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Abstract

Tactile rendering attempts to replicate touch stimuli with the aid of haptic devices so that the perception of a material can be stored and
transmitted to a remote user. Haptic devices have potential implications on prosthetics, rehabilitation, telemedicine, and virtual reality. Research
on haptic interfaces and novel approaches to rendering tactile feedback in virtual and immersive environments has grown recently. We conducted a
comprehensive analysis to obtain information on tactile rendering, in general, from scholarly works published between 2009 and 2019. We present
a consolidated report on the current techniques on tactile rendering of textile materials. Existing research on tactile rendering focused on three
significant areas: surface feature extraction, virtual texture simulation, and assessment by a human observer. We found that in the majority of the
cases, the tactile interface system uses a mechatronics framework, where one or more electromechanical transducers converted tiny electrical
signals into mechanical forces to generate the necessary haptic stimuli. Furthermore, the paper discusses the prevailing critical challenges in tactile

rendering and the directions for future research.
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Introduction

The clothing industry is undergoing a digital transformation.
Demand for realistic tactile simulations is increasing in the clothing
and textiles field due to growing online shopping and virtual
prototyping needs. The critical requirement is to incorporate
virtual technologies to aid the manufacturers for speed to market,
and sustainable and transparent product development. In the
future, virtual rendering will replace the actual fabric samples.
Digital materials will become a key component in product
development and sales. To fully realize this digital transformation,

touch rendering is crucial.

Replicating touch-related physical contact experience through
tactile interfaces is challenging in haptic technology, especially for
flexible fibrous materials. Nevertheless, researchers developed
many ways to mimic the surface characteristics of textile materials.
The tactile property of textile materials greatly varies by fiber
composition, types of yarns, and fabrication processes. The haptic

@ @ This work is licensed under Creative Commons Attribution 4.0 License | JTSFT.MS.ID.000714.

display is generally carried out by extracting material surface
features and converting them into artificial tactile stimulation to be
perceived through rendering devices [1-6]. The fundamental idea
of haptic technology is to communicate somatosensory information
virtually or remotely. In a broad sense, haptic technology can be
categorized as kinesthetic (force and motion) or tactile (touch-
related)

purported for a) measuring the forces and movement exerted by

[7,8]. Kinesthetic or force feedback interfaces are

human limbs, b) computing the effect of this force on virtual objects
and counterforce response, and c) applying the appropriate force
feedback to the user. On the other hand, the tactile interfaces
reproduce touch-related physical contacts with the environment,
i.e., tactile sensations, such as pressure, texture, softness, wetness,
thermal properties, and puncture, friction-induced sensations,
such as slippage, adhesion, and micro failures, and object features,
such as shape, edges, embossing and recessed features [9-16]. The
artificial tactile simulation and how closely it imitates reality can
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vary from device to device, depending on the rendering technique.

The current study provides a comprehensive review of haptic
technologies existing for textiles, based on scholarly works from
the last ten years. Peer-reviewed work of researchers was collected
using Google Scholar, PubMed, ScienceDirect, and IOPScience
search engines. The review presents two major sections (sections
3 and 4) that illustrate the haptics and its rendering processes.
Section-3 focuses on extracting surface properties from textile
substrates and the suitable methods available for this purpose.
Section-4 shows how various tactile rendering techniques employ
virtual encoding of surface data of substrates to use with rendering
devices. Section-5 presents the key challenges in tactile rendering
and provides future research directives.

The Sensory Pathways of Touch

Touch is one of the five human sensual abilities. These sensual
elements are necessary to identify and interact with objects in the
environment. The human touch sensory system comprises various
receptors in the skin layer, where every receptor detects different
tactile sensory components. For instance, mechanoreceptors can
recognize surface property; thermoreceptors can identify the
temperature level. In the haptic research study, mechanoreceptors
have gained a considerable amount of attention from researchers
since these receptors can sense pressure, vibration, and surface
roughness. Mechanoreceptors can be (i) fast adapting, (ii) moderate
adapting, and (iii) slow adapting. Fast adapting mechanoreceptors
(Pacinian) are efficient to sense minute and quick changes, and the
response time is less than 0.1 sec. These receptors can perceive the
surface roughness property of textiles and other materials. The
human skin’s Hypodermis layer (the deep layer) carries the Pacinian
cells. Moderate adapting mechanoreceptors (Meissner) can detect
surface contact, such as the presence of an insect on the skin, and
the response time is near to 1 sec. The Dermis layer contains these

receptors. The slow adapting mechanoreceptors (Merkel) identify

Table 1: Surface roughness characteristics and measurement techniques.

static pressure and shape of the object, which is close to the skin
surface. The response time ranges from 10 to 100 sec [17].

In an actual touch interaction, the skin’s mechanoreceptors
generate signals as the object in contact slides and transmit them
to the human brain. Subsequently, the brain perceives the object’s
surface information and additional properties [18]. In a virtual
environment, the contact interface is unreal. Hence, artificial
vibrations and interactions are presented to the skin through haptic
devices and translated into touch perception in the brain.

Tactile Sensory Perception of Textiles

Traditionally, a human observer assesses the tactile perception
of textile materials in a laboratory setup. This perception may
vary from person to person depending on the palm prints and
the skin type of the observer. Human assessment of the tactile
quality of fabrics is a complex multi-dimensional analysis during
which the fabric is touched and manipulated with the fingers to
sense the properties. Such sensing helps perceive fabric softness,
flexibility, compressibility, roughness, elasticity, bulkiness, and
thermal characteristics. Artificially emulating the same sensory
feel of textiles is the goal that haptic devices hope to achieve. To
understand the haptic rendering techniques in reproducing the
feeling of touch, knowledge of the physical characteristics of fabrics
is necessary. The physical properties can be standalone such as
surface roughness and other frictional properties, or a combined
measure, such as fabric handle or hand.

Surface characterization

The surface roughness/smoothness of textiles is the most
common measure used in determining the tactile properties of
fabrics. The sliding friction between the fingertip skin and the fabric
surface measures the surface roughness. This friction depends on
various contact parameters, sliding speed, surface roughness, and
texture [10]. Several measurement techniques exist to measure
surface roughness analysis in fabrics (Table 1).

Friction and roughness

Surface Tester in KES-F [19-27]

Sliding friction

Tribometer [28]

Sliding friction

Smart texture sensor [29-62]

Roughness and texture

Computerized image processing [63,64]

The friction and roughness tester within the Kawabata
Evaluation System for fabrics (KES-f) remains a standardized
system to test fabric surface characteristics. The tester uses steel
fingertip contactors probing the fabric surface for measuring the
mean deviation of surface contour, coefficient friction, and mean
deviation of the coefficient of friction [19]. A similar and slightly
advanced approach, the smart texture sensor, uses flexible finger-
like sensors instead of metallic sensors to mimic the human skin
and sliding action while analyzing surface properties [57,58]. The

texture sensor was introduced at the beginning of the 21st century.
It uses a thin, flexible polymer-based film [57]. The smart texture
sensors possess different surface feature extraction mechanisms
[59,60]. Some use a rotational mechanism [61], and some have a
fixed plane to assess the surface [10]. However, both devices have a
finger-shaped probe covered by a texture sensor at the outer layer.
Researchers have widely used polyvinylidene fluoride (PVDF)
based flexible films as smart sensors because of their excellent
piezoelectric property and cost-effectiveness [62]. PVDF is semi-
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crystalline and synthesized from (-CH2-CF2-)n. The difference in
electronegativity of carbon and fluorine atoms allows it to generate
various electrical potentials during sliding under normal contact
forces. The resulting potential difference is converted to aroughness
measure [61]. Song, et al. [61] developed a fingertip shape smart
sensor covered by PVDF film using a rotation disk for texture
classification. The PVDF was connected with a micro- controller
to process the raw data. The relative motion between the texture
sensor and fabric surface is facilitated during the experiment
by adjusting the desired sliding speed and normal contact force.
Based on the same principle, Rahmalho, et al. [10] developed a
hand-held probe to assess the surface friction of different fabrics
at a fixed plane. The probe’s design allowed efficient handling
and operation. The tip of the probe has polyvinyl chloride (PVC)
covered soft surface, which was mounted on the artificial finger and
allowed to slide in a linear or tangential direction to measure the
surface friction. The probe cable connects to a computer for further
characterization.

TriboTouch is another simplified setup to measure surface
roughness, where observers use their right-hand index finger
mounted with an accelerometer. The accelerometer can quantify
vibration spectra that originated from the sliding rate. The
vibration spectra computed as a function of sliding speed provide
the surface roughness wavelength [1, 44]. The roughness of the
three basic weave structures (plain, twill, and satin) tested by
TriboTouch revealed that the resulting vibration due to surface
friction increases with the yarn density along the weft direction.
On the other hand, the vibration due to surface friction decreases
with the yarn fineness along the weft direction. Finally, the friction-
induced vibration increases with the number of interlacements in
the weave structure. Satin weave provided less vibrational feeling

during the experiment [11].

Computer vision-based analysis of fabric roughness is evolving
inrecent times. 2D and 3D scanned images of fabrics in combination
with advanced digital image processing techniques, and computer
algorithms measure the fabric roughness parameters. Wang, et al.
[63] developed an algorithm and a novel 3D scanner that could
recognize the weave pattern in addition to the roughness of the
textile substrate. Silvestre-Blanes, et al. [64] used multiple laser
vision cameras to evaluate washed garments’ wrinkled surface
and smoothness. The camera position significantly influences the
estimated roughness of the fabric, causing inconsistencies. The
computer vision technique for texture recognition backed up by
artificial intelligence is needed for future textile haptic research.
Capturing the surface property of materials using imaging is
much more efficient than the previously described surface
characterization technique.

Fabric hand

The aggregate physical characteristics of textiles that define the

tactile sensory perception is called ‘fabric hand. Hand expressions
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are important fabric properties that experts commonly utilize to
communicate the tactile nature of the fabric subjectively. Kawabata
et al. identified (i) stiffness (Koshi), (ii) smoothness (Numeri), (iii)
fullness (Fukurami), (iv) crispness (Shari), and (v) anti-drape (Hari)
as primary hand expressions for suiting fabrics. KES-F instrument
allows quantification of fabric hand using a set of objective measures
and their correlation with subjective evaluations of tactile comfort.
Four different low-stress physical properties of fabrics, (i) tensile
and shearing, (ii) rigidity and bending, (iii) compression, and (iv)
surface friction/roughness, are analyzed in the experiment. A total
of 17 properties are measured for a given fabric, i.e., tensile strain,
tensile resilience, linearity in extension, tensile energy, bending
stiffness, bending hysteresis, shear rigidity, shear hysteresis, shear
hysteresis at 5° shear angle, linearity in compression, compression
energy, compressionresilience, mean frictional coefficient, frictional
roughness, geometrical roughness, fabric thickness, and weight.
Translational equations convert the 17 individual properties into
a primary and a total hand value. The total hand value defines the
overall hand of the fabric estimated from the primary hand values.
The total hand value is a numerical expression, ranging between
one and five, describing the tactile quality of the fabric, where five
means excellent hand and one means poor hand [65, 66].

Fabric Assurance by Simple Testing (FAST) isanother fabrichand
system that measures the fabric’s compression, bending, extension,
and dimensional stability characteristics. The CSIRO Division of
wool technology of Australia developed the FAST in 1980. The
instrument is digitally enhanced and simple to evaluate the low-
stress mechanical properties of lightweight woven substrates [10].
As fabric hand properties match the tactile sensation experienced
by human hands, it is a critical element for artificial emulation of
the sense of textile touch.

Haptic Rendering Techniques for Textiles

The term “tactile rendering” is associated with the touch
sensation of virtual products, where tactile rendering devices
artificially simulate the surface properties of a real object. It allows
a human observer to feel the surface despite not touching the real
object. The study of tactile rendering techniques started long ago
with Braille Display made for blind people to perceive the written
alphabets on a planar surface. Since then, scientists have invented
several methods of tactile rendering. For example, touch screen for
navigation [8], endovascular telesurgery [5], gaming interface, and
vibrotactile stimuli [11,67,68]. However, to simulate the surface
characteristic of textile substrates, the rendering technique should
work at a micro-scale since yarn fineness and weave structures
contribute to the roughness.

The surface area of the tactile display panel or stimulator
is a crucial factor in determining the stimulation type. In local
stimulation, a computer program controls a matrix of pins to
generate the stimulating surface. The contacting area is somewhat

less than or equal to the fingertip shape — for instance, braille
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display, shape memory alloy (SMA)-based miniature tactile
simulator, HAPTEX (24 arrays of pins) [69]. In contrast, global
stimulation consists of a large area for tactile sensation. Users are
required to slide their fingertips over the examining surface to
perceive this type of stimulation. It provides a better idea regarding
the object’s surface properties [8]. The magnitude of local and
global stimulation depends on the normal and frictional/lateral
force originating at the stimulator panel, which causes touch feeling
[70]. The normal force acts perpendicularly against the fingertip
surface, and the relative motion between the tactile stimulator
panel and the human fingertip creates the frictional/lateral force.
Moreover, the touch sensation of the human observer depends upon
the sliding frequency and the actuated frequency of the stimulator
panel. The following sections describe how the measured surface
characteristics are artificially generated in various tactile rendering
devices.

Electrostatic display

The electrostatic display employs electrostatic force to provide
artificial surface roughness stimuli. The two popular electrostatic
display types are voltage-driven electrostatic and dielectric-based
tactile displays. The voltage-driven electrostatic device consists of
electrodes and a thin slider film. The electrodes are stationary and
distributed around the surface of the device in a regular pattern.
During the fingertip sliding activity, the electrodes cause differential

Table 2: Tactile rendering techniques and instrumental variables.

voltages that provide a sense of surface friction. The inner surface
of the thin film has a layer of aluminum coating. A linear decoder
placed in the slider film spots the finger’s position. These devices
can simulate surface textures at micrometer resolution with the
electrodes positioned ata 1 mm pitch [12]. Ina further development,
Ishizuka, et al. [13] introduced Cr-based electrodes with a very high
resolution amounted to less than a micrometer. The width of the
electrode was 0.95 mm, with a pitch of 0.05 mm [13].

The surface’s insulating layer (alternative to the thin slider
film) was of Si02. In most electrostatic displays, a soft and flexible
insulating layer overlaid on rigid touch panels is used [14].

The dielectric layer-based displays consist of actuators
separated by dielectric layers [15]. The dielectric layers either
contract or expand as a function of a voltage applied to the
actuators. As a result, the stimulator tip rises or lowers and offers
surface roughness stimuli. Penn Haptic Texture Toolkit HaTT [16],
touch screen devices [1,71], and Braille windows [2] are created
based on the electrostatic principle.

Even though the working principles are somewhat similar for
the two display types, there are key differences in the measuring
variables. The five most frequently used variables related to
electrostatic tactile display are the normal contact force, frictional
force, lateral force, sliding speed, and actuated frequency. Table 2
lists the values of these variables.

Electrostatic [72-87] Sliding speed 3 to 100 mm/s 0.1t0o 0.6 N /0.01 to 43.4 kN 0.5to 1920 Hz
Thickness of the piezoelectric film
Polymeric [3,90-100] 0.12to5N/Upto1N 0to 3000 Hz
5 pum to 135 mm
Pitch 0.5 to 2.54 mm
Rheological fluid [101-109] 0.01to5N 300 Hz
Refresh time 1 msec to 1 sec
Stroke 0 to 25 mm Upto25N 10 to 300 Hz
SMA [110,112-123] Pitch 0.5 to 2.5 mm
Refresh time 1 msec to 0.8 sec
Pneumatic
Stroke type [123-125] Stroke 700 um to 0.2 mm Up to 200 kN
Balloon type [126-132] Cavity size 1.5 to 4 mm Up to 80 kN 2 to 83.3 Hz
1.01 to20N
Non-conltgglu;tsrasound Operating height 8.6 mm to 50 cm 1to 1000 Hz
[ 1 (acoustic force)
Polymeric display is applied [88]. EAPs have some exceptional features, for instance,

Electroactive polymers (EAP) are widely used in actuation,
chemical sensation, and physical stimuli. In recent years, EAPs
have been employed to create touch panels that deform locally by
raising or lowering the array of actuators when an external voltage

high strain with low modulus value and the ability to change shape.
That makes them a perfect candidate for tactile actuation. There are
two types of EAP tactile displays; (1) ionic EAPs and (2) electronic
EAPs [89].
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Ionic EAPs are conductive polymers or polymer-metal
composites, generally synthesized from polypyrrole (PPy) and
poly(3,4-ethylenedioxythiophene) (PEDOT). The construction
of ionic EAP actuators demands an ion tank that facilitates ion
migration during surface deformation under current supply. The
voltage required for this type of actuator is very low and often
less than 5V. On the other hand, electronic EAPs use dielectric
elastomers and piezoelectric polymers. They do not need any
ion reservoir; instead, they generate ultrasonic waves to produce
tactile perception [89].

In piezoelectric polymer-based tactile displays, a propagating
ultrasonic wave produces touch stimuli [3,4]. The wave is created
by stimulating a pair of interdigital transducers patterned in PVDF
piezoelectric polymer film. During a touch event, the ultrasonic
wave propagates from one end of the transducer to the other end
and returns to the source end. The process is repeated continuously
throughout the touch. This reflection mechanism creates a standing
wave between the pair of transducers, which gives the perception
of surface texture [3]. Some other piezoelectric tactile displays have
a moving part down under the probe, which assists in modulating
the traveling wave during finger-sliding. This modulating traveling
wave helps to provide actual texture perception depending on
finger placements [4]. The systematic review found 14 scholarly
works on the piezoelectric tactile display. Normal contact force,
frictional force, the thickness of the piezoelectric film, and actuated
frequency are the control variables in these displays (Table 2).

Rheological fluid display

The rheological fluid is a special carrier fluid capable of
changing the form from liquid to pseudo-solid state under electric
and magnetic fields. The fluid particles are randomly oriented
under normal conditions and with an applied external magnetic
field, the fluid viscosity changes due to controlled orientation. The
rheological fluid is usually a kind of oil. Electrically active fluids
are known as ER, and magnetically active fluids are known as MR.
MR fluid-based haptic displays are primarily used in endovascular
telesurgery [5,104-109]. The device has two main parts; master
and slave. The master site consisted of a rigid catheter embedded
with MR fluid container at the user end, which allowed a person to
work with the haptic system depending on the applied magnetic
field.

The rigid catheter provided a passive haptic sensation
concerning the user’s axial and radial motion in the haptic interface.
The slave site collected axial and radial motion values from the
master site and replicated them in a VR system. However, whenever
the rigid catheter moved to the danger zone or vascular wall, the
slave site showed a danger signal [5]. The evaluation of this haptic
interface using human subjects revealed that a little bit of training
of human subjects enhanced the performance. The ER fluid-based
tactile interfaces work based on the pressure-driven flow of ER fluid
placed between plates. When no voltage is applied, ER fluid remains
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liquid. In this case, if the human observer slides his fingers over
the tactile display, he will not feel any opposing force or vibration.
ER fluid turns into a pseudo-solid state when an external voltage
is applied, which provides opposing force or vibrational feeling.
The device is equipped with a dynamic mechanical analyzer to
measure the emerging resistive force concerning different amounts
of the applied voltage. The study revealed that the resistive force
or vibrational feeling increases with the applied voltage [6]. The
advantage of MR/ER fluid display is that it can quickly switch the
state from pseudo-solid to fluid or fluid to pseudo-solid. The time
taken for changing the state is known as refresh time. If several
MR/ER-based tactile actuators are arranged to form an array, they
can generate effective feedback. Table 2 lists the most frequently
controlled variables and their values in the rheological fluid display.

Shape memory alloy display

A shape memory alloy (SMA) is a smart material that deforms
under cold temperature but retains its original shape when
subjected to heat. There are two types of SMA display; such as (1)
MEMS (Micro-Electro- Mechanical Systems) based display and
(2) wire-based display. The MEMS-based tactile display has an
SMA- based thick film actuator that deforms its shape under heat
to facilitate the raising or lowering of the pins [110]. The device
mainly consisted of pins, cap layer (for hiding the pins), spring-
shaped SMA actuator, and micro-heater [110]. When an electrical
voltage is applied, the micro-heater heats the actuator. As a result,
SMA spring-shaped actuator retains its flat shape and raises the
pin. On the other hand, when the actuator is cooled, the spring
deforms into a curve shape that pushes the pin down [110]. The
pin’s vertical upward and downward movement defines the stroke
length. The wire-based tactile display uses SMA wires that shrink
under electric pulse. Suppose T2 is the raised temperature after
the SMA wire receives a weak current, then the wire shrinks
lengthwise. It returns to its previous dimension and temperature
T1 when the supply current is withdrawn. The advantage of this
SMA wire is that it could rapidly cool down and retain the original
form [111]. Commonly, the pulse current creates a micro-vibration
effect in SMA wire that generates touch sensation for the human
observer. The device could generate up to 300Hz frequency [111].
See table 2 for SMA tactile display, measuring variables, and their
numerical parameters.

Pneumatic display

The pneumatic displays are mainly two types, a) stroke display
and b) balloon display. The stroke display uses pneumatic pressure
to raise or lower the array pins of the contactor for tactile feedback.
The air supply is controlled based on the texture value of the
textile substrate [8,123]. On the other hand, the balloon displays
have cavities on the actuation layer made of silicone material in
most cases. Instead of raising the pin, the balloon displays produce
airborne layers using the cavities for touch sensation [126-132].
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Noncontact ultrasound display

Display techniques discussed thus far are direct contact methods
for tactile feedback. The ultrasound technique is a non-contact
method for producing an airborne tactile sensation. Takayuki Hoshi
and his colleagues invented ultrasound-based non-tactile displays
in 2008, and the development of this invention is still going on.
The display does not require physical touch by a human observer.
Instead, it uses an aerial imaging system to produce airborne layers
on the top surface of the display. So, whenever the observer slides
a palm over the airborne layer, the roughness can be felt [133]. The
ultrasound transducers create three- dimensional forms in space
employing acoustic radiation pressure covering a wide range of
frequencies with low spatial resolution [134]. Comparing three
ultrasound tactile displays with 10 x 10, 10 x 20, and 20 x 20
transducers (single, double, and quad tiles) showed that the tactile
feedback sensitivity depended on four parameters. They are the
workspace span, resolution of the tactile display, the magnitude of
the force feedback created by the airborne layer, and robustness of
the simulation. The results showed that the workspace elevation
and magnitude of the force feedback were almost similar for the
three displays. The workspace increased with the number of
transducers along the plane. However, the robustness decreased
with the number of tiles [135]. Since the ultrasound tactile
display creates an airborne layer instead of a solid surface, it has
an operating height from the ultrasound transducers’ basement,
which generates acoustic force with the help of a base operating
frequency of 40 kHz. Later, modulating this operating frequency
generates the actuated frequency for human touch sensation. Table
2 lists the most widely used variables and their values in ultrasound
tactile display.

Key Challenges and Future Research Perspectives

Textile materials are complex multi-scale structures. A fabric,
for instance, is a 2D plane with indentations due to weave or knit
patterns. Within the fabric, yarns are arranged in horizontal and
vertical axes. These yarns are, in turn, made of strands of fibers
arranged helically. Depending on whether these yarns are filament-
based or staple fiber-based, they can protrude on the surface of
the yarn, providing a whiskery surface. When a human observer
touches the surface of a fabric, all these structures generate very
complex stimuli that are very hard to delineate. In such a scenario,
attempting to re-create the same stimuli through tactile rendering
is challenging. Nevertheless, researchers are progressing to achieve
close-to-real textile stimuli through tactile rendering.

Several rendering techniques discussed here attempt to
generate stimuli signals to emulate the sliding touch of textile
materials. Both contact and non-contact methods are limited to
operating in a rigid framework, i.e., the whole display does not
deform like a piece of fabric. This property is essential because
when a human observer handles a fabric, the stimuli originate

not entirely from surface sliding. Instead, a complex interaction
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happens where the fabric is deformed, compressed, and strained.
The resultant perception about the fabric is possibly a non-linear
cumulative phenomenon, which cannot be delineated. There is

little or no research addressing this issue.

Since tactile perception is related to human neurophysiology,
it may be helpful to study the neural responses of humans as they
evaluate a textile material. Comparing those neural responses
with those attained with the rendering devices can show how
much a device can successfully emulate an actual textile material.
Additionally, the physical evaluation varies from person to person
due to individual variances in the applied forces, duration and
frequency of contact, and whether they use one hand or both. These
issues have to be factored into the design of rendering devices so
that a closed feedback loop forms between the device and the
human observer.

Conclusion

The study presented a review of various technologies available
to render tactile stimulation to humans, particularly those that
mimic textile materials. Textile industries relied on human
observers to evaluate the handle or feel of manufactured fabrics.
The evolution of devices such as KES-F and FAST gradually phased
in to replace the human observer. The complexity and lack of ability
to communicate human perception made these devices unsuitable
for digital systems such as online retailing and sampling. The
emergence of tactile rendering devices attempts to fill this gap by
offering the ability to store and transfer textile stimuli through a
digital medium.
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