or embossed in the thicker 

multi-layer configuration. Figure 3-3, (a) illustrates the stacked layers before being embossed and 

(b) represents the DEA once embossed in order to constrain direction of deflection in the upward

direction. 

Figure 3-3 Conceptual design of multiple stacked layer diaphragm-type DEA (a), Stacked configuration before layers 

are constrained in single direction of deflection (b), Stacked configuration after embossing process 

The stacked configuration reduces the overall driving voltage required of the DEA. Therefore, in 

a case where portability is essential, this will allow a smaller power source to be used. It must be 

noted that the reduction of voltage still results in a final driving voltage of magnitude 10³. An 

example of this is the experimental results detailed by Igmo et al. [56], where 18 layers of film 

were stacked and embossed using a hot press to create a diaphragm-type DEA of 2mm diameter. 

A final displacement of 1,8mm was recorded at a voltage input of 3 kV.   

The increased number of DEA layers impacts the complexity and cost of the synthesis procedure. 

Readily manufactured elastomer films such as VHB 4910 are challenging to use in this 

configuration since the stacking procedure will create a risk of bubble formation between layers. 

In cases where only a reduction in thickness is required in a series of stacked DEAs to produce 

the required actuation, simpler processes such as using VHB films can be used. However, the 

requirement of area expansion to raise the diaphragm into the actuated position causes the actuator 

performance to be more sensitive to inconsistencies in film layers than an actuator solely based 

on overall thickness reduction. Due to the requirement for a secondary process to emboss the 

completed film, pre-strain of elastomers is not ideal since relaxation may occur. Therefore, the 

more common materials used as the elastomer matrix in the circumstance of multi-layer 

diaphragms are silicones applied as a liquid and spin coated to the correct thickness. Thereafter 



41 

the electrodes are sprayed onto the surface using a masking agent. The next silicone layer will be 

applied, and spin coated directly to the dried electrode layer. Like the single-layer diaphragm 

DEA, a protective coating is required to be applied to the side of the actuator with which the user 

is interacting. A hot press or stamping machine is then required to emboss the final DEA and 

create the initial curve in the direction of actuation. 

3.3.4 Diaphragm-type with fluid inflation and passive membrane 

Concept 4 is considered the safest configuration since the user’s finger is located furthest from 

the active high voltage DEA membrane. As illustrated in Figure 3-4, the DEA is comprised of an 

active and passive elastomer film which are inflated by a fluid inserted between the two 

membranes. The active layer is the elastomer with compliant electrodes on either side connected 

to a voltage source and the passive layer is solely an elastomer layer. Both layers are constrained 

by a rigid acrylic frame. Once voltage is applied, the active layer will decrease in thickness, 

increase in area, and buckle outwards. This will result in the passive electrode decreasing in height 

to maintain the pressure within the chamber.  

Figure 3-4 Conceptual design of diaphragm DEA with passive membrane (a), Active and passive elastomer films 

encompass a fluid filled recess V=0 (b), Voltage applied through active membrane V≠0 

The advantage of this system is the lack of direct contact between the user and the active DEA 

layer. However, insulating layers will still be required along either side of the active membrane 

to protect the electrode from the environment and the hydrostatic fluid. A further point of 

consideration is the extent of miniaturisation possible for such a configuration, this was 

particularly noticeable in the application proposed by Boys et al as a tactile display to be mounted 

on a fingertip [74].  It must also be noted that this configuration responds in the inverse compared 

to the other diaphragm shaped DEA concepts, where increase in voltage now results in a decrease 

in vertical height of the curve.  

3.3.5 Final concept selection 

The selection matrix represented in Table 3-3 briefly compares the major requirements of each 

DEA concept, with a score of 4 being the highest performance and 1 being the lowest.  
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Table 3-3 Selection matrix of conceptual designs 

Actuator Type % Displacement Overall 

size 

Power 

Consumption 

Cost Total 

Rolled 4 1 3 3 11 

Diaphragm single layer 2 4 2 4 12 

Diaphragm multiple layers 3 3 4 1 11 

Diaphragm with passive 

membrane 

1 2 1 2 6 

According to the selection table, the single-layer diaphragm type is the most applicable concept 

according to the requirements of the design. The rolled and multi-layered diaphragm concepts 

achieved an almost identical total score however, each had a major drawback that impacted the 

final decision. Although the rolled spring DEA has been recorded to produce the greatest 

percentage displacement and force results, the range of miniaturisation of the device was limited 

by the dependence of the final displacement on the dimensions of the inner spring mechanism. It 

was concluded that a rolled-type DEA was not capable of the appropriate miniaturisation in order 

to achieve the required proprioception in the reader by minimising the distance between the pad 

of the finger and the medium on which the text is printed. The major drawback of the multi-

layered diaphragm concept was the cost of manufacture due to the requirement for complex 

synthesis procedures. Although the single-layer configuration required a higher driving voltage, 

which was historically a major drawback from an electronics perspective, the introduction of new 

miniaturised high voltage converters to the market provides a modern solution while removing 

the need for the expensive equipment needed for multi-layer DEA production.  

With a single layer diaphragm DEA configuration selected, the next point of order was to select 

the appropriate elastomer and electrode materials to achieve optimal displacement results. This 

was investigated experimentally in Chapter 5.  

3.4 Final electrical design 

The final electrical design consisted of a microprocessor, battery power supply, DC to high 

voltage DC converter and a system of relays to protect the microcontroller from the high voltage 

output. The electrical design was required to convert the digitized text characters into 

corresponding voltage outputs to be sent to each of the six braille dots. Factors that were 

prioritized were operator safety and protection of components from high voltage output, cost, 

potability and reaction speed. The block diagram below illustrates a simplified representation of 

the proposed system, Figure 3-5. The following sub-section discusses the selection of each 

component and is concluded by a complete diagrammatic representation of the sub-system. Note: 

the camera module selection is discussed in Section 3.5: Final mechanical design. 
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Figure 3-5 Simplified representation of electrical design 

3.4.1 Microcomputer 

The selected microcontroller/microcomputer was required to scan the text using the appropriate 

camera module, run the OCR software and convert the resultant digitised ASCII text characters 

into a series of six voltage outputs to correspond with the braille character. The actuator control 

was based on a simple binary configuration using the voltage input and a relay. The OCR software 

was comprised of a combination of Open CV library and Tesseract, see Chapter 2.8 for more 

information on the proposed OCR system.  

Possible microcomputers and microcontrollers used in Open CV and Tesseract OCR applications 

include Arduino and Raspberry Pi. Other microcomputers such as BeagleBone Black have also 

been used in OCR applications, however, the relative cost and access to online support and 

documentation related to Arduino and Raspberry Pi result in these boards being preferred choices 

in prototype devices [109]. The limiting factor of the Arduino microcontroller is the available 

Random-Access Memory (RAM), this will limit the processing speed. Embedded computers such 

as Raspberry Pi are capable of processing the above-mentioned commands and programs in real-

time due to their faster clock speed and greater RAM.  

The ideal model of Raspberry Pi to satisfy the requirements of a portable text to braille 

transcription device is the Raspberry Pi Zero W. The Zero W is low-cost relative to other 

Raspberry Pi models and is the smallest model available with a footprint measuring at 65mm x 

30mm and height of 5,4mm. The details of the board are listed below [110]. 

• 1GHz, single-core CPU

• 512MB RAM

• Mini-HDMI port

• Micro-USB Port

• Micro-USB power

• Composite video and reset headers

• CSI camera connector

• 802.11n wireless LAN
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• Bluetooth 4.0

The Raspberry Pi embedded computers are sensitive to incorrectly applied voltage and current 

spikes. Therefore, to prevent damage to the board, the Pi Zero is individually powered by a LiPo 

battery and isolated from the high voltage relays and DC-HV DC converter. 

3.4.2 DC-High voltage DC converter

Chapter 2.7 discussed the existing technology available to supply a high voltage output while 

maintaining a portable, low power consumption design. The XP Power A50P-5 DC – HV DC 

converter was selected to convert a 5 V input into 5000 V. The DEA requires a high voltage to 

generate a sufficient electric field to actuate the device. According to the theoretical equations in 

Chapter 2.6, only the voltage magnitude has an impact on the planar strain produced in the DEA, 

therefore the current output can be manipulated when connecting the actuator circuit. The DC – 

HV DC converter is the most expensive standalone component in the design, quoted at R 4 465, 

44 from RS Components SA. Therefore, to avoid purchasing an individual DC-DC HV converter 

for each of the six actuators that comprise the braille cell display, the dots are all connected in 

parallel to a single DC- HV DC output. Thus, the voltage input for each actuator remains at the 

rated 5000 V. Figure 3-6 illustrates the DC-HV DV converter of maximum dimensions 28,69 x 

6,35 x 11,43 mm [89]. Figure 3-7 indicates the expected output voltage per percentage input 

voltage. A set voltage of 5V is supplied by the battery in the final design. 

Figure 3-6 A Series XP Power DC- HV DC Converter 

Figure 3-7 Typical Input vs Output Voltage for A Series XP Power DC-HV DC Converter [89] 

3.4.3 High voltage switching circuit 
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The rated output of the A50P-5 DC - HV DC converter at 5V input is 1 W. The A50P-5 DC-HV 

DC converter is purchased with built-in input to output and short circuit protection. This reduces 

the complexity of additional components required for circuit protection on the input and output 

sides of the converter, such as reverse polarity protection. A necessary additional protection 

component is a bleeder resistor positioned in parallel to the output terminals of the converter. The 

bleeder resistor drains the high voltage charge of the DEA, which acts as a capacitor when the 

circuit is switched off. XP-Power recommends a resistor capable of withstanding maximum 

voltage output at a bleeder current of less than 10% of the converter’s rated output current. The 

resistance calculation below was used to determine bleeder resistance. The total calculated 

resistance of 25 𝑀𝛺 can be created by placing resistors in series in order to avoid sourcing a 

single high-cost resistor capable of providing the required resistance at a maximum working 

voltage of 5 kV. An example of an appropriate resistor combination that can be applied in a series 

is the HB15M0FZRE 5 MΩ Radial Fixed Resistor and HB120MFZRE 20 MΩ Radial Fixed 

Resistor, both manufactured by TE Connectivity and supplied by RS Components South Africa 

[111] [112].

𝑅 =
𝑉

𝐼

𝑅 =
5000

0.2𝑚𝐴

𝑅 = 25 𝑀𝛺 

The next component to be discussed as a contributor to the circuit protection of the electrical 

design is the voltage control between the HV output and the Raspberry Pi. Two options exist to 

control the DEAs from the HV side of the circuit while protecting the Raspberry Pi: a HV 

transistor switch or HV relays. The variety of available devices were severely limited by the 

requirement to control a high voltage while meeting the scale requirements of the device. Five 

potential HV transistor/relay solutions are reviewed below. These components were selected for 

their availability, cost, and small scale.  

• Behlke HTS 50-05 High Voltage Transistor Switch [113]

- Input voltage: 5V

- Max operating voltage: 5kV

- Rise time: 1 ms

- Maximum peak current: 50 A

- Dimensions: 80 x 38 x 25 mm

- Approximate cost: $572.41

- Encapsulated

• LRL-102-100PCV HV Reed Relay (Toward Relays)  [114]
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- Nominal coil voltage: 12V DC

- Breakdown voltage: DC 10kV

- Coil resistance: 200 Ω ±10%

- Min release voltage: 1.2V DC

- Max release voltage: 8.2V DC

- Switching voltage: 10kV DC

- Max switching current: 2.0A

- Max carry current: 3.0A

- Dimensions: 70 x 19 x 20 mm

- Approximate cost: $103.00

- Encapsulated

• Pickering Series 67-1-A-5/2-D 10kV HV [115]

- Nominal coil voltage: 5V

- Max switching current: 3A

- Max carry current: 3A

- Max switching voltage: 7.5 kV

- Breakdown voltage: DC 10 kV

- Operating time: 3 ms

- Release time: 12 ms

- Coil resistance: 40 Ω

- Dimensions: 14.5 x 58.4 x 12.6 mm

- Approximate cost: $32.14

- Encapsulated

• Gigivac G41A232 HV Relay 5kV [116]

- Nominal coil voltage: 12V DC

- Max operating voltage: 5 kV

- Max continuous current: 30A

- Operating time: 10 ms

- Release time: 10 ms

- Dimensions: 43.2 x Ø 16.6 mm

- Approximate cost: $296.00

- Not encapsulated

• TE Connectivity K41A234 Kilovac 5kV [117]

- Max operating voltage: 5 kV

- Nominal coil voltage: 12 V DC

- Max continuous carry current: 30A
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- Operating time: 10 ms

- Release time: 10 ms

- Dimensions: 46 x Ø 16.5 mm

- Approximate cost: $334.91

- Not encapsulated

Upon analysis of the above specifications, the Pickering Relay was determined superior in both 

cost and overall dimensions. Although the Kilovac relay was more compact, it was disadvantaged 

by the requirement for a 12V DC input voltage. Similarly, the Behlke transistor option only 

required a 5V input but did not have as compact a design nor a competitive price when compared 

to the Pickering relay. Further, the Pickering relay could be purchased with pre-installed internal 

flyback diodes, therefore reducing the complexity of the final assembly.  In conclusion, the 

Pickering 67-1-A-5/2-D reed relay was implemented to control each of the actuators in the six-

dot configuration. 

3.4.4 Power source and circuit protection 

Two 3,7 V lithium polymer batteries were selected to power the prototype device. This was 

necessary to provide sufficient power to the set of high voltage relays, DC- HV DC converter and 

Raspberry Pi Zero while maintaining a small footprint to be mounted to the user’s hand. One 

battery was dedicated to the operation of the Raspberry Pi Zero while the other powered the DC-

HV DC converter and relay array. 

The selected LiPo batteries were sourced from DIY Electronics, a local supplier, and consisted of 

the following specifications: 

Table 3-4 Specifications of PIJUICE ZERO LiPo Battery (9RPIJUICEZB12M) [118] 

Rated Capacity (Typical) 1200mAh 

Nominal Voltage 3.7V 

Voltage After Discharge 2.75V 

Charging Voltage 4.2V 

Standard Charge 240mA x 2 (0.2C) (Parallel Charging) 

Onboard Battery Protection 4.2V Over-Charge Protection 

2.9V Under-Voltage Protection 

Ideal Operating Temperatures -20° to +55°C

Ideal Storage Temperatures 0° to +45°C 

Weight ±80g 

Dimensions 30 x 35 x 9mm 

One of the batteries was connected solely to the Raspberry Pi via a power booster and charger 

module. This served to protect the Pi from possible voltage surge at the input side should the 

relays or the DC-HV DC converter be connected along the same circuit. The connection of the 

relays to an external power source further prevented the chance of the voltage spike on the output 

side of the Pi when a relay switch was de-energized.  
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It is further recommended by the Raspberry Pi manufacturers that only 3.3V signal logic be 

utilized at the output of the General-Purpose Input/Output (GPIO) pins [119].  The Pickering 

relays have a listed ‘must operate voltage’ of 3,75 V and a recommended voltage input of 5 V.  

The relays are also connected in parallel and therefore act as a substantial current draw. The 

current draw of each relay is 125mA, resulting in a total of 750mA. An individual GPIO pin can 

safely draw 16 mA, according to the Raspberry developers [120]. The developers go on to state 

“, Should the current draw and subsequent power rating be greater, an external power source 

should be used.” [120] Fortunately, this problem can be circumvented by the introduction of 

MOSFETS and transistors to the output circuit. The transistor makes it possible to carry the 

required current of 125 mA per GPIO for the successful operation of the relay.   

An individual transistor circuit which included a diode, resistor and the transistor, was installed 

individually between each GPIO pin and relay. However, due to the number of relays required, it 

was concluded that the resultant complex schematic and circuit design could be simplified by 

introducing an integrated circuit such as the ULN2003. The ULN2003 is a high current high 

voltage Darlington transistor array that simplifies the output circuit [121]. This component will 

serve as a robust and compact solution between the GPIOs of the Pi and the relays, without the 

requirement of additional circuit components.  

It must be noted that it was possible to power the relays using the 5V output pin of the Raspberry 

Pi, even though the developers recommend against this due to the risk of possible voltage surges 

that may harm the circuitry of the Pi. The 5 V output pin derives power directly from the source 

powering the Pi. This will therefore divide the current draw from the source between the Pi and 

the relays. The Pi takes up to approximately 800mA at peak operation; therefore, of the 2.5 A 

supplied by the power booster and charger module, 1,7 A will be remaining to be used by the 

relays. Note the current limitations on the GPIOs still require the ULN2003 transistor array to be 

used. This argument is theoretically sound, however, since another power source was already 

necessary to power the DC-HV DC converter, the more cautious decision was made to connect 

the relays to include the secondary power source and further isolate the sensitive Raspberry Pi.  

An MP2636 Power Booster and charger module were connected between the LiPo and the Pi 

input to provide a manner of charging the LiPo using a MicroUSB and to boost the voltage from 

3,7 V to 5 V at a maximum output current of 2,5 A [122]. The module also protected the battery 

from over-charge, over-discharge, high temperatures and over-current. Two LEDs acted as status 

indicators and the entire module measured 35 mm x 30 mm. To decrease the height of the 

component the USB output to the Pi and the PH2.0 connector to the battery will be removed and 

wires soldered directly to the board.  
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It was decided that the same MP2636 module was not necessary to be connected between the 

second battery and the relays and DC-HV DC converter. This decision was primarily based on 

the footprint of the MP2636 and it was not considered feasible to include the same module for the 

secondary battery, particularly since the connected devices are more electrically robust than the 

Pi. Therefore, a 25,91 x 17,02 x 9,91 mm LiPo charger (TP4056) developed by MakerFocus was 

selected along with a separate buck/boost converter developed by Pololu (S9V11F5) [123] [124]. 

Alternative products that combined the charger and booster into a single module was available 

with a smaller footprint than the MP2636, however a current output of 1,25 A was required since 

the relay array and DC-HV DC converter were connected in series, thus limiting the available 

modules. The Pololu S9V11F5 is capable of converting an input voltage of 2-16 V to a 5 V output 

at a maximum current of 1.5A while only measuring 7.6 × 11.4 × 3.8 mm, therefore making it 

ideal for the required application. The S9V11F5 also has integrated over-temperature and short-

circuit protection [123]. 

3.4.5 Detailed electrical diagram 

Figure 3-8 below illustrates a detailed schematic of the final electrical system to be implemented 

in the design. All components were of the appropriate size to be arranged on the dorsal size of the 

hand, allowing for full wrist and finger mobility. Approximate weight of all components was 160 

grams. The casing design of the electrical components and circuit is discussed in Section 3.5. 

Figure 3-8 Detailed Schematic of Electrical System 
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Figure 3-11 : Positions of hands by braille experienced readers (a), represents the classic ‘butterfly technique’ where 

the forefingers of both hands follow the same line until approximately 2/3 of the way where the left hand will then 

move to the start position of the next line while the right completes the previous line. (b) represents a possible 

variation of hand position while still following the ‘butterfly technique’. [127] 

Placing the camera at the tip of the finger would increase the distance between the finger and the 

reading medium, thus decreasing proprioceptive response of the user. Further, the focal distance 

must also be considered when selecting the camera. The focal distance refers to the distance 

required between the lens and the object to ensure the object is in focus. This was a particularly 

challenging requirement since most Raspberry Pi fixed focus camera modules had a focal distance 

of 1 m to infinity [128]. Autofocus camera modules such as the Arducam Autofocus Camera 

improved upon this limitation by reducing this to 4 cm to infinity [129]. However, the overall 

board size of the Arducam module (25 x 24 mm) did not lend itself to a compact, unobtrusive 

placement on the finger. This same obstacle was encountered with commercially available OCR 

scanning pens and highlighters which utilised a series of lenses to reflect light from a light-

emitting diode (LED) onto a photosensitive element. The distance between the photosensitive 

element and lenses limited the degree of miniaturisation, particularly in the longitudinal direction 

[130]. Figure 3-12 presents a disassembled view of the Anoto pen, indicating the position and 

relative size of the optics subassembly of the device.  A further limitation on utilising scanner pen 

optics in a finger-mounted application is the sensitivity to correct scan position. Scanner-pens 

perform optimal pattern detection when held perpendicular to the text [130] or at a specified angle 

such as 60° to the right for designs such as the Scanmarker [131]. In braille reading where finger 

position is dependent on reader preference, forcing the user into an unfamiliar finger posture will 

impact on the ergonomics and performance of the device.  
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Table 3-5 The average length of phalanges in the human hand. 

Designation Soft tissues at 

tip of distal 

phalanx (mm) 

Distal Phalanx 

(mm) 

Medial Phalanx 

(mm) 

Proximal 

Phalanx (mm) 

Reference 

Adult 3.84±0.59 15.82±2.26 22.38±2.51 39.78±4.94 [135] 

Child (6 Years) 2.67±0.41 11.06±1.58 15.67±1.75 27.85±3.46 [133] 

According to Table 3-5, the average distance from the soft tissues at the tip of the index finger to 

the joint between the medial and proximal phalanx is 42.04 ± 5.36 mm for adults and 29.4 ± 3.75 

mm for children age six.  The average distance between the soft tissues at the tip of the index 

finger to the joint between the distal and medial phalanx is 19.66 ± 2.85 mm for adults and 13.73 

± 1.99 mm for children age six.  

These values narrowed down the field of possible camera modules since the minimum focal range 

was required to correspond with the calculated values. Ideally having the camera module mounted 

on the medial phalanx would be preferrable to being mounted on the proximal phalanx. The 

medial phalanx would allow for greater control of the focal point of the camera and prevent the 

risk of the camera straying to the preceding line of text should the reader adjust the angle of finger 

position. Figure 3-14 and Figure 3-15 illustrate the expected focal points when the camera module 

is mounted on the medial and proximal phalanges respectively when the hand is in the correct 

reading position. Braille readers are taught to keep as many fingers on the line of braille as 

possible, therefore the index finger is restricted to an angle that allows the pad of the finger to line 

up with that of the longer middle finger. The hand in the Figure 3-14 and Figure 3-15 was 

simulated using the correct braille reading position.  

Figure 3-14 Projected focal point of camera when mounted on the medial phalanx, correct hand posture 

Figure 3-15 Projected focal point of camera when mounted on the proximal phalanx, correct hand posture 
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Figure 3-16 illustrates the change of focal position should the reader’s hand stray from the correct 

reading posture when the camera is mounted on the proximal phalanx. The large angular offset 

will result in the device transcribing the text three lines above the current reading point and result 

in reader confusion. The limited degree of freedom of the medial phalanx relative to the proximal 

reduces the margin of error and is therefore the ideal position in which to mount the camera. 

However, it increases the complexity and cost of the camera required to meet the allowable focal 

range specifications.  

Figure 3-16 Projected focal point of camera when mounted on the proximal phalanx, incorrect hand posture 

Upon consideration of the scale, focal range and robust design required of the camera module, a 

borescope/endoscope type module was selected. A borescope is a compact cylindrical camera 

module used to inspect small spaces. These modules are often equipped with LEDs to illuminate 

dark spaces and are enclosed in a waterproof casing, all of which are properties that would be 

useful in the application of a hand mounted braille scanner. The terminology of borescope and 

endoscope are used interchangeably in commercial distribution of these devices; however, 

endoscopes are typically more precise and achieve a greater level of miniaturisation than 

borescopes. Endoscopes are commonly used in the medical profession.   

Borescopes or endoscopes were of particular interest due to their minimum focal distances relative 

to other camera modules while maintaining a clear image of the object. Majority of commercially 

available endoscopes specify a focal distance between 30 mm and 100 mm. Specialised medical 

use endoscopes further reduce this distance for focussed images, however, the cost of such 

inspection cameras prevented their application in this design. The borescope selected for the 

design was a 5.5 mm diameter camera module produced by T TAKMLY with a micro-USB cable 

which allowed for direct connection to the Raspberry Pi. The lens of the module is bordered by 6 

adjustable LED lights for low light applications and had a resolution of 640 x 480. The length of 

the camera module in the waterproof casing is 30,25 mm. The cost of the camera was R 404.90 

[136].   
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3.5.2 Finger mounting and configuration of tactile display 

During the design of the mounting for the camera module and tactile display, the design of 

existing finger splint designs was considered. Existing finger splints prioritise the comfort of the 

wearer and a robust design capable of withstanding daily activities. Designs such as the Rolyan 

frog style splints and mallet finger splints, pictured in Figures 3-17 and 3-18, were considered. 

Figure 3-17 Frog style aluminium finger splint [137] 

Figure 3-18 Mallet finger splint [138] 

The existing splint designs were used to develop the profile of the final finger mounting, 

particularly influencing the interior contours of the mounting since the device is intended to be 

worn for long periods of time. Figure 3-19 illustrates the final finger mounting design. The 

subassembly drawing SA3, exploded view SA2, and part drawing A4 in Appendix E provides 

further information on the configuration of the components. The mounting slides onto the right 

index finger and is secured by a Velcro strap around the medial phalanx. The camera module is 

secured along the slot indicated in Figure 3-19. The rear diameter of the slot and the keyway were 

designed to accommodate the additional rubber washer provided with the endoscope. The washer 

was designed to secure the accessories of the camera to its cylindrical body and therefore produces 

an interference fit when attached to the camera body. The small slot pictured to the left of the 

camera mounting in Figure 3-19 was also designed with an interference fit relative to the rubber 

washer, thus securing the camera and preventing motion during operation but allowing for easy 

removal should the device require disassembly during maintenance and storage. Circular cutouts 
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along the upper face provide airflow and prevent the user’s finger from heating up inside the 

mounting.   

Figure 3-19 Final design of 3D printed finger mounting 

The initial iteration of the design was to be 3D printed using Polylactic Acid (PLA). 3D printing 

allowed for the device to be easily manufactured during prototyping and to ensure that the 

measurements of the device corresponded with realistic hand sizes. Once prototyping is complete, 

later mass productions of the component can be completed using plastic injection moulding. Once 

a mould has been manufactured, the plastic injection moulding will be superior to the initial 3D 

printing production method both in terms of cost and time required for individual product 

fabrication. 

As previously discussed in Section 3.5.1, the camera module mounted on the medial phalanx 

served as a more accurate text transcriber than when positioned on the proximal phalanx. 

However, with the camera requiring a minimum focal distance of 30 mm from the object, a 

position on the proximal phalanx would not suffice for children or adults with hands below the 

average size. This is where the mallet finger splint design provided a unique solution. The mallet 

splint locked the first finger joint in place, thus aligning the distal and medial phalanges while 

allowing the proximal phalanx free movement. The angle of the upper face of the finger mounting 

is thus equal to that of the distal and medial phalanges. Once the camera module is mounted on 

this face, it corresponds with the intended angle of the medial phalanx while providing the 

freedom to extend the position of the camera along this plane without creating interference with 

the joint between the medial and proximal phalanges. Thus, the locking of the first finger joint 

using a mallet design allowed the focal distance to be achieved while maintaining the correct view 

angle. It further allowed for customisation according to the finger size of the individual without 

impacting the camera position. Figure 3-20 illustrates the positions of the first and second joints 
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display to be positioned directly below the pad of the index finger once the finger mounting was 

secured on the reader’s finger.  

Figure 3-22 Sectional view of finger mounting 

The DEA subassembly is comprised of seven layers, as illustrated in Figure 3-23. A detailed 

description of the DEA materials and method of synthesis of the DEA is presented in Chapters 5 

and 6. The following paragraph provides a summary of the expected operation of the DEA tactile 

display. 

Figure 3-23 Exploded view of DEA subassembly 

The thickness of the lower and base plates is 0.45mm and the material is a flexible Polypropylene 

electrical insulating film selected to conform to the shape of the finger mounting [139]. The 

thickness of the upper boundary plate is dependent on the initial radius of the DEA diaphragm 

before a voltage is applied, determined experimentally in Chapter 6. The initial radius when the 

DEA is at rest must be in line with the upper edge of the plate; therefore, the DEA will not make 

an indentation in the user’s finger. Once a voltage is applied, the DEA braille dot radius will 

increase and stimulate the receptors in the fingertip. The sectional view presented in Figure 3-24 

depicts the DEA braille dots at the initial height before the voltage is applied. The initial height 

of the DEA was determined in the experimentation recorded in Chapter 6. In order to determine 
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the approximate cost of materials, an upper base plate thickness of 2 mm was selected from the 

material was Polystone Polypropylene sheets [140]. This material was selected due to its 

thermoformable properties which allowed the DEA to conform to the shape of the finger 

mounting and finger.  

Figure 3-24 Sectional view illustrating position of inflated DEA on finger mounting 

The material and synthesis procedure of the elastomer film and compliant electrodes was 

determined experimentally with results recorded in Chapter 5. The protective film will consist of 

the same material as that selected for the elastomer film. The lower boundary and base plates are 

secured using a silicone adhesive known as Sil-Poxy. The DEA is synthesised and assembled; 

thereafter a needle is inserted in the silicone layer between lower and base plates to inflate the 

diaphragm to initial heigh. The subassembly is then be secured inside the finger mounting and the 

DEAs are connected to the Pickering relays by wires mounted on the outer face of the mounting. 

3.5.3 Electrical components in casing 

The electrical components of the design required a casing to protect both the user and the circuitry. 

The only electrical component situated outside the casing are the Pickering relays which are 

already encapsulated in an insulating casing. The other electrical components were divided into 

three layers to make the design as compact as possible. The first layer consisted of the two LiPo 

batteries and the third layer included the Raspberry Pi Zero W. These two layers contained the 

components with the largest footprints and were therefore used to stipulate the base dimensions 

of the design (72 x 30 mm). The second layer consisted of the DC to HV DC converter, the 

MP2636 power booster and charger, the TP4056 battery charger and a printed circuit board (PCB) 

consisting of the ULN2003, Pololu S9V11F5 and five resistors. 
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Since the Pololu, TP4056 and MP2636 Power booster heat up during operation, it was necessary 

to include extruded cuts in the casing to allow for sufficient ventilation.  To prevent water and 

dust ingress in the circuitry and components, a silicone insulating sealant is sprayed or brushed 

onto the surfaces of the components and PCB. It must be noted that active ports must be masked 

before the coating is applied. MG Chemical Silicone Conformal Coating was selected for this 

application [141]. 

The electrical components were arranged according to their prescribed dimensions and a base 

footprint of 72 x 30 mm. The total height of the combined components, including necessary gaps 

between electrical circuits was calculated as 34,2 mm. Upon consideration of the calculated 

dimensions and existing dimensions of the dorsal side of the human hand, it was concluded that 

the casing be split into two separate components. Therefore, a single casing could be mounted on 

the wrist to hold the batteries, and another casing could be mounted on the dorsal side of the hand 

containing the remaining components. Figure 3-25 illustrates the positions of the casings. Note, 

the glove and Velcro wrist strap are not represented in image. Part drawings A1, A2 and A3 in 

Appendix E illustrate the design of each structure. 

Figure 3-25 Casing position 1 

Each of the casings and Pickering Relays includes snap fasteners adhered at the corners of the 

base which allow for a customisable fit on the glove. Each relay is separately attached to the glove 

using the fasteners in order to maintain mobility of the fingers. The glove is fingerless and 

therefore allows the reader to feel the reading medium with the thumb and three fingers. The 

electrical casing has two possible configurations based on the preference of the reader. The first 

configuration includes the casing attached to a Velcro strap on the wrist using the snap fasteners, 

and the second casing attached to the hand, see Figure 3-25.  The second stacked configuration is 

possible since the casing containing the electrical components has been designed to be stacked on 

top of the battery casing using M3 or UTS No. 4 self-tapping screws of lengths between 18 mm 
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and 30 mm. This allows both cases to be attached to either the wrist or the hand depending on 

wearer comfort. In the case of children or small adults, the wrist mounting would be most 

applicable considering the limited dorsal area of the hand. The second configuration is illustrated 

in Figures 3-26 and 3-27. Note, the glove and Velcro wrist strap are not represented in images. 

Additional subassembly views and part drawings of the casing are available in Appendix E. 

Figure 3-26 Casing position 2 

Figure 3-27 Casing position 3 

3.5.4 Full assembly 

The full assembly of the mechanical design is depicted in Figure 3-28 below. Note, the glove, 

Velcro wrist and finger straps, and wiring are not represented in the image. Approximate total 

weight of the mechanical and electrical design is 261 grams. Individual components weigh as 

follows: 160 g for electronics,17 g for electrical casing, 9 g for battery casing, 55g for endoscope, 
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12g for both casing lids and 8 g for finger mounting. The weights of the casings and finger 

mounting were calculated under the assumption that standard PLA filament would be used with 

20% infill. Appendix B presents a budget overview of the mechanical and electrical subsystems. 

Figure 3-28 Full assembly of mechanical design 

3.6 Assembly precedence diagram 

Figure 3-29 represents the assembly precedence diagram of the tactile braille display device. 

The accompanying Table 3-6 details the bill of materials required in the precedence diagram. 

The exploded subassembly drawings in Appendix E (Drawings SA1, SA2 and SA3) provide 

illustrative depictions of the subassemblies described in the precedence diagram. 

Figure 3-29 Assembly precedence diagram 
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Table 3-6 Bill of materials for assembly precedence diagram 

Item Description Quantity 

1 Camera Module 1 

2 Battery Casing 1 

3 DEA Rigid Boundaries 2 

4 Rubber Washer 1 

5 LiPo Battery 2 

6 MP2636 Power Booster and Charger Module 1 

7 TP4056 Charger 1 

8 Raspberry Pi Zero W 1 

9 Pololu S9V11F5 Buck/Boost Converter 1 

10 VHB Elastomer 1 

11 ULN 2003A Transistor Array 1 

12 XP EMCO DC-HV DC Converter 1 

13 Compliant Electrode 12 

14 Circuit Casing 1 

15 Pickering 67-1-A-5/2-D Reed Relay 6 

16 Sealant Elastomer Layer 2 

17 Glove 1 

18 DEA Base Plate 1 

19 Finger Mounting 1 

3.7 Chapter Summary 

Chapter 3 presented the specifications of the device, the conceptual designs and discussed the 

final subsystems. The electrical subsystem consisted of a Raspberry Pi Zero microcomputer 

which controlled six high voltage relays via the GPIO pins. The high voltage relays regulated the 

voltage supplied by the DC to HV DC XP-EMCO converter to the DEA output. The mechanical 

design subsections described the adjustable housing of the electrical circuit, which was to be 

mounted on the dorsal side of the hand and wrist. The circuit housing was designed to be arranged 

either completely on the hand or along the hand and wrist to cater for individuals of different ages 

and sizes. All components were to be 3D printed along with the finger mounting, which contained 

both the DEA and endoscope camera module.  

The following chapter presents the configuration and testing of the OCR program. The code of 

the program utilises both OpenCV and Tesseract engines to complete the OCR functions required 

to transcribe the scanned input into six corresponding voltage outputs.   
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OCR USING TESSERACT AND OPENCV 

4.1 Introduction 

Chapter 4 analyses the viability of using a Tesseract-OpenCV engine to complete the optical 

character recognition required for the braille transcription system. The combination of a Tesseract 

OCR engine and OpenCV pre-processer was selected based on the research compiled in Chapter 

2.8. The flow chart illustrated in Figure 4-1 describes the procedure utilized by Tesseract when 

extracting ASCII text from an image. The pre-processing and post-processing indicated in Figure 

4-1 is completed by the OpenCV software package.

Figure 4-1 Tesseract OCR Process 

The purpose of the analysis was to determine if the Tesseract-OpenCV OCR will meet the criteria 

of the device, particularly the processing time required to match the average reading speed of a 

braille reader. According to the specifications stipulated in Chapter 3.2 the average braille reading 

speed is 120 words/min. The proposed system transcribes each scanned text character to braille 

in real-time. Therefore, using the average reading speed stated above and the assumption of an 

average of 4,79 letters per word in the English language, a required reaction time of 0,418 seconds 

was calculated [142]. The investigation used this value to analyse the performance of the OCR 

and determine if any adjustments to the design were required.  

The analysis consisted of configuring a Raspberry Pi Zero to run both the Tesseract and OpenCV 

software and process scanned images to produce a measurable output. The output consisted of the 

scanned characters displayed on a connected digital monitor and as a simulated braille output 

using a set of six LEDs. The LED output circuit was connected to the GPIO ports of the Raspberry 

Pi and was used to test the accuracy of the OCR code and the response time since the same code 

and ports will be used in the final dielectric elastomer design. 

Chapter 4 details the apparatus and equipment used in the investigation, the installation and setup 

of the OCR engine, a description of the final command code, the results of the tests and a 

discussion on how the information will be utilized in the final design. The tests compared how 
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the OCR subsystem performed when inputting scanned images with different fonts, scan quality, 

image size, and the number of characters per scanned image. 

4.2 Test apparatus and equipment 

- Raspberry Pi Zero

- Digital Monitor

- Keyboard

- USB Computer Mouse

- HDMI cable

- Raspberry Pi Official Power Source

- Raspberry Pi Zero Official Case

- Breadboard

- 5mm Red LED x 6

- (300 Ω) Resistor x 6

- (750 Ω) Resistor x 6

- (330 Ω) Resistor x 6

- PN2222AL-BP Transistor x 6

4.3 LED Test circuit 

The testing of the OCR subsystem and prototype DEA sub-system occurred within the same time 

frame. Therefore, in order to document accurate results pertaining to the specific response time 

of the OCR subsystem, an output response was simulated using six LEDs. These LEDs 

represented the voltage input experienced by the dielectric braille actuators. The decision to use 

LEDs was motivated by the need to monitor only the OCR subsystem time response visually 

without the discrepancies introduced by the prototype actuators. The sections of code in Section 

4.6 that relate to the LED control was highlighted and included a commentary on how the same 

lines of commands can be used to control the relays that will be utilised in the final dielectric 

elastomer-based output. 

The six LEDs were connected in parallel to the 5 Volt input pin and Ground pin of the Raspberry 

Pi. In order to prevent electrical damage to the GPIO pins, a PN2222A NPN transistor was placed 

between each LED and GPIO pin. Two resistors were required in the design, one resistor 

positioned between the 5V input and LED and the second positioned between the transistor and 

GPIO control pin. The resistor between input and LED had a selected resistance of 330 Ω and the 

minimum resistance calculated for the resistor between the transistor and GPIO was 1kΩ. Figure 

4-2 illustrates the LED control schematic used in the OCR subsystem testing and Figure 4-3
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depicts the final physical test circuit. Two resistors were placed between the GPIO control pin 

and transistor in order to achieve a total resistance of 1050 Ω.  

Figure 4-2 Circuit Schematic of LED test circuit 

Figure 4-3 Physical test circuit 
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4.4 Raspberry Pi and OCR software setup 

4.4.1 Preparing Raspberry Pi for OCR installation 

In order to proceed with installing the required OCR programs, the Raspberry Pi had to first be 

prepared for installation by updating the operating system and downloading system pre-requisites. 

All installation and setup commands were inputted using the Raspberry Pi Terminal. 

The first stage was to ensure that the latest versions of all installed packages were available. To 

do this, the commands in Figure 4-4 were inputted in the terminal. Note the 1 and 2 seen in Figure 

4-4 are only used as markers to link to comments and were not inputted on terminal.

Figure 4-4 Terminal commands to update all installed packages 

The OCR packages, particularly OpenCV, are notorious for requiring majority of the available 

disk space to run effectively. OpenCV itself requires approximately 5.5 Gigabytes [143]. In order 

to increase the total available memory on the system, unnecessary packages were removed by 

using the commands in lines 1 and 2 of Figure 4-5. Next, any unnecessary programs were removed 

using the command line 3 in Figure 4.5. Note, this specific line targeted the removal of the 

Wolfram application. 

Figure 4-5 Terminal commands to clean system 

Both OpenCV and Tesseract were installed using Python’s package manager known as pip. In 

order to commence with installation of the programs, pip was installed on the system using the 

code in Figure 4-6. 

Figure 4-6 Terminal commands to install pip 

4.4.2 OpenCV Installation 

OpenCV required the installation of prerequisite packages to operate successfully. Figure 4-7 

identifies the packages required and the commands that were used in installation. 

1 sudo apt-get update 

2 sudo apt-get upgrade 

1 sudo apt-get clean 

2 sudo apt-get autoremove 

3 sudo apt-get purge wolfram-engine 

1 wget https://bootstrap.pypa.io/get-pip.py 

2 sudo python3 get-pip.py 
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Figure 4-7 Terminal commands to install prerequisite packages 

Once the prerequisite packages were installed a virtual environment was created in which to 

install the OpenCV package. A virtual environment acts as an isolated, independent environment 

on the system. This allows the user to create multiple projects on the system with customized 

packages without interfering with existing projects and packages. In the case of the OCR sub-

system, a virtual environment was used as a safety precaution in the event that the OpenCV 

package was incorrectly modified. This was necessary since this was the first time that the author 

was using the OpenCV and Tesseract packages. Prototype devices that follow will not require a 

virtual environment once a set installation and setup protocol has been established and the next 

step can therefore be omitted. Line 1 of Figure 4-8 indicates the command that was used to install 

the virtual environment python wrapper using pip.  

Figure 4-8 Terminal commands to install virtual environment wrapper 

Thereafter the profile known as ~/.bashrc required modification to allow access to the virtual 

environment, Figure 4-9. The first line indicates the command used to access the specific profile, 

lines 2 to 4 were then appended to the end of the ~/.bashrc scripts. Line 5 was used once the 

~/.bashrc profile was saved and exited. The purpose of Line 5 was to source (or update) the 

changes in the terminal. Alternatively, the Raspberry Pi can be restarted to update changes.  

Figure 4-9 Terminal commands to access virtual environments 

It was at this stage that the name of the specific virtual environment was specified. Note in the 

Line 1 of Figure 4-10, the addition of the characters ‘cv’, this was the name used to define the 

specific virtual environment that was during the OCR testing. Line 2 of Figure 4-10 indicates the 

command to access the ‘cv’ virtual environment and Line 3 is how the virtual environment can 

1 sudo apt-get install libatlas-base-dev 

2 sudo apt-get install libjasper-dev 

3 sudo apt-get install libqtgui 4

4 sudo apt-get install libhdf5-dev

5 sudo apt-get install libilmbase-dev 

6 sudo apt-get install libopenexr-dev 

7 sudo apt-get install libqtwebkit4 

1 pip install virtualenv virtualenvwrapper 

1 nano ~/.bashrc 

2 export WORKON_HOME=$HOME/.virtualenvs 

3 export VIRTUALENVWRAPPER_PYTHON=/usr/bin/python3 

4 source /usr/local/bin/virtualenvwrapper.sh 

5 source ~/.bashrc 
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be deactivated to return to the terminal once work on the environment is complete. It is possible 

to check if the correct virtual environment is activated by inspecting the command line prompt. 

In this case, the command line prompt will begin with ‘cv’ to indicate that the subdirectory is 

active, for example: ‘(cv) pi@raspberrypi:~ $’. 

Figure 4-10 Terminal commands when working with virtual environment 

Working within the activated ‘cv’ virtual environment, the final command was inputted to install 

the full OpenCV package, Figure 4-11. 

Figure 4-11 Terminal command to install OpenCV package 

4.4.3 Tesseract Installation 

The tesseract installation was comprised of three steps as indicated in Figure 4-12; installing the 

Tesseract library (Line 1), installing command line tool (Line 2), and then installing the Tesseract 

Python wrapper (Line 3). 

Figure 4-12 Terminal commands to install Tesseract 

4.4.4 Verifying the Installations 

The installations of the OpenCV and Tesseract packages were verified by inputting terminal 

requests to check the versions of the packages. If the packages were incorrectly installed or any 

prerequisite packages were not installed, then the versions would not be printed to the terminal.  

The OpenCV installation was checked by inputting Lines 1, 2, 6 and 7 in Figure 4-13. 

Figure 4-13 Terminal commands to verify OpenCV package 

1 mkvirtualenv cv -p python3 

2 workon cv 

3 deactivate cv 

1 pip install opencv-python 

1 sudo apt install tesseract-ocr 

2 sudo apt install libtesseract-dev 

3 sudo pip install pytesseract 

1 pi@raspberrypi:~ $ workon cv 

2 (cv) pi@raspberrypi:~ $ python3 

3 Python 3.7.3 (default, Jul 25 2020, 13:03:44) 

4 [GCC 8.3.0] on linux 

5 Type "help", "copyright", "credits" or "license" for more information. 

6 >>> import cv2 

7 >>> cv2.__version__ 

8 '4.4.0' 
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The Tesseract package was checked by inputting Line 1 of Figure 4-14 and receiving the output 

indicated in Lines 2-4. It must be noted that beyond confirming that the package is installed 

correctly by printing out the version number, the specific version also indicates the functionality 

of the installed package. In this case Tesseract 4 was installed which can perform neural network 

(LSTM) based OCR as well as access the older Legacy Tesseract Engine (Version 3 and older) 

[98]. The LSTM engine allows for the training of the system to improve accuracy of the OCR. It 

is possible to switch between the Legacy and LSTM engines if necessary, as discussed in section 

4.5. 

Figure 4-14 Terminal commands to verify Tesseract 

4.5 OCR Program Code 

Once installation was complete, the final OCR program was written using Python’s Integrated 

Development and Learning Environment (IDLE) and tested. The final program consisted of six 

primary functions: 

- Import scanned image

- Pre-process image using OpenCV

- Perform OCR using Tesseract

- Print output characters to the screen

- Output braille equivalent of characters via GPIO pins

- Print total processing time to screen

The code represented in Figures 4-15 – 4-17 was used as the final OCR test program. The 

customizability of the code allowed for multiple tests to be run to analyse the performance of 

different components of the OpenCV and Tesseract programs. The discussion below details the 

specific functions of each section of the code in Figures 4-15 – 4-17.  

Note: The Figures 4-15 – 4-17 present a condensed version of the final program code for ease of 

reference, refer to Appendix A.1 for full program code. 

1 (cv) pi@raspberrypi:~ $ tesseract --version 

2 tesseract 4.0.0 

3 leptonica-1.76.0 

4 libgif 5.1.4 : libjpeg 6b (libjpeg-turbo 1.5.2) : libpng 1.6.36 : libtiff 

4.1.0 : zlib 1.2.11 : libwebp 0.6.1 : libopenjp2 2.3.0 
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Figure 4-15 OCR Python Code

1 #processing time initialise 

2 import time 

3 start = time.process_time() 

4 #import libraries 

5 import re 

6 import pytesseract 

7 import cv2 

8 from PIL import Image 

9 import RPi.GPIO as GPIO 

10 import os 

12 #import image 

13 img = cv2.imread('/home/pi/Pictures/Text demo images/single 

letters/Ariel/lower case/z.JPG',cv2.IMREAD_COLOR) #Open the image from which 

characters has to be recognized 

14 #resize image 

15 img = cv2.resize(img,(620,480)) 

16 #convert to gray to reduce details 

17 gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY) 

18 #Blur to reduce noise 

19 gray = cv2.bilateralFilter(gray, 11, 17, 17) 

20 #use for multiple characters 

21 #test = pytesseract.image_to_string(gray, config='') 

22 #Specify psm and oem (psm 10 for single char identification) 

23 custom_oem_psm_config = r"--oem 3 --psm 10" 

24 test = pytesseract.image_to_string(gray, config=custom_oem_psm_config) 

25 #Remove the line break symbol from output 

26 pattern = re.compile('\W') 

27 char = re.sub(pattern, '', test) 
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Figure 4-16 OCR Python Code Continued

28 print (char) 

29 #Get confidence level if required 

30 #test = (pytesseract.image_to_data(gray, lang=None, config='', nice=0) ) 

31 #if you don’t want line breaks removed 

32 #print (test) 

33 #check processing time of ocr only 

34 print(time.process_time() - start) 

35 #identify GPIO number (used 3 leds in this example) 

36 GPIO.setmode(GPIO.BCM) 

37 GPIO.setwarnings(False) 

38 GPIO.setup(13,GPIO.OUT) 

39 GPIO.setup(19,GPIO.OUT) 

40 GPIO.setup(26,GPIO.OUT) 

41 GPIO.setup(21,GPIO.OUT) 

42 GPIO.setup(20,GPIO.OUT) 

43 GPIO.setup(16,GPIO.OUT) 

44 #represent using LEDs 

45 read_sequence= (char) 

46 seq_list = list(str(read_sequence)) 

47 for n in seq_list: 

48 if n == 'A': 

49 GPIO.output(13, GPIO.HIGH) 

50 time.sleep(1) 

51 GPIO.output(13, GPIO.LOW) 

52 time.sleep(1) 

53 if n == 'B': 

54 GPIO.output(13, GPIO.HIGH) 

55 GPIO.output(19, GPIO.HIGH) 
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Figure 4-17 OCR Python Code Continued

4.5.1 Processing time monitor 

Line 2 of Figure 4-15 imported the time library to the OCR program. The following line 

established the start of the timer and was followed by the body of the OCR code. Two sections of 

code were included to stop the timer at two points of the program. Line 35 was included to 

measure the processing time of only the OCR functions of the program; therefore, it would 

measure from the moment the program was run to the point that the scanned characters were 

printed to the screen. The alternative option was provided in Line 69 to instead print the total 

processing time, including the time required to display the braille representation via LEDs. To 

display Line 69, the hash symbol at the start of the line was removed and a hash symbol was 

included at the start of Line 35 to disable the previous timer.  

When testing the ASCII code to LED output as a standalone program it was noted that the 

processing time between program start and the first LED output was negligible with the LED 

outputs to follow being set at a specific time interval of 1 second. The specified time interval 

appeared in Line 50 of Figure 4-17 which utilized the time library and could be altered by 

adjusting the numerical value within the bracket to increase/decrease the interval. Therefore, it 

was concluded that the requirement for a displayed processing time of the full OCR process 

56 time.sleep(1) 

57 GPIO.output(13, GPIO.LOW) 

58 GPIO.output(19, GPIO.LOW) 

59 time.sleep(1) 

60 if n == 'C': 

61 GPIO.output(13, GPIO.HIGH) 

62 GPIO.output(21, GPIO.HIGH) 

63 time.sleep(1) 

64 GPIO.output(13, GPIO.LOW) 

65 GPIO.output(21, GPIO.LOW) 

66 time.sleep(1)

67 GPIO.cleanup() 

68 #check processing time of entire operation 

69 #print(time.process_time() - start) 
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including the LED display was not necessary since the LED display functioned according to a 

pre-set time interval specified by the user. Thus, the time display function in Line 35 was preferred 

during testing since this measured the unknown duration of scanned image to ASCII output and 

omitted the time duration of LED activation.  

4.5.2 Import libraries 

Lines 5 – 10 in Figure 4-15 indicate the libraries required to complete the OCR program. The 

time library was imported previously in Line 2, as discussed in section 4.6.1. The libraries include: 

Regular Expression module for string matching, the python Tesseract wrapper (pytesseract), 

OpenCV (cv2), the Imaging module from the Pillow library (PIL), the Raspberry Pi GPIO library 

and the miscellaneous operating system interfaces (os) was required to implement the GPIO 

sequencing. 

4.6.3 Import image 

Line 13 was used to import the test images. Once testing is complete, this line of code can be 

replaced by Figure 4.-18 which utilizes OpenCV to capture the camera image and prepare for 

preprocessing. Therefore, the camera input will automatically be fed into the program without 

having to manually import an image file. 

Figure 4-18 Direct USB camera input to OCR program 

4.5.3 Preprocessing of image 

The preprocessing of the input image was completed in three stages; resize, greyscale and blur 

reduction. Line 13 of Figure 4-15 resized the image to 480 pixels by 620 pixels. Through 

converting the image to grey (Line 17), details were reduced and allowed for more accurate 

recognition. Blur reduction sharpened the characters of the image, Line 19.    

4.6.5 Image processing using Tesseract 

Lines 21 to 27 of Figure 4-15 consisted of the commands to process the image using the Tesseract 

OCR software. Line 21 was used when the recognition of images with multiple characters were 

required. As can be seen in the image, it is currently disabled in order to instead use the command 

1 import cv2 

2 cam=cv2.VideoCapture(0) 

3 img=cam.read() 

4 cv2.namedwindow("camera", cv2.CV_WINDOW_AUTOSIZE) 

5 cv2.imshow("camera",img) 

6 cv2.waitKey(0) 

7 cv2.destroywindow("camera") 
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Lines 23 and 24. These commands were used when the Page Segmentation Modes (PSM) and 

OCR Engine Modes (OEM) required specification. The OEM specified whether the Legacy or 

Neural Network based OCR engines were required. The PSM indicated if the image contained a 

predicted set of characters and therefore controlled how Tesseract split the image into lines of text 

and words. The set of PSM modes are shown in Figure 4-19. The previously discussed command 

Line 21 of Figure 4-15 assumed a PSM of 1 for automatic page segmentation. If single characters 

are to be recognized, then a PSM of 10 is required for more accurate and faster results. 

Figure 4-19 PSM designations [144] 

4.5.4 Print characters to screen 

Lines 26 and 27 of Figure 4-15 removed any line breaks from the OCR output. The GPIO output 

commands were not programmed to indicate line breaks and could therefore be removed before 

the characters were printed.  

Line 28 of Figure 4-16 printed the characters to the screen. 

4.5.5 Represent braille combination of characters 

The GPIO pins 13, 19, 26, 21 and 20 were configured for sequential response using the 

GPIO.setup command, as seen in Lines 38 – 43 in Figure 4-16. These pins corresponded with the 

pins connected to the LEDs in the circuit schematic, Figure 4-2. The general Raspberry Pi GPIO 

library and setup was used instead of the LED specific module illustrated in Figure 4-20. 

Therefore, the code need not be changed once the final relay controlled dielectric elastomer are 

connected to the OCR subsystem. The relays will respond to the same code as the LEDs that were 

used during testing. 

Figure 4-20 Module reference for LED-specific control 

1 from gpiozero import LED 
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Once the correct pins were configured, each number, lower case and upper-case letters were 

assigned a sequence of GPIO responses that corresponded with the braille representation of each 

character. Examples of this are Lines 48 through 66 of Figure 4-17. The time.sleep function that 

divides each character-sequence relationship is the time delay between each new character. This 

value can be customized according to reader preference. In the case of testing, the time interval 

between each character was set to 1 second. 

Finally Line 67 resets the braille display after each character was represented and sets all outputs 

to zero or ‘off’. 

This section established the purpose of each section of the program code. Chapter 4.6 will now 

describe the tests completed and results obtained using the referred OCR test program. 

4.6 OCR Program Test Results 

4.6.1 Structure of testing 

A total of 5 experiments were run with the aim to test processing speed and accuracy of the OCR 

subsystem. In order to retain homogeneity within the tests, all test samples were arranged as the 

alphabet from A to Z. The variables that were changed were font, number of characters per 

sample, quality of scan image and lower case versus upper case.  

Each image sample was uploaded to the OCR program using Line 13 of Figure 4-15. Thereafter, 

the code was run, and the processing time and output were recorded for analysis.  

The alphabetic sequence of multiple character images was analysed under seven different 

conditions:  

1. All pre-processing active with PSM automatically selected and remove line-break

activated

2. Remove line-break deactivated

3. All pre-processing deactivated

4. PSM configured to 3, image resize deactivated

5. Blur deactivated

6. Greyscale deactivated.

Single character images were first processed by the system with all pre-processing activated. 

Then, should the output be inaccurate, each pre-processing command was toggled on or off to 

confirm if an accurate result can be achieved. 
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4.6.2 Results and analysis 

The Table 4-1 below summarises the processing speed and percentage accuracy of the different 

Font and character sequence samples with all pre-processing functions activated. The accuracy 

was calculated as a percentage of characters correctly identified for each test sample. Full results 

of each test were tabulated in Appendix C.3. 

Table 4-1 Results of OCR Testing 

Test Sample 

Number 

Multiple/Single 

Character Image 

Font Average Response 

Time (s) 

Average 

Accuracy 

1 Multiple Ariel 7,016 100 % 

2 Multiple Serif 6,875 3.846 % 

3 Multiple Typewriter 9,162 88,46 % 

4 Multiple Times New Roman 6,953 100 % 

All multiple character samples 7,501 73 % 

5 Single Ariel 5,696 84,62 % 

6 Single Serif 5,629 84,62 % 

7 Single Typewriter 5,781 34,62 % 

8 Single Times New Roman 5,663 80,77 % 

All single character samples 5,692 71,16 % 

Beyond the results indicated in Table 4-1, three lower case tests samples were also analysed to 

compare performance to the uppercase OCR results, Appendix C.3.1.  Two of the samples 

contained multiple characters and were in fonts Ariel and Times New Roman, both produced an 

average accuracy of 100 % and response times of 6,599 s and 7,117 s respectively. The single 

character lower case test batch was in the Ariel font and produced an average accuracy of 38,46 

% and an average response time of 5,638 s. Therefore, it can be concluded that the performance 

of the OCR when recognizing multiple characters in either upper or lower case remains consistent, 

however, the accuracy of recognizing single lowercase characters reduces by 45,24 %.  

As indicated in Table 4-1 the average response time required to perform OCR of a single character 

was measured as 5,692 s. This far exceeded the required response time of maximum 0,418 

seconds. In comparison, the multiple character samples (26 letters of the alphabet) produced an 

average response time of 7,501 s, therefore 0,288 s per character. Two possible solutions to the 

single character response time are discussed below.  

The first option would be the implementation of a Raspberry Pi model possessing a processing 

speed greater than 1 GHz and a Random Access Memory (RAM) exceeding 512 MB. This will 

drastically improve performance; however, it will come at the cost of a larger design footprint 

that will impact  the portability of the device. An alternative solution would be to scan sections 

of text at a time instead of single characters. This option would also ensure a higher OCR 

accuracy. Once the section of text is scanned, the user can still simulate the action of reading 
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traditional braille by moving their finger across the page, without the chance of inaccurate braille 

output. The implementation of such a system is further discussed in Chapter 7. 

Table 4-2 compared the variance and standard deviation of multiple character and single character 

recognition tests. Table 4-2 was populated using the results of Table 4-1 to calculate the variance 

and standard deviation of all multiple character samples and all single character samples. 

Table 4-2 Standard Deviation of Multiple versus Single Character Recognition Performance 

Multiple/Single 

Character Samples 

Average 

Response 

Time (s) 

Time 

Response 

Variance (s) 

Time Response 

Standard 

Deviation (s) 

Average 

Accuracy 

Accuracy 

Variance 

Accuracy 

Standard 

Deviation 

All multiple 

character samples 

7,501 0,0005 0,0223 73 % 1619,684 40,245% 

All single character 

samples 

5,692 0,003 0,0565 71,16 % 447,467 21,153% 

The variance and standard deviation results presented in Table 4-2 were calculated to assess the 

reliability of the OCR program under different conditions, with the variable in this case being 

font. The software response time standard deviation was calculated to be 0,0223 s for multiple 

character samples and 0,0565 s for a single character sample. Considering the average response 

time for multiple and single character samples were 7,501 s and 5,692 s, respectively, the 

magnitude of the standard deviation to the 10-2 power indicated a negligible variance between the 

results and the average performance.  However, the standard deviation observed for the accuracy 

of the software displayed larger margins of error. A standard deviation of 40,245% was calculated 

for all multiple character samples. According to the data presented in Table 4-1, this was a result 

of the notably low accuracy of 3,846% when the Serif font multiple character sample was 

processed by the program. Similarly, the Typewriter font delivered a lower accuracy of 34,62% 

for the single character samples. In the case of the multiple character samples, the Serif font was 

chosen specifically for its structural divergence from the Arial and Cambria fonts which is known 

to perform best when sampled by the Tesseract OCR. Fortunately, Tesseract can be trained to 

recognise new fonts through the use of training data images. [98] According to Table C-39 in 

Appendix C, the primary reason for the poor recognition performance of the Typewriter font 

single characters is the image resize pre-processing function. Table C-39 indicated that the 

performance improved for 12 out of the 27 letters when image resize was deactivated. In 

conclusion, the increase in resolution and the Dots Per Inch (DPI) of the images was decreasing 

the accuracy of the image recognition. A possible solution is to include an auto-scale command 

in the code, which assesses the DPI of the existing image before rescaling to 620 by 480 pixels. 

Another possible reason for the poor performance of the image rescale command was the set pixel 

width and height dimensions which resulted in distortion of the original image. A possible 

solution would be to implement the following command in line 15 of the program code (Figure 

4-15) instead of the existing rescale command. The line in Figure 4-21 will scale up the image
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using a set fx and fy value instead of distorting the image to fit the exact 620x480 pixel resolution. 

[145] 

Figure 4-21 Updated Image Re-Scale Command 

Further testing was completed on the impact of pre-processing, line-removal and PSM 

specification on the multiple character sample sets. Table 4-3 summarises the results of these 

experiments.  

Table 4-3 Accuracy and response time of multiple character OCR testing under various pre-processing conditions 

Font Ariel Serif Typewriter Times New Roman 

Description Accuracy 

(%) 

Response 

Time (s) 

Accuracy 

(%) 

Response 

Time (s) 

Accuracy 

(%) 

Response 

Time (s) 

Accuracy 

(%) 

Response 

Time (s) 

All 

activated 

100 7.0157 3,846 6.875 88,46 9,162 100 6.953 

Line-

removal 

deactivated 

100 6.975 3,846 6.843 88,46 9.143 100 7.009 

All pre-

processing 

deactivated 

100 4.734 3,846 4.438 76,92 4.772 100 4.724 

PSM 

configured 

to 3 

100 7.031 3,846 6.858 88,46 9.173 100 7.061 

Blur 

deactivated 

100 4.286 3,846 4.203 76,92 4.586 100 4.356 

Gray 

deactivated 

100 8.108 3,846 8.291 76,92 9.732 100 8.297 

Image 

Resize 

deactivated 

100 12.091 3,846 7.382 92,31 7.764 100 9.398 

Average 100 7,177 3,846 6,413 84,064 7,762 100 6,828 

Variance 0 5,633 0 1,978 39,869 4,109 0 1,829 

Standard 

Deviation 0 2,373 0 1,406 6,314 2,027 0 1,352 

The information presented in Table 4-3 indicated that the pre-processing is most useful in 

scenarios where the original character quality is reduced e.g., the typewriter text sample. Line 

removal had a marginal impact on processing time, however, the 10-1 ms effect did not sufficiently 

support the deactivation of the line-removal operation when compared to the advantages of 

remaining active. The deactivation of image resize increased the length of processing time of 

multiple character images, an interesting observation since the opposite was observed in single 

character recognition. Referring to Appendix C.3, it was noted that the deactivation of image 

resizing not only increased accuracy of most single character tests but also reduced the total 

processing time.  

15 img = cv2.resize(img, None, fx=2, fy=2, interpolation=cv2.INTER_CUBIC) 
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When considering the standard deviation of the results in table 4-3, the performance percentage 

deviation was considered marginal; however, notable variances were observed for the response 

time. The largest standard deviation recorded for response time was for the Ariel font samples. 

Since the results of the Ariel samples indicated that the accuracy would remain at 100% regardless 

of pre-processing functions, it could be concluded that pre-processing can be disabled for the sake 

of a faster response time. However, as indicated by the results of the Typewriter font, pre-

processing is necessary to maintain the integrity of more structurally variant fonts. Since the 

device is intended for use on a wide range of printed mediums, the deviation in response time is 

a necessary sacrifice to maintain the accuracy of the OCR subsystem. 

4.7 Chapter Summary 

Chapter 4 discussed the implementation of the OCR subsystem and analysed the quality of the 

program output using a variety of samples including both single and multiple character images. 

The six-segment braille display was simulated using LEDs to ensure that the correct output was 

being represented. 

The results indicated that the average time required to complete the OCR of a single character 

exceeded the maximum specified processing time by 5,272 s. This observation, along with the 

greater accuracy displayed by OCR of an image containing multiple characters suggest that 

scanning the printed page in segments and then delivering as sections of braille output would 

produce results that agreed with design specifications to a higher degree than single character 

recognition. Alternatively, a more expensive Raspberry Pi model such as the Pi 4 could be 

implemented to increase processing speed. However, replacing the existing microcomputer not 

only increases the cost of the design, but also presents a problem with maintaining a design 

footprint that can comfortably fit on the hand of the user. Therefore, it was concluded that a 

multiple line scanning approach would be more applicable to the proposed design. 
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EXPERIMENTAL MATERIAL SELECTION 

5.1 Introduction 

The variety of potential material choices to produce DEA technology introduces both advantages 

and disadvantages to the rate at which research in the field can progress. Advantages can be 

attributed to the ability to continuously find new materials that can target specific design 

requirements e.g., inexpensive designs, transparent sensors and actuators and highly customisable 

performance parameters. However, the disadvantage of having a variety of material options is the 

variety of new variables introduced alongside them. Thus, many of the initial equations used to 

predict the performance of DEA’s are no longer valid. This is partially due to the assumption of 

ideal conditions but also due to the relationships predicted using particular elastomer and 

electrode materials. In order to establish updated numerical relationships and accurately predict 

the response of materials, it is necessary to conduct an experimental analysis of the specific 

materials to be implemented in the design. 

The experimental analysis of the ideal elastomer and electrode materials to be used in the tactile 

display were divided into three sets of trials. The first trial compared two grades of graphite 

powder as potential electrodes, followed by the second trial which compared the VHB 4905 and 

VHB 4910 elastomer materials at various percentage pre-strain. The third trial acted as an iteration 

of the first by comparing the graphite powder with the best performance in the previous 

experiment to a carbon grease alternative.  

Chapter 5 details the methodology and experimental results used to select the materials with 

which the final DEA’s were synthesised. 

5.2 Methodology 

5.2.1   Materials 

Two brands of carbon powder were selected to be used in the synthesis of the experimental 

samples of the first iteration of electrode testing. The first brand of graphite powder was Pressol 

lubricant graphite and sourced from a local supplier in South Africa [146]. This brand was 

selected due to its availability and low cost since it is commonly used in household and 

commercial lubrication of equipment. The second brand, Microfyne graphite powder lubricant, 

was ordered from an international supplier and consisted of 44-micron particles with a carbon 

content of 95% [147]. This brand was selected for its fine particle size and higher purity.  

The two grades of acrylic elastomer materials used in the second set of tests were selected based 

on the research and conclusions recorded in Chapter 2.5. Both VHB 4905 and VHB 4910 were 

sourced in order to compare the properties of each under various percentages of pre-strain.  
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The second iteration of electrode testing consisted of the more successful graphite powder, 

Microfyne, and a common carbon grease known as MG Chemicals 846 carbon conductive grease, 

which was sourced from RS Components South Africa. This brand of carbon grease is marketed 

for use as a preventative measure against corrosion, mechanical wear and to improve electrical 

connections between loose, vibrating or irregularly shaped components [148]. 

Conductive copper tape was used as conductive connections between the electrodes and the 

experimental circuit. The copper tape was selected for to its low resistivity, which could therefore 

be neglected in the results of the experiments while providing an effective method to create a 

large surface area connection between the circuit and the electrode. A larger surface area was 

necessary to prevent a mechanical failure of the thin film by reducing the stress at the electrical 

contact. The contact surface area of the final design will be capable of reduction due to the 

mechanical stability provided by the protective elastomer layers, which sandwich the DEA and 

thus strengthen the inner film. 

Each test consisted of two sample sets (A and B) to be compared. Eight sample sets were prepared 

in total, of which the composition is detailed in Table 5-1. 

Table 5-1 Experimental Sample Composition 

Sample Set A Sample Set B 

Trial 1: Electrode test first iteration 

1. VHB 4905, Microfyne Powder, 300% pre-strain VHB 4905, Pressol Powder, 300% pre-strain 

Trail 2: Elastomer and pre-strain test 

2. VHB 4905, Microfyne Powder, 0% pre-strain VHB 4910, Microfyne Powder, 0% pre-strain 

3. VHB 4905, Microfyne Powder, 200 % pre-strain VHB 4910, Microfyne Powder, 200 % pre-strain 

4. VHB 4905, Microfyne Powder, 300 % pre-strain VHB 4910, Microfyne Powder, 300 % pre-strain 

Trail 3: Electrode test second iteration 

5. VHB 4910, Microfyne Powder, 300 % pre-strain VHB 4910, Carbon Grease, 300% pre-strain 

5.2.2 DEA experimental design 

Three samples of each sample set were produced for testing. Each DEA was synthesized using 

the following method.  

The VHB acrylic films were purchased in packs of pre-cut sections of 76 x 127 mm. One side of 

the film backing was peeled away, and a circle of predetermined diameter was marked in the 

centre of the section of tape. A stencil cut from sticker backing was used to mark off the circle.  

The second layer of backing was peeled off and the film was stretched over a laser cut circular 

PVC frame. The markings on the film were used to determine the percentage of pre-strain by 

lining up the marked off points with the inner edge of the PVC frame. Therefore, the diameter of 

the circle marked on the film was calculated using the PVC frame diameter and the percentage of 

pre-strain required for each test. Once the marked circle was lined up with the inner edge of the 

frame, a second frame of equal diameter was secured on the opposite side of the film, allowing 
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the mechanism to be placed flat on a surface without risk of contaminating the adhesive film. A 

stencil cut from the film backing was then placed at the centre of the mechanism and the carbon 

powder was dusted onto the surface using a brush. The stencil allowed a section of powder to 

extend out from the circle as an arm to which the conductive copper tape was to be attached, seen 

in Figure 5-1. A piece of duct tape was then placed across the film and stencil, removing any 

excess carbon powder when peeled away. This ensured a more uniform electrode thickness and 

reduced the risk of smudging the edges of the electrode once the stencil was removed. Copper 

tape was then applied from the arm of the electrode to the edge of the frame where it would serve 

as the connection between the mechanism and the circuit.  

Figure 5-1 Completed graphite powder DEA sample 

The application of the carbon grease electrodes followed a similar process as described above, 

however; the grease was applied using a cotton swab instead of a brush as used for the powder. 

The cotton swab allowed for a more controlled application procedure since the uniformity of the 

thickness of the electrode grease layer was affected by the pressure of the individual brush bristles. 

An image of a carbon grease sample connected to electrical circuit leads is illustrated in Figure 

5-2. Additional images of the sample preparation are included in Appendix D.
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Figure 5-2 Completed carbon grease DEA sample 

5.2.3 Electrical Design and Layout 

The experimental circuit in the testing discussed in this chapter utilized a G series proportional 

DC to high voltage DC converter. This converter required a voltage input of 12V and provided a 

proportional output of maximum 5kV and a rated current output of 0.3mA at 1.5W. The G series 

DC to high voltage DC converter was purchased early in the design phase to be used during proof-

of-concept testing. The final prototype will utilise the A series A50P-5 model which has a lower 

input voltage of 0-5 V and power rating of 1 W which will allow a more compact power source 

to be used. Figure 5-3 illustrates the final experimental circuit design. 

Figure 5-3 Experimental circuit design [75] 

The converter divided the circuit into a low voltage (input) side and high voltage (output) side. 

The converter was equipped to isolate the input and output, however, due to the capacitive 

characteristics of the DE and the potential for arcing at high voltage, a further three components 

were implemented for circuit protection. A Schottky diode was included on the low voltage side 

of the circuit to act as reverse polarity protection should the converter be connected incorrectly, 

or the built-in input/output isolation fail. In order to protect the user from charge build up in the 

dielectric elastomer a resistor (R2) was connected in parallel to the output of the converter. This 

bleeder resistor served to discharge the high voltage capacitor (DE) after the circuit was turned 
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off. The application notes of the XP EMCO converter states that a bleeder current of less than 

10% of the converter’s rated output should be used to calculate the required resistance [62]. The 

subsequent calculation indicated that a 200MΩ resistor capable of withstanding 0.15W be 

selected as the bleeder resistor. The final component on the high voltage side consisted of a small 

resistor (R1) connected in series with the converter output. This limited peak current and protects 

the converter should high voltage arcing occur.    

5.2.4 Experimental procedure 

1. The sample was arranged on a flat surface and connected to the positive and negative

terminals of the electrical test circuit. The variable power source remained switched off

during set up.

2. A camera was set up a fixed vertical distance above the sample. Once the image was

centered, the camera was secured to ensure it did not shift during testing.

3. The variable DC voltage source was set to 0 V and switched on. An image was taken of

the sample.

4. The variable DC voltage source was then increased in intervals of 3 V from 0 V to 12 V

with a photo taken by the overhead camera at each new voltage rating.

5. Once 12 V was reached, voltage was then decreased to 0 V in 3 V intervals. A photo was

taken at each interval.

6. The above process was repeated three times for each sample.

7. The images were then uploaded to a laptop and arranged according to each test set.

8. Each image was then opened in the GIMP image manipulation software.

9. The image properties were set to grayscale and a filter was used to sharpen the image.

This was done to reduce the effect of shadows and stray particulates on measured results.

10. The image was magnified to 400% and horizontal and vertical guides were placed

tangential to the upper, lower, left and right points of the circular sample.

11. The number of pixels between each guide was measured and recorded on Microsoft Excel

and the average was calculated.

12. Steps 8-11 was repeated for each image.
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13. The virtual displacement was calculated by subtracting the pixel count at 0V from the

pixel at each successive voltage input.

14. The displacement values were then used to the calculate the percentage strain of each

sample at each voltage interval using the Equation 5-1 below where 𝜀 represents the

strain, ∆𝐿 represents the change in length and L the original length.

𝜀 =
∆𝐿

𝐿

15. Graphs were produced using the resultant percentage strain values at 3V intervals

between the input voltage of 0 V and 12 V.

Raw data and calculated displacement and strain values are recorded in Appendix A.1. 

5.3 Experimental results 

All results were recorded relative to the initial input voltage before being stepped up by the high 

voltage converter. Figure 5-4 illustrates the voltage output as a percentage of full output (5 kV) 

and can be used to identify projected output voltages [62]. Figure 5-5 illustrates an experimental 

analysis conducted of the input versus output voltages of the converter. Experimental output 

displayed a similar trend line; however, the experimental results were diverged from the 

theoretical values by approximately 6.6% at 2 V input and greater.   

Figure 5-4 Typical Input vs. Output Voltages of an EMCO G50 DC-HV DC converter where full output is 5 kV [62] 

(5-1) 
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Figure 5-5 Experimental input versus output voltages 

The graphical results were divided according to the division of trials stipulated in Table 5-1, where 

Trial 1 consisted of the first iteration of electrode material tests, Trial 2 consisted of elastomer 

and percentage pre-strain tests and Trial 3 consisted of the second iteration of electrode material 

tests. The graphical results of each trial are directly followed by an analysis and further comments 

on test results. 

5.3.1 Graphical results of Trial 1 

Figure 5-6 Graph comparing the percentage strain of the graphite powder brands Microfyne and Pressol 

5.3.2 Analysis of Trial 1 

Trial 1 consisted of comparing the Microfyne and Pressol graphite powders at various voltage 

inputs. As exhibited in Figure 5-6, it was determined that the Microfyne graphite samples 

exhibited a much larger average displacement than that of the Pressol samples. It could therefore 

be concluded that a finer grade carbon/graphite powder produced the best results. This agreed 

with the hypothesis that finer grade powders exhibit enhanced electrical conductivity properties. 

The Pressol samples also produced a non-uniform increase of electrode area. This could be 
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5.3.3 Graphical results of Trial 2 

Figure 5-8 Graph representing the comparison of percentage strain of two elastomer materials (VHB 4910 and VHB 

4905) at 0 % pre-strain 

Figure 5-9 Graph representing the comparison of percentage strain of two elastomer materials (VHB 4910 and VHB 

4905) at 200 % pre-strain 

Figure 5-10 Graph representing the comparison of percentage strain of two elastomer materials (VHB 4910 and VHB 

4905) at 300 % pre-strain 
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Figure 5-11 Graph representing the comparison of percentage strain of elastomer VHB 4905 at various pre-strain 

percentages 

Figure 5-12 Graph representing the comparison of percentage strain of elastomer VHB 4910 at various pre-strain 

percentages 

5.3.4 Analysis of Trial 2 

Trial 2 investigated the performance of the two elastomer films at different percentages of pre-

strain. Figure 5-8, Figure 5-9, and Figure 5-10 compared the behaviour of the two grades of 

elastomer films at 0%, 200% and 300% pre-strain. Figures 5-11 and 5-12 combined the graphical 

pre-strain results for each film type to determine the ideal pre-strain and to investigate the 

homogeneity of the film behaviour. The sample that produced the greatest displacement was the 

VHB 4905 with a Microfyne graphite electrode and a 200% pre-strain. However, throughout these 

experiments, the VHB 4910 film behaved most consistently and produced the most consistent 

relationship of curves at each increase of pre-strain. The characteristics of the VHB 4905 started 

to change drastically after the 200% pre-strain. The initial sample tested at 300% caused the VHB 

4905 DEA to fail at 9V input, the second and third samples produced average displacements that 
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were smaller than the displacements achieved by the 200% pre-strain sample. This was most 

likely caused by the distortion of mechanical properties by the greater percentage of pre-strain. A 

high degree of pre-strain results in the elastomer no longer exhibiting constant volume properties 

and becoming susceptible to electromechanical instability, mechanical rupture and dielectric 

breakdown [52].   

Therefore, taking the above behaviour into consideration, even though 200 % pre-strained VHB 

4905 produced the largest average strain of 11,75 % at 5 kV input, it was prudent to select the 

300 % pre-strained VHB 4910 with a maximum average strain of 9,61 % as the final elastomer 

choice. This decision was particularly influenced by the further pre-strain of an indeterminable 

percentage that the final sample will undergo during inflation to produce the diaphragm-type 

DEA. Thus, the stable 200 % pre-strain of the VHB 4905 will be altered and face a greater risk 

of failure under repeated load testing.  

5.3.5 Graphical results of Trial 3 

Figure 5-13 Graph comparing the percentage strain produced by electrode materials: MG Chemicals 846 carbon 

conductive grease and Microfyne graphite powder 

Figure 5-14 Graph comparing the strain results when measured in voltage intervals of 0 V to 12 V and 12 V to 0 V. 
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5.3.6 Analysis of Trial 3 

Figure 5-13 depicts the graphical results of the carbon grease as compared to the Microfyne 

graphite powder. The comparison was made using VHB 4910 at 300 % pre-strain. The behaviour 

of the grease and powder electrodes were similar up to the 9 V input, at which the voltage was 

stepped up to approximately 3750V according to Figure 5-4. Thereafter, the grease samples 

demonstrated an exponential increase to produce an average strain of 13,73 % at 5000 kV as 

compared to the more linear curve of the graphite powder experiments which generated a 

maximum strain of 8,91 %.  

Figure 5-14 illustrates an interesting mechanical phenomenon that was observed when comparing 

the displacement when increasing input from 0V to 12V to the corresponding displacement when 

decreasing voltage input from 12V to 0V. The percentage strain values when returning to 0 V 

were affected by the capacitive properties of the DEA and exhibited evidence of energy storage. 

This resulted in a final displacement of greater than 0 mm even when there was no voltage supply. 

This will cause problems in applications where extreme sensitivity to percentage strain during 

actuation is required and if samples undergo repeated loading within a short space of time. A 

possible solution to this would be to increase the resistance of the bleeder resistor that is 

positioned in parallel to the output. This will assist in draining the remaining charge from the 

DEA at an increased rate. 

5.4 Chapter Summary 

Various material selections for the elastomeric film and compliant electrodes were analysed 

experimentally, and the ideal combination was selected. The DEA material combination that 

exhibited the largest radial strain before the second iteration of testing was the VHB 4905 acrylic 

elastomer film with 200% pre-strain and Microfyne graphite as the electrode. This sample set 

produced a maximum strain of 11,75%. However, the unpredictable behaviour of the VHB 4905 

at pre-strain greater than 200 % made this combination an unsuitable selection for an application 

where repeated loading and additional pre-strain will be experienced after DEA synthesis. 

Therefore the 300 % pre-strained VHB 4910 was selected as the final elastomer choice.  

An observation made in the first iteration of electrode testing suggested that a second iteration of 

trials needed to be run using a carbon grease electrode. According to the analysis, the layers of 

conductive particulates within the grease matrix would improve the stability of electrode 

behaviour. On the same note, the malleability of the carbon grease could also be used 

advantageously in future experiments to produce biased strain results in sections of the electrode 

and favour larger displacements in the out-of-plane direction required during diaphragm-type 

DEA actuation. This was tested in the inflated test chapter. 
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When comparing the powder and grease electrodes, the grease samples produced a larger 

percentage strain of approximately 13,73 %. Therefore, indicating that the MG Chemicals 846 

carbon grease electrode applied to a 300 % pre-strained VHB 4910 film would produce the 

greatest strain performance as compared to other materials in the series of tests. 

Chapter 6 utilised the results of Chapter 5 to construct a scaled-up model of the DEA proof-of-

concept. The performance of the model was analysed experimentally to determine if the proposed 

design was suitable for application as a refreshable braille display. 
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ANALYSIS OF ACTUATOR PERFORMANCE 

6.1 Introduction 

Chapter 6 details the experimental procedure followed, and results achieved during the testing of 

the proof-of-concept diaphragm DEA. The proof of concept consisted of a scaled version of a 

single braille dot to be implemented in the tactile braille display. The original refreshable braille 

dot size was enlarged 13,88 times in the 20 mm diameter proof of concept. The dimensions of the 

original refreshable braille dot included a base diameter of 1,44 mm and a nominal dot height of 

0,48 mm. Therefore, the goal vertical displacement to be achieved in the following series of 

testing was 6,66 mm.  

Two variables were adjusted and compared during testing. The first variable was the initial height 

of the inflated DEA before voltage was applied. The diaphragm DEA required a directional bias 

in order to control the direction of actuation, and this was achieved by injecting air into the cavity 

of the sample. The second variable to be tested was identified during the first series of strain 

experiments detailed in Chapter 5. It was observed that a non-uniform density of the compliant 

electrodes affected the strain of areas of the electrode. Upon assessment of this information, it 

was hypothesised that the magnitude of strain in selected directions could be manipulated by 

increasing or decreasing the thickness of areas of the electrode during synthesis to improve strain 

and displacement in the vertical or out-of-plane direction.    

6.2 Methodology 

Subsection 6.2 details the experimental design and procedure that was adhered to during testing. 

The experimental design included the synthesis of the proof of concept and the materials used.  

6.2.1 Experimental design 

The synthesis of the DEA film before assembly was visually recorded and included in Appendix 

D for further information. The procedure used to manufacture the DEA was similar to that used 

in the initial strain testing. The size of the electrode stencil differed from previous tests since the 

electrodes were now required to touch the inner diameter of the rigid frame to prevent outward 

strain in the radial direction. The following text and images describe the synthesis procedure of 

each sample used in actuator testing. 

The VHB 4910 film was pre-stretched to 300% across a large Perspex frame. The 300% pre-

stretch was achieved by marking off a circle on the film. The internal diameter of the Perspex 

frame was 300% the size of the marked circle. Therefore, when stretching the film across the 

frame, the marked points of the circle were lined up with the internal diameter of the Perspex 

frame. A non-adhesive mask was then applied to either side of the stretched elastomer surface. 
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The carbon conductive grease was applied on the unprotected areas of the film to produce 20 mm 

diameter electrodes. A cotton swab was used to apply the carbon conductive grease.  

Three sample sets were synthesised using three methods of applying the carbon grease to the 

acrylic film. The first sample set was synthesised by stippling the carbon grease onto the film 

surface. The film was placed over a light source to ensure that the entire electrode area was 

covered. The second method of application involved smearing the carbon grease in a uniform 

direction across the exposed face. When applying this method to the opposite face of the film, 

care was taken to ensure that the direction of application corresponded with the initial face. The 

third method of application involved smearing the carbon grease from the radius toward the centre 

of the exposed face, thus creating a radial pattern within the grease electrode. 

The mask was removed, and adhesive copper leads were attached to the elastomer. The rigid 

frames illustrated in Figure 6-1 were then applied to either side of the elastomer film. The device 

was removed from the pre-stretch frame by cutting away excess material. The rigid frames 

prevented the adhesive elastomer from contracting and returning to its unstretched shape. Once 

aligned, a pin or suitably sharp object was used to break through the areas of film located at the 

bolt holes of the frame. Care was taken during the placement of the rigid frames that the copper 

leads did not intersect the holes where the bolts were to be placed.  

Figure 6-1 Exploded view of diaphragm DE [149] 

The components were assembled to form the sealed cavity between the lower rigid frame and the 

base frame. A syringe was inserted between the base Perspex frame and rubber gasket to inflate 

the diaphragm, Figure 6-2. Once inflated to the correct initial height, the syringe was removed, 

the bolts tightened, and the sample attached to the electrical circuit via the copper leads and 

crocodile clips.  
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Figure 6-2 DEA assembly before and after inflation using syringe [149] 

The final assembly of the diaphragm-shaped DEA is illustrated in Figure 6-3. This design 

represents the scaled proof of concept of a single braille cell. Additional images of the synthesis 

procedure are available in Appendix D. 

Figure 6-3 Diaphragm-shaped DEA prototype [149] 

6.2.2 Experimental procedure 

The experiments detailed in this chapter were conducted to investigate the effect of electrode 

application and initial diaphragm geometry on actuator performance. The variables of interest 

included the effect of initial diaphragm height and the method of non-homogenous electrode 

application. 

The carbon grease electrodes were applied using three methods of application: stippled, smeared 

diagonally across the area and smeared from radius to centre of the area. The methods of 

application are discussed in Section 6.1.1. A fourth sample was investigated, which included a 

pre-strained VHB 4905 film as a protective layer on the convex side of the DEA.  

Each sample was prepared, connected to the variable power source, and maximum displacement 

readings were recorded at 0V, 3V, 6V, 9V and 12V, respectively.  

A camera was mounted alongside the specimen, and a photo was taken at each voltage interval. 

In order to ensure the camera was level, two pieces of ruled rigid card were attached at the 

foreground and back of the sample frame. 
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During the initial height tests, the sample would then be removed from the test rig, the bolts 

loosened to deflate the DEA and then the needle inserted between the layers to reinflate to the 

desired height.  

6.3 Theoretical results 

Using the Equation 2-12 derived in Chapter 2.4 a theoretical prediction of vertical displacement 

of the actuator could be calculated. Where a is the initial unactuated length or diameter, and  𝛿𝑎

is the induced strain in the lateral/radial direction. 

ℎ =  √
(1 − 𝛿𝑎)3𝑎2

24𝛿𝑎

[

1 − cos

(

 
√

24𝛿𝑎

(1 + 𝛿𝑎)

2

)]

Variables were then substituted into the equation. A diameter of 20 mm was used, and the average 

displacement recorded at 5000 kV (12 V input) for carbon grease was taken from the previous set 

of test results. A final height of 1.474 𝜇𝑚 was generated using the equation. It must be noted that 

this calculation was only based on the geometric reaction of the DEA and does not consider 

variances in materials nor an initial height of greater than 0 mm. 

ℎ =  √
(1 − 0,1373)3(20)2

24(0,1373)

[

1 − cos

(

 
√

24(0,1373)
(1 + 0,1373)

2

)]

ℎ =  13.36293 (1.10322 × 10−4)

ℎ =  1.474 × 10−3 𝑚𝑚

ℎ =  1.474 𝜇𝑚 

6.4 Experimental results 

The results of the experiments were recorded, and Figures 6-4 to 6-7 were graphed using the data. 

Raw data of the sample sets can be found in Appendix A.2. The voltage readings displayed on 

the figures were recorded from the variable power source interface. The output voltages at each 

can be extrapolated from the G50 model illustrated by Figure 5-4 in Chapter 5. The initial heights 

(Hi) indicated in the figures detail the maximum vertical displacement of the inflated diaphragm 

at 0V. 

2-12
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6.4.1 Graphical results 

Figure 6-4 Maximum displacement of stippled DEA at various initial heights (Hi) versus input voltage [149] 

Figure 6-5 Maximum displacement of stippled and sealed DEA at various initial heights (Hi) versus input voltage 

[149]
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Figure 6-6 Maximum displacement of DEA with diagonally smeared electrode application at various initial heights 

(Hi) versus input voltage [149] 

Figure 6-7 Maximum displacement of DEA with radially smeared electrode application at various initial heights (Hi) 

versus input voltage [149] 
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6.4.2 Analysis of results 

All samples that were tested responded with an increase in strain when a voltage was applied to 

the compliant electrodes. Electrode application method and initial height had a marked effect on 

maximum displacement readings. 

The stippled electrode application produced the largest displacement results at approximately 1,6 

mm from initial diaphragm height. An increase in initial diaphragm height resulted in increased 

displacement values in the stippled sample. This observation was supported by the theoretical 

vertical displacement calculated at 12 V, which equalled to 1.474 𝜇𝑚 and was surpassed at all 

experimental initial heights that were greater than 0 mm. Therefore, an increase in initial height 

impacts positively on vertical displacement. The relationship between voltage increase and 

displacement was observed as linear at small initial height measurements. An exponential 

increase was observed at an initial height of 11.1mm.  

A similar increase was noted in the stippled and sealed sample. However, the additional protective 

film stabilised the curve at the maximum initial height of 11.2mm. This stabilising force returned 

the behaviour to a linear relationship like those experienced at smaller initial heights. The more 

predictable behaviour due to the addition of the protective layer came at the cost of the maximum 

displacement being halved at 11.2mm initial height (0.8 mm).  

The smeared samples produced similar maximum displacement readings of approximately 

0,8mm. Contrary to the stippled sample, these maximum readings were not achieved at the 

maximum initial heights. Both the diagonally and radially smeared samples experienced non-

uniform strain at larger initial heights. The samples continued to expand as a result of the increase 

of total electrode area; however, vertical displacement decreased. This indicated that these non-

homogeneous application methods resulted in a displacement that was not in the radial direction 

of the diaphragm at larger voltage input values.  

It can be observed that the maximum displacement curve of the stippled sample also favours a 

displacement direction that is not entirely dependent on the radial expansion of the diaphragm, 

thus creating the exponential curve. However, where the maximum curves of the smeared samples 

favour a latitudinal direction of expansion, the stippled sample favours a longitudinal direction of 

expansion.  

Upon considering the application of the diaphragm and the requirement for larger vertical 

displacements, the behaviour of the stippled sample is preferred.   

A further observation was made during testing, which involved the stability of the device and the 

conductive copper leads. Since the lead was adhered to the elastomer film and electrode after the 

electrode application, the carbon grease resulted in the delamination of the lead. As the lead 
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delaminated from the compliant electrode, an area of stress was created where the two conductive 

elements remained in contact. As this area decreased with each cycle of the DEA, the risk of 

voltage arcing increased. The voltage arc resulted in mechanical failure at the point of contact. 

Therefore, it is recommended in future tests that the copper lead be adhered to the elastomer film 

before the electrode is applied. The contact between the lead and film will prevent the 

delamination from occurring. 

6.5 Chapter Summary 

The experimental results agreed with the hypothesis that by altering the homogeneity of the 

electrode application, greater strain can be influenced in a specific direction of the DEA. It was 

further observed that an increase in initial diaphragm height resulted in the increased vertical 

displacement of the diaphragm. This observation was true for all application methods at small 

initial height values. The stippled sample demonstrated this behaviour at all initial height values 

while the smeared samples began favouring latitudinal displacement as the initial height increased 

beyond 10 mm. Therefore, the stippled carbon grease electrode application was selected to be 

implemented when producing miniature actuators that require displacements along the vertical 

axis. The presence of the protective elastomer layer on the convex face of the DEA reduced the 

maximum vertical displacement that could be achieved using the stipple application from 1,6 mm 

to 0,9 mm. However, the protective layer caused a stabilising effect on the DEA deflection curves 

and thus demonstrated that it not only protects the electrodes from environmental factors but also 

reduces the chance of elastomer matrix failure by controlling the exponential increase of vertical 

displacement as voltage input increases from 9 to 12 volts.  
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DISCUSSION 

7.1 Introduction 

The intention of this dissertation was to research and design a device that improved the 

accessibility of the blind and visually impaired in the workplace and education system. Chapter 7 

provides an overview of the research and design work completed and discusses the validity of the 

proposed solution when compared to the objectives and research question. Further, proposed 

future work in the fields of diaphragm DEA development and portable text to braille transcription 

devices are discussed. 

7.2 Overview of Research 

7.2.1 Background and Literature Review 

When considering the initial problem statement of how a mechatronic approach can improve the 

job accessibility crisis affecting the blind and visually impaired in South Africa, the first objective 

was to determine the principal reason behind the high unemployment statistics within the country 

for the research demographic. Research indicated that the lack of appropriate educational 

materials, techniques and equipment impacted the number of students capable of completing their 

schooling and achieving a matric certificate. Evidence of this was provided in the statement made 

by Khumalo et al. [11] that, of the 22 schools dedicated to the visually impaired in South Africa, 

17 of those schools do not have access to the latest CAPS syllabus textbooks in braille. Therefore, 

the educational limitations placed on these students had a rollover effect on their probability of 

finding a job after completing their schooling. Evidence provided by affected individuals in 

successful careers indicated that access to funding and the availability of appropriate braille 

resources were significant contributors to their independence and job candidacy [12] [8] [11]. 

This information supported the conclusion that the ideal mechatronic approach to this situation 

was the provision of a low-cost portable device that allowed students to work with paper-based 

notes and textbooks provided by the department of education and public libraries. The economic 

situation of South Africa did not lend itself to working with digital sources since majority of 

specialised schools do not have access to sufficient number of computers and tablets for each 

student [11].  

The next objective was the identification of an appropriate medium to which the printed or written 

text was to be transcribed. Commercially available devices were divided between audio output or 

braille output as possible options. The research conducted in Section 2.3 indicated that text-to-

speech or audio output was the more common alternative. This was due to an interest in text-to-

speech devices by both sighted and non-sighted individuals, thus expanding the target market and 

attracting commercial bodies to fund further development. There are numerous text-to-audio 
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scanning applications available for download on mobile devices free of charge [18], and most 

smartphones have voice-over technology specifically targeted to improve accessibility [19]. 

However, where audio output is more convenient, braille provides long-term advantages to the 

reader that transcends the immediate paragraph or line of text that requires transcription.   Braille 

literacy provides the same cognitive development to readers as visual literacy to sighted 

individuals [24]. Braille literacy results in improved problem solving and socio-psychological 

behaviour and improves employment statistics by 40,35%, according to Ryles [28]. In light of the 

aim of this project targeting job accessibility and improved education quality, a braille output was 

selected as the transcription medium.  

The third objective was to identify a haptic feedback system that would facilitate real-time text to 

braille transcription while meeting the requirements of the research question. Specifications of a 

refreshable braille cell were first collected before possible solutions were explored. Major 

specifications included the dimensions of the braille cell and a minimum touching force of 50 mN 

[45]. The primary challenge in selecting an appropriate actuation system was the degree of 

miniaturisation required to make the design portable while still meeting budget constraints. The 

majority of existing braille actuators consist of piezoelectrics; however, the drawbacks of these 

actuators include the high cost and the presence of auxiliary mechanics that limits further 

miniaturisation from the present configurations used in braille note-takers and readers. Pneumatic 

alternatives faced a similar limitation of miniaturisation due to the requirement for additional 

pressure control components. The requirement for such a large degree of miniaturisation 

introduced the flexile electroactive polymer known as dielectric elastomers. Dielectric elastomers 

produced competitive force and displacement results while allowing for a large degree of 

scalability due to the variety of possible material combinations and synthesis configurations. 

However, due to the variety of materials and corresponding properties, the mathematical 

approximations of strain results would not produce accurate results. Therefore, it was deemed 

necessary to conduct experimental analyses of the strain achieved when different elastomer and 

electrode materials were used. Beyond the discrepancy between true results and theoretical 

approximations another disadvantage presented by DEAs was the requirement for a high voltage 

input between 1000 V and 6000 V. Through further research this was deemed a simple challenge 

to overcome through the implementation of modern small-scale DC to high voltage DC converters 

along with the fact that a high current output was not necessary. The absence of a high current 

requirement resulted in an overall power rating that could be retained at 1 W, thus reducing battery 

demands and ensuring the user’s safety. The DC to high voltage DC converter was sourced from 

XP EMCO [89].  

The next objective was to identify the applicable software approach to complete the optical 

character recognition. Through further research, it was deemed that the OCR was achievable using 
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the open-source software known as Tesseract. Tesseract would be used in conjunction with Open-

Source Computer Vision (Open CV) to perform the OCR and convert the digital characters into 

a voltage output corresponding to the six dots that make up the braille cell. The performance 

requirements, particularly the pre-processing of the image was reduced through the decision to 

use single character identification. Thus, reducing the computational load required of the pre-

processor. The conversion from digital character to voltage output was achieved by assigning 

each ASCII character a corresponding 6-digit binary configuration.  

7.2.2 Design of Mechanical Subsystem 

The next research objective included the design of the mechanical, software and electrical 

subsystems to satisfy the summarised list of specifications of the design. This was completed by 

drawing up conceptual designs of potential DEA configurations and selecting the design best 

suited to the application. An inflated diaphragm type DEA was selected due to its low-cost 

synthesis techniques and scalability relative to other DEA designs. The resultant mechanical 

design consisted of a 3D printed mounting that slides onto the index finger, a series of six relays 

attached along the knuckles of a fingerless glove, a casing for the electrical components and a 

battery casing. The finger mounting contained the DEA tactile display embedded into the design 

beneath the tip of the finger and an endoscopic camera as the scanning hardware. An endoscopic 

camera was necessary to attain the shortest focal distance possible while maintaining a high-

quality image. This was possible due to the small dimensions of the cylindrical camera module 

that allowed for an inobtrusive attachment and a minimum focal distance of 30 mm.  

The design of the finger mounting was based on a simple mallet finger splint which allowed the 

camera module to be mounted along the crest of the medial phalanx and constrained the distal 

and medial phalanges along the same plane of rotation. This was necessary to provide the full 

range of movement of the proximal phalanx and corresponding joints as well as the freedom to 

adopt a natural braille reading position with the rest of the digits and hand posture. The 

conservation of the natural braille reading position of the hand was emphasised in order to ensure 

the comfort of the reader and maintain a high degree of proprioception present when reading 

traditional braille texts. Since natural reading techniques differ amongst individuals it was 

necessary to retain a large degree of freedom in all other joints of the hand and to design the 

mounting and camera module in as unobtrusive manner as possible to allow neighbouring fingers 

to rest in their natural reading position. The relays and electrical casings were designed with snap 

clips on the base of the components, the glove and the wrist strap; therefore, the position of 

components was modifiable depending on user preference and hand size. For example, should a 

child with a smaller dorsal palm area require use of the device, the electrical and battery casings 

can be stacked on top of each other and secured along the forearm directly behind the wrist. This 
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new position will relieve the load applied on the hand while maintaining flexibility in the wrist 

and between the metacarpals. The total cost of the synthesis and material of the mechanical design 

was calculated at R 1421.00 (Appendix B). However, this was the total cost of all materials that 

could be purchased in minimum quantities and resulted in a large amount of excess capable of 

producing multiple units.  In order to calculate a more accurate cost approximation, the total 

number of samples cut from one pre-strained VHB 4910 tape section was used as a limiting factor. 

One unit of VHB 4910 tape was used to synthesise six 20mm DEA samples, and the pack 

contained a total of 25 VHB tape units. Therefore, the total mechanical component cost for one 

unit was approximately R 11,69 since 150 units could be manufactured from one pack of VHB 

4910 tape.  

7.2.3 Design of Electrical Subsystem 

The electrical control posed a challenge to design since the system was limited to a single DC to 

high voltage DC converter to control all six braille dots. This limitation was placed upon the 

system since a single DC to high voltage DC converter cost approximately R4465,44. Therefore, 

it was necessary to control the high voltage side of the circuit using the Raspberry Pi. In order to 

achieve this, high voltage Pickering relays were used to allow the Raspberry Pi to control the high 

voltage output without destroying the sensitive circuitry of the single-board computer. The 

footprint of the Pickering relays negatively impacted the compactness of the design since it was 

not possible to mount the relays inside the electrical casing and required separate mountings. 

However, through using six relays instead of six separate DC to high voltage DC converters, the 

total cost of the device was reduced by R23 638,8. The total cost of the electrical subsystem 

equated to R 8953,04 (Appendix B). Therefore, the total cost of a single unit of the entire 

mechatronic design was calculated as R 8964,73.  

7.2.4 Configuration and Testing of OCR Program 

Thereafter, the Optical Character Recognition program was constructed and tested, as detailed in 

Chapter 4. The program required the installation and setup of two OCR engines; Tesseract and 

OpenCV. Once the software was installed and configured on the Raspberry Pi Zero, a test program 

was developed to analyse system performance. The variables under observation were the accuracy 

of the OCR and the response time of the subsystem. The system was tested using a simple six-

segment LED circuit which served to simulate the braille interface response. The results disproved 

the hypothesis that single character OCR would require a shorter processing time than an image 

containing multiple characters. According to Table 4.1, the difference between the average 

response time of performing OCR on a single letter of the alphabet and all 26 letters at once was 

1,809 s. This was negligible when considering the average response time of single character OCR 

measured at 5,692 s, which far exceeded a required maximum response time of 0,418 s. In 
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retrospect, the multiple character recognition tests produced superior results. This was proven by 

calculating the response time per character when all letters of the alphabet were scanned at once 

by dividing the total response time by 26. This produced a response time per character of 0,288 

s, which fell within the required design specification. A response time standard deviation of 

0,0223 s was observed in the multiple character sample sets when comparing different font types. 

This variance was considered negligible when compared to the average time of 5,692 s. 

Of course, it was possible to increase single character OCR by selecting a microcomputer with a 

greater processing speed and RAM capabilities. However, this would come at the cost of 

decreased portability since the Raspberry Pi Zero W was specifically selected for its size. 

Therefore, it was preferable to retain the abovementioned microcomputer by adjusting the system 

to instead process multiple lines of text at once and then allow the reader to read the segment 

using the braille display before scanning the next section of the page.  

Such a system design would be possible through the addition of a secondary finger mounting on 

the left index finger. This Secondary Mounting (SM) will be used to create a reference point 

around which the Primary Mounting (PM) on the right hand will operate. Through the application 

of a sensor system such as electromagnetic tracking, the position of the PM will be measured 

according to the transmitter attached to the SM. The purpose of tracking the PM is to ensure that 

the page of printed text is scanned in segments without repeating or missing lines of text. The 

electromagnetic tracking system will operate based on the range of the camera module and 

calculate the required number of segments and position of PM relative to SM to scan each section. 

This type of multiple character scanning system would also allow the user to scroll their right 

index finger along the text as they would when reading traditional braille printed books. However, 

now the reader would no longer have to cautious of moving between lines of printed text since 

the braille interface is delivering a pre-scanned section of text and not relying on the camera 

during the hand movement.   

7.2.5 Analysis of Actuator Performance 

The final objective required the haptic feedback subsystem to be tested and analysed to ensure it 

met the requirements of the design. Two sets of experiments were conducted. The first tested 

various materials and degrees of percentage pre-strain in order to determine the elastomer and 

electrode materials best suited to the design. The second set of testing analysed the performance 

of a scaled proof of concept of the diaphragm type DEA and compared the resultant vertical 

displacements under different synthesis conditions.  

The first round of testing determined that the best performing electrode material relative to the 

test group was MG Chemicals 846 carbon grease which produced a total strain of 13,73%. 

However, this was 8,65 % smaller than the projected theoretical strain [53]. Observations made 
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during testing indicated that percentage strain results could be biased in a specific direction if the 

patterning of electrode application were adjusted; this was further explored in the second round 

of inflated tests. Pre-straining the VHB 4905 to 300 % resulted in mechanical failures at full load, 

specifically at the edges of the electrode. Further, the percentage strain results presented by VHB 

4905 at 300 % pre-strain differed from the curves at lower pre-strain values. This agreed with the 

observations presented by Pei et al. [150], which recorded that the induced electric field had a 

non-linear effect on the VHB 4905 grade and was therefore not recommended as the DEA 

elastomer matrix. Therefore, it was concluded that the VHB 4910 elastomer at 300% pre-strain 

was the more reliable option, even though there was a small percentage of strain reduction of 

2,14% as compared to the VHB 4905 results. 

The second round of testing analysed the performance of a scaled proof of concept design of a 

single inflated braille dot or diaphragm DEA. The diameter of the scaled test sample was 20 mm 

and therefore 13,88 times larger than the diameter of the average braille cell. The analysis also 

compared the effect of the initial height of diaphragm inflation on the resultant vertical 

displacement as well as the impact of non-uniform electrode preparation. Biased displacement in 

the vertical direction could not be achieved, however, smeared samples were observed to favour 

latitudinal displacement at higher voltage inputs. The more uniform stippled application method 

produced the largest vertical displacements of average 1,6 mm from an initial inflated height of 

11,1 mm. The experimental results confirmed that an increase in initial height positively impacted 

the vertical displacements and resulted in overall performance that exceeded the calculated 

1.474 μm at 0 mm initial height. However, the largest recorded displacement, once scaled down 

by 13.88, did not achieve the required 0,48 mm displacement common in refreshable braille cells. 

Once the scale ratio was applied, the stippled results would produce a predicted maximum 

displacement of 0.115 mm. It can be argued that, even though nominal dot height is 0,48 mm, the 

maximum displacement required to stimulate the shallowest mechanoreceptor is 0,25 mm [45]. 

If this displacement is considered the benchmark, then the maximum experimental result of the 

proof of concept must only increase from 1,6 mm to 2,34 mm to attain the required vertical 

displacement once scaled down. According to literature, the required vertical displacement of the 

refreshable braille dot can be achieved using DEA technology, however, it will increase the cost 

of the design materials and synthesis procedures, thus impacting the low-cost design objective. 

On the contrary, it can be argued that, since the current design cost of R 8 964,73 is significantly 

lower than the nearest competitor at R 20 187,17 there is still a high chance that a more expensive 

synthesis procedure will fall within the required budget [38]. Alternative synthesis procedures to 

improve the design and achieve the intended vertical displacement are explored in Section 7.3. 

7.3 Future work in diaphragm-type DEA synthesis 
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The major research area to be covered in future research is the increase of actuated diaphragm 

DEA height. A possible solution could be applied by stacking multiple DEA layers to increase 

the displacement at a decreased driving voltage [56]. The VHB films do not lend themselves to 

conformal stacking due to the risk of air bubbles and inconsistent adhesion. Therefore, it is more 

common to see silicone elastomers be used in stacked configurations. Silicone elastomers can be 

spin-coated from a liquid form onto previous layers to a predetermined thickness. In order to 

achieve this method of synthesis, a spin coating machine must be sourced and factored into 

production costs. 

It must be noted that the electrode material used in the diaphragm DEA experiments was selected 

for its low cost, availability in South Africa and ease of manual synthesis to produce multiple 

samples. Carbon solutions using highly electro-conductive and more expensive electrode 

materials such as Ketjenblack will produce improved displacement results [65]. The resistivity of 

Ketjenblack decreases as the network of particles increases in density [151]. Therefore, a matrix 

is required within which to suspend the particles and improve conductivity, similar to the 

approach used in the MG Chemicals 846 carbon grease used in the experiments recorded in 

Chapter 5. However, where MG Chemicals 846 exhibited a resistivity of 114 Ω·cm, Ketjenblack 

suspended in a polydimethylsiloxane elastomer (PDMS) exhibited a resistivity of ≈10-2 Ω·cm, 

thus indicating the superior conductive properties of Ketjenblack [148] [151]. The approximate 

cost difference between 50g of Ketjenblack powder (without PDMS matrix) and an 80g tube of 

MG Chemicals Carbon Grease was R466,35 [152] [153]. Therefore, spin-coated PDMS elastomer 

layers and Ketjenblack based electrodes will be analysed in future work to determine if the 

increased DEA displacement performance justifies the additional costs.  

7.4 Future work in the development of a portable text to braille transcription 

device 

Once the required vertical displacement has been achieved, the diameter of the prototype sample 

will be reduced to 1,5mm which will simulate the true size of the actuators present in the braille 

cell. Testing will then be conducted in conjunction with scanning hardware and optical character 

recognition software to transcribe written text to braille using the actuated interface. These tests 

will allow the reaction time of a hand-mounted braille reading device to be analysed and 

determine if the DEA braille interface is a feasible solution to the lack of braille printed books 

and media.        

Future prototypes can combine a line tracking system with the current feedback system and an 

additional finger mounting on the left hand. The alert feedback could include a vibration system 

above and below the braille interface to indicate the direction of path correction. Since high 
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voltage components will not be required in the secondary system, the cost of the additional finger 

mounting and supporting electronics will be a feasible design addition.  

7.5 Chapter Summary 

Chapter 7 detailed a concise discussion on the research dissertation and linked to the objectives 

set out in Chapter 1.5. The conclusions drawn from the literature review were analysed against 

the first four objectives. Thereafter, the mechanical, electrical and software subsystem designs 

were discussed. A possible solution to the delayed processing time of single character OCR was 

explored in Section 7.2.4. Notable results of the OCR testing, material selection experiments and 

the actuator performance analyses were discussed with reference to the design specifications 

stipulated in Chapter 3.1. Future work in the Mechatronic device and the field of dielectric 

elastomers were explored. 
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CONCLUSION 

8.1 Introduction 

This chapter serves to conclude the research dissertation and emphasise the research contribution, 

insights, limitations, and recommendations that were established over the course of the project. 

Future work on the device and within the field of dielectric elastomers is summarised.  

The dissertation addressed how a mechatronic system could be implemented to improve the 

accessibility of the blind and visually impaired in the workplace and education system. The 

mechatronic solution included a printed text to braille transcription device that utilised OCR 

software and a DEA braille display. The device was required to be portable, lightweight, robust, 

and designed to address the economic limitations of the target market.  

8.2 Research Contribution 

The research targeted three previously ill-defined areas of research. The first research area 

included the identification of how information and printed media could be made available to 

visually impaired school-age students in a cost-effective manner. Previous devices and solutions 

were financially inaccessible to majority of the blind demographic of South Africa, thus resulting 

in 97% of the population being unemployed [1]. An absence of accessible learning material and 

infrastructure in schools resulted in majority of students leaving before completing Grade 12. The 

proposed solution was comprised of a low cost, portable text to braille transcription device. 

The next research contribution included the development of miniature actuators that could pose 

as a competitor to the exceedingly expensive piezoelectric actuators that dominated the 

refreshable braille market. A novel dielectric elastomer-based actuator was proposed which could 

compete with the maximum force and strain performance of piezoelectric actuators while 

retaining a lower cost due to the robust structure and materials required. The total cost of a single 

DEA braille device was approximated at R 8 964,73, which was significantly lower than the 

closest priced commercially available refreshable braille device valued at R 20 187,17 [38]. 

The final research contribution included the experimental investigation of the ideal synthesis and 

structure of the DEA to achieve the required vertical strain while maintaining the dimensional 

requirements of a traditional braille cell. This was accomplished through a series of iterative 

experiments. The first set explored the synthesis of the DEA braille cell using various low-cost 

materials. Once appropriate materials were selected, the second set of experiments examined the 

performance of the final proof of concept.   
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8.3 Insights of novel DEA text to braille device 

The research completed provided valuable insights into both DEAs as a subsystem and how it can 

be implemented in a single system to provide a tactile response. Notable insights gained from the 

research included how a high voltage control circuit could be designed to produce a 5 kV output 

while retaining portability and ensure the safety of the user. This was made possible by the small 

footprint XP-EMCO DC to high voltage DC converters and a high voltage relay control system. 

A further insight gained was the execution of text-based OCR using a 65 mm x 30 mm Raspberry 

Pi Zero W through the implementation of a customised Tesseract-OpenCV OCR engine to 

achieve accurate results.  

Insights specific to DEA operation included the control of actuator deflection and direction using 

a rigid boundary and inflated cavity. A second insight was derived through experimental 

observation, which included the impact of carbon grease application methods on strain direction. 

It was observed that radial strain could be biased to favour a longitudinal or latitudinal direction 

of expansion by applying a non-homogenous coating of carbon grease during electrode synthesis.  

8.4 Limitations of research 

Limitations of research included having to conduct research under Covid-19 National Lockdown 

conditions. The Lockdown restricted access to equipment that was required to assist with the 

synthesis of DEAs. Particularly, spin coating machinery to synthesise thin elastomer films and 

laser ablation facilities that could present an alternative approach to graphite powder application. 

However, the Lockdown also presented the opportunity to investigate what degree of DEA 

performance could be achieved using samples prepared entirely by hand. 

The sourcing and delivery of internationally supplied high voltage relays and the endoscope 

camera module were also impacted by the global travel regulations. In order to circumvent the 

effect this would have had on collecting experimental data, a “visual” braille display output was 

simulated using LEDs during OCR performance testing. This allowed the GPIO output to be 

monitored and ensured that the correct code was being implemented. The program code was 

constructed in such a manner that the LED test circuit could be interchanged with the final relay-

DEA circuit without any adjustments to the existing code. 

8.5 Recommendations 

The aim of the research project was to investigate, design and analyse the validity of a portable, 

low-cost text to braille transcription device as a solution to the lack of accessible information 

available to the visually impaired. 
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All objectives specified at the outset to fulfil this aim were achieved; however, the diaphragm-

type DEA failed to achieve the required vertical displacement required of a refreshable braille 

cell. Therefore, it was recommended that future research be conducted on alternative material and 

synthesis procedures of the DEA to meet specifications.  

It was further recommended that electrode applications methods that achieved a greater degree of 

homogenous carbon dispersion across the elastomer film were investigated. 

8.6 Future Work 

Future work includes the following areas of research. The investigation of the structural changes 

to the diaphragm DEA synthesis in order to achieve an increased actuated height. This includes 

alternative elastomer materials with properties that allow for the stacking of multiple layers. 

Alternative electrode materials can also be explored; however, this should be limited to 

circumstances in which the aim of the project is not dependent on a low-cost design. Electrode 

materials such as Ketjenblack will provide improved performance but are significantly more 

expensive than the materials used in this research project. 

Future work is also suggested in the to-scale prototyping of the proposed text to braille 

transcription device. The introduction of an additional finger mounting on the left hand would 

allow for more accurate line tracking and page segmentation by providing a point of reference to 

the right finger mounting. This would be particularly useful in the circumstance where multiple 

character recognition of sections of text is being performed to increase the OCR processing speed. 

This would improve the reaction time of the scanning subsystem and ensure that inaccuracies are 

not encountered by the reader accidentally skipping lines of text. Additionally, the accuracy of 

multiple line OCR can be improved by training the Tesseract software to recognize less common 

fonts, such as the Serif font used during the experimental analysis of the OCR subsystem. 

8.7 Chapter Summary 

Chapter 8 concluded the research dissertation and summarised key elements of the project. A 

portable, low-cost text to braille transcription device was researched and designed as a possible 

solution to the lack of accessible information available to the visually impaired. The performance 

of the subsystems was analysed through three stages of experimental procedures.  The dissertation 

detailed how all objectives were met and the aim of the project achieved. 
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APPENDICES 

Appendix A – Project Code 

The code below was used as the OCR control program on a Raspberry Pi Zero W. 

 #processing time initialise 

 import time 

 start = time.process_time() 

 #import libraries 

 import re 

 import pytesseract 

 import cv2 

 from PIL import Image 

 import RPi.GPIO as GPIO 

 import os 

 #import image 

 img = cv2.imread('/home/pi/Pictures/Text demo images/single letters/Ariel/lower 

case/z.JPG',cv2.IMREAD_COLOR) #Open the image from which characters has to be recognized 

 #resize image 

 img = cv2.resize(img,(620,480)) 

 #convert to gray to reduce details 

 gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY) 

 #Blur to reduce noise 

 gray = cv2.bilateralFilter(gray, 11, 17, 17) 

 #use for multiple characters 

 #test = pytesseract.image_to_string(gray, config='') 

 #Specify psm and oem (psm 10 for single char identification) 

 custom_oem_psm_config = r"--oem 3 --psm 10" 

 test = pytesseract.image_to_string(gray, config=custom_oem_psm_config) 

 #Remove the line break symbol from output 

 pattern = re.compile('\W') 

 char = re.sub(pattern, '', test) 

 print (char) 

 #Get confidence level if required 

 #test = (pytesseract.image_to_data(gray, lang=None, config='', nice=0) ) 

 #if you don’t want line breaks removed 

 #print (test) 

 #check processing time of ocr only 

 print(time.process_time() - start) 

 #identify GPIO number (used 3 leds in this example) 

 GPIO.setmode(GPIO.BCM) 

 GPIO.setwarnings(False) 

 GPIO.setup(13,GPIO.OUT) 

 GPIO.setup(19,GPIO.OUT) 

 GPIO.setup(26,GPIO.OUT) 

 GPIO.setup(21,GPIO.OUT) 

 GPIO.setup(20,GPIO.OUT) 

 GPIO.setup(16,GPIO.OUT) 

 #represent using LEDs 

 read_sequence= (char) 
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 seq_list = list(str(read_sequence)) 

 for n in seq_list: 

 if n == 'A': 

GPIO.output(13, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

time.sleep(1) 

if n == 'B': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

time.sleep(1) 

if n == 'C': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1)   

if n == 'D': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'E': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'F': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'G': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 
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time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'H': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'I': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'J': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'K': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

time.sleep(1) 

if n == 'L': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

time.sleep(1) 

if n == 'M': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 
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time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'N': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'O': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'P': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

 GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'Q': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'R': 

GPIO.output(13, GPIO.HIGH) 
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GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'S': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'T': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'U': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'V': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'W': 

GPIO.output(19, GPIO.HIGH) 
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GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'X': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'Y': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'Z': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'a': 

GPIO.output(13, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

time.sleep(1) 

if n == 'b': 

GPIO.output(13, GPIO.HIGH) 
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GPIO.output(19, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

time.sleep(1) 

if n == 'c': 

GPIO.output(13, GPIO.HIGH) 

   GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'd': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'e': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'f': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'g': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'h': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 
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GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'i': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'j': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'k': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

time.sleep(1) 

if n == 'l': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

time.sleep(1) 

if n == 'm': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'n': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 
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GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'o': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'p': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 'q': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'r': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 
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if n == 's': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == 't': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == 'u': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'v': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'w': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 
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if n == 'x': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'y': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == 'z': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(26, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

GPIO.output(16, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(26, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

GPIO.output(16, GPIO.LOW) 

time.sleep(1) 

if n == '1': 

GPIO.output(13, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

time.sleep(1) 

if n == '2': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

time.sleep(1) 

if n == '3': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 
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GPIO.output(13, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

   if n == '4': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == '5': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == '6': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == '7': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == '8': 

GPIO.output(13, GPIO.HIGH) 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(13, GPIO.LOW) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

if n == '9': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 
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time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

time.sleep(1) 

if n == '0': 

GPIO.output(19, GPIO.HIGH) 

GPIO.output(21, GPIO.HIGH) 

GPIO.output(20, GPIO.HIGH) 

time.sleep(1) 

GPIO.output(19, GPIO.LOW) 

GPIO.output(21, GPIO.LOW) 

GPIO.output(20, GPIO.LOW) 

time.sleep(1) 

 GPIO.cleanup() 

 #check processing time of entire operation 

 #print(time.process_time() - start) 
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Appendix B – Budget Overview 

Table B-1 Project Cost Overview 

Material/Component Supplier Units Cost/unit Cost Total 

Mechanical 

MG Chemical Carbon Conductive Grease 846 80g 

tube 

Amazon 1 R318.69 R318,69 

3M VHB 4910 tape (12,7 x 10,16 cm) Pack of 25 Amazon 1 R129.82 R129,82 

Sil Poxy Silicone Adhesive 13.6g AMT Composites 1 R189.00 R189,00 

Polypropylene Electrical Insulating Film, 304mm x 

200mm x 0.45mm 

RS Components 1 R254.37 R254,37 

POLYSTONE® P POLYPROPYLENE SHEET -

NATURAL 2 MM (1m x 1m) 

Maizey Plastics 1 R333,48 R333,48 

MG Chemicals Clear 55 ml Bottle Conformal Coating RS Components 1 R270.12 R270,12 

PLA 1 kg 3mm filament DIY Electronics 1 R259 R259 

Sub-total R 1 754,48 

Sub-total (Unit cost)* 

Electronics 

Raspberry Pi Zero W DIY Electronics 1 R429,95 R429,95 

PIJUICE ZERO LIPO BATTERY 3.7V 1200MAH 

1CELL 

DIY Electronics 2 R299,95 R599,90 

XP Power DC-DC HV Converter A50 RS Components 1 R4465,44 R4465,44 

Pickering Reed Relay Pickering 6 R525,64 R 3153,84 

MP2636 Power Booster+ Charger Module DIY Electronics 1 R169,95 R169,95 

MakerFocus 1A LITHIUM BATTERY CHARGING 

MODULE WITH PROTECTION (TP4056)  

DIY Electronics 1 R24,95 R24,95 

ULN2003 IC Digi-Key 

Electronics 

1 R 8,75 R 8,75 

Pololu 5V Step-Up / Step-Down Voltage Regulator 

S9V11F5 

Robotshop 1 R100,26 R100,26 

Sub-total 

R 8 953,04 

Total R 10 707,52 

Total (Unit cost) R 8964,73 

*Unit cost calculated using the assumption that 150 units can be synthesised using a single order

of VHB 4910. VHB 4910 was selected as the limiting factor since the specifications designated 

the maximum number of units capable of being manufactured from one order of mechanical 

components. 
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Appendix C – Test Results 

C.1 Raw data of experimental material selection

The material selection stage of DEA synthesis was comprised of nine sets of tests. Each test 

evaluated a property of the DEA synthesis process, namely, grade of graphite powder used in 

electrodes, percentage pre-strain and elastomer thickness. The variable measured in each test 

included the percentage strain achieved at a range of voltage outputs from 0 V to 12 V.  

Table C-1: Pressol Graphite Powder Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Sample Set 1 

Voltage Horiz Vert Voltage Horiz Vert Average Voltage Horiz Vert Average 

0 1456 1470 0 0 0 0 0 0 0 0 

3 1457 1482 3 1 12 6,5 3 0,068681 0,816327 0,442504 

6 1468 1486 6 12 16 14 6 0,824176 1,088435 0,956306 

9 1474 1490 9 18 20 19 9 1,236264 1,360544 1,298404 

12 1480 1498 12 24 28 26 12 1,648352 1,904762 1,776557 

12 1480 1499 12 24 29 26,5 12 1,648352 1,972789 1,81057 

9 1470 1488 9 14 18 16 9 0,961538 1,22449 1,093014 

6 1466 1484 6 10 14 12 6 0,686813 0,952381 0,819597 

3 1460 1477 3 4 7 5,5 3 0,274725 0,47619 0,375458 

0 1458 1470 0 2 0 1 0 0,137363 0 0,068681 

Sample Set 2 

Voltage Horiz Vert Voltage Horiz Vert Average Voltage Horiz Vert Average 

0 1493 1482 0 0 0 0 0 0 0 0 

3 1493 1484 3 0 2 1 3 0 0,134953 0,067476 

6 1517 1498 6 24 16 20 6 1,607502 1,079622 1,343562 

9 1523 1507 9 30 25 27,5 9 2,009377 1,68691 1,848143 

12 1523 1507 12 30 25 27,5 12 2,009377 1,68691 1,848143 

12 1523 1507 12 30 25 27,5 12 2,009377 1,68691 1,848143 

9 1512 1504 9 19 22 20,5 9 1,272605 1,48448 1,378543 

6 1512 1504 6 19 22 20,5 6 1,272605 1,48448 1,378543 

3 1505 1492 3 12 10 11 3 0,803751 0,674764 0,739257 

0 1495 1484 0 2 2 2 0 0,133958 0,134953 0,134456 

Sample Set 3 

Voltage Horiz Vert Voltage Horiz Vert Average Voltage Horiz Vert Average 

0 1481 1484 0 0 0 0 0 0 0 0 

3 1490 1490 3 9 6 7,5 3 0,607698 0,404313 0,506005 

6 1498 1493 6 17 9 13 6 1,147873 0,606469 0,877171 

9 1501 1499 9 20 15 17,5 9 1,350439 1,010782 1,18061 

12 1507 1506 12 26 22 24 12 1,755571 1,48248 1,619025 

12 1507 1506 12 26 22 24 12 1,755571 1,48248 1,619025 

9 1501 1503 9 20 19 19,5 9 1,350439 1,280323 1,315381 

6 1497 1485 6 16 1 8,5 6 1,080351 0,067385 0,573868 

3 1483 1478 3 2 -6 -2 3 0,135044 -0,40431 -0,13463

0 1483 1478 0 2 -6 -2 0 0,135044 -0,40431 -0,13463
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Table C-2: Microfyn Graphite Powder Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Sample Set 1 

Voltage Horiz Vert Voltage Horiz Vert Average Voltage Horiz Vert Average 

0 1439 1485 0 0 0 0 0 0 0 0 

3 1484 1526 3 45 41 43 3 3,127172 2,760943 2,944057 

6 1514 1563 6 75 78 76,5 6 5,211953 5,252525 5,232239 

9 1547 1592 9 108 107 107,5 9 7,505212 7,205387 7,3553 

12 1564 1636 12 125 151 138 12 8,686588 10,16835 9,427469 

12 1564 1636 12 125 151 138 12 8,686588 10,16835 9,427469 

9 1550 1605 9 111 120 115,5 9 7,71369 8,080808 7,897249 

6 1529 1583 6 90 98 94 6 6,254343 6,599327 6,426835 

3 1498 1541 3 59 56 57,5 3 4,100069 3,771044 3,935557 

0 1456 1493 0 17 8 12,5 0 1,181376 0,538721 0,860048 

Sample Set 2 

Voltage Horiz Vert Voltage Horiz Vert Average Voltage Horiz Vert Average 

0 1023 1021 0 0 0 0 0 0 0 0 

3 1028 1024 3 5 3 4 3 0,488759 0,29383 0,391294 

6 1043 1044 6 20 23 21,5 6 1,955034 2,252693 2,103864 

9 1089 1091 9 66 70 68 9 6,451613 6,856024 6,653818 

12 1098 1102 12 75 81 78 12 7,331378 7,933399 7,632388 

12 1098 1102 12 75 81 78 12 7,331378 7,933399 7,632388 

9 1063 1063 9 40 42 41 9 3,910068 4,113614 4,011841 

6 1049 1051 6 26 30 28 6 2,541544 2,938296 2,73992 

3 1038 1039 3 15 18 16,5 3 1,466276 1,762977 1,614627 

0 1030 1029 0 7 8 7,5 0 0,684262 0,783546 0,733904 

Sample Set 3 

Voltage Horiz Vert Voltage Horiz Vert Average Voltage Horiz Vert Average 

0 1444 1494 0 0 0 0 0 0 0 0 

3 1489 1526 3 45 32 38,5 3 3,116343 2,141901 2,629122 

6 1510 1558 6 66 64 65 6 4,570637 4,283802 4,427219 

9 1563 1620 9 119 126 122,5 9 8,240997 8,433735 8,337366 

12 1582 1641 12 138 147 142,5 12 9,556787 9,839357 9,698072 

12 1582 1641 12 138 147 142,5 12 9,556787 9,839357 9,698072 

9 1568 1629 9 124 135 129,5 9 8,587258 9,036145 8,811701 

6 1534 1596 6 90 102 96 6 6,232687 6,827309 6,529998 

3 1504 1526 3 60 32 46 3 4,155125 2,141901 3,148513 

0 1454 1499 0 10 5 7,5 0 0,692521 0,334672 0,513596 
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Table C-3: VHB 4905 at 0% Pre-strain Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 1228 1220 0 0 0 0 0 0 0 0 

3 1235 1227 3 7 7 7 3 0,570033 0,57377 0,571902 

6 1246 1232 6 18 12 15 6 1,465798 0,983607 1,224702 

9 1251 1232 9 23 12 17,5 9 1,872964 0,983607 1,428285 

12 1253 1234 12 25 14 19,5 12 2,035831 1,147541 1,591686 

Table C-4: VHB 4910 at 0% Pre-strain Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 1192 1217 0,0 0,0 0,0 0,0 0 0 0 0 

3 1192 1217 3,0 0,0 0,0 0,0 3 0 0 0 

6 1194 1217 6,0 2,0 0,0 1,0 6 0,167785 0 0,083893 

9 1195 1221 9,0 3,0 4,0 3,5 9 0,251678 0,328677 0,290177 

12 1200 1225 12,0 8,0 8,0 8,0 12 0,671141 0,657354 0,664248 

Table C-5: VHB 4905 at 200% Pre-strain Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 1256 1256 0 0 0 0 0 0 0 0 

3 1265 1270 3 9 14 11,5 3 0,716561 1,11465 0,915605 

6 1307 1307 6 51 51 51 6 4,06051 4,06051 4,06051 

9 1350 1355 9 94 99 96,5 9 7,484076 7,882166 7,683121 

12 1379 1386 12 123 130 126,5 12 9,792994 10,35032 10,07166 

0 1237 1235 0 0 0 0 0 0 0 0 

3 1251 1255 3 14 20 17 3 1,13177 1,619433 1,375602 

6 1292 1298 6 55 63 59 6 4,446241 5,101215 4,773728 

9 1353 1358 9 116 123 119,5 9 9,377526 9,959514 9,66852 

12 1413 1423 12 176 188 182 12 14,22797 15,22267 14,72532 

0 1271 1272 0 0 0 0 0 0 0 0 

3 1265 1270 3 -6 -2 -4 3 -0,47207 -0,15723 -0,31465

6 1307 1307 6 36 35 35,5 6 2,832415 2,751572 2,791994 

9 1350 1355 9 79 83 81 9 6,215578 6,525157 6,370368 

12 1399 1407 12 128 135 131,5 12 10,07081 10,61321 10,34201 
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Table C-6: VHB 4910 at 200% Pre-strain Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 1248 1221 0 0 0 0 0 0 0 0 

3 1254 1231 3 6 10 8 3 0,480769 0,819001 0,649885 

6 1268 1239 6 20 18 19 6 1,602564 1,474201 1,538383 

9 1287 1257 9 39 36 37,5 9 3,125 2,948403 3,036701 

12 1316 1284 12 68 63 65,5 12 5,448718 5,159705 5,304212 

Table C-7: VHB 4905 at 300% Pre-strain Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 1224 1237 0 0 0 0 0 0 0 0 

3 1263 1283 3 39 46 42,5 3 3,186275 3,718674 3,452474 

6 1335 1348 6 111 111 111 6 9,068627 8,973323 9,020975 

9 1383 1392 9 159 155 157 9 12,9902 12,53032 12,76026 

12 12 12 

0 1262 1238 0 0 0 0 0 0 0 0 

3 1271 1247 3 9 9 9 3 0,713154 0,726979 0,720066 

6 1327 1303 6 65 65 65 6 5,150555 5,250404 5,200479 

9 1377 1344 9 115 106 110,5 9 9,11252 8,562197 8,837358 

12 1416 1380 12 154 142 148 12 12,20285 11,47011 11,83648 

0 1291 1265 0 0 0 0 0 0 0 0 

3 1291 1265 3 0 0 0 3 0 0 0 

6 1328 1307 6 37 42 39,5 6 2,865995 3,320158 3,093077 

9 1383 1347 9 92 82 87 9 7,126259 6,482213 6,804236 

12 1425 1385 12 134 120 127 12 10,37955 9,486166 9,932858 

Table C-8: VHB 4910 at 300% Pre-strain Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 1242 1225 0 0 0 0 0 0 0 0 

3 1255 1240 3 13 15 14 3 1,046699 1,22449 1,135594 

6 1293 1280 6 51 55 53 6 4,10628 4,489796 4,298038 

9 1339 1334 9 97 109 103 9 7,809984 8,897959 8,353972 

12 1360 1349 12 118 124 121 12 9,500805 10,12245 9,811627 

0 1439 1485 0 0 0 0 0 0 0 0 

3 1484 1526 3 45 41 43 3 3,127172 2,760943 2,944057 

6 1514 1563 6 75 78 76,5 6 5,211953 5,252525 5,232239 

9 1547 1592 9 108 107 107,5 9 7,505212 7,205387 7,3553 

12 1564 1636 12 125 151 138 12 8,686588 10,16835 9,427469 
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Table C-9: Carbon Grease Strain Tests 

Pixel Count Displacement (pixels) Strain (%) 

Sample Set 1 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 994 988 0 0 0 0 0 0 0 0 

3 998 996 3 4 8 6 3 0,402414 0,809717 0,606066 

6 1016 1023 6 22 35 28,5 6 2,21328 3,54251 2,877895 

9 1058 1062 9 64 74 69 9 6,438632 7,489879 6,964255 

12 1135 1124 12 141 136 138,5 12 14,18511 13,76518 13,97515 

12 1135 1124 12 141 136 138,5 12 14,18511 13,76518 13,97515 

9 1059 1066 9 65 78 71,5 9 6,539235 7,894737 7,216986 

6 1017 1023 6 23 35 29 6 2,313883 3,54251 2,928197 

3 995 1000 3 1 12 6,5 3 0,100604 1,214575 0,657589 

0 993 992 0 -1 4 1,5 0 -0,1006 0,404858 0,152127 

Sample Set 2 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 975 977 0 0 0 0 0 0 0 0 

3 986 989 3 11 12 11,5 3 1,128205 1,22825 1,178227 

6 1007 1012 6 32 35 33,5 6 3,282051 3,582395 3,432223 

9 1047 1052 9 72 75 73,5 9 7,384615 7,676561 7,530588 

12 1109 1114 12 134 137 135,5 12 13,74359 14,02252 13,88305 

12 1109 1114 12 134 137 135,5 12 13,74359 14,02252 13,88305 

9 1067 1071 9 92 94 93 9 9,435897 9,62129 9,528594 

6 1025 1035 6 50 58 54 6 5,128205 5,93654 5,532373 

3 1003 1007 3 28 30 29 3 2,871795 3,070624 2,97121 

0 987 992 0 12 15 13,5 0 1,230769 1,535312 1,383041 

Sample Set 3 

Voltage Horiz Vert Voltage Horiz Vert Ave Voltage Horiz Vert Average 

0 979 984 0 0 0 0 0 0 0 0 

3 985 991 3 6 7 6,5 3 0,61287 0,711382 0,662126 

6 1007 1012 6 28 28 28 6 2,860061 2,845528 2,852795 

9 1043 1050 9 64 66 65 9 6,537283 6,707317 6,6223 

12 1110 1115 12 131 131 131 12 13,381 13,31301 13,347 

12 1112 1116 12 133 132 132,5 12 13,58529 13,41463 13,49996 

9 1054 1061 9 75 77 76 9 7,660878 7,825203 7,743041 

6 1021 1027 6 42 43 42,5 6 4,290092 4,369919 4,330005 

3 1001 1004 3 22 20 21 3 2,247191 2,03252 2,139856 

0 989 995 0 10 11 10,5 0 1,02145 1,117886 1,069668 
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C.2 Raw Data of Inflated Actuation Tests

The performance of the DEA proof-of-concept was investigated through a series of strain tests. 

The effect of initial diaphragm height and direction of electrode application on vertical diaphragm 

displacement was investigated. The test sets were divided according to application method; 

stippled samples, diagonally smeared samples, radially smeared samples and sealed stippled 

samples. Each sample set was split into initial height columns with the measurement at 0 V 

indicating initial height before actuation. Multiple observations were recorded at each initial 

height in order to ensure the repeatability of the results and experiment. 

C.2.1 Stippled Sample Set

Table C-10: Stippled Sample Set: Initial Height 1. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 3,2 3,2 3,2 3,2 0 

3 3,3 3,2 3,3 3,27 0,07 

6 3,4 3,3 3,4 3,37 0,17 

9 3,5 3,4 3,5 3,47 0,27 

12 3,6 3,5 3,6 3,56 0,37 

Table C-11: Stippled Sample Set: Initial Height 2. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 5,1 5,1 5,1 5,1 0 

3 5,3 5,2 5,2 5,23 0,13 

6 5,4 5,2 5,3 5,3 0,2 

9 5,6 5,5 5,5 5,53 0,43 

12 5,6 5,6 5,5 5,57 0,47 

Table C-12: Stippled Sample Set: Initial Height 3. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 7,9 7,9 7,9 7,9 0 

3 8,2 8,1 8,1 8,13 0,23 

6 8,3 8,2 8,2 8,23 0,33 

9 8,4 8,2 8,4 8,33 0,43 

12 8,5 8,4 8,4 8,43 0,53 
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Table C-13: Stippled Sample Set: Initial Height 4. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 11,1 11,1 11,1 11,1 0 

3 11,1 11,2 11,1 11,13 0,03 

6 11,2 11,4 11,1 11,23333 0,13 

9 11,4 11,8 11,6 11,6 0,50 

12 12,7 12,5 12,5 12,566 1,46 

C.2.2 Diagonally Smeared Sample Set

Table C-14: Diagonally Smeared Sample Set: Initial Height 1. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 3,4 3,2 3,1 3,23 0 

3 3,4 3,2 3,2 3,27 0,03 

6 3,5 3,3 3,3 3,37 0,13 

9 3,7 3,4 3,4 3,50 0,27 

12 3,8 3,6 3,5 3,63 0,40 

Table C-15: Diagonally Smeared Sample Set: Initial Height 2. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 4,5 4,5 4,5 4,50 0 

3 4,6 4,6 4,6 4,60 0,10 

6 4,7 4,7 4,7 4,70 0,20 

9 4,8 4,9 4,8 4,83 0,33 

12 5 5 5 5.00 0,50 

Table C-16: Diagonally Smeared Sample Set: Initial Height 3. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 5,1 5,1 5,1 5,10 0 

3 5,2 5,3 5,2 5,23 0,13 

6 5,3 5,5 5,3 5,37 0,27 

9 5,6 5,6 5,5 5,57 0,47 

12 6 5,9 5,9 5,93 0,83 

Table C-17: Diagonally Smeared Sample Set: Initial Height 4. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 6,1 6,1 6 6,07 0 

3 6,3 6,3 6,2 6,27 0,20 

6 6,5 6,6 6,4 6,50 0,43 

9 6,8 6,6 6,8 6,73 0,67 

12 7 7 6,9 6,97 0,90 
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Table C-18: Diagonally Smeared Sample Set: Initial Height 5. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 6,9 6,9 6,9 6,90 0 

3 7 7 7 7.00 0,10 

6 7,1 7,1 7,1 7,10 0,20 

9 7,3 7,4 7,3 7,33 0,43 

12 7,8 7,8 7,8 7,80 0,90 

Table C-19: Diagonally Smeared Sample Set: Initial Height 6. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) Voltage (V) 

0 7,8 7,8 7,8 7,8 7,8 0 

3 7,9 7,8 7,9 7,9 7,875 0,075 

6 8 8 8,1 8 8,025 0,225 

9 8,1 8,1 8,2 8,1 8,125 0,325 

12 8,3 8,3 8,3 8,3 8,3 0,5 

Table C-20: Diagonally Smeared Sample Set: Initial Height 7. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 10,8 10,7 10,6 10,70 0 

3 10,8 10,7 10,7 10,73 0,03 

6 10,9 10,9 10,8 10,87 0,17 

9 10,9 10,9 10,8 10,87 0,17 

12 10,6 10,6 10,5 10,57 -0,13

Table C-21: Diagonally Smeared Sample Set: Initial Height 8. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 11,9 11,9 11,9 11,90 0 

3 11,9 11,9 11,8 11,87 -0,03

6 11,9 11,9 11,8 11,87 -0,03

9 11,8 11,8 11,7 11,77 -0,13

12 11,5 11,5 11,6 11,53 -0,37

C.2.3 Radially Smeared Sample Set

Table C-22: Radially Smeared Sample Set: Initial Height 1. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 3,4 3,5 3,5 3,47 0 

3 3,5 3,6 3,6 3,57 0,10 

6 3,6 3,7 3,8 3,70 0,23 

9 3,8 3,8 3,9 3,83 0,37 

12 3,9 3,9 4 3,93 0,47 
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Table C-23: Radially Smeared Sample Set: Initial Height 2. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) H 4 (mm) H 5 (mm) Displacement (mm) 

0 5 5,1 5,1 5,1 5,08 0 

3 5,1 5,2 5,1 5,1 5,13 0,05 

6 5,2 5,2 5,2 5,2 5,20 0,13 

9 5,3 5,3 5,3 5,4 5,33 0,25 

12 5,5 5,5 5,6 5,6 5,55 0,48 

Table C-24: Radially Smeared Sample Set: Initial Height 3. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 6,7 6,8 6,7 6,73 0 

3 6,8 6,8 6,8 6,80 0,07 

6 6,9 6,9 6,9 6,90 0,17 

9 7 7 7 7,00 0,27 

12 7,3 7,4 7,4 7,37 0,63 

Table C-25: Radially Smeared Sample Set: Initial Height 4. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) H 4 (mm) Average (mm) Displacement (mm) 

0 7,5 7,5 7,5 7,5 7,50 0 

3 7,6 7,6 7,7 7,6 7,63 0,13 

6 7,8 7,8 7,8 7,8 7,80 0,30 

9 8 7,9 7,9 7,8 7,90 0,40 

12 8,3 8,2 8,2 8,2 8,23 0,73 

Table C-26: Radially Smeared Sample Set: Initial Height 5. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 10,6 10,5 10,5 10,53 0 

3 10,8 10,7 10,7 10,73 0,20 

6 10,9 10,8 10,8 10,83 0,30 

9 10,9 10,9 10,9 10,90 0,37 

12 10,9 11 10,9 10,93 0,40 

Table C-27: Radially Smeared Sample Set: Initial Height 6. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 12,9 13 13 12,97 0 

3 12,9 12,9 12,9 12,90 -0,07

6 12,9 12,9 12,9 12,90 -0,07

9 12,9 12,9 12,9 12,90 -0,07

12 12,5 12,6 12,6 12,57 -0,40
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C.2.4 Stippled Sealed Sample Set

Table C-28: Stippled Sealed Sample Set: Initial Height 1. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) H 4 (mm) Average (mm) Displacement (mm) 

0 3,1 3,1 3,1 3,1 3,10 0 

3 3,1 3,2 3,2 3,2 3,16 0,08 

6 3,2 3,3 3,5 3,5 3,38 0,28 

9 3,3 3,4 3,6 3,6 3,48 0,38 

12 3,5 3,7 3,7 3,7 3,65 0,55 

Table C-29: Stippled Sealed Sample Set: Initial Height 2. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) H 4 (mm) Average (mm) Displacement (mm) 

0 5,8 5,9 6 6 5,93 0 

3 5,9 6 6,1 6,1 6,02 0,10 

6 6 6,1 6,3 6,2 6,15 0,23 

9 6,1 6,2 6,4 6,4 6,28 0,35 

12 6,5 6,5 6,7 6,7 6,60 0,68 

Table C-30: Stippled Sealed Sample Set: Initial Height 3. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 11,2 11,2 11,2 11,20 0 

3 11,3 11,5 11,6 11,47 0,27 

6 11,7 11,8 11,8 11,77 0,57 

9 11,9 11,9 11,9 11,90 0,70 

12 12 12 12 12,00 0,80 

Table C-31: Stippled Sealed Sample Set: Initial Height 4. 

Voltage (V) H 1 (mm) H 2 (mm) H 3 (mm) Average (mm) Displacement (mm) 

0 8,8 8,7 8,7 8,73 0 

3 8,8 8,8 8,8 8,80 0,07 

6 8,9 8,9 8,9 8,90 0,17 

9 9 9 8,9 8,97 0,23 

12 9,1 9,1 9,1 9,10 0,37 
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C.3 Raw data of Optical Character Recognition program analysis

The analysis conducted on the OCR program included tests to compare the program reaction time 

and accuracy under various conditions. The variables included four types of font, and number of 

characters per sample image. The settings of the program were also toggled on/off to analyse the 

effect on the results. The number of characters per sample were divided into two categories; the 

first identified as ‘multiple characters’ included the full alphabet of each font type, the ‘single 

character’ category included individual images of each letter in the alphabet of each font type. 

C.3.1 Multiple Character Sample Sets

Table C-31: Ariel font multiple sample test 

Test no. Description Output Time (s) 

1 Ariel full alphabet. Resize, convert to gray, blur preprocessing 

active. Remove line break active. Psm not configured. LED output 

active. 

ABCDEFGHIJK 

LMNOPQRSTU 

VWXYZ (all single 

line) 

7.0157 

2 Ariel full alphabet. Resize, convert to gray, blur preprocessing 

active. Remove line break deactivated. Psm not configured. LED 

output active. 

ABCDEFGHIJ 

KLMNOPQRS 

TUVWXYZ 

Music symbol 

6.975 

3 Ariel full alphabet. Resize, convert to gray, blur preprocessing 

deactivated. Remove line break active. Psm not configured. LED 

output active. 

ABCDEFGHIJK 

LMNOPQRSTU 

VWXYZ (all single 

line) 

4.734 

4 Ariel full alphabet. Resize, convert to gray, blur preprocessing 

active. Remove line break active. Psm configured to 3. LED output 

active. 

ABCDEFGHIJK 

LMNOPQRSTU 

VWXYZ (all single 

line) 

7.031 

5 Blur deactivated ABCDEFGHIJK 

LMNOPQRSTU 

VWXYZ (all 

Single line) 

4.286 

6 Gray deactivated ABCDEFGHIJK 

LMNOPQRSTU 

VWXYZ 

8.108 

7 Image resize deactivated ABCDEFGHIJK 

LMNOPQRSTU 

VWXYZ 

12.091 
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Table C-32: Serif font multiple sample test 

Test 

no. 

Description Output Time 

(s) 

1 Font 2 full alphabet. Resize, convert to 

gray, blur preprocessing active. Remove 

line break active. Psm not configured. 

LED output active. 

ATQeVOMOUBNHeZkrrddnsOp 6.875 

2 Font 2 full alphabet. Resize, convert to 

gray, blur preprocessing active. Remove 

line break deactivated. Psm not configured. 

LED output active. 

AT Qe 

VOMOUBN 

He Zkrr 

ddnsOp 

music symbol 

6.843 

3 Font 2 full alphabet. Resize, convert to 

gray, blur preprocessing deactivated. 

Remove line break active. Psm not 

configured. LED output active. 

ATAAEXKOONODESENMaeAMPqesOp 4.438 

4 Font 2 alphabet. Resize, convert to gray, 

blur preprocessing active. Remove line 

break active. Psm configured to 3. LED 

output active. 

ATQeVOMOUBNHeZkrrddnsOp 6.858 

5 Blur deactivated AmaneMOOMOWBNHaeZ2hppdQSOD 4.203 

6 Gray deactivated AmAnHMOOMOWBNHaeZ2hppdQHS0p 8.291 

7 Image resize deactivated ATAAEXKOOMNODESENMaeA2Mppqesop 7.382 

Table C-33: Typewriter font multiple sample test 

Test 

no. 

Description Output Time 

(s) 

1 Font 3 full alphabet. Resize, convert to gray, 

blur preprocessing active. Remove line break 

active. Psm not configured. LED output active. 

When small letters removed: 

ABCDEEGHIJKLMCPORSTUVXYZ 

9.162 

2 Font 3 full alphabet. Resize, convert to gray, 

blur preprocessing active. Remove line break 

deactivated. Psm not configured. LED output 

active. 

ABCDEEGHIJKL 

MCPORSTUVWYZ 

9.143 

3 Font 3 full alphabet. Resize, convert to gray, 

blur preprocessing deactivated. Remove line 

break active. Psm not configured. LED output 

active. 

ABCDEFGHIJKLMNCPGRSTUVXYZ 4.772 

4 Font 3 alphabet. Resize, convert to gray, blur 

preprocessing active. Remove line break active. 

Psm configured to 3. LED output active. 

ABCDEEGHIJKLMCPORSTUVXYZ 9.173 

5 Blur deactivated ABCDREGHIJKLNOPORSTUIXYZ 4.586 

6 Gray deactivated ABCDEEGHIJKLMPORSTUVXYZ 9.732 

7 Image resize deactivated ABCDEFGHIJKLMNCPGRSTUVXYZ 7.764 
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Table C-34: Times New Roman font multiple sample test 

Test 

no. 

Description Output Time 

(s) 

1 Font 4 full alphabet. Resize, convert to 

gray, blur preprocessing active. Remove 

line break active. Psm not configured. 

LED output active. 

ABCDEFGHIJKLMNOPQRSTUVWXYZ 

All single line 

6.953 

2 Font 4 full alphabet. Resize, convert to 

gray, blur preprocessing active. Remove 

line break deactivated. Psm not 

configured. LED output active. 

ABCDEFGHIJ 

KLMNOPQRS 

TUVWXYZ 

Music symbol 

7.009 

3 Font 4 full alphabet. Resize, convert to 

gray, blur preprocessing deactivated. 

Remove line break active. Psm not 

configured. LED output active. 

ABCDEFGHIJKLMNOPQRSTUVWXYZ 

All single line 

4.724 

4 Font 4 full alphabet. Resize, convert to 

gray, blur preprocessing active. Remove 

line break active. Psm configured to 3. 

LED output active. 

ABCDEFGHIJKLMNOPQRSTUVWXYZ 

All single line 

7.061 

5 Blur deactivated ABCDEFGHIJKLMNOPQRSTUVWXYZ 

All single line 

4.356 

6 Gray deactivated ABCDEFGHIJKLMNOPQRSTUVWXYZ 

All single line 

8.297 

7 Image resize deactivated ABCDEFGHIJKLMNOPQRSTUVWXYZ 

All single line 

9.398 

Table C-35: Lower case Ariel font multiple sample test 

Test 

no. 

Description Output Time 

(s) 

1 Ariel lower case alphabet. Resize, convert to gray, blur 

preprocessing active. Remove line break active. Psm not 

configured. LED output active. 

abcdefghijklmnopgqrstuvwXyZ 

(All single line) 

6.599 

2 Resize, convert to gray, blur preprocessing active. 

Remove line break deactivated. Psm not configured. 

LED output active. 

Abcdefghijkl 

mnopgqrstuvw 

XyZ 

Music symbol 

6.609 

3 Resize, convert to gray, blur preprocessing deactivated. 

Remove line break active. Psm not configured. LED 

output active. 

abcdefghijklmnopgqrstuvwXyZ 

(All single line) 

4.660 

4 Resize, convert to gray, blur preprocessing active. 

Remove line break active. Psm configured to 3. LED 

output active. 

abcdefghijklmnopgqrstuvwXyZ 

(All single line) 

6.607 

5 Blur deactivated abcdefghijklmnoparstuvwXyZ 

(All single line) 

4.289 

6 Gray deactivated abcdefghijklmnopgqrstuvwXyZ 

(All single line) 

8.017 

7 Image resize deactivated abcdefghijklmnopqrstuvwXyZ 

(All single line) 

8.843 
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Table C-36: Lower case Times New Roman font multiple sample test 

Test no. Description Output Time 

(s) 

1 Times New Roman lowercase alphabet. Resize, convert 

to gray, blur preprocessing active. Remove line break 

active. Psm not configured. LED output active. 

abcdefghijklmnopqrstuvwXyZ 

(single line) 

7.177 

2 Resize, convert to gray, blur preprocessing active. 

Remove line break deactivated. Psm not configured. LED 

output active. 

Abcdefghijkl 

mnopqrstuvw 

XyZ 

Music symbol 

6.864 

3 Resize, convert to gray, blur preprocessing deactivated. 

Remove line break active. Psm not configured. LED 

output active. 

abcdefghijklmnopqrstuvwXyZ 

(single line) 

4.675 

4 Resize, convert to gray, blur preprocessing active. 

Remove line break active. Psm configured to 3. LED 

output active. 

abcdefghijklmnopqrstuvwXyZ 

(single line) 

6.827 

5 Blur deactivated abcdefghijklmnopqrstuvwXyZ 

(single line) 

4.269 

6 Gray deactivated abcdefghijklmnopqrstuvwXyZ 

(single line) 

8.130 

7 Image resize deactivated abcdefghijklmnopqrstuvwXYZ 

(single line) 

8.675 
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C.3.2 Single Character Sample Sets

Table C-37: Ariel font single characters sample test 

Test 

no. 

Description Output Time 

1 A. Ariel single character. Resize, convert to gray,

blur preprocessing active. Remove line break

active. Psm configured to 10. LED output active.

A 5.672 

2 B Same as above B 5.774 

3 C C 5.640 

4 D D 5.620 

5 E E 5.710 

6 F NO OUTPUT  

SHOWS F WHEN IMAGE 

RESIZE DEACTIVATED 

5.651 

4.299 

7 G G 5.759 

8 H H 5.671 

9 I NO OUTPUT 

ALL PREPROCESSES 

TOGGLED, NO CHANGE 

5.706 

10 J J 5.645 

11 K K 5.637 

12 L L 5.692 

13 M M 5.696 

14 N N 5.736 

15 O O 5.692 

16 P NO OUTPUT, P 

WHEN IMAGE RESIZE 

DEACTIVATED 

5.709 

4.126 

17 Q Q 5.675 

18 R rR, R WHEN IMAGE 

RESIZE DEACTIVATED 

5.688 

4.289 

19 S S 5.751 

20 T T 5.619 

21 U U 5.713 

22 V V 5.673 

23 W W 5.882 

24 X X 5.727 

25 Y Y 5.690 

26 Z Z 5.666 

Table C-38: Serif font single characters sample test 

Test 

no. 

Description Output Time 

1 A. Font 2 single character. Resize,

convert to gray, blur preprocessing

active. Remove line break active. Psm

configured to 10. LED output active.

A 5.644 

2 B NO OUTPUT, B WHEN IMAGE RESIZE 

DEACTIVATED 

5.641 

4.077 

3 C C 5.641 

4 D D 5.639 

5 E Kk, E WHEN IMAGE RESIZE 

DEACTIVATED 

5.675 

4.104 

6 F F 5.596 

7 G G 5.669 

8 H H 5.575 
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9 I I 5.616 

10 J J 5.589 

11 K K 5.619 

12 L L 5.609 

13 M M 5.623 

14 N N 5.644 

15 O O 5.682 

16 P Pp, Pp WHEN IMAGE RESIZE 

DEACTIVATED, Pp WHEN ALL 

PREPROCESSES DEACTIVATED 

5.641 

4.073 

3.927 

17 Q Q 5.609 

18 R R 5.664 

19 S S 5.634 

20 T T 5.619 

21 U U 5.566 

22 V V 5.652 

23 W W 5.612 

24 X Xx,X WHEN IMAGE RESIZE DEACTIVATED 5.604 

4.142 

25 Y Y 5.609 

26 Z Z 5.678 

Table C-39: Typewriter font single characters sample test 

Test 

no. 

Description Output Time 

1 A. Font 3 single character. Resize,

convert to gray, blur preprocessing

active. Remove line break active.

Psm configured to 10. LED output

active.

A 5.782 

2 B NO OUTPUT, B WHEN IMAGE RESIZE 

DEACTIVATED 

5.788 

4.109 

3 C C 5.824 

4 D D 4.074 

5 E Fe, E WHEN IMAGE RESIZE DEACTIVATED 5.807 

4.089 

6 F LOWER CASE I, EF WHEN IMAGE RESIZE 

DEACTIVATED 

5.782 

4.099 

7 G NO OUTPUT, G WHEN IMAGE RESIZE 

DEACTIVATED 

5.852 

4.094 

8 H Hi, H WHEN IMAGE RESIZE DEACTIVATED 5.902 

4.110 

9 I L, L WHEN IMAGE RESIZE DEACTIVATED 5.687 

4.075 

10 J eS, LOWER CASE a WHEN IMAGE RESIZE 

DEACTIVATED, uo WHEN ALL 

PREPROCESSES DEACTIVATED 

5.738 

4.109 

3.952 

11 K K 5.779 

12 L LL, L WHEN IMAGE RESIZE DEACTIVATED 5.761 

4.047 

13 M Vi, Ni WHEN IMAGE RESIZE DEACTIVATED, 

Ni WHEN ALL PREPROCESSES DEACTIVATED 

5.842 

4.117 

3.987 

14 N IN, N WHEN IMAGE RESIZE DEACTIVATED 5.893 

4.096 
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15 O C, CO WHEN IMAGE RESIZE DEACTIVATED, 

CO WHEN ALL PREPROCESSING 

DEACTIVATED 

5.804 

4.108 

3.989 

16 P br, P WHEN IMAGE RESIZE DEACTIVATED 5.802 

4.135 

17 Q heat, GQ WHEN IMAGE RESIZE 

DEACTIVATED,G WHEN ALL PREPROCESSES 

DEACTIVATED 

5.844 

4.137 

3.994 

18 R R 5.894 

19 S S 5.933 

20 T L, BI WHEN IMAGE RESIZE DEACTIVATED, 

YT WHEN ALL PREPROCESSES 

DEACTIVATED 

3.579 

4.121 

3.975 

21 U U 5.764 

22 V V 5.835 

24 X X 5.836 

25 Y Yy, Y WHEN IMAGE RESIZE DEACTIVATED 5.786 

4.089 

26 Z 3, ZA WHEN IMAGE RESIZE DEACTIVATED,Z 

WHEN ALL PREPROCESSING DEACTIVATED 

5.803 

3.963 

Table C-40: Times New Roman font single characters sample test 

Test 

no. 

Description Output Time 

1 A. Font 4 single character. Resize,

convert to gray, blur preprocessing

active. Remove line break active. Psm

configured to 10. LED output active.

A 5.679 

2 B B 5.626 

3 C C 5.646 

4 D D 5.647 

5 E K, E WHEN IMAGE RESIZE DEACTIVATED 5.659 

4.139 

6 F F 5.690 

7 G G 5.688 

8 H H 5.706 

9 I I 5.602 

10 J J 5.608 

11 K K 5.716 

12 L L 5.625 

13 M Mi, M WHEN IMAGE RESIZE DEACTIVATED 5.722 

4.176 

14 N N 5.658 

15 O O 5.654 

16 P P 5.716 

17 Q Q 5.664 

18 R R 5.703 

19 S S 5.588 

20 T I, T WHEN IMAGE RESIZE DEACTIVATED 5.563 

4.112 

21 U U 5.627 

22 V V 5.654 

24 X NO OUTPUT, xX WHEN IMAGE RESIZE 

DEACTIVATED, xX WHEN ALL 

PREPROCESSES DEACTIVATED 

5.750 

4.202 

3.998 

25 Y Y 5.695 

26 Z LL,  L WHEN IMAGE RESIZE DEACTIVATED, 

L WHEN ALL PREPROCESSES 

DEACTIVATED 

5.696 

4.137 

3.936 
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Table C-41: Lowercase Ariel font single characters sample test 

Test Description Output Time 

1 a. Font 1 single character.

Resize, convert to gray, blur

preprocessing active. Remove

line break active. Psm

configured to 10. LED output

active.

a 5.647 

2 b D, b WHEN IMAGE RESIZE DEACTIVATED 5.630 

4.171 

3 c C, Cc WHEN IMAGE RESIZE DEACTIVATED 5.616 

4.106 

4 d re, d WHEN IMAGE RESIZE DEACTIVATED 5.651 

4.123 

5 e NO OUTPUT, e WHEN IMAGE RESIZE 

DEACTIVATED 

5.674 

4.072 

6 f Ff, f WHEN IMAGE RESIZE DEACTIVATED 5.650 

4.071 

7 g Gg, g WHEN IMAGE RESIZE IS DEACTIVATED 5.643 

4.203 

8 h Nn, h WHEN IMAGE RESIZE IS DEACTIVATED 5.694 

4.164 

9 i ll, NO OUTPUT WHEN IMAGE RESIZE 

DEACTIVATED, i WHEN  ALL PREPROCESSING 

DEACITVATED 

5.547 

4.048 

3.943 

10 j J, j WHEN IMAGE RESIZE DEACTIVATED 5.632 

4.075 

11 k k 5.652 

12 l NO OUTPUT, I WHEN IMAGE RESIZE 

DEACTIVATED, I WHEN ALL PREPROCESSES 

DEACTIVATED 

5.610 

4.126 

3.975 

13 m mM, m WHEN IMAGE RESIZE DEACTIVATED 5.640 

4.142 

14 n Mm, Nn WHEN IMAGE RESIZE DEACTIVATED, Nn 

WHEN ALL PREPROCESSES DEACTIVATED 

5.659 

4.104 

3.977 

15 o O, O WHEN IMAGE RESIZE DEACTIVATED 5.666 

4.132 

16 p p 5.711 

17 q q 5.615 

18 r r 5.616 

19 s S 5.679 

20 t t 5.614 

21 u U, U WHEN IMAGE RESIZE DEACTIVATED 5.587 

4.041 

22 v V, V WHEN IMAGE RESIZE DEACTIVATED 5.601 

4.115 

24 x X, X WHEN IMAGE RESIZE DEACTIVATED 5.649 

4.155 

25 y y 5.625 

26 z z 5.621 
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Appendix D – Sample Preparation 

Chapters 5 and 6 discussed the results of experiments conducted on the proof-of-concept DEAs. 

The DEAs were constructed using an elastomer matrix, specifically VHB 4905 and VHB 4910, 

and two compliant electrodes. The electrodes were synthesised using a variety of materials to 

select the option most applicable to the performance of the design. The electrode materials that 

were tested included two grades of graphite powder, Pressol and Microfyn, and a carbon 

conductive grease manufactured by MG Chemicals. Additional materials required for synthesis 

included laser cut Perspex frames, non-adhesive stencils, copper tape, M6 nuts and bolts, silicone 

adhesive, rubber gasket, cotton swab and paintbrush. The images and description below were 

utilised during the testing discussed in both Chapters 5 and 6. Additional steps were required for 

Chapter 6, as indicated in the descriptions below. 

 The first step in preparing the DEA samples for testing included removing the white backing 

paper from the VHB double sided adhesive tape, as seen in Figure D-1. Thereafter a marker and 

non-adhesive stencil was used to mark off a circle of 35mm diameter. The marked off section of 

tape is illustrated in Figure D-2. The red backing layer was then removed from the opposite side 

of the VHB film. Care was taken at this point to ensure that the film did not warp and stick to 

itself or any particles on the work surface. 

Figure D-1: VHB 4910 film before removal of backing and stencil used to mark circle for pre-strain 
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Figure D-2: VHB 4910 film with marked of 35mm diameter circle 

The film was then stretched across a Perspex frame such as the example presented in Figure D-3. 

The diameter of the Perspex frames corresponded with the required percentage of pre-strain 

required of the sample. The sample was stretched across the frame until the marked off points on 

the film lined up with the inner face of the frame. A second frame was then lined up and pressed 

against the first to sandwich the film between them and allow for greater manoeuvrability during 

electrode synthesis.  

Figure D-3: Elastomer film stretched across Perspex frame 

Once stretched and secured using the frame, the pre-strained VHB film could now be placed on 

the work surface and the electrodes applied. Two methods were used to apply the electrode 
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materials. Both required a small non-adhesive circular stencil to be placed on the film to ensure a 

clean edge when applying the materials to the adhesive surface, labelled in Figure D-4. The 

stencils were laser cut from non-adhesive backing material to ensure precise dimensions. The 

graphite powder electrodes were applied using a fine paint brush. The paint brush was dipped in 

the powder, tapped lightly against the side of the container to remove excess and then brushed 

onto the exposed surface of the VHB film, see Figure D-5. Alternatively, the carbon conductive 

grease samples were applied using a cotton swab such as in Figure D-4 (a). The stencils were then 

removed to leave an electrode such as the sample seen in Figure D-4 (b). Multiple samples could 

be synthesised from a single pre-strained film. Thereafter the film was flipped over, and the 

electrode materials were applied on the opposite face.  

(a) (b) 

Figure D-4: Application of carbon grease electrode on pre-strained film. (a) Patterning electrode using cotton swab 

and non-adhesive stencil, (b) Completed electrode with stencil removed 

Figure D-5: Patterning of graphite electrode on pre-strained film 
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Once both sides of the electrodes were applied, conductive leads were constructed using the 

electrode material and copper tape, Figures D-6 and D-7. Once the leads were secured, smaller 

Perspex frames were attached to either side of the film. Once all samples on one pre-strained 

section were secured using the smaller frames, a craft knife was used to remove each sample form 

the larger Perspex frame. Note: the sample in Figure D-6 was used to investigate radial strain of 

the DEA, therefore the Perspex frame had to be larger than the electrode diameter to allow for 

radial expansion. The sample represented in Figure D-7 was instead used to analyse the properties 

of the inflated diaphragm-type DEA, therefore the edges of the electrode were required to be 

constrained by the frame. 

Figure D-6: Sample prepared for radial strain testing 

Figure D-7: Sample prepared for diaphragm DEA performance analysis 

The following step was only required for the performance analysis of the diaphragm-type DEAs 

discussed in Chapter 6. Note in Figure D-7 the Perspex frame had four holes drilled along the 
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edge. Similarly, a rubber gasket of equal diameter also had four holes drilled along the edge. This 

was used to secure the third Perspex plate to the bottom of the assembly and create a sealed cavity, 

see Figure D-8. A needle and syringe were then used to inflate the cavity by inserting the needle 

along the edge of the gasket. Thereafter, the bolts were tightened, and the sample was ready for 

testing. Figure D-9 illustrates the finished sample attached to the test circuit. 

Figure D-8: Completed diaphragm-type DEA with inflated cavity 

Figure D-9: DEA attached to test circui 



166 

Appendix E – Engineering Drawings 

Table E-1: Schedule of drawings 

No. Drawing Description Drawing Number 

1 Circuit Casing Cover A1 

2 Battery Casing A2 

3 Circuit Casing A3 

4 Circuit Casing Subassembly Type 1 SA1 

5 Circuit Casing Subassembly Type 2 SA2 

6 Finger Mounting A4 

7 Exploded View of Actuator Assembly SA3 

8 Actuator Assembly SA4 




















