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Abstract—Refreshable braille displays give visually impaired
people access to text and graphics. Existing technologies typically
use an actuator for each braille dot, making full-page displays
complex, cumbersome and costly, and ultimately limiting their
use. This paper presents a novel methodology for actuating a
large number of braille pins with a small number of actuators.
Each braille pin comprises a bistable mechanism that is actuated
through time reversal focusing of elastic waves. The design of
such a system is studied in detail, and a mock-up device has
been constructed in order to implement the method. The system
is able to operate several braille pins one at a time from remote
actuators. Although the repeatability of the process still requires
improvements, the measurements show a good agreement with
theory and allow us to envisage a full-page display based on this
method.

Index Terms—refreshable braille display, time reversal wave
focusing, wave propagation, bistable mechanism.

I. INTRODUCTION

Digital content is mostly visual and thus inaccessible to
blind and low vision people. Text-to-speech synthesis and
screen reader technologies have made significant progress and
offer relevant solutions for accessing textual content and for
navigating graphical user interfaces through audio. The audio
modality however does not lend itself easily to the rendering
of 2D content such as graphics, maps and images. In addition
to text to speech, accessing text by actively reading braille
remains fundamental and plays a role in the development
of literacy. The sense of touch thus remains a key sensory
substitution modality and the development of devices able to
display braille and graphical contents in the form of raised
dots patterns can still play a role for accessibility.

The braille alphabet encodes letters, numbers and musical
notes in the form of raised dots on a 2 × 3 or 2 × 4
grid, depending on the purpose. Although different standards
exist [1], [2], the typical distance between dots on refreshable
braille displays is 2.3 to 2.5 mm, for a dot base diameter of
1.5 to 1.6 mm and a raised dot height of 0.6 to 0.9 mm. For
refreshable displays, the dot holding force is also a key feature
to withstand the finger pressing force. The American Center
for Braille Innovation [3] recommends a minimum of 0.25 N
lifting force. This value is also shared by [4], which gives
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a target blocking force between 0.2 and 0.5 N. Despite the
simplicity of the mechanical function: raising or lowering a
dot, the combined requirement of pin count, density, stroke
and holding force make the subject challenging and the design
of refreshable braille displays remains an active topic of
research. Different technologies are either commercialized or
under research with different display size using different prin-
ciples: magnetism [5], fluids [6], [7], pneumatic [8], piezoelec-
tric [9], [10], shape-memory alloy [11], [12], etc. These tech-
nologies share the issue of using one actuator per braille dot.
This somehow simplifies the design and maintenance while
offering a high refresh rate and responsiveness. However, this
leads to complex, cumbersome and costly device with reported
price around 100 $ per braille cell for commercially available
displays [13]. Some devices and research focus on reducing
the price by reducing the number of actuators. This can be
achieved by pooling them, that is operating several Braille dots
from a single actuator. This idea can be seen in commercial
product like the Canute 360 [14] or in research with the work
of [15] on sliding actuators. In these works, the introduction
of a latching mechanism dissociates the function of changing
the pin state, which requires energy over a short period, and
the passive and long-standing function of holding the pin in
place. This enables to mutualize the actuators but requires a
new mechanism to move this actuator.

To avoid this difficulty, we explore in this work the possi-
bility to use mechanical waves as a mean of delivering energy
to the pins, designed to exhibit a bistable behaviour. With
this approach, a few actuators can be placed remotely and
mutualized to control pin states. The number and density of
actuator can thus be dramatically reduced while preserving
a high refresh rate. This work presents the principle, derives
design trade-off and demonstrates the ability to change the
state of any chosen pin remotely. The demonstration is made
on a mock-up device with 96 braille pins and 32 actuators.
The mock-up has a pin-to-pin distance of 2.5 mm, a holding
force of 0.3 N, a pin extrusion of 0.5 mm and a refresh rate of
500 pin switch per second. It paves the way to the design of
a full-page refreshable display of thousands of pins controlled
by only 32 actuators.
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II. PRINCIPLE

A. Time reversal wave focusing

Time reversal is a signal processing method that enables
the focusing of waves at any chosen position from a set of
distant actuators. By taking advantage of the time symmetry
of wave equations, this method makes the focusing of energy
particularly easy even in complex propagation medium. It was
first introduced by [16] for medical ultrasound application
but has since found application in all fields of wave physics.
Several implementations in haptics have already been proposed
to localized stimuli on interactive surfaces [17], [18], [19].
During the time reversal operation, out of plane vibrations
generated by the different actuators propagate within the plate,
interfere with scatterers and reflect on the plate boundaries.
After a few milliseconds typically, all the waves converge
at the focus point; the vibrations interfere constructively to
generate a localized velocity peak that last typically a few
microseconds and finally diverge and attenuate in the plate.

To display braille, we harness the kinetic energy concen-
trated at focus point and time to toggle the state of a pin
between a low and a high position.

B. Bistable pins

A refreshable braille display must provide a surface where
pins are either in an upper state or a lower state. In the upper
state, the pin should protrude from a reading surface (i.e. a
plate that is touchable by the user) and withstand the finger-
pressing force. In its lower state, the braille pin must disappear
below the surface.

Bistable structures are present in biological systems, such
as in the natural fly trap [20] and in technological systems
to store energy [21] or information [22]. There are many
ways of obtaining bistable mechanisms but their potential
energy profile shows common features. A bistable structure is
a system that exhibits two stable states, each corresponding to
a local minimum of potential energy. To transition between
these states, the system must overcome an energy barrier
through an external energy input. Therefore, toggling from one
stable state to the other requires an energy input larger than the
energy barrier ∆E. Among the many options for designing a
bistable system, we chose to combine two permanent magnets
connected by a rod through a ferromagnetic plate, as depicted
in Fig. 1. With this design, the pin assembly stabilizes in
high or low position and always maintains a contact with
the ferromagnetic plate, while the use of neodymium magnets
generates sufficient force within a small volume.

C. The refreshable display

The central ferromagnetic plate serves as a waveguide
in which mechanical waves propagate. With time reversal
focusing, an impulsive surface motion can be produced upward
or downward by simply reversing the sign of the driving
signals. When the pin is in low state, a pulse directed upward
pushes the pin up. When the pin is in high state, a pulse
directed downward pushes the pin down.

Cylindrical magnet 

Rod

Ferromagnetic
waveguide

Piezoelectric actuator

Reading plate

Tangible pin

Fig. 1. System architecture: Each tangible pin is mounted on a bistable
assembly composed of two permanent magnets connected by a rod through a
ferromagnetic waveguide. Remote piezoelectric actuators generate and focus
waves at the dot position.

The order of magnitude of the plate displacement at focus
point is in the µm order but the velocity can reach values in
the m/s range, due to the possibly high frequency bandwidth.
A pin at focus point therefore acquires a significant amount of
kinetic energy at focus time. If this kinetic energy Ec =

1
2Mv2

is sufficient and the velocity impulse directed correctly, the
pin overcomes the energy barrier ∆E and toggles to its other
stable state, in high or low position. The critical speed that
must be reached at focus point to toggle the pin is thus:

v =

√
2∆E

M
(1)

With ∆E the energy barrier and M the pin mass. The overall
system architecture is detailed in Fig. 1. In addition to the
bistable pin and ferromagnetic plate, piezoelectric actuators are
placed at the plate periphery to generate and control bending
waves. Tangible pins are placed on top of the bistable assembly
and protrude through a reading plate to contact with user
fingers.

III. DESIGN TRADE-OFFS

A. Bistable pin design

To fulfil the requirement of the braille refreshable display
presented in section I, the bistable mechanism must resist a
0.25 N force applied to it. According to the manufacturer’s
datasheet [23], a 1.5 mm diameter, 0.5 mm thick cylindrical
neodymium magnet with an axial magnetization of N45 ex-
hibits an adherence force of approximately 0.32 N, which
satisfies the bistable mechanism’s requirements. Therefore, the
bistable mechanism comprises two of these magnets separated
by a rod and associated with a ferromagnetic plate. The
total pin run and plate thickness determine the length of the
rod. From the requirements presented in the introduction, we
want the pin to protrude from the reading plate by at least
0.6 mm. However, we want to avoid any accidental switch
down caused by a user force higher than the magnetic holding
force. Therefore, we chose to double the pin run to 1.25 mm
and let it protrudes by 0.6 mm. This way, pins cannot be
pushed manually low enough to toggle to its low state.

25



B. Waveguide design

Once the geometry and the design of the bistable system
are achieved, we can look at the design of the waveguide.
To toggle a pin without affecting the state of its neighbours,
the velocity must exceed the critical speed only at the focus
point. We therefore target a focusing resolution Rs, or half-
amplitude spot size, equal to the pin-to-pin distance. With this
resolution, pins adjacent to the controlled one reach at most
half of the peak velocity, thus providing a safety margin to
accommodate the variability of pin assembly. We, therefore,
aim at Rs = λmin

2 = p, with λmin the smallest wavelength
controlled by the focusing operation and p = 2.5mm the pin-
to-pin distance.

To focus at the desired position, bending waves must
propagate from actuators at the periphery of the plate to the
heavier area covered with pins. On their way, waves therefore
encounter an impedance jump, which results in a transmission
loss and reduced wave amplitude. We seek to minimize
this impedance difference to maximize the transmission of
waves. The transmission coefficient for waves travelling from a
medium of impedance Z1 to another of impedance Z2 is [24]:

T =
2Z1

Z1 + Z2
(2)

Which in the case of thin plates simplifies, see [25], in:

T =
2k21

k21 + k22
(3)

with k1 and k2 the wavenumbers in the propagation medium
at the selected frequency. For homogeneous thin plates, the
dispersion equation writes [26]:

k2i =

√
ρi
Di

ω (4)

With ω the circular frequency and ρi and Di the surface
density and rigidity respectively. At low frequency, the pin
covered area can be seen as homogeneous with a mass density:

ρ2 = ρ1 +
M

p2
(5)

With M the pin mass, ρ1 the surface density of the plate,
ρ2 the equivalent density in the pin covered area and p the
pin distance. However, as the frequency increases, we must
consider the discrete nature of pins that form a periodic array
of scatterers for the flexural waves. Such periodic medium
constitutes a phononic crystal with unique properties such as
frequency bandgaps at which waves cannot propagate inside
the medium. Bragg bandgaps appear for wavelengths equal
to twice the array period while resonant bandgaps appear at
the resonant frequency of the scattering elements [27]. Those
resonant bandgaps find applications in haptics to provide
vibration isolation or to design waveguides [28]. In our case,
however, they would hinder the transmission of waves.

The design procedure consists in optimizing the transmis-
sion coefficient with the homogeneous model while avoiding
resonance of the pin within the frequency range of interest. To

that end, we increased the stiffness of the pin rods by selecting
a metallic material. Brass has the advantage of having a high
density, which in virtue of equation (1) decreases the required
velocity. It is also non-ferromagnetic and does not interfere
with the magnetic field. We fixed the rod diameter to 1 mm.
In a first approximation, we assume that the tangible part of
the pin will be in plastic and we neglect its weight. The pin
mass thus writes:

M = 2m+ ρrd
2
r

π

4
er (6)

The pin mass is indeed the addition of magnet masses m and
rod mass with density ρr, diameter dr and height er. The plate
thickness ep and rod height er are related to the target pin run
r by the relation r = er − ep. We finally obtain:

M = 2m+ ρrd
2
r

π

4
(r + ep) (7)

Combining equations (3), (4), (5), and (7) gives the expression
of a transmission coefficient as a function of plate thickness
shown in Fig. 2. We finally selected a plate of thickness
0.75 mm to attain a transmission ratio of 90 % between the
periphery and the central part of the plate. To validate further
this choice, we can use semi-analytical results for an array of
point resonators on a thin plate. From [29], we calculate the
dispersion relation in a thin plate with periodically attached
spring-mass resonators. From the obtained wavenumbers we
calculate with (3) the transmission ratio as a function of
frequency in the case of a plane wave impinging the pin array
with normal incidence. The wavelength λmin = 2p is reached
for a dimensionless wavenumber (or reduced wavenumber)
kp
π = 2π

λmin

p
π = 1, which in our case corresponds to a

frequency of 210 kHz. We notice in Fig. 3 that the homo-
geneous model gives a reasonably good approximation of
the transmission ratio even for wavelengths as short as twice
the pin distance. To illustrate the importance of avoiding pin
resonance, we calculate the transmission ratio for the same
plate but with pin exhibiting a resonant frequency at 50 kHz.
We observe on Fig. 3 that the target wavelength, for which
kp
π = 1, is reached within the pin array at a lower frequency.

The transmission coefficient is strongly reduced over the whole
bandwidth, thus making ineffective the actuation from remote
source.
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Fig. 2. Wave transmission ratio at the interface between free and pin covered
areas of the plate. For the chosen pin, a plate thickness of 0.75 mm gives a
satisfactory transmission of 90 %.
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Fig. 3. Transmission coefficient with the homogeneous model (blue), the
discrete model with rigid pin (orange), and discrete model with resonant
pin (green) as a function of reduced wavenumber and frequency. The pin
resonance induces a reduction in the transmission ratio.

IV. PROTOTYPE DESCRIPTION

A. Bistable pins

Verifying the system’s performance is important once the
different parts are designed and sized. One crucial parameter
is the holding force of the pin. To ensure that the pin would
switch, we did a simulation using Agros2D [30], a finite el-
ement method simulation software. We used an axisymmetric
simulation to obtain the magnetic energy profile of a single
pin as it moves from one state to the other. Fig. 5 shows the
geometry of the pin. From the energy profile, we derive the
magnetic force with the expression F = dE

dx with z the vertical
axis of the pin.

We compared those theoretical force values with the actual
force on a dedicated bench. We used a voice coil cylinder
(Physik Instrument V-275.431) to push the pin downward.
The voice coil is controlled in position and speed and si-
multaneously measures the force. Fig. 4 shows the evolution
of the simulated energy of the system and the simulated and
experimental data of the force on the system. Only the first
half of the force profile was experimentally acquired as the
second half corresponds to negative pulling force that would
require gluing the tip of the voice coil cylinder to the pin. On
the simulation, the maximum force is 0.37 N. This value is
higher than the one given by the manufacturer of 0.32 N [23].
The presence of a coating on magnets might be the cause of
this discrepancy as it adds a gap between the ferromagnetic
plate and the magnet and reduces the magnetic force. The
experimental force value is also lower than the simulated one
but agrees very well with the manufacturer’s data, with a
maximal value at the beginning of the push at 0.32 N. This
confirms that the presence of a hole under the magnet does
not affect significantly the holding force. Finally, the simulated
and measured forces show a remarkable agreement and the
proposed design complies with the required pin force and run.
The simulation indicates an energy barrier of ∆E = 51 µJ for
this pin assembly. With a pin mass of M = 26mg we obtain
a critical speed vc = 2m/s.
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Fig. 4. a) Evolution of the simulated magnetic energy of the system
with a potential energy barrier of 51 µJ. b) Evolution of the simulated and
experimental data of the force on the system. The maximum simulated value
is 0.37 N and the experimental value reached 0.32 N.
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Fig. 5. Schematic of the bistable mechanism: composed of two cylindrical
magnets linked by a brass rod through a ferromagnetic waveguide.

B. Prototype

The waveguide plate is made of a ferromagnetic steel plate
of 200× 300× 0.75mm bonded to a rigid wooden frame by
a 6 mm wide adhesive foam. The plate Young’s modulus is
Y = 210GPa, the Poisson’s ratio is ν = 0.3, the density is
ρ = 7800 kg/m³. This first prototype is dedicated to proof of
concept with ninety-six Braille pins arranged in 3 rows and
32 columns, forming 16 Braille characters. These 96 Braille
pins are placed in the upper left corner of the plate. The full
prototype intends to have 4800 Braille pins arranged in 60
rows and 80 columns on the same plate’s dimensions actuated
by the same 32 actuators. We placed these 32 actuators at the
edge of the plate glued with an epoxy glue referenced 3M
DP-490. The actuators are piezoelectric buzzer-type actuators
referenced 7BB-20-6-L0 from Murata. These actuators are
placed to avoid symmetries that could reduce the focusing
quality. Fig. 6 presents a schematic of the prototype. This
prototype is missing the tangible pin and the reading plate
mentioned in Fig. 1 as only the actuation is tested here. The
weight added by the tangible pin is low compared to the
bistable mechanism. The driving electronics is a single-bit
switching electronics identical to the one used by [17]. The
values of the output RLC filter are, however, different. The
capacitance of the actuator is C = 10 nF, the resistor’s value
is R = 10Ω, and the inductor’s value is L = 10 µH.
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Fig. 6. Schematic of the mock-up device with 32 piezoelectric actuators, a
ferromagnetic waveguide and 96 braille pins arranged in a 3× 32 matrix.

V. PROTOTYPE EVALUATION

A. Calibration procedure

Time reversal requires a prior calibration of the system,
as described in [17]. Each piezoelectric actuator at a time
is driven with a linear swept sine of duration 100 ms with
a frequency up to 400 kHz sampled at 800 kHz. A sigma
delta modulation at 4 MHz is then applied to reduce the
single-bit quantization noise. Synchronously to the emission, a
laser vibrometer (Polytec OFV-2500) records the out of plane
velocity v(t) of the pin of interest. This process is repeated
for each actuator q and each pin i of the prototype.

B. Calibration results

From data acquired in the calibration step we can first
observe the frequency response. With the swept sine on
actuator q defined as uq(t) and the velocity of pin i as vi(t),
the impulse response Hiq(ω) is defined as:

Hiq(ω) =
FFT (vi(t))

FFT (uq(t))
(8)

Fig. 7 shows the evolution of the amplitude of the signal for
one actuator in blue, and the Root Mean Square (RMS) of
all the points and all the actuators in orange. In this figure,
we can see an attenuation of the signal after 200 kHz caused
by the RLC output filter of the electronics. The small drop
between 50 kHz and 80 kHz is likely due to a non-radiating
effect [31]. The next interesting data to plot is the impulse
response of the plate in the temporal domain. By doing the
inverse Fourier operation of Hiq(ω), we can obtain hiq(t),
which represents the transfer function in the time domain of
the plate. Fig. 8 shows the impulse response of one signal
in blue and the RMS signal of all signals (i.e. all actuators
and all points on the plate) in orange. The fitted exponential
attenuation curve with a time constant of attenuation τ=0.8 ms
is shown in gray. To obtain the maximum focusing amplitude,
the time reversal window duration is typically set to T = 3τ .
The system refresh rate is therefore directly related to this
attenuation constant. We chose a time reversal duration of
T=2 ms, nearly 3 times the attenuation time, as a trade-off
between focusing amplitude and refresh rate. To focus at a
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Fig. 7. Evolution of the amplitude of the signal for one actuator in blue
and the Root Mean Square (RMS) of all points of all actuators in orange in
the Fourier domain. An attenuation after 200 kHz comes from the electronics,
and the drop between 50 kHz and 80 kHz is probably due to a non-radiating
ultrasonic vibration.
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Fig. 8. Evolution of the speed of the signal for one actuator in blue and the
RMS of all points of all actuators in orange in the temporal domain. In grey
is plotted the theoretical curve of the dispersion of the waves in the plate with
a time constant equals to 0.8 ms.

position i, each actuator is driven with a signal sq(t) that
correspond to the time-reversed impulse response hiq . We
finally quantize this signal over a single bit to comply with
our electronics and increase the focusing amplitude [17].

sq(t) = Vpsign (hiq(T − t)) (9)

The theoretical response to this driving voltage on any pin can
be obtained by computing the convolution with this signal as:

uj(t) =
32∑
q=1

(hjq ⊛ sq) (t) (10)

The result of this equation is plotted at the focus point (i.e. for
i = j) in Fig. 9. It represents the theoretical velocity of the
focused pin for a peak voltage Vp = 1 V. We clearly observe
the focusing at time t = 2ms with a peak value of 150 mm/s.

The response at the focus time (t = T ) for all other pin
(i.e. for i ̸= j) can be calculated to observe the spatial
resolution plotted in Fig. 10. By low-pass filtering the driving
signals at frequencies 20 kHz, 70 kHz, 150 kHz and 200 kHz
we observe the effect of the signal frequency on focusing
resolution and ensure that adjacent pins can be actuated
independently. Fig. 10 and Fig. 11 show that increasing the
band-pass frequency affects both the peak velocity and the
resolution. With an upper frequency above 150 kHz, the peak
velocity of adjacent pins is less than half the peak amplitude
at focused position. This value is lower than the predicted
value from section III-B (210 kHz) but validates the order of
magnitude and the ability to control adjacent pins individually.
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Fig. 9. Simulated speed of the time reversal wave focusing at the focus point
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value of 150 mm/s for a peak voltage Vp = 1V.
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Fig. 11. Theoretical cross-section of the response of the plate to focusing on
a pin for different high frequencies of the band-pass filter at focusing time.

C. Pin actuation

Finally, we focused over different pins with a peak voltage
of 60 V and measured the resulting pin position and velocity.
Two typical results are shown Fig. 12 that show the pin
motion when the initial pin velocity is above or bellow critical
speed. In both cases the velocity profile differs from the
theoretical curve of Fig. 9 that assumes a pin rigidly fixed
to the plate. In the experimental measurement, we observe at
T = 1.56ms a very fast increase of the pin velocity caused by
the focusing reaching 2.3 m/s. When this value is higher than
the critical speed vc = 2m/s calculated in section III-A, the
pin swaps to its higher position. In the first phase of the motion
(T = 1.56ms to 1.8ms) the pin is slowed down by magnetic
force that retain it to the low state. From 1.8ms the upward
magnetic force on the low magnet dominates the downward
force on the high magnet. After this time the pin is attracted to
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Fig. 12. Evolution of the pin veolcity a) and position b) as a function of
time during the time reversal wave focusing. The blue curve is for a pin
successfully actuated and the orange curve is for a pin where the kinetic
energy transmitted from the plate to the pin was not sufficient.

its high position and accelerates until it hits the plate around
T = 2.3ms, thus completing the state change. The negative
velocity peak at the end is the deceleration of the pin once it
touches the plate. This behaviour is confirmed in Fig. 12 b)
that shows an increasing pin position that stabilizes at 1.2 mm.
We faced difficulties in the realisation of the device leading to
assembly imperfections and misalignment of pin components,
owing to their small size that brought a significant variability
in the behaviour of the assembled pins. For this reason, we
were not able to actuate all of the 96 pins in both directions
as expected each time. Most of them were able to switch in
both directions with little repeatability. Yet, a companion video
shows the successive motion of several pins on the central row
and demonstrates the validity of the approach. The driving
signal were set to put those pins in the upper position one after
the other. Unfortunately, only a fraction of them responded
as expected to the focusing, owing to assembling difficulties.
In particular, the video shows a magnet moving laterally in
response to plate vibrations, having become desolidarized from
its rod. This illustrates the difficulty to assemble reliably such
small components.

VI. CONCLUSION

We introduced in this paper a method to control remotely
the high or low state of bistable pins from focused ultrasonic
vibrations. The theoretical analysis of the method enabled to
draw design guidelines and attain the dimensional and strength
requirements for displaying Braille. The measurements carried
on a mock-up device demonstrate the feasibility of the ap-
proach although only a fraction of dots could be successfully
moved. These initial results let us believe that a full-page
refreshable braille based on this principle is achievable with
the potential to make this type of device more accessible and
compact. Beyond braille displays, the ability to reconfigure
a multistable structure from a reduced set of remote actua-
tors seems appealing for reconfigurable surfaces and robotics
applications.
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