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Abstract: As the largest organ in the human body, the skin provides the important sensory channel for
humans to receive external stimulations based on touch. By the information perceived through touch,
people can feel and guess the properties of objects, like weight, temperature, textures, and motion,
etc. In fact, those properties are nerve stimuli to our brain received by different kinds of receptors in
the skin. Mechanical, electrical, and thermal stimuli can stimulate these receptors and cause different
information to be conveyed through the nerves. Technologies for actuators to provide mechanical,
electrical or thermal stimuli have been developed. These include static or vibrational actuation,
electrostatic stimulation, focused ultrasound, and more. Smart materials, such as piezoelectric
materials, carbon nanotubes, and shape memory alloys, play important roles in providing actuation
for tactile sensation. This paper aims to review the background biological knowledge of human
tactile sensing, to give an understanding of how we sense and interact with the world through the
sense of touch, as well as the conventional and state-of-the-art technologies of tactile actuators for
tactile feedback delivery.

Keywords: smart materials; actuators; tactile display

1. Mechanoreceptors

Human skin contains a variety of different mechanoreceptors (touch receptors), each with its
own structure, placement, frequency response, spatial resolution, adaptation speed, and necessary
magnitude of skin indentation to produce a response. Mechanoreceptors are the sensing units that
lie underneath the very outer skin surface for retrieving stimulations. The presence and spacing of
mechanoreceptors varies between glabrous (naturally hairless) and hairy skin. There are four main
types of mechanoreceptors that react to different kinds of stimuli information, such as vibration, shear,
texture, and pressure. These four receptors are called Pacinian corpuscles, Meissner’s corpuscles,
Merkel’s discs, and Ruffini endings [1]. Each receptor has a similar basic sensing element, except that
their packaging and depth in the skin are adapted to their specific sensing purposes.

Figure 1 shows a 3D diagram of tactile receptors in the skin. The four mechanoreceptors can be
divided into two major classifications, fast adapting types and slow adapting types, based on their
sensing capabilities. The fast adapting receptors include Meissner’s corpuscles and Pacinian corpuscles

C 2017, 3, 38; d0i:10.3390/c3040038 www.mdpi.com/journal/carbon


http://www.mdpi.com/journal/carbon
http://www.mdpi.com
https://orcid.org/0000-0002-9822-5843
http://dx.doi.org/10.3390/c3040038
http://www.mdpi.com/journal/carbon

C2017, 3,38 20f13

(Table 1), and are only sensitive to transitions like vibration and fluttering. The slow adapting receptors
include Merkel’s discs and Ruffini endings, and they are sensitive to steady or static stimulations,
like pure indentation. The receptors can be further identified as type I and type II, based on their depth
below the skin’s surface. Type I receptors are referred to as Meissner’s corpuscles and Merkel’s discs;
they are shallower receptors located at around 0.7 mm to 0.9 mm below the skin surface. Type II
receptors are deeper ones like Pacinian corpuscles and Ruffini endings, which are often located at
about 1-2 mm depth below the skin. The deeper receptors have larger receptive area [2].

Free nerve endings

Merkel cell
(Tactile disc)

Ruffini corpuscle

Root hair plexus Lamellated corpuscle
(Pacinian corpuscle)

Figure 1. Tactile receptors in the skin [3].

Table 1. Characteristics of the four mechanoreceptors [4].

Type Type Receptive Frequency .
Receptors (Depth) (Adapting Speed) Field (Hz) Sensing Property
Merkel'’s discs I Slow Small 5-15 Pressure, Texture
Ruffini endings I Slow Large 15-400 Stretch
Meissner’s corpuscles I Fast Small 20-50 Stroke, Fluttering
Pacinian corpuscles I Fast Large 60400 Vibration

Merkel’s disks and Ruffini’s corpuscles are classified as slowly adapting mechanoreceptors.
Pressure, stretch, and static discrimination are sensed by these receptors. Higher force and larger
displacement are needed to convey static stimuli sensations [5]. Receptors terminating in Merkel cells
are found near the surface of the skin, and have an excellent spatial resolution, with an ability to
resolve stimuli separated by as little as 0.5 mm in glabrous skin [6]. Merkel receptors are the primary
receptors that are used in reading Braille. However, their best sensitivity to skin indentation is found
in the range of 5 Hz to 15 Hz, at which frequency, a minimum skin indentation on the order of 50 um
is typically required to produce a response [7].

Meissner’s corpuscles, which are located in the shallowest area below the skin’s surface,
are particularly suitable to sense low-frequency stroking and vibration. Meissner’s corpuscles
have a maximum sensitivity between about 20 Hz to 50 Hz, and have a minimum sensitivity
to skin indentation of about 14 um [8]. Meissner’s corpuscles are located with a high density
of about 150 receptors/cm?, but they have a relatively lower spatial resolution and respond
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rather uniformly across their entire 3-5 mm receptive field. Pacinian corpuscles differ from
Meissner’s corpuscles in their shape, depth, and response threshold. They are more sensitive to
the vibrations with frequency ranging from a few tens of Hz to hundreds of Hz, with the highest
sensitivity around 250 Hz [9]. The highest sensitivity may be found in Pacinian corpuscles, which have
demonstrated sensitivity to less than 1 pm skin indentations around 250-300 Hz, and an effective
frequency range of about 60—400 Hz [8]. Pacinian corpuscles have a large receptive field, and can sense
larger vibrations from a distance of on the order of a centimeter away from the receptor. However,
smaller vibrations near the 250 Hz frequency of optimal sensitivity produce a response that is localized
directly over the Pacinian corpuscle [9], thereby enabling improved spatial localization with these
highly sensitive receptors. The characteristics of mechanoreceptors have a promising degree of
overlap with the known characteristics of microactuators and MEMS systems. Pacinian corpuscles
also adapt faster than Meissner’s corpuscles and have a lower response threshold [10]. For these
reasons, Pacinian corpuscles are often considered as the better candidate for retrieving the information
primarily about dynamic motion stimuli and high-frequency vibrations.

2. Stimulation Methods and Actuation Technologies

Ideally, the display’s resolution should leverage the approximately one unit per mm? spacing of
mechanoreceptors in human finger pads [11], and be extendable to full 2D. It should be refreshable in
real time (i.e., it should refresh at least as quickly as human mechanoreceptors can react), allowing the
information conveyed by the display to keep up with rapidly changing inputs. The display should also
code information in a way that is easily detected and interpreted, so that it is intuitive and easy to learn
to use. The psychophysics literature offers clear insights into humans’ ease of sensing various types of
tactile stimuli (static vs. moving, vibrating vs. quasistatic, and low vs. high amplitude). In particular,
humans are much more sensitive to motions and changing stimuli than they are to static patterns [12],
whether those stimuli are visual, audible, or tactile. The display should therefore code information not
only as static patterns, but also as simulated motion against the user’s finger pads. Finally, its power
consumption should be compatible with portable use, and it should be manufacturable by efficiently
scalable means, to ensure that its cost is compatible with the resources of its intended user base.
There are several ways to provide the stimuli for tactile displays. The stimulation methods can be
divided into approximately three categories: thermal, electrical, and mechanical stimuli.

2.1. Thermal

Thermal stimulation, or thermal flow, is usually used for adding quality characteristics in the
information delivery, such as mimicking the color rendering of a vision system. A 3 x 3 thermal
tactile display device, with multiple heat sources that can display temperatures from 5 °C to 55 °C
and produce different temperature field distributions, has been developed [13]. Thermal sensation
modeling for the fingertip has been developed, showing that skin is more sensitive to rapid temperature
change, which leads to a difficulty in presenting long time stimulation duration [14]. The combination
of both vibrotactile and thermal stimuli is used in the generation of haptic sensation [15]. In spite of its
capability of representing color identification and discrimination, thermal tactile displays alone are
not well-suited to present rich information, because of their low spatial resolution and their lower
transition-sensing time between on/ off states [16].

2.2. Electrotactile

Electrotactile stimulation uses electrical current flow from electrodes embedded in the device to
deliver stimuli to the sensing nerves of the skin, mimicking pressure or vibration without any actual
mechanical actuators involved [17]. A 4 X 4 electrotactile matrix called SmartTouch is developed
to selectively stimulate the Merkel’s discs and Meissner corpuscles. The sensation is generated
by electrodes that run electrical current pulses of 1-3 mA with a duration of 0.2 ms through the
nerves of the skin [18]. A sensory substitution system that employs electrotactile and vibrotactile
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displays was developed [19]. There are also oral electrotactile displays. An array of 7 x 7 tactual
actuators fabricated on polyimide-based flexible film was placed on the roof of the mouth, to deliver
electrotactile stimulation with relatively low stimulation intensities [20]. Although electrotactile
systems are structurally simple and easily controlled, challenges remain in spatial resolution, safety,
comfort level, and power consumption.

2.3. Mechanical

Mechanical tactile stimulation is the most commonly used method to create a sensation, not
only because the mechanoreceptors tend to respond to direct and physical mechanical stimuli easily,
but also because of the finer spatial resolution as compared with thermal and electrotactile stimulation.

2.3.1. Static Indentation

Braille is the most well-known example of static tactile information acquisition. Braille can be
printed on paper or produced on a refreshable Braille reader, in which the dots of each Braille cell
are driven up and down by an array of stacked piezoelectric bending beam actuators. Braille is
an excellent means of providing text information to those who are Braille-literate, as long as the
information is available electronically as text, or can be scanned using optical character recognition.
The most commonly-used technology for conveying tactile graphics is embossing of images on
paper (e.g., thermoform or microcapsule paper) [21]. Refreshable Braille displays offer a quasi-static
Braille display on a refreshed basis by employing extruded pins driven by piezoelectric bimorph
actuators. This provides an opportunity for intensive information delivery using an electronic device
that is more compact as compared with printed Braille books.

2.3.2. Vibration

Skin nerves tend to sense vibration easier than they sense static indentation [22]. Fast adapting
Pacinian corpuscles are primarily responsible for vibrotactile perception in human skin. The lower
thresholds of force and displacement for vibration, as compared with static indentation, make
vibrotactile stimulation a widely and well-researched candidate for tactile displays. Thus, technologies
have been developed to deliver vibrations for tactile display. As human beings, we can distinguish
successive pulses with a time gap of 5 ms [23], which is even better than our vision system, in which
the minimum time gap is 25 ms [24]. This means that vibration can be utilized to create rhythm or
patterns for information with complex meaning. Further variation in vibro-rhythm can be realized by
changing the amplitude and frequency.

2.3.3. Surface Acoustic Waves

Surface acoustic waves (SAW) generated by SAW transducers can stimulate the skin to provide
a sensation of continuous roughness. Both passive and active sensation capture of SAW tactile devices
have been reported [25-27]. Ultrasonic motors are used for generating vibration that can be directly
sent to the user’s finger, which is described as passive type SAW transducers. In contrast, active tactile
transducers utilize standing waves of a SAW and friction shift to form vibration.

2.3.4. Electrorheological and Magnetorheological Fluids

Electrorheological (ER) and magnetorheological (MR) fluids are special classes of materials that
can respond to the electrical field and magnetic field, respectively. They are both colloid suspensions
with dielectric or ferromagnetic particles (1-100 pm) that are sensitive to electric or magnetic potential.
Under normal conditions, when there is no electric or magnetic stimulus to the materials, the ER or
MR fluids remain in liquid form. Upon application of the electric or magnetic field, the particles align
themselves nearly parallel to the direction of the fields. This causes the viscosity to change, and the
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liquids become solid gels as the field applied increases. Such properties have been used to make tactile
displays [28-30].

3. Vibrotactile Actuators for Tactile Feedback

Vibrotactile displays have been researched and developed during the past few decades, because
mechanoreceptors sense vibration sensations more easily and rapidly than they sense quasistatic
mechanical stimuli. The actuators used to generate vibration range from large-scale electric motors to
MEMS-scale hydraulic pumps. Each has advantages and drawbacks for tactile displays.

3.1. Rotary Electromagnet Actuators

Rotary DC motors [31] are utilized to produce a vibrotactile sensation. The motors rotate when
a DC current is applied. An off-centered mass affixed to the output shaft of the motor (often referred as
an eccentric mass) offers the vibration. The feeling of vibration created by these motors varies linearly
with the voltage or current applied. A small voltage creates a small and slow vibration, whereas a large
applied voltage generates a strong and fast vibration. This type of actuator is the most commonly used
vibrational actuator in toys, game controls, and virtual reality tactile devices (Axonvr). The benefits
of rotary actuators include their cost-effectiveness, relatively strong vibration, and relatively lower
requirements for electronics. Their drawbacks include their slow response time, which is usually in
the range of tens of milliseconds. In addition, because the rotation it generates is non-directional, it is
also not suitable for high-quality precision tactile feedback. Also, the size of the rotary motor is usually
relatively large, which makes it a poor candidate for high-resolution tactile displays.

3.2. Linear Electromagnetic Actuators

Linear electromagnetic actuators (LEA) are another main way of using electromagnetic inputs
to generate vibration. When a current passes through the conductive wires wrapped to form a coil,
an electromagnetic field is generated. That field either pushes or drags a permanent magnet inside the
coil, depending on its physical orientation and the direction in which the current flows into the coil;
the motion of the magnet, in turn, causes a tactile vibration. LEA actuators are also commonly used in
mobile phones, because of their low cost and the appropriateness of their compact size for the mobile
phone scale. The actuator only works at the resonance frequency of the system. Although the LEA
reacts faster than a rotary motor, it is still rather slow for a fast response tactile system. In addition,
making the actuator can be complicated.

3.3. Electroactive Polymer

Electroactive polymers (EAP) are a group of polymers that change shape or size when an electric
field is applied. When they change shape or size, a vibration is formed. Electroactive polymer actuators
provide quasistatic millimeter-scale actuation, and are small enough to be arrayed with a pitch of
a few millimeters, but they typically have actuation times on the order of tenths of seconds to tens of
seconds [32,33]. The EAP is robust, but slow in refresh rate. In addition, a voltage higher than 300 V is
normally needed to activate the actuator, which is not ideal in a portable tactile device.

3.4. Shape Memory Alloy

Shape memory alloy (SMA) actuators are metal alloys that remember their original shapes; their
shapes change under the response to a temperature change, for example, via Joule heating. This effect
happens because of the reversible phase changing inside the alloy. Though SMA tactile displays have
been developed to provide large displacement and high force, their slow response times and large
power consumptions make real-time vibrational graphical tactile display almost impossible [34-36].
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3.5. Carbon Nanotube

As one of the smart materials, carbon nanotube (CNT) plays an important role in providing
actuation for tactile sensation. With the ultra-strong sp? carbon—carbon bond, carbon nanotubes
(CNTs) have a great combination of high mechanical (5-fold stiffness vs. steel, 10-fold strength vs.
carbon fiber) [37-40], electronic (current density is 1000 times higher than copper) [41], and thermal
conducting properties [42]. This high aspect ratio, lightweight [43], and stable material can also be
synthesized and fabricated into various sizes and shapes, as well as form composite networks with
other functional materials [44,45]. All these advantages make CNTs an ideal candidate for making
high performance mechanical, electrical, and even thermal tactile actuators [46—49].

Generally, the role CNTs play at actuation are utilizing the high electrical conductivity of CNTs
to sense signals and transfer energy; realizing large stroke and fast response actuation by stretching,
twisting, and bending the CNT based structures; or a combination of both. Baughman, et al. [50]
have first demonstrated the electromechanical actuators based on sheets of single-walled CNTs,
indicating CNT networks are a high potential durable media for various applications, such as low
voltage-activated microcantilevers for medical catheters, or temperature insensitive material for jet
engines. Lima, et al. [48] have demonstrated strong and fast hybrid CNT artificial muscles powered by
electrically, chemically, and photonically activated guests.

A few approaches have been developed for tactile CNT actuators with different mechanisms.
By adapting the high mechanical strength and high conductivity of MWCNT, Wang et al. [51]
have developed a PDMS/MWCNT (Polydimethylsiloxane /Multi Wall Carbon Nano Tube) coplanar
electrode layer to overcome crosstalk effects in the tactile array (Figure 2). Other approaches,
such as activating CNT composites via different materials, have also shown promising results
for tactile applications. Camargo et al. [52] have demonstrated a tactile device powered by
optically activating the liquid crystal-carbon nanotube (LC-CNT) composite Braille dots (Figure 3).
Pyo et al. [53] have demonstrated a CNT-PDMS composite tactile sensor, with the advantages of
low-cost, batch production.

Due to a scaling degradation, large-scale CNT networks have much lower performance compared
with ideal individual CNTs [46,47]; recent research has demonstrated that transfer of weak van der
Waals CNT contacts into larger covalent junctions via appropriate electrical pulses is a promising
method to overcome the challenge [54], which could further optimize the performance of CNT
tactile actuators.

I Parylene

Au

Il FPDMS/CNTs

Figure 2. Assembly of PDMS/MWCNT-based tactile sensor array with coplanar electrodes. Adapted from [51].
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Figure 3. Schematic concept of carbon nanotube (CNT) composite film driven by the light source to
form “blister” shape and flat shape for actuation. (a) Default state: the light source is OFF. The feature
is a high-relief dot; (b) the feature flattens when it is light-actuated. This actuation is reversible when
the light is turned off. Adapted from [52].

3.6. Piezoelectric Actuators

The piezoelectric effect was discovered in 1880 by two physicists [55]. It describes the phenomenon
that in a certain group of materials, an electrical potential is generated when a mechanical load
(pressing or squeezing) is applied on the material. In most crystals like metal, the unit cell that is the
minimum repeating structure is symmetric. In contrast, in piezoelectric crystal structures, the unit cell
is not symmetric. Piezoelectric crystals are electrically neutral in their initial state. They can have an
electric polarization when no load is applied (being both ferroelectric and piezoelectric) or no electric
polarization when no load is applied (being purely piezoelectric). When a mechanical load is applied,
the positive and negative charges separate, generating an electrical potential across the piezoelectric
material [56-59]. This process is also reversible (Figure 4). When a voltage is applied to the opposing
faces of the piezoelectric material, the material needs to rebalance the electrical charges inside it,
which causes a mechanical deformation. In order to create the piezoelectric effect in piezoceramics,
in which the piezoelectric crystal grains are randomly oriented, the material needs to be heated to
high-temperature under a strong electric field in a process called poling. The heat allows more free
movement of the molecules, and the poling directions of each grain are forced into nearly the same
direction under the strong electric field. After the poling process, the piezoelectric effect is obtained in
the treated material.

(a) i,; (b)
! | l
! vV

Figure 4. Schematic diagrams showing the piezoelectric effect. The dashed outline represents the
object’s original shape; the solid outline represents the object’s deformed shape-contracting (a) and
expanding (b).
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Frequently used piezoelectric materials include piezoelectric ceramics, such as lead zirconate
titanate (PZT), and piezoelectric polymers, such as polyvinylidene fluoride (PVDF). The crystal
structure of piezoelectric ceramics is close to a cube, in which, for example, eight metal ions with
two negative charges take positions at the eight corners, six oxygen ions with two native charges
take positions at the six faces, forming tetragons inside the cube, and a metal ion with four positive
charges is located at the center of the cube and the tetragon. When the temperature of the material is
above a certain value, called the Curie temperature (which depends on the material), each crystal has
a symmetric structure with no electric dipole. When the temperature goes below the Curie temperature,
the crystal cube turns dissymmetric, resulting in an electric dipole in a certain direction. If such
dipoles randomly distribute inside a material, the material does not show net polarization. However,
piezoelectric ceramics are ferroelectric below the Curie temperature, with permanent polarization
and deformation after being poled by an electric field. In this way, such materials have the ability to
generate an electric field in response to strain, or to undergo strain in response to external electric field.
Piezoelectric polymers, such as PVDEF, are also widely used as electrical generators. The structure of
PVDF depends on the structure of the molecular chain, resulting in different polymer phases. Similarly,
when poled, PVDF is a ferroelectric material that exhibits the piezoelectric effect.

The relationship between the mechanical deformation and the voltage applied to the piezoelectric
materials is defined as a piezoelectric coefficient, which is mathematically defined as in Equation (1):

strain developed

- applied electric field @

Three axes, termed as 1, 2, and 3, are used to identify directions in piezoceramic material.
The terms 1, 2, and 3 represent the axis of X, Y, and Z in the spatial 3D set of axes (Figure 5). The axis 3
is defined as the axis that is parallel to the polarization direction during the poling process. In practice,
the piezoelectric coefficient is described as d;j, in which the subscripts i and j represent the poling
direction of the piezoelectric material, and the direction of the mechanical strain, respectively. A larger
djj value means that the material has a greater mechanical deformation under a same electric field in
the specific direction defined by i and j. The most commonly used d; are d33 and d3;. The term ds;
describes a positive strain in the direction of its length when an electric field is in the same direction.
The term d3; describes a negative strain in the transverse direction as the electric field.

=
i
] <+’|

1L

(b)
—_———-a +
F [ -Ei : Y,
<« | b .
[P ——————————— 7

Figure 5. Schematic view of piezoelectric beams generating voltage in (a) 33 mode, and (b) 31 mode.
The dashed outline represents the original shape; the solid outline represents the deformed shape.
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The piezoelectric effect has been used to produce vibrotactile motion. Piezoelectric materials
can be either solid ceramics or soft gel-like polymers, and they change shape when a voltage is
applied. This process is reversible, so piezoelectric materials are also often used in sensors to detect
mechanical deformation or the corresponding force applied on the material. Piezoelectric materials
responds very quickly (microseconds) to electrical stimuli, and thus, are often used to produce
high-frequency vibration.

3.6.1. Piezoelectric Bending Beam Actuators

The piezoelectric effect is found not only in piezoceramics, but also in polymers like PVDF
(polyvinylidene fluoride). Piezoelectric polymer can provide a good pulling force, not a good pushing
force, because of its mechanical flexibility. It also has a smaller piezoelectric coefficient compared to
piezoelectric ceramic; thus, it is not suitable for applications in which high-frequency vibration with
reasonable voltage is needed.

Piezoelectric actuators may be structured in various ways to produce extensional or bending
actuation. When a single, long, thin plate or beam of a piezoceramic is poled in its thinnest dimension,
it forms a piezoelectric unimorph actuator. When a voltage is subsequently applied across its thinnest
dimension, the unimorph undergoes changes in length and thickness; in other words, it forms an
extensional actuator. An alternative structure, a piezoelectric bimorph actuator, may be created by
laminating two unimorphs together, so that the structure’s thickness is doubled. The two unimorphs
may be laminated, so that their polarizations are either parallel (called Y-poled) or antiparallel
(called X-poled). When voltages are applied across the two layers of the bimorph, the bimorph
can provide extensional actuation (like a unimorph actuator) or bending (when one layer is contracting,
and the other is expanding under the influence of an applied voltage), depending on polarities of the
applied voltages.

Piezoelectric bimorph bending-beam actuators may be used for vibrotactile applications.
The vibration occurs when an alternating voltage is applied to the actuator. A device called the
Optacon [60] was created in the 1970s to permit visually-impaired people to read text from a page
without first translating the information into Braille. The system includes a camera that can be manually
scanned across written text; an image of each character is then transferred into a pattern of vibrating
piezoelectric beams in which the beam tips replicate the pattern of black and white of the character on
the page. The piezoelectric beams are bimorph actuators that vibrate to deliver vibrotactile sensation.
Although the Optacon is no longer in production, existing units are still in use by a group of people
who find its capabilities indispensable. An alternative integrates piezoelectric bending beam actuators
perpendicular to the tactile sensing plane, enabling large bending beam actuators to be tightly packed
for fully 2D displays [61]. The large amount of piezoelectric material required potentially increases the
cost of this type of architecture, as for other piezoelectric bending beam actuator systems.

3.6.2. Piezoelectric Extensional Actuators

Although most tactile displays that engage the piezoelectric effect utilize bending actuators,
there are some tactile displays that use extensional piezoelectric actuators. Piezoelectric extensional
actuators are not able to provide as large of a displacement as bending actuators, but with some
motion amplification mechanisms, they can be compact and still efficient. Piezoelectric extension
actuators and MEMS technology are also increasingly being leveraged to create tactile displays,
as in [62-70]. Important challenges nonetheless remain, including spatial resolution, refresh rate,
fabrication complexity, and cost.

3.7. Pneumatic Actuation

In pneumatic actuation, air pressure changes are used to provide direct or indirect vibration to the
user’s skin. The pressurized airflow directly causes a pressure or acts as a driver to move mechanical
parts to interact with a finger [71,72]. Pneumatic actuator systems can be compact and light, but they
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require external air pumps to generate air pressure, and high-frequency output can be a problem for
pneumatic tactile display.

4. Conclusions

Although refreshable 2D graphical interfaces have tremendous potential for conveying complex
information, it is challenging to create actuators that are compact enough to be arrayed into an
arbitrarily large number of rows and columns, while still being robust, easy to sense, and rapidly
switchable. Each of the technologies presented in this chapter has its own advantages and
disadvantages, certain types of actuator should be chosen in various applications in terms of the
tradeoff between tactile feedback effectiveness, system complexity, power consumption, and cost,
as shown in Table 2.

Table 2. Comparison of common vibrotactile actuation types.

Actuation Feedback System Size Power Response Cost
Types Effectiveness Complexity Consumption Speed
Rotary Motor Bad Good Bad Marginal Good Good
LEA Marginal Good Bad Marginal Good Good
EAP Good Marginal Good Bad Bad Marginal
SMA Good Bad Good Bad Bad Marginal
Piezoelectric Good Marginal Marginal Good Good Bad
Pneumatic Good Bad Bad Bad Marginal Bad
CNT Good Marginal Bad Marginal Bad Bad

Research on high performance micro actuators is important, because they can be manufactured
economically not only for assistive technology (e.g., interfaces through which people with blindness
or low vision can perceive their environment), but also for enhancing the multi-sensory displays for
private communication (e.g., silent, covert communication for military personnel), or advancing the
tactile feedback in virtual reality, or providing motion and force in microrobotics. The main challenge in
creating a small-sized actuator for high resolution tactile displays is that conventional macro actuators
are large in size, making high resolution hard to implement, whereas MEMS actuators are small,
making adequate force and displacement for human sensing difficult to attain. Suggested research
work should investigate how actuators can bridge the gap between macroscale forces and microscale
compactness to create effective tactile stimuli at the MEMS size scale.

Conflicts of Interest: The authors declare no conflict of interest.
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