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Abstract: While in most industries, most processes are automated and human workers have either
been replaced by robots or work alongside them, fewer changes have occurred in industries that use
limp materials, like fabrics, clothes, and garments, than might be expected with today’s technological
evolution. Integration of robots in these industries is a relatively demanding and challenging
task, mostly because of the natural and mechanical properties of limp materials. In this review,
information on sensors that have been used in fabric-handling applications is gathered, analyzed,
and organized based on criteria such as their working principle and the task they are designed to
support. Categorization and related works are presented in tables and figures so someone who is
interested in developing automated fabric-handling applications can easily get useful information
and ideas, at least regarding the necessary sensors for the most common handling tasks. Finally, we
hope this work will inspire researchers to design new sensor concepts that could promote automation
in the industry and boost the robotization of domestic chores involving with flexible materials.
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1. Introduction

Since ancient times, people have been trying to develop tools and machines to increase
productivity and facilitate everyday work. Nowadays, industries are implementing highly
automated machines—robots—to significantly decrease production costs while consider-
ably improving the rate of production. The development of robots and their integration
in production processes can relieve industries of high labor costs and human workers of
difficult, dangerous, and even repetitive, boring tasks. This allows humans to concentrate
in other fields where they can outperform robots so industries can provide products at
lower cost.

However, textile industries present a relatively low percentage of automation in
their production lines, which are constantly transporting, handling, and processing limp
materials. In 1990, the challenges of developing a fully automated garment manufacturing
process were stated in [1]. In line with the article, one of the major mistakes usually
made is facing the problem without considering engineering, by characterizing materials
as soft, harsh, slippery, etc., without using quantitative values. The author suggested
that fabrics must be carefully studied and, if needed, redesigned to fulfil the desired
specifications. When it comes to the machinery used for manipulation of fabrics, the
soft and sensitive surface of materials of this kind, combined with their lack of rigidity,
demands the development of sophisticated and specially designed grippers and robots
that can effectively handle limp materials like fabrics in an accurate, dexterous, and quick
manner. Integration of robots in production aims to improve the quality of the final product
so technology that might harm the material surface, like bulk machines used in other
industries, is not implemented.

Picking up fabric either from a surface or from a pile of cloth is probably the most
important and challenging task in fabric manipulation. Various methods to pick up fabric

Machines 2022, 10, 101. https://doi.org/10.3390/machines10020101

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines10020101
https://doi.org/10.3390/machines10020101
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-0011-0897
https://orcid.org/0000-0002-3051-7321
https://orcid.org/0000-0002-0944-6653
https://doi.org/10.3390/machines10020101
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10020101?type=check_update&version=2

Machines 2022, 10, 101

20f17

from a solid surface have been developed, such as intrusive, surface attraction, pinch-
ing, etc. [2]. Picking up fabric from a pile presents different challenges, such as detecting
the fabric and dexterously grasping it.

Fabric-handling robots could—and probably will—also be used by individuals as
home-assistive robots. The modern way of working and living, combined with the increase
in life expectancy, has resulted in a high percentage of people with limited physical abilities
who cannot easily perform many daily tasks, such as laundry and bed making. Advanced
technologies could offer a solution to these people by making home-assistive robots capable
of dealing with garments in order to help with these kinds of tasks. In addition to the
difficulties caused by the mechanical properties of garments, tasks involving human—
robot interaction should be flawlessly safe, and the robots used should be able to be
precisely controlled. For this reason, the use of sensors in such applications is necessary
to ensure the safety of humans involved. Such home-assistive applications are already
being investigated, and many research projects have developed robots that could help in
housework activities [3-12] or by assisting humans with mobility problems [13-19].

A recent approach to manipulation of clothes is CloPeMa (clothes perception and
manipulation), which aims to advance the state of the art in autonomous perception and
manipulation of all kinds of fabrics, textiles, and garments [20]. The project consisted of
experiments with several types of fabrics and different solutions for their manipulation.
Various sensors were integrated for haptic and visual sensing and recognition using a pair
of robotic arms.

The present paper, according to current technological needs, constitutes an exhaustive
review of sensors used in robotic applications involving limp materials. More attention
has been given to recent applications in order to provide more useful information to
someone interested in developing applications of their own. However, references to
former applications are also analyzed, as they might be simpler and cheaper and could
provide inspiration and include information important to an engineer. The presented
sensing systems are categorized according to type and working principle and are analyzed
according to the fabric-handling tasks of the applications.

2. Materials and Methods

All accessible applications involving sensors in the field of fabrics and, in general,
limp-material handling were examined. Research was carried out on papers, articles in mag-
azines, and books published from the 1980s until today. We processed information based
on more than 60 papers and classified the sensors used according to their working principle
(visual sensors, tactile sensors, etc.), as well as product-processing data. Classification of
the included applications is presented in Table 1.

The purpose of this review is to facilitate the process of design and development of
applications for limp materials. Koustoumpardis et al. [21] developed a decision-making
system that helps in the design of grippers used in fabric-handling operations. Inputs
include the task to be achieved and the operating principle of the gripper; the system
then outputs a suggested sensor device. Similarly, in this paper, the classification of the
references can make it easier for the reader to guide themselves to better understand the
context and ultimately decide which sensors to use in their application.

3. Sensor Analysis
3.1. Working Principle
3.1.1. Visual Sensors

Most developed applications of fabric-handling robots include visual sensors. Visual
sensors can be separated into various categories based on their working principle and
their goal. The most fundamental classification is binary vs. non-binary sensors. Binary
sensors can produce only two values as output: logic “0” and logic “1”. These sensors
are only used to detect the presence of an object. A popular application of binary visual
sensors is infrared sensors [22-24] (Figure 1), although other types of are available, such
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as fiber-optic [25-27] or optoelectronic sensors [28]. In [29] two sensors working as 1D
cameras were used as edge sensors, measuring the light of every pixel.

Receivers

Object 7

Figure 1. Depiction of a 1D infrared sensor.

On the other hand, non-binary sensors provide more information than just the exis-
tence of an object. These sensors are usually cameras, either 2D or 3D (Figure 2). According
to Kelley [30], 2D vision can usually answer questions such as the location of a part, its
orientation, its appropriacy, etc. These are the most common issues in fabric-manipulation
applications, and 2D vision can be used to effectively solve them, avoiding the significant
data processing required by 3D vision. The use of 2D cameras is very popular in applica-
tions in which object or edge detection is required, as image processing can offer a solution
that does not require interaction between the manipulator and the object. In [24], a camera
was used in different schemes to detect the location of a fabric, its centroid, or an edge, while
in [9], a camera mounted above the manipulation surface inspected the folding process
of clothes by detecting their edges and comparing images to an ideal model. Similarily,
in [31], a 2D camera observed the contour of a fabric while it was being folded and made
predictions, with the aim of acquiring knowledge concerning the behavior of flexible objects.
Other applications implementing 2D visual sensors are described in [7,23,27,28,32-37].

Figure 2. Depiction of a 2D camera.

One major drawback of 2D visual sensors is that the quality of the information they
can provide depends heavily on experimental conditions, especially lighting. In [32], a
two-arm industrial robot was used to grasp a piece of clothing from a pile, recognize it,
move it to a defined position, and eventually fold it. The authors state that besides the
challenges related to the folding of the piece, the biggest challenge was the recognition
of the piece by the vision system. The decision is made by the robot, using the shape
information provided by the 2D visual sensing system. However, the shapes of hanging
clothes are dependent on the random choice of hanging points. To solve this problem, the
authors added tactile sensors on the grippers in order to collect roughness data.

Technological progress in hardware, along with developments in artificial intelligence
(Al) and machine learning (ML), has made it feasible to process large amounts of data, the
computational cost of which would have been unbearable in the past [38]. Without these
advances, the use of 3D cameras would not be as widespread, especially in applications
for which a 2D camera could achieve satisfactory results. According to [39], despite
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the fact that 3D vision requires greater data-processing capabilities than 2D system:s, its
many advantages include independence experimental conditions, such as light intensity.
Furthermore, data-processing requirements can be offset by the value of acquired data, i.e.,
a big difference in light intensity of pixels can quickly indicate an edge. As stated in the
same article, even without a 3D camera, it is possible to acquire 3D data using the following
configurations:

Binocular stereo, where images from two cameras (or one moving camera) are combined;
Trinocular stereo, where three cameras are used, and more information can be pro-
vided, as all three dimensions can be projected;

e Longitudinal stereo, where consecutive views are captured along the optical axes, a
method used in vehicle guidance.

The advantage of 3D vision over 2D is the sense of depth that 3D can offer. Measured
depth differences in applications of fabric manipulation are usually owing to wrinkles or
edges. An RGB-D sensor was used in [40], wherein a fabric or some clothes were left lying
folded on a surface, and the sensor identified the folded part and determined the point
from which to grasp the fabric. Using the same principle, the contour and the formation of
the fabric—or even its presence, as in [10]—can be detected. A humanoid robot used to
assist with the bottom dressing of a human [15] implemented another 3D camera (Xtion
PRO LIVE) to locate the position of the legs and the state of the pants, as well as possible
failure throughout the process. Another human-assisting robot is presented in [3], where
an RGB-D camera located the edges of the bed sheets in a bed-making process. A sketch
depicting a typical RGB-D sensor can be seen below in Figure 3.

RGB sensor —

IR Emitter

\ = IR Depth Sensor
B

Figure 3. Depiction of an RGB-D sensor.

Besides detecting edges and formations, 3D sensors are also widely used for classi-
fication purposes. A depth sensor was used in [41] to pick up clothes from a pile. Next,
it classified them into one of four main clothing categories, and an algorithm was im-
plemented to identify the correct point from which the clothing should be picked up for
optimal unfolding. In [42] two, RGB-D sensors continuously captured a garment lying on a
surface, first to locate the grasping point via a heuristic algorithm; recording then continued
until the garment could be classified into a predefined category. A contrasting approach
was used in [43], wherein after a garment was picked up from a pile, a time-of-flight (ToF)
sensor—a new generation of depth sensors—captured a single partial image of the garment
(partial because depth sensors are usually used at close distances), and a convolutional
neural network (CNN) was then used to classify the garment into one of four garment

categories: “shirt”, “trouser”, “towel” or “polo”.

3.1.2. Tactile Sensors

In robots, similarly to humans, vision is the most useful sense, as it provides a lot of
information quickly. One disadvantage of vision sensing is that it is prone to miscalcu-
lations and mistakes when environmental conditions vary. Furthermore, there are many
mechanical properties of objects that cannot be identified by vision alone, such as hardness.
A popular alternative to vision, especially in applications with fabrics, is tactile sense.

Tactile sensors can vary from cheap and custom to high-cost and industrial. Depending
on the present hardware and the task to be achieved, sensors can be custom-fabricated or
found in the market. In 1990 [44], Paul et al. referred to the issue of using tactile sensors
in robots handling limp materials. Until then, most tactile sensors were used to compute
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gripping forces and to detect contact with objects. The development of tactile-sensing
arrays, as opposed single sensors, was recommended, together with the use of sensors, to
measure the dynamic and static parts of contact forces, similarly to how humans recognize
objects using tactile sense. Nowadays, these principles are widely followed, as researchers
are developing humanoid fingers equipped with tactile sensors [45].

The basic working principle is similar for most tactile sensors. Conductive components,
the electrical properties of which may change when they deform, are used such that when
the sensor comes in contact with an object, they deform, and as a result, a difference in
the component’s resistivity is measured (Figure 4). If the mechanical properties of the
deformed part are known, the electrical differences can be translated into developed forces.

Magnetic parts

Deformable O.. 2 o0qg .
Diaphragm ° 00 00 0%
o000 900
Hall effect sensor

(a) (b)

Figure 4. Depiction of the basic working principle of a tactile sensor. (a) A magnetic sensor using a
Hall effect sensing element inside a deformable diaphragm embedded with small magnetic parts.
(b) When contact is made, the diaphragm deforms, and the magnetic field changes.

When it comes to the conductive component, a wide variety of materials can be used.
Strain gauges (Figure 5) fit precisely in the previous given description. Strain gauges are
sensors, the measured electrical resistance of which differs with strain variations. There are
many options available online or in shops, but strain gauges can also be easily fabricated.
In [46], the fabrication of a strain gauge from elastomer cast and conductive traces (cPDMS)
for a sensor skin is presented. A strain gauge was used in [34] in an automated sewing
machine in order to control the tension developed on the fabric. Meanwhile, in [47],
strain gauges were used to sense whether a fabric ply was grasped from the gripper, even
calculating the number of caught plies. Other uses of strain gauges in fabric handling are
presented in [23,48,49].

Electrical Wires

— B

/7
k.
Resistive Trace —> Solder Pads

Figure 5. Strain gauge.

Capacitive sensors differ from resistive sensors in that they measure variations in
capacitance. A thin dielectric layer sandwiched between a pair of conductors can be used
in a capacitive sensor. The thickness of the dielectric layer varies depending on sensor
deformation, and as a result, its capacitance also changes [50]. A simple implementation
of a capacitive sensor is presented in [28], wherein a capacitive sensor was mounted on a
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gripper to detect contact with the manipulated object and stop the movement. The advan-
tages of capacitive sensors were further exploited in [51-53], wherein capacitive sensors
were used either alone or together with other sensors to explore the texture properties of
fabric materials.

Piezoelectric materials are also a cheap and very effective option. In [54], piezoresistive
gauges were positioned in a thin, flexible diaphragm with a small mesa mounted on its
center. When force was applied on the mesa, the diaphragm deflected, and its resistivity
changed as a result of the displacement of the piezoresistive gauges. By measuring the
voltages on the diaphragm, forces can be calculated, and through a neural network, different
textures can be recognized based on the differences in the measurements. Polyvinylidene
fluoride (PVDF) is a polymer with strong piezo-pyroelectric activity. Compared with other
piezoelectric materials, PVDF is flexible, light, tenacious, and inexpensive [55]. It is highly
recommended for applications requiring object classification based on surface-texture
criteria, such as in [49,55,56]. In [49], both strain gauges and PVDF sensors were used to
classify materials with a biomimetic finger. As stated in the article, human tactile sensors
of can be divided into two broad categories, namely slow-adapting and fast-adapting
receptors. Slow-adapting sensors, respond to low-frequency stimuli and sense static
properties of the stimuli, while fast-adapting sensors respond to higher frequencies and
provide information on the dynamic stimuli properties. Strain gauges act as slow-adapting
sensors, while PVDF acts as a fast-adapting sensor. As mentioned above, for investigation
of texture properties, the dynamic part of the load contains more information; therefore,
PVDF sensors can prove useful in applications of this kind. Accelerometers have also been
used for this purpose [45,57,58].

A similar approach to piezoresistive sensors as that used in [54] is presented in [59],
with the use of magnetic materials. Instead of a soft mesa, a soft cylindrical silicon material
centered on a cylindrical niobium magnet was used, and in place of piezoresistive gauges,
three ratiometric linear sensors (RLS) were implemented perpendicular to each other. When
an external force is applied on the soft silicon, it deforms, displacing the magnet inside it
and causing magnetic flux to change near the RLS. This approach was used to distinguish
between eight different objects—two of them fabrics—by rubbing their surfaces.

3.1.3. Body Sensors

Tactile and visual sensing add exteroception to a robotic system by enabling it to
gather information from its environment. Proprioception, on the other hand, is the ability
of a robotic system to sense its own movement and position in space. In order to make a
robot proprioceptive, sensors are usually mounted on its body, mostly on its joints or at
critical points (Figure 6). In [48], positions of the finger joints of a humanoid robot were
measured using Hall sensors on the output of each joint, and arm-joint positions were
measured using optical sensors. The robot explored the surface of clothes, and when it
encountered features, such as buttons or snaps, the accurate position of the finger that
came in contact with the feature was already known and could be marked as the location
of the feature.

In a similar way, force/torque sensors are located either in arm joints or somewhere
on the gripper in order to perceive when contact has been made with an object. This way,
serious collisions can be avoided, and the exerted force on the manipulating object can be
controlled. In [60], a bio-inspired gripper was specially designed for fabrics, mimicking
a fish called the lamprey. The gripper works by combining microneedles with negative
pressure to create a vacuum. Inside its body, a sensor is mounted to constantly measure
the pressure and control the vacuuming process. In a robot-assisted dressing system [13]
force/torque sensors were used to constantly measure and control the developed force in
the human arm while putting on a shirt. Other applications utilizing sensors in the bodies
of operating robots can be found in [14,15,27,29,35,61].
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Joint F/T sensor

Joint F/T sensor

Figure 6. A force/torque sensor mounted on the joint of a robotic arm.

3.1.4. Wearable Sensors

A different kind of sensor implementation in fabric applications that could be included
in the body-sensor category is stretch sensors in clothes or even on the human body. These
sensors are called wearable sensors, as they can be worn together with clothes or like
stickers. Such sensors might belong to a different category since they do not involve fabric-
manipulating robots, but this kind of sensor could play a determinative role in the future
and be used both on humans and robots.

In [62], stretch sensors were developed from textile materials and compared to commer-
cial sensors in applications such as measuring the expansion of the chest during inhalation
and determining the position of the ankle. In these applications the stretch sensors are
mounted right on the human skin. Their implementation in clothes, together with the use
of Al, could lead to what is called “smart clothes”, which could track important biometrics,
such as the heart rate of a person or his/her performance during sports [63]. According
to [63], monitoring of biometrics is already feasible by using gadget like smart watches;
however, the use of smart clothes could provide more types of physiological measurements
since they cover a much larger area of the human body.

In addition to the quantity of the information that such sensors could provide, the
fact that textile-based sensors can be implemented in clothes without altering their me-
chanical properties offers an alternative to present wearable sensors, which can be sizeable,
rigid, and uncomfortable. An interesting example is presented in [64], where an obstacle-
detection system was designed on a shirt that can be used by vision-impaired people.
This shirt consists of an integrated circuit alongside the fabric of the shirt, in addition to
one microcontroller and some sensors and motors. The shirt was designed to be worn
comfortably, but the inclusion of the necessary rigid parts, such the microcontroller, may
cause heterogeneity in the whole of the shirt.

The capabilities of sensors that can be perfectly integrated into fabrics without altering
their mechanical properties were examined in [65] by using wearable textile-based sensors
to recognize human motions. A review of the use of textile materials in robotics in general is
presented in [66]. In [67], Xiong et al. present an extensive review of fibers and fabrics used
to produce sensors for all kinds of measurements (mechanical sensors, thermal sensors,
humidity sensors, etc.), as well as other useful components, such as grippers and actuators.

3.2. Data Processing and a Reference to the Type of Manipulated Object

Sensors are used in robotic applications to instantiate perception in robots. Depending
on the sensor used, different types of perception can be achieved, and depending on the
type of perception required, different types of sensors can be used. Below, the most popular
tasks for sensors are presented, with a reference to corresponding applications that have
been developed.
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3.2.1. Object Detection

The first step in almost every fabric-handling application is to locate the fabric and
detect the points from which it will be grasped. In production lines, where conveyor belts
are usually used and, in general, processes are more specific, detection of the object is easier,
as its possible location is known most of the time; only its presence needs to be confirmed.
In such cases, simple sensor setups can be used, such as binary sensors. As previously
mentioned, binary sensors can be visual [22-29], tactile [6,28,68], or even placed on the
body of the robot, as in [61], where sensors were placed on a robot that picks up flexible
materials from a stack, and when there is contact between the gripper and the stack, a
signal is sent to a microprocessor. In [25-27], six proximity sensors on the bottom surface
of a suction gripper were used to detect whether the fabric was in a position from which it
could be grasped by checking the values of the sensor. In [68], an underactuated gripper
specially designed to pick up fabrics from a surface used tactile sensors on its fingers to
distinguish whether the fabric ply had been caught.

Non-binary sensors are also used to detect objects. In contrast to binary sensors,
non-binary sensors extract more information, which is then processed before it is turned
into actual knowledge. Tactile sensors were used in [47] to measure strain in a gripper
and discriminate the number of plies grasped. As mentioned earlier, both tactile and body
sensors were used in [48] to detect contact with clothing features, such as buttons. However,
most sensors used in object-detection applications are visual.

Cameras and depth sensors are usually integrated into robotic setups to sense the
presence of a fabric or to identify the optimal grasping point. In a setup of two robotic
arms grasping fabrics from two conveyor belts, Hebert et al. [26,27] placed cameras beside
the conveyor belts to spot the incoming fabrics and their orientations so the gripper could
adapt its orientation. Doulgeri and Fahantidis [28] also implemented a camera to find the
grasping point of a fur. A depth sensor (Kinect) was used in [69,70]. In the latter, the image
captured by the depth sensor served as an input to a CNN capable of locating the optimal
grasping point of clothes.

Many home-assistive robots implement visual sensors in order to find fabrics, as they
operate in non-defined environments. Laundry-handling robots use 2D [7] or 3D visions
setups [4,6,71] to locate clothes. RGB and depth sensors are used in a mobile bed-making
robot to detect the edges of the bedsheet [3]. Visual sensors were also used in [8,22,23,72] for
robotic towel-folding applications. The task of the visual sensors is to detect the grasping
points on the towels—usually the edges.

In addition to applications that use sensors to detect an object in order to manipulate
it optimally, a reference should also be made to applications that detect objects in order
to avoid them. Obstacle-detection is a very important task in industrial applications,
especially in dynamic environments in which obstacles constantly change position. A
material-handling robot was designed in [73], including a locomotive with IR sensors and
cameras to locate the path to be followed, as well as any obstructions in the path. This
locomotive can be used to carry anything needed in a production line, including fabrics.
Another typical application of obstacle detection is in smart shirts for vision-impaired
people [64].

3.2.2. Control

The purpose of using sensors in robots is to enable them to operate more precisely in a
closed loop. Force/torque sensors empower robots to obtain feedback on the exerting force
and make necessary adjustments, as in [27]. In [35], force/torque sensors were incorporated
in order to constantly measure the applied forces from the gripper to the fabric and control
the processes, including laying, folding, etc. In the same system, a camera was also used to
track the manipulated object. A typical use of force/torque sensors in grippers designed
for limp materials is to ensure a firm grip while also ensuring that the product is not
damaged [14,23,32,74]. In [14], tactile sensors were placed on the gripper of a robot that
collaborates with a human to keep steady tension in a garment without slack. A Kinect



Machines 2022, 10, 101

90f17

camera was also used, as torque tactile sensors cannot detect slacking, and the camera that
tracks the garment cannot perceive when the human moves away. Collaborative tension
control of garments was also attempted in [75], but with two-wheeled mobile robots (WMR)
instead of a robot-human collaboration. A low-cost force-sensory system was mounted in
the following WMR of a follower—leader formation for the control of the applied forces via
two independent PID controllers with force feedback.

In sewing processes, high-tension forces are developed, and control is necessary, as
high precision is required. In [29,34], automated sewing systems were presented, compris-
ing both tension sensors and cameras; the tension sensors measured the forces developing
on the fabric, while the cameras were used to control the seam width.

Human-robot interaction applications implement very high safety standards [76]
that require that the robot never exert a force that could harm the human. In [15], a
humanoid robot was used to assist a person with limited mobility to dress the bottom half
of their body. Force sensors were mounted on the robot’s grippers, and when inadequate
forces were measured, a signal was sent to the system, activating a camera to identify
the malfunction. Another bottom-dressing assistive robot uses a camera to supervise the
process by identifying the region of the image where the clothes are, maintaining awareness
of any complications [33]. In [17], a mannequin was dressed by a dual-arm robot. In
subsequent research [16], where a real person replaced the mannequin, Kinect cameras
were used to track the fingertips and the elbow of the person.

3.2.3. Object Classification

Current technological evolution and the growth of Al have made projects feasible
that would have sounded unrealistic 20 years ago. One of the basic assets of intelligent
machines is that they can make decisions based on data. This asset has been exploited in
many current fabric-handling applications in order to recognize clothes and classify them
into categories.

Fabric recognition and classification is not a simple task, and in many cases, various
sensors and complex data processing are necessary. Tactile and vision sensors are mostly
used applications of this kind, similarly to humans that recognize a fabric either by looking
at it or rubbing it—sometimes both. In [7], a 2D camera on a humanoid robot captured
images of a fabric, identified its contour, and classified the fabric into a clothing category;
then, depending on the category, an automated folding algorithm was implemented. In [36],
wrinkles and other features were derived from images of fabrics, and a set of Gabor filters
were applied to classify fabrics into clothing categories, with almost perfect results. In [37],
fabrics were not classified into categories, but their material properties, like stiffness and
density, were estimated.

Depth sensors were used in [77,78] to estimate the category of grasped clothes and
their hanging pose, depending on the grasping point. Greyscale images from an RGB-D
sensor and a graph-based method were used in [79] for clothing classification. In [69,80], 2D
and 3D images of clothes were used for grasping-point detection and clothing classification,
both separately and combined, while in [81], a clothes-folding robot used an Xtion camera to
categorize clothes. In [82], a 3D laser scanner scanned not fabrics but molds in which fabrics
were to be place, and based on the mold, a corresponding handling method was applied.

Capacitive tactile sensors were used in [51,53] to discriminate between different tex-
tures. Khan et al. [53] used an array of 16 capacitive tactile sensors, and by using the data
from each sensor as inputs in an SVM, they managed to obtain close to perfect results.
In [58], force sensors, combined with accelerometers, were implemented in a biomimetic
fingertip used for surface discrimination using neural network PVDE. Tactile sensors were
used in another finger-shaped application, serving the same purpose [55], and in [56],
three different classification methods were applied, namely support-vector machine (SVM),
CNN, and k-nearest neighbors (kNN).
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4. Discussion

In this section, previous case studies are further analyzed and discussed and statistics
information is represented, according Table 1. In Table 1, the aforementioned applications,
along with some additional ones, are classified into categories, similarly to Section 3 (Sensor
Analysis). The first major classification was made according to the working principle of
the sensors used. Visual sensors [83-85], tactile sensors [86], and body sensors [87] were
the three major categories. Visual sensors were broken down even further into 1D [88],
2D [89-92], and 3D [93,94]. Besides the working principle of the sensors used, applications
were further classified according to data processing-method. The majority of applications is
used the data collected from the sensors to detect an object, an edge, or an obstacle [95-97].
Control of the process is also a common practice [98-100], while object classification is
becoming a very popular task [94,101]. References with applications that fit into more than
one classification group, are mentioned multiple times.

Table 1. Classification of fabric-manipulation applications that use sensors.

Task
Sensor Type Obi
ject cp s
Detection Control Classifying
[22,23,25-29,87,88,95]
Visual Sensors ﬁ i /
‘ [7,9,23,24,26-28,31,33, [33,34,90,98] [7,32,36,37,52,89,
35,36,86,89,92,96,100] e 91,92]
N 2D
RGB sensor —,
IR Emitter X, 5 T DepthiSenson [3,5,6,8,10-12,15,40-
42,69-71,78,80,81,83— [5,6,14-17,74,99] [4;21 19;493 4159%619 (’)Z_

85,92-94,97,99,101]
3D

Robotic
Fingertip

Tactile
Sensor

Tactile Sensors [6,28,47,48,68,86] [14’18’7243;5362]’34’35’ [32,49,51-59,70]
 — Joint F/T sensor
Body Sensors [48,61] [15,15,27,29,35,60,61,

75,87,100]

Many types of sensors are described in the present review and are available to manufac-
turers and researchers. Knowledge of the application type and basic condition requirements
can facilitate more informed and accurate sensor-selection choices for factory automation
and machine control. Identification of appropriate sensors for specific applications requires
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narrowing of the search to a short list of sensors and testing the sensors with the part,
the actuator, or the machine under conditions representative of where the sensor will be
installed. When a short list of sensors is identified, prior to final selection, it must be
ensured that the set—based on the manufacturer’s data sheet—is compatible with the basic
operating conditions of the application, such as temperature range, dimensions, voltage
range, discrete or analog output, etc.

The first step in almost every fabric-handling process is the detection of the fabric.
Visual sensors are mainly used for object detection, but tactile or body sensors can also be
used (Figure 7a). Once the object is detected, determination of the grasping point usually
requires a camera and algorithms, with camera images as the input and the optimal grasp-
ing point as the output. This operation is very important because picking up fabric from the
correct point makes the subsequent processes easier, whether it is folding, transportation,
etc. In fact, the most common task among the reviewed applications is object detection,
including detection of a specific part or point of the object, such as grasping point. Object de-
tection was performed in 53 out of 80 (66%) applications included in this review. Tactile and
body sensors are typically used to recognize contact and notice abnormal measurements
in the applied forces. Thus, sensors are used to observe when contact is made with the
object and not the location of the object. Visual sensors offer wider capabilities, as they can
find an object in the workspace and provide its exact position and orientation. Of course,
sometimes simplicity is more important, and smart design can offer a considerable amount
of information without the use of complex sensors, as in [27], wherein smart positioning of
infrared sensors detected both the existence and the orientation of the fabric in a system
using a conveyor belt for the feeding of fabrics.

Object Detection Control Classification

%

B Tactile Sensors m Tactile Sensors

= Tactile Sensors

m Visual Sensors m Visual Sensors ® Visual Sensors

® Body Sensors

()

= Body Sensors
(b) (c)

Figure 7. Distribution of sensor types for different purposes. (a) Object detection, (b) control,
(c) classification.

When it comes to the control of the handling process, where excessive forces should
not be applied and grasping and handling stability is crucial, all kinds of sensors can
be used (Figure 7b). Visual sensors can detect misplacement, tactile sensors can detect
slippage or excessive forces, and body sensors can detect failure trajectory planning (and/or
collisions). Control systems were implemented in 25 out of 80 (35%) applications included
in this review.

When high levels of automation are needed, a combination of different sensors and
implementations of Al and/or ML approaches is usually applied. Recognizing a fabric and
discriminating between different fabric types is a determinant capability for an automated



Machines 2022, 10, 101

12 of 17

fabric-manipulation systems and, presented in 32 (40%) of applications included in this
review. Fabrics can be distinguished according from their feeling, their structure, their
composition, or their texture. Consequently, depending on the type of fabric, there are two
alternatives available (Figure 7c). Visual sensors can often obtain better results than tactile
sensors, usually in applications where the type of apparel needs to be distinguished, e.g.,
towel, t-shirt, jeans. In cases where the material of the fabric is a desideratum, tactile sensors
can be prove more efficient, as more information can be provided from the surface texture.
Most applications use visual sensors (Figure 8). Less than 20% of the applications
included in this review implemented tactile or body sensors alone (14 out of 80). In
applications requiring object detection, only 5 of the 53 (9.4%) applications included in
this review did not use visual sensors. Of the 66 applications that used visual sensors for
any reason, only 10 used 1D sensors (15%), and of which used 1D sensors exclusively for
object detection. Of the applications include in this review, 23 used 2D sensors (34.8%), and
more than half use 3D sensors (39, 59.1%). Tactile sensors are being used for every purpose
with almost the same occurrence. Out of a total of 24 applications, seven use tactile sensors
for object detection, and seven for process control. Meanwhile, 12 used tactile sensors for
classification purposes. Body sensors, on the other hand, cannot be used for classification
and are mostly used for process control (10 out of 11) usually to avoid harsh collisions.

Number of applications that use sensors

m Visual Sensors = Tactile Sensors Body Sensors

Figure 8. Quantitative distribution of each type of sensor.

Due to the rapid development of personal information platforms and the Internet of
Things, more flexible and multifunctional sensors are being applied in daily life, such as
in the fields of smart textiles, human health monitoring, and soft robotics. The presented
fabric sensors [66] present good and stable sensing performances, even after thousands of
testing cycles. Moreover, fabric sensors prove to exhibit good wearability and efficiency for
detecting various human motions. One problem related to stretch sensors, such as fabric
sensors, could be hysteresis, which could be handled by the use of ML algorithms [62,65].

There is no doubt that the integration of sensing systems in fabric-handling appli-
cations, where dexterous manipulation is required, is more than necessary and crucial
for system performance and efficiency. Fabrics are sensitive to damage, and the current
common robotic grippers are inadequate. One solution to ensure final product quality is
the use of soft and compliant grippers that, owing to their flexibility, do not harm the fabric
surface. Another option is to design a sophisticated automated system that can operate
precisely and dexterously according to the needs of a fabric-manipulation process. To
achieve these levels of competence in an automated system, different types of sensors must
be used or designed as new approaches. Visual sensors seem to be indispensable, since
the quality of the information provided by such sensors can facilitate much of the process,
mainly through object detection. Tactile sensors can be used in a complementary fashion
with visual sensors to enrich the feedback system. Body sensors, on the other hand, are
also important, although their use is more limited. They can be useful in situations where
internal measurements of the robot state, such as applied torque or joint angles, are needed.
For a fully automated system, integration of multiple types of sensors is recommended.
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However, with the addition of sensors, the cost and complexity of an application also
increase, so there should be a compromise between cost and level of autonomy:.

5. Conclusions

In this review, a systematic analysis of different types of sensors was carried out,
focusing on those that have been used in fabric-handling applications. An extensive review
of published scientific papers was conducted to gather information from as many fabric-
handling applications as possible and organized according to predefined criteria. The goal
was to group information about sensing systems in a way that will facilitate future selection
of appropriate hardware for use in fabric-handling applications. The use of automated
systems is constantly increasing, and implementation of appropriate sensing systems is
crucial when developing such applications. Fabric handling is a task that has not been
automated to the same extent as other fields, such as the automotive industry. This can
be explained by the challenges encountered in applications such as those included in this
review. We hope that researchers will maintain an active interest in this field and continue
to develop future advances. In terms of future work, researchers could focus on studies
regarding grippers, in-hand manipulation strategies, or even the textile types that pose
greater/lesser challenges in automated applications.
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