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Abstract 23 

 24 

Full-page (multiple-lines), electrically refreshable, portable and affordable Braille displays do not currently exist. 25 

There is a need for such an assistive technology, which could be used as the Braille-coded tactile analogue for blind 26 

people of the digital tablets used by sighted people. Turning those highly desirable systems into reality requires a 27 

radically new technology for Braille dot actuation. Here, we describe standard-sized refreshable Braille dots based on 28 

an innovative actuation technology that uses electro-responsive smart materials known as dielectric elastomers. Owing 29 

to a significantly reduced lateral size with respect to conventional Braille dot drives, the proposed solution is suitable 30 

to array multiple dots in multiple lines, so as to form full-page Braille displays. Furthermore, a significant reduction 31 

also of the vertical size makes the design suitable for the development of thin and lightweight displays, thus enabling 32 

portability. We present the first prototype samples of these new refreshable Braille dots, showing that the achievable 33 

active displacements are adequately close to the standard Braille requirements, although the force has to be further 34 

improved. The paper discusses the remaining challenges and describes promising strategies to address them. 35 

 36 

Keywords: actuator; braille; blind; dielectric elastomer; display; electroactive; multiple line; polymer; portable; refreshable; tactile.  37 

 38 

  39 
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1. Introduction 40 

 41 

The world's roughly 314 million blind and visually impaired people are largely excluded from today’s 42 

digital revolution in information and communication technologies. Indeed, displays of computers, portable 43 

devices, touch screens and so forth are conceived to bring text and images via the sense of sight.  44 

Visually impaired people can access digital information only via text-to-speech readers. However, 45 

conveying information using sound is not always effective. Indeed, the interpretation of text based only on 46 

listening might be limited, for example, by the impossibility of a continuous backtrack. Furthermore, the 47 

presence of other people nearby might require the use of headphones to protect privacy or not to disturb, 48 

whilst a noisy environment might provide an additional challenge.  49 

Overcoming these problems requires refreshable Braille displays. They are conceived as electronically 50 

controllable tactile interfaces allowing blind users to read text presented in the Braille code via dots that are 51 

dynamically raised and lowered. In particular, full-page displays would allow blind people to access via the 52 

sense of touch large amounts of structured and dynamic information, like sighted people commonly do via 53 

the sense of sight, for example when using computer monitor displays, tablets and smartphones. In other 54 

words, full-page displays are needed as the Braille-coded tactile analogue for the blind people of the 55 

displays used by the sighted people to visualise text and images.  56 

Commercially available refreshable Braille displays are based on piezoelectric reeds that actuate the 57 

Braille dots. The reeds are mounted as a stair stepped stack of cantilevers, each with a Braille pin resting on 58 

its free end [1]. This solution limits the whole display to a maximum of two lines of Braille characters [2], 59 

which makes backtracking impossible while reading a full page of text. To overcome this limitation, 60 

attempts to develop full-page Braille readers based on different types of piezoelectric actuators are in 61 

progress, although the only available system developed so far is non-portable and has an estimated cost of 62 

about € 60,000 [3].  63 

So, affordable, portable and multiple-line (full-page) Braille displays are needed, as they merely 64 

represent technological fiction today. They are required to facilitate access to digital information, as well as 65 

to help to improve the Braille literacy rate across the blind population, also with the aim of reducing its 66 

high unemployment rate [4].  67 
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A paradigm shift from technological fiction to reality requires the ground-breaking creation of a radically 68 

new technology for Braille dot actuation. To this end, several alternatives to piezoelectric actuators have 69 

been studied. For instance, pneumatically actuated Braille dots with microvalves have been proposed [5], 70 

although the need for air pumping and individual dot control limits the portability of the resulting systems. 71 

Shape memory alloys have also been investigated as a method of providing actuation, although they show 72 

limitations in terms of size, speed and power consumption [6]. Linear actuators vertically pushing Braille 73 

dots have been prototyped using either rolled sheets of electrostrictive polymers [7] or tubes of dielectric 74 

elastomers [8], although the length of the actuators enlarges the size of the device.  75 

Dielectric elastomer (DE) actuators [9-11] represent the electromechanical transduction technology used 76 

in this work too. They belong to the bigger family of electromechanically active polymers [12], which 77 

includes a diversity of smart materials studied for various biomedical applications [13]. The most basic 78 

configuration of a DE actuator consists of a thin elastomeric layer coated with two compliant electrodes, so 79 

as to obtain a deformable capacitor. A voltage V applied between the electrodes results in the following 80 

effective electrostatic pressure p on the elastomer surface: 81 

𝑝 = 𝜖𝑟𝜖0 (
𝑉

𝑑
)

2

                (1) 82 

where 𝜖0 is the dielectric permittivity of vacuum, 𝜖𝑟 is the elastomer’s relative dielectric constant and d is 83 

the dielectric layer’s thickness. This pressure causes a squeezing in thickness and a concurrent surface 84 

expansion [11].  85 

The DE actuation technology in general offers attractive properties in terms of large strains, fast, stable 86 

and silent operation, compact size, low weight, shock tolerance, low power consumption and no 87 

overheating [9-11, 14]. DE actuators show significant potential to develop compact, fast, lightweight and 88 

silent electromechanical transducers for tactile interfaces [14]. Studied configurations include cylinders [7, 89 

8, 15], diaphragms [16], buckling membranes [17, 18], planar multi-layer stacks [19] and bistable 90 

diaphragms [20]. Nevertheless, so far, none of these proposed configurations seems to be readily applicable 91 

to obtain commercially viable Braille displays. This is due to a number of challenges (specific to each 92 

approach), related to one or more of the following drawbacks: low forces, low displacements, low response 93 

speed, high cell thickness and overall encumbrance, high energy consumption, overheating, manufacturing 94 

complexity, short lifetime, low reliability (see details in the previously mentioned references).  95 
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Aimed at overcoming the limitations of these state-of-the-art approaches, this paper presents real-size 96 

refreshable Braille dots based on DE actuation. The design, working principle, fabrication and a 97 

preliminary electromechanical characterization are described in the next sections, following a reminder of 98 

the main technical requirements. 99 

 100 

2. Technical specifications 101 

 102 

The requirements in terms of dimensions and force for a standard Braille dot [1] are presented in Table 1. 103 

Table 1 104 

Specifications of Braille dot parameters for refreshable Braille displays [1]. 105 

Dot  

parameter 

Typical  

value 

Base diameter 1.5 mm 

Height (assuming no force from user’s finger) 0.7 mm 

Blocking force (dot raised within 0.1 mm of 

maximum height) 

50 mN 

Blocking force (dot raised 0.25 mm above reading 

surface) 

150 mN 

 106 

According to these requirements, the raised Braille dot consists of a quasi-hemispherical cap.  107 

Moreover, besides these geometrical and performance requirements, the dots’ actuation technology 108 

should comply with electrical safety issues and allow for ease of miniaturization at low production costs, so 109 

as to enable compact and cost-effective systems.  110 

Aimed at addressing such needs, this paper presents the concept and a prototype implementation of a 111 

radically new kind of Braille dots with intrinsic dynamic actuation.  112 

 113 

3. Proposed concept and principle of operation 114 

 115 

The concept is based on the particular type of DE technology known as ‘hydrostatically coupled’ DE 116 

(HC-DE) actuation [21]. HC-DE actuators in general are based on an incompressible fluid that 117 
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mechanically couples a DE-based active part to a passive part interfaced to the load, so as to enable 118 

hydrostatic transmission. This general concept was used in this work to conceive a dynamic Braille dot as a 119 

bubble-like HC-DE actuator. The device is such that the actuator itself coincides with the dynamic Braille 120 

dot. The structure is shown in Fig. 1.  121 

 122 

 123 

Fig. 1. Schematic drawing of the proposed concept. In order to obtain an array of electrically controllable compact Braille dots (top panel), each dot 124 

consists of a bubble-like HC-DE actuator (bottom panel). A lateral section of the actuator/dot is shown in the rest state (bottom, left) and in an 125 

electrically induced state due to an applied voltage (bottom, right).  126 

 127 

It includes the following parts: an electromechanically active membrane, made of a DE film coated with 128 

compliant electrodes; an electromechanically passive membrane, working as the end effector in contact 129 

with the finger (either directly, or via any interposed medium); an incompressible fluid contained in a 130 

chamber constrained by the two membranes. Both membranes are radially constrained by bonding them to 131 

a frame, in the region external to the chamber. The internal fluid is pressurised during manufacturing, so as 132 

to provide each membrane with the shape of a roughly spherical cap. The pressurised top membrane works 133 

as the Braille cell dot (passive interface with the user’s fingertip). The pressurised bottom membrane 134 

behaves as a buckling DE actuator. The latter buckles outwards as a voltage difference is applied between 135 

its electrodes, while the passive membrane relaxes (as the pressure is reduced) and passively moves 136 

inwards, according to the fluid-enabled hydrostatic transmission (Fig. 1). Therefore, the dot is lowered or 137 

raised as a voltage is applied or removed, respectively. This principle allows for an electrically safe 138 

transmission of actuation from the active membrane to the finger, without any direct contact between them.  139 

This basic structure can be replicated to implement a standard 8-dots Braille cell, as shown in Fig. 2. 140 
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 141 

 142 

Fig. 2. Array of eight Braille dots based on the proposed configuration, to obtain a dynamic Braille cell: concept (left) and assembled prototype 143 

(right). 144 

 145 

Prototype dots were manufactured and tested as described in the next sections. 146 

 147 

4. Materials and methods 148 

 149 

4.1 Manufacturing 150 

The fabrication process consisted of several steps, which are presented in Fig. 3 and are described below.  151 

 152 

 153 

Fig. 3. Braille dot fabrication steps. A dielectric elastomer membrane previously bonded to a PMMA frame is placed over an empty chamber 154 

containing a circular hole (a); the membrane is masked, such that the central circular portion, corresponding to the chamber’s hole, is left exposed 155 

(b); the membrane is coated with conductive carbon grease (c); a depressurization is applied inside the chamber in order to deform the membrane 156 

(d); the excess grease is removed (e); the mask is peeled off and the internal electrical contact is applied (f); a second dielectric elastomer 157 

membrane is arranged above, a thin layer of carbon grease is deposited on top of it and an electrical contact is created (g); a second circular frame is 158 

applied above and the chamber is brought back to atmospheric pressure to release the overstress applied to the passive membrane and detach the 159 

obtained structure from the chamber (h); the structure is flipped upside down to be used as a Braille dot (i). 160 

 161 

The actuator was assembled using membranes made of commercially available acrylic elastomer films 162 

(VHB tape series, by 3M). In particular, four combinations of different grades were tested, as detailed in 163 
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the next section.  164 

Each membrane was bi-axially pre-stretched by four times, which means that it was subjected to a biaxial 165 

pre-strain of 300%. The application of this pre-strain was justified as a consequence of the well-known 166 

beneficial effect that consists in an increase in the electromechanical transduction performance, as first 167 

documented by Pelrine et al. [11] and later on explained in different ways by Brochu and Pei [9] and Koh 168 

et al. [22]. 169 

The pre-stretched membrane that had to work as the passive membrane was coupled to a thin metallic 170 

support frame, exploiting the fact that their bonding was ensured by the adhesive properties of the 171 

membrane’s constitutive material. This membrane and its support were then placed over a vacuum chamber 172 

(Fig. 3a). An annular mask was applied to the membrane, in order to leave its central circular portion, 173 

corresponding to the chamber’s hole, exposed (Fig. 3b). To this end the paper liner that came with the VHB 174 

tape was used, so as to facilitate the mask removal afterwards. Then, the membrane was coated with a 175 

carbon conductive grease (846, M.G. Chemicals, Canada) (Fig. 3c), which was used both as the hydrostatic 176 

coupling fluid and the internal electrode for the active membrane; the volume of deposited grease was 177 

intentionally in excess, in order to simplify the subsequent steps of the process and ensure adequate filling 178 

of the bubble cavity to be created. Afterwards, the chamber was depressurised in order to deform the 179 

membrane, so as to obtain a cavity filled in by the grease (Fig. 3d). This procedure avoided that any air 180 

bubble remained trapped at the membrane/grease interface, as it would likely be the case if the grease were 181 

applied after the creation of the cavity. Subsequently, the excess grease was removed (Fig. 3e), the mask 182 

was peeled off and a thin aluminium strip was applied to serve as the internal electrical contact (Fig. 3f). 183 

The structure was covered with the prestretched membrane that had to work as the active membrane (again 184 

exploiting its inherent adhesive properties), which was then coated with the same type of carbon conductive 185 

grease to create the external electrode; then, an aluminium strip was applied to create the external electrical 186 

contact (Fig. 3g). A second PMMA frame was finally coupled to the active membrane and the so-obtained 187 

actuator was removed from the vacuum chamber by pressurising it (Fig. 3h,i).  188 

The resulting shape of the stabilised final structure was asymmetric (with the heights of the active and 189 

passive caps being different, as shown in Fig. 3i), as a consequence of the following two concomitant 190 

effects. First, the stiffness of the two membranes was different, due to a difference in the thickness of the 191 
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adopted films (according to the values reported in the next section). Second, the Mullins effect [23] caused 192 

a stretch-induced softening of the passive membrane, due to the overstretch imposed during the 193 

depressurisation phase.  194 

As the asymmetry of the device was expected to influence its performance, different prototypes with 195 

passive and active caps of different heights were assembled and compared. To this end, membranes made 196 

of three types of films having different initial thickness were used, evaluating four combinations, as 197 

described in the next section.  198 

 199 

4.2 Comparisons among four sets of prototypes with different active cap height  200 

From a geometrical standpoint, the conceived dynamic Braille dot can be regarded as the union of two 201 

ideally spherical caps, having the same base radius R but different heights ha and hp at electrical rest (no 202 

applied voltage), as represented in Fig. 4.  203 

 204 

 205 

Fig. 4. Schematic geometrical representation of the proposed Braille dot. 206 

 207 

The active and passive membranes have at electrical rest a thickness da and dp, respectively.  208 

In order to meet the geometrical Braille requirements, the dots were manufactured with a base radius 209 

R=750 m and a passive cap height hp of approximately 750 m. 210 

As the active cap height ha was a free parameter for the actuator design, in this study its effect on the 211 

resulting performance was investigated by manufacturing four sets of different dots, made of different 212 

combinations of elastomers frequently employed for DE actuators in general. In particular, the four sets 213 

were obtained by using, as active and passive membranes, the following commercially available acrylic 214 

films by 3M: VHB 4910, VHB 4905 and VHB 9473PC. The tested combinations are presented in Table 2. 215 

 216 

Table 2. 217 
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Combinations of elastomer films used to manufacture the active and passive membranes. 218 

Actuator set Active membrane Passive membrane 

1 VHB 4910 VHB 4905 

2 VHB 4910 VHB 9473PC 

3 VHB 4905 VHB 4905 

4 VHB 4905 VHB 9473PC 

 219 

During manufacturing, while the active cap height ha was not controlled, the passive membrane was 220 

processed in such a way that the final passive cap height hp was as close as possible to the targeted 750 m 221 

for each set of prototypes. To this end, the applied depressurization (Fig. 3d) was empirically adjusted to a 222 

different level for each set. Adjustments were required, due to the different values of stiffness shown by the 223 

two membranes used in each set, as a consequence of their different thickness. Indeed, the thickness of the 224 

initial elastomer films in the non-stretched state was 1000, 500 and 250 µm, respectively for VHB 4910, 225 

4905 and 9473PC, which then, upon the application of a 300% biaxial pre-strain, respectively reduced to 226 

about 62.5, 31.3 and 15.6 µm (calculated values). The thickness then further reduced as a result of the 227 

actuator assembly, owing to the hemispherical shaping of the membranes. The final values of the 228 

membrane thicknesses were computed as described in the next section.  229 

 230 

4.3 Geometrical estimate of the thickness of the two membranes  231 

A simple geometrical analysis of the structure allows for estimating da and dp from measured values of ha 232 

and hp. Prior to providing the two membranes with a three-dimensional shape (while manufacturing the 233 

device), they initially consisted of flat circular elastomeric layers having a radius R and an initial thickness 234 

(immediately after the 300% biaxial prestretch) of da,0 and dp,0, respectively. So, their initial surface S0 and 235 

volumes Vola,0 and Volp,0 were: 236 

𝑆0 = 𝜋𝑅2                (2) 237 

𝑉𝑜𝑙𝑎,0 = 𝑆0𝑑𝑎,0                (3) 238 

𝑉𝑜𝑙𝑝,0 = 𝑆0𝑑𝑝,0                (4) 239 
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During the fabrication of the device, the active and passive membranes were deformed, such that their 240 

final shapes were ideally spherical caps, with surfaces Sa and Sp, respectively, given by the following 241 

expressions: 242 

𝑆𝑎 = 𝜋(𝑅2 + ℎ𝑎
2)               (5) 243 

𝑆𝑝 = 𝜋(𝑅2 + ℎ𝑝
2)               (6) 244 

Furthermore, by considering that the thickness of the two membranes was negligible with respect to the 245 

cap height and base radius, the final volumes of the membranes Vola and Volp, respectively, could be 246 

approximated as follows: 247 

𝑉𝑜𝑙𝑎 𝑆𝑎𝑑𝑎               (7) 248 

𝑉𝑜𝑙𝑝 𝑆𝑝𝑑𝑝               (8) 249 

Moreover, by assuming that each elastomeric membrane maintained a constant volume under 250 

deformation, the following can be seen:  251 

𝑆0𝑑𝑎,0 = 𝑆𝑎𝑑𝑎                (9) 252 

𝑆0𝑑𝑝,0 = 𝑆𝑝𝑑𝑝               (10) 253 

Therefore, the final thickness of the membranes could be obtained as follows: 254 

 𝑑𝑎 𝑑𝑎,0
𝑅2

(𝑅2+ℎ𝑎
2)

             (11) 255 

 𝑑𝑝 𝑑𝑝,0
𝑅2

(𝑅2+ℎ𝑝
2)

             (12) 256 

 257 

4.4 Measurement of the blocking force and stress relaxation 258 

For each combination of active and passive membranes, three samples were manufactured and 259 

characterised in terms of blocking force and stress relaxation.  260 

The blocking force was defined as the force generated by the Braille dot for a given applied 261 

displacement. It was measured with a double-column dynamometer (Z005, Zwick Roell, Germany), as 262 

follows. A cylindrical indenter, having a diameter of 2 mm, was connected to the machine’s load cell 263 
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mounted on a mobile crossbar. The indenter was brought in contact with the Braille dot apex and the 264 

crossbar was displaced and maintained at a given position, so as to maintain the apex displaced, for 30 265 

seconds, while the variation of force was recorded over time. The apex displacement corresponded to an 266 

indentation of the Braille dot. Measurements were taken for two values of indentation, 100 and 500 µm, as 267 

recommended in [1]. This procedure allowed for quantifying the force (and its relaxation over time) with 268 

which the Braille dot tends to resist the tactile action exerted by the user. 269 

 270 

4.5 Measurement of the free stroke 271 

Three samples for each combination of active and passive membranes were also characterised in terms of 272 

their free stroke, i.e. their voltage-induced displacement.  273 

To this end, the displacement of the Braille dot apex, corresponding to an electrically generated reduction 274 

of the passive cap height, was measured using a laser-based displacement transducer (optoNCDT1800, 275 

Micro-Epsilon, Germany), according to general recommendations for free stroke measurements of DE 276 

actuators [24]. The free stroke was determined for step-wise voltages, whose amplitudes were varied with 277 

steps of 250 V, up to the actuator’s electrical breakdown (which changed according to the active membrane 278 

thickness). The corresponding maximum applied voltages (average values) for the actuator sets 1, 2, 3 and 279 

4 (Table 2) were, respectively, 4.5, 4.5, 2.25 and 2.5 kV. 280 

 281 

5. Results  282 

 283 

5.1 Prototype samples of Braille dot 284 

A prototype sample of the Braille dot is shown in Fig. 5. 285 

 286 

 287 

Fig. 5. Pictures of a prototype Braille dot at electrical rest. 288 
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 289 

Fig. 6 presents the measurements of the active and passive cap heights ha and hp at electrical rest (i.e. 290 

without any applied voltage) for the four sets of manufactured Braille dots.  291 

 292 

 293 

Fig. 6. Average active and passive cap heights ha and hp, at electrical rest, for the four sets of prototype Braille dots. Error bars represent the 294 

standard deviation related to the three samples tested for each set. 295 

 296 

As shown by these data, the average passive cap height was about 750 m for each set of prototypes, as 297 

intended. However, the active caps had a variable height, according to the differences in the stiffness of the 298 

membranes, due to the combination of different materials.  299 

The average values of the cap heights were used to compute the average values of the thickness of the 300 

active and passive membranes, for each combination of materials, according to Eqs. (11) and (12). The 301 

computed values for the four sets of prototypes are presented in Table 3. 302 

 303 

Table 3. 304 

Average values at electrical rest of the thickness of the active and passive membranes. 305 

  Active membrane 

  VHB 4910 VHB 4905 

P
as

si
v

e 
m

em
b

ra
n

e VHB 4905 
da=48.07 µm 

dp=18.37 µm 

da=18.2 µm 

dp=16.31 µm 

VHB 9473 PC 

da=56.6 µm 

dp=8.14 µm 

da=23.6 µm 

dp=8.56 µm 

 306 
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5.2 Braille dot blocking force 307 

Owing to the viscous nature of the elastomeric materials used to make the Braille dots, the four sets of 308 

prototype Braille dots were found to exhibit a significant stress relaxation. Fig. 7 presents results of a 309 

typical relaxation test.  310 

 311 

 312 

Fig. 7. Typical relaxation of the force generated by the Braille dot, for a given applied displacement. 313 

 314 

In particular, the prototype dots exhibited a typical decrease in force of about 25% after 30 seconds.  315 

Notwithstanding such a considerable drop of force over time, it is worth noting that the value at 30 316 

seconds is not representative of the force that a user would actually experience while reading a Braille text. 317 

Indeed, Braille reading occurs via continuous movements of the finger over the dots, such that they are 318 

never solicited statically. The relevant variable is the time needed to slide the finger over a single dot, in 319 

order to estimate its height. This time can be evaluated as the mean time needed to read a letter (which for a 320 

Braille system is a group of eight dots), and it can be estimated as follows. Considering a reading rate of 321 

100 words per minute [25] and an average of 5.1 letters per word in the English language [26], the resulting 322 

reading speed is 510 letters per minute, i.e. 8.5 letters per second. This implies that the user touches a new 323 

group of eight Braille dots approximately every 0.1 s. Therefore, it is important that the dot response in 324 

terms of force is guaranteed within about 0.1 s from the beginning of the contact with the finger.  325 

So, the relevant values of force to be considered from the electromechanical characterisation are those 326 

measured at 0.1 s after the indentation onset. They are presented in Fig. 8, where they are also compared 327 

with the Braille requirements [1].  328 

 329 
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 330 

Fig. 8. Average blocking force at electrical rest, shown by each prototype Braille dot 0.1 s after its indentation. Values are reported for two levels of 331 

indentation. Error bars represent the standard deviation related to the three samples tested for each set of prototypes. 332 

 333 

5.3 Voltage-induced Braille dot displacement 334 

An electrically induced displacement of a prototype Braille dot is shown in Fig. 9. 335 

 336 

 337 

Fig. 9. Picture of a prototype Braille dot at rest (left) and when a voltage is applied (right). A video of the dot in action is available at 338 

https://www.youtube.com/watch?v=8mSCbKlTcO0. 339 

 340 

The typical response time to reach 90% of the final dot height was about 2 s. 341 

Fig. 10 presents, for each set of prototypes, the steady-state electrically-induced displacement of the 342 

Braille dot apex, as a function of the voltage normalised by the active membrane thickness at electrical rest 343 

da. 344 

 345 

https://www.youtube.com/watch?v=8mSCbKlTcO0
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 346 

Fig. 10. Voltage-induced displacement of the Braille dot apex for the four sets of prototype dots. A data fitting line for each set is used as a guide 347 

for the eye. 348 

 349 

For the sake of a direct comparison of the performance shown by the four sets of prototype dots, Fig. 11 350 

presents a co-plot of the fitting lines extracted from Fig. 1010. 351 

 352 

 353 

Fig. 11. Comparison of the actuation performance of the four sets of prototype Braille dots. 354 

 355 

The effect of the active cap height at electrical rest ha on the achievable displacement is presented in Fig. 356 

12, which plots the displacement at 75 V/m (arbitrarily chosen as a reference value from Fig. 11), as a 357 

function of the cap height for each sample of each set of Braille dots. 358 

 359 
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 360 

Fig. 12. Braille dot apex displacement obtained at 75 V/m as a function of the active cap height at electrical rest, for each prototype Braille dot. 361 

 362 

The average value of the displacements at 75 V/m is shown, for each set of prototypes, in Fig. 13, which 363 

also displays the related asymmetry of the dots in the active and passive states. 364 

 365 

 366 

Fig. 13. Average displacement at 75 V/m for the four sets of prototype Braille dot. Error bars represent the standard deviation related to the three 367 

samples tested for each set. The schematic drawing associated to each set represents, qualitatively, a cross-section of the asymmetric dot in the 368 

passive state (solid line) and active state (dotted line). 369 

 370 

 371 

  372 
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6. Discussion 373 

 374 

6.1 Compact size enabling multiple-line portable displays 375 

As compared to commercial systems, the design proposed here has the unique advantage of fusing in the 376 

same structure the Braille dot and its driving mechanism.  377 

The consequent significant reduction of the lateral size of the actuation part makes the proposed solution 378 

suitable to the creation of an array of multiple dots in multiple lines, as required by the development of full-379 

page Braille displays. Furthermore, the significant reduction also of the vertical size makes the design 380 

potentially suitable to obtain thin and lightweight displays, thus enabling portability, possibly also creating 381 

hand-held devices.  382 

 383 

6.2 Achievable blocking force 384 

Fig. 8 shows that, in order to comply with Braille requirements in terms of blocking force, further 385 

improvements are necessary. Indeed, although for some Braille readers with light touch the force generated 386 

by these prototypes might be sufficient, for others it may result in a so-called tactile noise [1]. Increasing 387 

the dot’s passive (i.e. elastic or, better, hyperelastic) force requires a stiffening of the membranes. 388 

This could be obtained in different ways. While using stiffer elastomers and/or thicker passive 389 

membranes would be a simple approach, it is not advisable as it would reduce the achievable active 390 

displacements. Moreover, if applied to the active membrane, it would also increase the required driving 391 

voltage. To avoid these drawbacks, a more promising, although even more challenging, strategy is to create 392 

a multi-layered active membrane, by stacking multiple dielectric films intertwined to multiple compliant 393 

electrodes. This would increase the active membrane total thickness, while preserving a low separation 394 

between the electrode pairs so as not to increase the required driving voltage.  395 

 396 

6.3 Achievable displacement 397 

As expected, the asymmetry of the Braille dot influenced its performance in terms of achievable 398 

displacement (Fig. 13). In particular, the average displacement at 75 V/m was about 500 µm for the set 399 
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VHB 4910-VHB 9473PC, which had the lowest height of the active cap at rest. The dots with increasing 400 

values of that height showed decreasing displacement.  401 

This evidence could be interpreted by assuming that the flatter active caps corresponded to less stretched 402 

active membranes, which were therefore less stiff (it is worth noting that during manufacturing each 403 

membrane was bi-axially pre-stretched above the flex point of its stress-strain curve). The lower stiffness 404 

determined a higher active deformation in response to any given electrical stimulus. 405 

It is worth noting that the softest set of dots did not show the highest deformation. Indeed, the stiffness 406 

inferable from data reported in Fig. 8 is not representative of the stiffness of the active membrane only. 407 

 408 

6.4 Selection of the best trade-off configuration 409 

The set of prototypes VHB 4910-VHB 9473PC offered the best trade off in terms of performance. 410 

Indeed, as shown in Figs. 8 and 12, it allowed for a maximisation of the displacement while providing a 411 

force just 10% smaller than the maximum value recorded.  412 

 413 

6.5 High voltage driving 414 

One of the major drawbacks of the proposed technology is represented by the need for high driving 415 

voltages. This introduces a limitation in terms of size, safety and cost of the required electronics, as 416 

discussed below. 417 

The generation of voltages as high as those used in this work is per se not particularly problematic from a 418 

technical standpoint or particularly dangerous in terms of electrical safety, considering that there is no need 419 

for high driving powers (the loads are capacitive) and that all the high-voltage parts are insulated. Indeed, 420 

the generation of voltages of the order of 1 kV has been demonstrated for micro-battery powered systems 421 

using compact voltage multipliers, as discussed in [27], enabling the development of single-channel 422 

systems that are both portable and relatively safe.  423 

However, the electrical driving of arrays of multiple actuators is more challenging, as it implies the 424 

control of several high-voltage channels. The most straightforward approach that could be considered 425 

requires the use of one high voltage converter for each actuator, but this would excessively increase the 426 

size, cost and power consumption of the system. Overcoming this problem requires the adoption of driving 427 
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strategies specifically designed for this application. An example could consist in multiplexing a single 428 

high-voltage source (for example by using high voltage MOSFETs) while using the control strategy called 429 

Dynamic Scanning Actuation proposed by Koo et al. [28]. With that strategy, one line of the array delivers 430 

the high voltage, while a second line is grounded. Actuation is triggered only when both the lines are 431 

active, so that, by sequentially scanning each line, it is possible to continuously refresh each actuator’s 432 

state, setting it to the desired value (on or off).  433 

Notwithstanding such approaches for the driving electronics, the major drawbacks are still represented 434 

by its size and cost, since, as compared to low-voltage units, high-voltage components are more difficult to 435 

miniaturise and have relatively lower market share. So, the reduction of the driving voltage is imperative in 436 

order to unleash the real potential of the DE actuation technology for Braille displays. 437 

To this end, future developments should be aimed at lowering the voltages down to about 200 V, which 438 

is the standard for the low-cost and low-size drives of piezoelectric transducers (available in a huge 439 

diversity of products today). To address this need, according to Eq. (1) there are two strategies: i) synthesis 440 

of new elastomers with higher dielectric constant [29, 30]; ii) processing the elastomers as thinner films. 441 

Reaching these targets requires the use of silicone elastomers, as in general they combine ease of material 442 

processing with very low viscosity that enables a higher actuation speed [31]. Custom manufacturing 443 

processes are necessary to reduce the thickness ideally down to a few microns. Although this is challenging 444 

for highly stretchable materials, preliminary evidences indicate feasibility [32]. On the other hand, in order 445 

to avoid a reduction of the elastic force due to the reduction of the active membrane thickness, it will be 446 

necessary to create a multi-layer structure, as discussed previously. 447 

 448 

6.6 Other uses of the proposed new technology 449 

The actuation technology presented here might be considered also for other types of tactile displays, not 450 

necessarily intended for the blind people. For instance, arrays of tactile elements might be integrated within 451 

user interfaces and control panels, to enable tactile feedback aimed at enhancing human-machine 452 

interactions. 453 

 454 
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7. Conclusions 455 

 456 

In this work we presented a concept to enable the development of dynamic Braille dots for multiple-lines 457 

refreshable Braille displays that can be portable and affordable. Prototype samples of these new refreshable 458 

Braille dots were assembled using off-the-shelf materials and adopting tools and procedures not yet 459 

optimised. Whereas the prototypes allowed for a proof-of-concept demonstration of the functionality of the 460 

proposed concept, they also showed the required future improvements. These include the need for 461 

processing more suitable elastomers as thinner films and using them to assemble multi-layer structures, 462 

which should be extensively characterised also in terms of cycle lifetime. Overall, these suggested 463 

developments define a road map towards the first Braille tablets. 464 
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