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If you are free, you need to free somebody else.
If you have some power, then your job is to empower somebody else.
— Toni Morrison

To my parents and my sister ...
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Abstract

Telerobotics is the process by which human operators control the movement of
robots to achieve specific tasks. However, conventional control interfaces, such as
joysticks and remote controllers, are not intuitive to use for novice users. Training
to use these interfaces requires a considerable amount of training. Wearable control
interfaces are more inclusive because they allow humans to control the movement of
robots with their own body movements through intuitive gestures without the need
for excessive training. Haptic devices integrated in these interfaces can help users
learn to teleoperate robots by applying forces to the parts of the body where corrective
action is needed. Typically, these devices require the use of bulky actuators that can
hinder natural user mobility and induce fatigue over prolonged usage. This thesis
presents a framework in which users can successfully learn to teleoperate robots using
fabric-based wearable haptic interfaces composed of electroadhesive clutches and
free of actuators.

Key words: Wearable robotics, Haptics, Electroadhesion
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Résumé

La télérobotique est le processus par lequel les opérateurs humains controlent le
mouvement des robots pour réaliser des taches spécifiques. Cependant, les interfaces
de commande classiques, telles que les joysticks et les télécommandes, ne sont pas
intuitives pour les utilisateurs novices. Lapprentissage de I'utilisation de ces interfaces
nécessite une formation considérable. Les interfaces de commande portables sont
plus inclusives car elles permettent aux humains de controler le mouvement des
robots avec les mouvements de leur propre corps par des gestes intuitifs sans avoir
besoin d’'une formation excessive. Les dispositifs haptiques intégrés a ces interfaces
peuvent aider les utilisateurs a apprendre a téléopérer les robots en appliquant des
forces sur les parties du corps ol une action corrective est nécessaire. En général, ces
dispositifs nécessitent I'utilisation d’actionneurs encombrants qui peuvent entraver la
mobilité naturelle de 'utilisateur et induire de la fatigue lors d’'une utilisation prolon-
gée. Cette these présente un cadre dans lequel les utilisateurs peuvent apprendre avec
succes a téléopérer des robots en utilisant des interfaces haptiques portables basées
sur le tissu, composées d’embrayages électro-adhésifs et exemptes d’actionneurs.

Mots clefs : Robotique portable, Haptique, Electroadhésion
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|§ Introduction

Robots are becoming a quotidian presence in our surroundings, both domestic and
non-domestic [146]. They can help humans perform tasks that may be otherwise
difficult for humans to perform due to a variety of physical limitations. Indeed, robots
are used to inspect industrial zones, such as nuclear power plants and chemical
factories that may be potentially hazardous for humans [41, 109]. They are used for
Search-and-Rescue operations to help first responders look for and aid survivors. They
are also used for both construction and maintenance of large infrastructure projects,
such as buildings, bridges, and pipelines [19, 154]. Robots have enabled automated
assembly lines across a number of manufacturing industries, thereby reducing the
number of industrial casualties [62]. Their application in terrains that are physically
difficult for humans to access, such as in space and underwater, have accelerated
exploratory scientific research in these respective domains [32, 74, 45]. Robots are
useful for tasks that require high precision manipulation, such as cell growth, drug
delivery, and minimally invasive surgery [23, 9, 43]. In the fields of healthcare and
rehabilitation, robots can provide a better quality of life to people with disabilities by
reducing some of the challenges they face in performing activities of daily living [26].
The ubiquity of robotics in these different fields of application are illustrated in Figure
1.1.

While robot autonomy is a burgeoning area of research, presently, human operators
are still needed to control distally - located robots for most tasks [47]. This form
of robot control is called robotic teleoperation or telerobotics [112]. The successful

completion of a telerobotic task is incumbent upon the operator’s level of expertise in
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controlling the robot. This includes the operator’s proficiency with using control in-
terfaces, such as joysticks to communicate with the robot. Professional teleoperators,
who are able to control robots effectively using these conventional controllers, require
a considerable amount of training to use them [19, 21]. However, these interfaces are
not intuitive for novice users. Indeed, the complexity of learning to use conventional
control interfaces can be very mentally demanding. Furthermore, these interfaces do
not directly provide much feedback about the robot’s state to the operator. The lack
of feedback from the interfaces can cause operators to hesitate, commit errors, and
detrimentally affect their performance [109, 50]. The growing popularity of robotics
amongst non-professional teleoperators mandates more intuitive interfaces [18]. New
types of control interfaces will not only broaden the scope of teleoperation to a larger
population, but also increase the application of robots to a wider variety of domains.
In recent years, researchers have developed wearable interfaces that map natural
human body movements to robot movements with the specific intent of making them
more intuitive and natural for users to use. These interfaces are designed by priori-
tising both functionality and comfort [14]. The following section describes the most
important considerations that developers must account for when designing wearable

interfaces.

1.1 Designing wearable interfaces for telerobotics

1.1.1 Morphological considerations

Human body morphology varies considerably from person to person. Thus, designing
a “one-size-fits-all” wearable interface can be challenging. To mitigate this challenge,
these interfaces can be broken down into multiple modular components. The size
and location of these components on the human body can then be determined using
anthropometric data sets pertaining to mass and length proportions that are available
in the literature. However, a majority of these data sets are based on measurements
of people who are considered normatively able-bodied, more often of men. To ac-
count for these shortcomings, researchers should make independent anthropometric

measurements with a more diverse population.
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Haptic Console/
Control Center ;

Relay
Station -

Figure 1.1 — Robotics in everyday life requires human involvement. (A) Underwater
applications [74] (B) Minimally invasive surgery [43] (C) Space exploration [45] (D)
Infrastructure maintenance and inspection [154] (E) Wearables for rehabilitation [26]
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1.1.2 Physiological considerations

User comfort is paramount, especially if users are expected to use the interface over
a prolonged period of time. Human physiology serves as a guide in informing de-
sign choices that reduce user discomfort. This includes the knowledge of human
anatomical pressure sensitivity [153] to locate proper anchoring points for the inter-
face components and skin strain field mapping [64] to prevent slippage between the

interface and the skin.

It is imperative to ensure that the components of the wearable interface are not bulky
and are not unintentionally obtrusive to natural human mobility. There are a number
of wearable telerobotic interfaces that are both bulky and hinder human movement
and yet, they are functionally effective [171, 135, 76]. However, these types of wearable
interfaces can cause users a considerable amount of discomfort over time by inducing
fatigue over prolonged usage and are even potentially injurious to naive users [126].
To address this concern, researchers have been developing soft exoskeletons using
compliant materials that match the inherent flexibility of human bodies [65, 80, 160,
125, 3].

In addition to size and weight considerations for portability, these interfaces should
be breathable. Wearables that use textiles to directly interface with the human body
are considerably better than hard plastics and soft rubbers in this regard. However,
researchers should be conscious about choosing fabrics that do not cause skin rashes

or dye-induced allergic reactions.

1.1.3 Cognitive considerations

Another important design consideration is cognitive workload. During teleoperation,
users need information about the robot’s state and its interaction with the environ-
ment. If this information is not provided coherently, this can make the task strenuous
for the user to perform. Wearable interfaces can facilitate bidirectional commu-
nication i.e., the interface maps body movements to robot commands and, relays
information from the robot to the teleoperator via sensory feedback, namely visual,

auditory, and haptic feedback. This information is relayed through a combination of
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sensory feedback channels as opposed to concentrating it through one channel alone
to prevent cognitive overload. Distributing the information over multiple channels

also facilitates an immersive experience for users.

1.2 From Robots to Humans: Sensory Feedback

All telerobotic tasks require users to expend some combination of motor and cognitive
effort. To perform these tasks well, users require information about the state of the
robot and its interaction with the environment. This information can be communi-
cated through different modes of sensory feedback, such as vision (eyes), audition
(ears), and haptics. Haptic feedback can be subdivided into two branches - tactile/-
cutaneous feedback (skin) and kinesthetic/proprioceptive feedback (joints, muscles,
and connective tissues) [49]. In the context of wearable telerobotics, sensory feedback
serves two related purposes - improving task performance and increasing operator

immersiveness.

1.2.1 Visual Feedback

In almost all cases of teleoperation, vision is the most important sensory modality
used to gather information about a robot’s position relative to its environment [103].
This information is vital for navigating through space and manipulating objects. It
also helps operators to distinguish various visually identifiable features of objects,
such as colour, shape, and size, particularly if those objects are not within immediate
reach of the robot or already in contact with it. In situations where teleoperated robots
interact physically with other humans in its vicinity, visual feedback may be essential

in recognising gestures for communication.

There are three types of visual displays that are commonly used to render visual

feedback: Desktop Displays, Projection Displays, and Head-Mounted Displays.

Typically, Desktop Displays are two-dimensional computer screens fixed in place,
whereas Projection Displays are large screens, which may encircle the operator. Both
Desktop Displays and Projection Displays can render three-dimensional images to

the operator with varying fields of view. While these two types of displays can provide
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stereoscopic vision and permit freedom of movement, they do not isolate operators
from their real surroundings and hence, cannot completely immerse the operator
in the robot’s environment. Head-Mounted Displays or HMDs are portable displays
that sit on a user’s head and are commonly used as visual displays for virtual reality
applications. HMDs are used because they are usually lightweight, compact, and pro-
vide stereoscopic vision in First-Person View. For teleoperation, HMDs can track the
movement of the operator’s head and couple that movement with that of the camera
mounted on the robot. Additionally, HMDs can provide operators better immersion
in the robot’s environment by removing the operator’s physical environment from
their field of view [156, 148, 100, 22]. However, long-term usage of HMDs can result in
health problems, including fatigue and double vision [145]. Additionally, temporal
lag in relaying visual feedback from the robot to the operator can be disorienting and

lead to loss of balance and motion sickness [72].

1.2.2 Auditory Feedback

Audition is an important sense used by humans, and compared to vision, it has several
unique properties. Audition is omnidirectional i.e., when sound is emitted by a source,
it propagates through the surrounding atmosphere, which can then be captured
by a receiver in the vicinity of the source irrespective of their orientation, unlike
vision where the receiver must be directly facing the source of visual information
[63]. Moreover, audition is not dependent on illumination, allowing robots to carry
on functioning despite poor lighting or visual occlusions [164, 46, 143]. In addition,
audition is affected to a much smaller degree by the presence of obstacles, enabling
navigation and obstacle avoidance by localizing the robot’s position relative to other
objects in its proximity [63, 163, 58]. Therefore, the auditory system can provide
spatial clues about the robot’s surroundings even in the absence of the vision system.
Auditory feedback also serves as a warning mechanism by making operators aware
of the presence of other objects or individuals within the robot’s vicinity [169, 70, 58,
133]. Auditory feedback serves a critical role in enhancing the sense of realism and

the feeling of immersion in the robot’s environment [69, 10, 111, 57, 11, 73, 81].

Like visual displays, auditory displays can be categorized into two - fixed (or sta-

tionary) displays, such as loudspeakers, and head-mounted displays, such as head-
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phones. Both types of displays can provide either the same information to both ears
(monophonic) or different information (stereophonic), with the latter resembling
the functionality of the human auditory system. While three-dimensional sound
can be simulated more easily using loudspeakers, headphones can change the feed-
back by tracking the operator’s head orientation, thereby isolating them from their
real environments and enhancing the feeling of immersion in the robot’s environ-
ment. Loudspeakers are better suited when used in conjunction with visual projection
displays, where both the stationary displays are independent of the user’s position.
Compared to loudspeakers, headphones may cause discomfort over long-term use
and are in general, more invasive. However, headphones are much better equipped at
eliminating reverberation and background noise to help clearly identify the source of
asound [82, 82, 55, 24]. Headphones belong to the class of binaural audio rendering
systems that can simulate the experience of the robot by spatialising the sound in the
robot’s vicinity [44]. Sound spatialization refers to a set of methods by which sound
can be localized to a specific point in a space relative to the listener. For teleopera-
tion, sound spatialization is vital to aid operators in robot navigation and obstacle
avoidance by directing the robot-mounted cameras to face the source of sound [86,
89, 162].

While there are numerous advantages to using auditory feedback, there are some
issues that continue to hamper its effectiveness. For instance, poor sound quality
can be a detrimental factor on performance. To avert this problem, psycho-acoustic
models of human aural perception can be used to test an auditory display’s sensory
pleasantness [182]. Latency in sound rendering can also be a major performance
determining factor — quick feedback can enhance user engagement and subsequently,
refine their control over the robot [180]. Another aspect to consider is the rendering
of simultaneous sounds. Humans can perform selective listening, but attending to
multiple sounds can result in increased stress and mental workload, and often, the

amount of information that can be gathered from simultaneous sounds is limited [53].

1.2.3 Haptic Feedback

Although visual and auditory feedback can provide a lot of information about the

robot’s environment to help users navigate and avoid obstacles, only haptic feedback
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can truly simulate the robot’s physical interaction with its environment [116, 31].
Haptic feedback can encode a variety of information about the robot’s interaction,
including inertia and viscosity. Unlike visual and auditory feedback that have specific
sensory receptors (eyes and ears, respectively), haptic feedback can be perceived as
tactile or kinesthetic feedback at different parts of the body due to the ubiquity of
haptic sensory receptors across the body. This is a crucial advantage for teleoperation
because haptic feedback can be provided to the part of the body where corrective
action is needed [8, 67]. Therefore, haptic feedback can be very powerful in aiding

teleoperation performance, particularly for accuracy and timing tasks [101, 107, 54].

The sensory receptors in humans that perceive haptic stimuli are located in different
parts of the body and have varying degrees of sensitivity [39, 56]. Kinesthetic sensory
receptors are located in tendons and joints and perceive movements or tension in
muscles, whereas tactile sensory receptors in the skin can sense temperature, pressure,
and skin stretch. All haptic displays are designed to target specific kinesthetic or
tactile receptors. For instance, in a telerobotic task involving object manipulation, a
kinesthetic haptic display would render the grasping force of the manipulated object,

whereas tactile haptic displays would render the object’s texture [115, 157, 83, 2].

Haptic interfaces can be categorised into two types — Desktop Haptic interfaces and
Wearable Haptic interfaces. A desktop haptic interface is typically composed of a
robotic end effector arm with one end fixed and a sphere or a stylus at the other,
free end. Operators can manipulate the stylus with their hand and often, this is
the only point of contact between the operator and the display. The robotic arm
has multiple degrees of freedom to allow operators movement in free space without
any constraints when haptic feedback is not provided. There are force and position
sensors on the robotic end effector to track the movement of the operator’s hand,
which determine the magnitude and direction of forces that are applied by the stylus
on the operator. Since operators physically handle only the stylus, it should be capable
of rendering both cutaneous and proprioceptive feedback. Typically, these displays
have commonly been used to train operators in performing specific tasks such as
path following and object manipulation. This is important for applications, such as
telesurgery, where surgeons are provided feedback about different object stiffnesses

and textures, such as tools and/or organs [31, 35, 113].
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The advent of virtual reality applications has led to an increased demand for whole-
body haptic feedback rendering. Desktop haptic interfaces mandate operators to
remain in a specific place during teleoperation, whereas wearable haptic interfaces
often provide freedom to move. Moreover, desktop haptic interfaces have a single
point of contact to render both kinesthetic and tactile feedback, whereas wearable
haptic displays can provide feedback to various parts of the body independent of
each other [66, 129, 110]. Existing wearable haptic interfaces often provide kinesthetic
feedback with actuators, such as electromagnetic motors [111], motor-driven cables
[159, 141], and they provide tactile feedback using vibration motors [123], pneumatic
actuators [165, 161], and electrostimulation [118]. These new interfaces are not
only capable of matching the functionalities of desktop haptic displays, but can also
facilitate new paradigms of teleoperation with regard to movement mapping between
the operator and the robot [140, 142].

For all types of haptic displays, the common challenges for teleoperation pertain to
realism. Realism is primarily affected by the sheer difficulty in rendering stiffness
and texture of objects because often, the sensors on the robots cannot measure these
quantities with high enough fidelity. Another source of concern that affects realism
is the rate at which haptic feedback is provided. A high feedback rate can provide a
more realistic experience for the operator, but may be computationally expensive,
whereas a low refresh rate could deteriorate the sensation of immersion. A related
issue is latency between different types of displays, which is caused by either long
delays between the actions of the operator and the corresponding movements of the
robot or an asynchronization between haptic and visual displays. The latter case can
induce a lot of confusion for the operator because haptic interactions for humans
are largely dependent on hand-eye coordination. Finally, safety is another important
consideration that needs to be taken into account, particularly with wearable haptic
displays, with which operators can handle heavy machinery via the robot. Since these
machines can exert large forces, there is a risk of operators harming themselves and

fail safe protocols must be enforced to avert these situations [102].
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Haptic-training for motor learning applications

Motor learning is defined as “a set of [internal] processes associated with practice or
experience leading to relatively permanent changes In the capability for responding”
according to Richard Schmidt in his seminal work on the subject [150]. Hence, learners
practice the motor task repeatedly till they are able to perform the task with a certain
level of proficiency. For several motor tasks, haptic feedback is used as a teaching
aid to help learners improve their performance. The function of this haptic aid is to
provide feedback regarding the learner’s movements and movement outcomes. This
feedback is meant to supplement the intrinsic sensory information gathered by the
learner. As described in Schmidt’s definition, motor learning is said to have taken
place if the performance improvement is permanent. Therefore, the quality of haptic
feedback provided to train learners is evaluated by testing its effectiveness in fostering
skill retention by observing relatively permanent gains in motor task performance.
One of the main goals of practice is to enhance the learner’s error detection capability
i.e., the learner becomes more skilled for a given motor activity if they are able to
detect and analyze their errors, and amend them when the task is being carried out.
When feedback is provided to correct movement errors, it tends to direct learners
towards the goal movement. This is particularly true in the case of “haptic guidance”
based feedback, where the learner is physically guided to carry out the prescribed
movement patterns. For trajectory-tracking tasks in particular, this form of guidance is
enabled by a haptic system that applied forces to the learner’s body to ensure that they
do not deviate from the trajectory [1]. However, a significant problem arises as result
of excessive support provided by this guidance-based haptic feedback. The haptic
guidance provides short term improvement in skilled performance which are much
lower after the retention interval. Indeed, when the guidance based-haptic feedback
is removed during the skill retention test, their performance markedly deteriorates
[147]. The learner becomes so dependent on the external support that they treat the
augmented source of information as the primary, instead of relying more on their
intrinsic sensory feedback to carry out the movements. One of the main reasons
for this over-dependence on guidance is that the user carries out the task almost as
a passive entity, unaware of potential errors they might have committed [40]. This
has also been referred to as the “Guidance Hypothesis” [150]. To avoid the learner

developing such dependency effects, a popular alternative to the guidance-based
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haptic training is “error amplification” [121]. Broadly speaking, error amplification
as the name suggests involves purposefully amplifying the learner’s errors during
training, forcing the learner to be more vigilant and forceful in correcting for these
amplified errors. The merits of this approach are supported by studies which show
that learning through the modification of movement patterns, is an error informed
process [176]. Compared to guidance-based feedback, amplifying errors results in
relatively permanent retention of skilled performance due to the learner playing an
active role in detecting and correcting their errors. The key limitation, however, is that
error amplification requires a considerable amount of practice and therefore, induces
latencies. Furthermore, it is postulated that error amplification is not a suitable
method for complete novices and in fact, it is method better suited to learners with
a certain skill level in performing the task [104]. To bypass some of these challenges
posed by guidance-based feedback and error-amplification, another approach is
explored in the past that provides guidance to learners only in so far as to make them
cognizant of their errors, and then, allowing the learners to correct those errors by
themselves. This approach is characterized by the presence of a “forbidden” region
that dissuades users from committing movement errors. This forbidden region is
perceived by the learner when they deviate from the region in which free movement
is permitted. Rosenberg made one of the most significant contributions towards
developing this mode of feedback [144]. He created rigid virtual fixtures i.e., virtual
surfaces simulated to serve as hard constraints, to help learners navigate in that space
by interacting with them. Subsequently, several studies extended this concept to create
spatially varying, viscous force fields for user assistance [1]. Like error amplification,
this method of creating a forbidden region emphasizes the active participation of the
learner in error detection during practice, improves task performance, and fosters
longer term skill retention. At the same time, this method is more suitable for complete
novices and does not cause practice-related latencies. The work presented in this
thesis is situated in the conceptualization, creation, and testing of wearable haptic
systems that can provide haptic feedback that can create this type of forbidden region.
The haptic system is used to train learners in motor tasks, specifically tasks that are

relevant to the field of robotic teleoperation.
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1.3 Thesis Outline

This thesis describes the development of new types of wearable haptic interfaces and
their application to telerobotic tasks. The haptic interfaces take into account the dif-
ferent design criteria proposed in Section 1.1. Each of the interfaces are characterised
for their electromechanical properties. The interfaces are used to train novice users
in teleoperating drones in simulated environments for different types of tasks under
different conditions of visual feedback. For each drone telerobotic task, the motor

learning characteristics are observed, analysed and reported.

Publication Note: The material presented in the summary list is adapted from

abstracts of the publications mentioned in each section.

Chapter 2, The design and development of an all-fabric haptic device

This chapter describes the development of a lightweight, textile fabricated, haptic
device consisting of an electrostatic adhesive clutch, which can constrain body move-
ment when activated at low power (~ 1 mW). The clutch electrodes are composite
structures, prepared by coating copper-plated polyester fabric with thin films of high-
k dielectric ink. When voltage is applied across a pair of overlapping electrodes, the
charge separation created between the overlapped surfaces gives rise to adhesive
forces that resist tensile loads along the electrode surface. The clutch is arranged in
parallel with a sheet of knitted fabric, which exhibits low-stiffness spring-like charac-
teristics, thus decreasing load resistance when the clutch is deactivated. Mechanical
tests are carried out to assess the dependency on scaling and loading rate at different
voltages. The load-bearing capacity of the device is experimentally shown to sustain
a 1kg load for a clutch pair with 120 x 70mm? dielectric overlap, when activated
at 400V. This chapter presents current-dependent charging and discharging times
that can be as low as 15 ms. To exemplify its pertinence in wearable applications, the
device is used as an elbow joint constraint, exhibiting its conformability to curvatures

and suitability for skin-mounted applications.

The main contributions of Chapter 2 are:

¢ The first all-fabric electroadhesive clutch to be developed for wearable applica-
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tions.
* The design, working principle, and fabrication technique used for the clutch.
e The characterisation of the clutch’s electromechanical properties.

* Preliminary demonstrations to indicate the feasibility of the clutch for haptic

applications.

Chapter 3, A fabric-based elbow haptic sleeve for motor training

People learn motor activities best when they are conscious of their errors and make a
concerted effort to correct them. While haptic interfaces can facilitate motor training,
existing interfaces are often bulky and do not always ensure post-training skill reten-
tion. This chapter describes a programmable haptic sleeve composed of textile-based
electroadhesive clutches for skill acquisition and retention. The functionality of the
sleeve is shown in a motor learning study where users control a drone’s movement
using elbow joint rotation. Haptic feedback is used to restrain elbow motion and make
users aware of their errors. This helps users consciously learn to avoid errors from
occurring. While all subjects exhibit similar performance during the baseline phase of
motor learning, those subjects who receive haptic feedback from the haptic sleeve
commit 23.5 % fewer errors than subjects in the control group during the evaluation
phase. The results show that the sleeve helps users retain and transfer motor skills
better than visual feedback alone. This work shows the potential for fabric-based
haptic interfaces as a training aid for motor tasks in the fields of rehabilitation and

teleoperation.
The main contributions of Chapter 3 are:
* The improvement of the earlier all-fabric electroadhesive clutches to increase
holding force capacity.

* The creation of a fabric-based elbow-joint wearable haptic sleeve composed of

electroadhesive clutches and anchoring body attachments.

* The successful demonstration of the haptic sleeve as a teaching aid for novice

users to learn drone path following.
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* The observed ability of users to transfer motor skills to related tasks, such as

waypoint navigation.

Chapter 4, Multi-joint wearable haptic sleeve for telerobotics with reduced visual
feedback

Teleoperators rely on both visual and haptic feedback to perform drone teleoperation
tasks, such as obstacle avoidance. Haptic feedback becomes essential when visual
feedback is compromised, either due to visual occlusions or poor depth perception.
However, haptic interfaces, are often bulky because they require heavy actuators to
provide force feedback. As mentioned in previous chapters, this bulkiness reduces
user mobility and makes these interfaces unsuitable for prolonged use. This chapter
proposes a wearable haptic sleeve that encompasses the wrist and elbow joints of a
human arm. The two joint rotations control the motion of a drone in a simulated envi-
ronment along a horizontal plane. The sleeve is composed of modular electroadhesive
clutches that block the joint movement when the drone is in the vicinity of an obstacle.
The clutches are lightweight (27 g), require low power (~ 1 mW) to operate, and can be
mounted on the user without affecting the user’s mobility. A motor learning subject
study is conducted to navigate a drone through a hole in a wall where the depth
perception of visual feedback is compromised. The results of the study show that
subjects trained with the wearable haptic sleeve learn the drone obstacle avoidance
task and retain the necessary motor skills after haptic training, compared to subjects

who receive only visual feedback and are unable to learn the motor task.

The main contributions of Chapter 4 are:

An updated version of the wearable haptic sleeve is developed to encompass

both the elbow and the wrist joints with new body anchoring attachments.

The different electroadhesive clutches are capable of blocking the joint move-

ments independently.

An qualitative and quantitative evaluation of user interaction with the device

for wrist extension and flexion is carried out.

A user study is conducted that successfully exhibits the haptic sleeve’s ability to
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aid users in learning obstacle avoidance tasks under reduced visual feedback.
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Y4 The design and development of an

all-fabric haptic device

The first chapter describes the design and fabrication of the all-fabric wearable elec-
troadhesive clutch. The clutch is used as the fundamental building block in developing
a wearable haptic interface that is used to train users for telerobotic tasks. The wear-
able interface provides haptic feedback using the clutches to correct erroneous body

movement in the context of the task by blocking specific joint movements.

Publication Note: The work presented in this chapter is adapted from:

V. Ramachandran, J. Shintake and D. Floreano, “All-Fabric Wearable Electroadhe-
sive Clutch", in Advanced Materials Technologies, vol. 4, no. 2, Feb. 2018, doi:
10.1002/admt.201800313.

2.1 Introduction

In the field of wearables, the provision of haptic feedback has successfully been shown
to supplement the information gathered by the human body’s intrinsic sensory mech-
anisms for applications ranging from rehabilitation to teleoperation [1, 52]. In fact,
with the introduction of new wearable interfaces to control distally-located robots,
haptic feedback to the whole body could help users learn to control robots better

than they might with conventional hand-held controllers that have limited physical
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points of contact with the human skin [139, 122]. One approach is to provide haptic
feedback produced by devices that generate mechanical impedance, such as brakes
and clutches [144, 56]. Such haptic devices are characterised by guides that transmit
impedance that can constrain user movement and prevent them from committing
errors. Unlike powered wearable orthotics, which require bulky actuators [36, 48],
these types of wearable impedance-based haptic devices can be developed exclu-
sively using soft materials. Indeed, in recent years there has been a greater emphasis
to incorporate human skin-like elastic materials in wearable systems for improved
biomechanical compatibility [173]. In soft matter engineering, the predominant
materials used are silicone-based elastomers because they can deform under light
mechanical loading and distribute the load to avoid high stress concentrations [92].
However, a key limitation of such elastomers is that they are non-porous. This makes
them unsuitable for direct skin-mounted applications because of potential health
risks caused by skin occlusion and sweat build-up. One way to address this issue is to

use textiles that allow the skin to breathe through their intrinsic porous texture [117].

To provide impedance-based haptic feedback using textiles, stiffness tuning technolo-
gies can be used. Several stiffness-tuning technologies are explored in the literature
that examine their functionality when used in conjunction with textiles [93, 166]. In
addition to flexibility, lightness, and breathability, the haptic device needs to respond
rapidly and match the compliance of the human body. The variable stiffness technolo-
gies that satisfy most of these requirements include, layer/particle jamming [166, 25,
77,13, 42], phase changeable materials [167, 137, 152, 155], or electrostatic adhesion
[33]. Jamming technologies suffer from the need for bulky auxiliary equipment to
remove air and regulate air pressure and are therefore, unsuitable from the standpoint
of portability. Material phase change, often a thermal process, consumes significant
amount of power and takes a long time to respond due to slow heat dissipation. Elec-
trostatic adhesion, or electroadhesion, exploits the characteristics of capacitors, such
as low power consumption and short response time, and require only lightweight and
portable electronic components. Therefore, electroadhesion may be more suitable for

the development of impedance-based haptic devices using textiles.

Electroadhesion has mostly been used in the field of robotics for gripping, perching

and wall-climbing applications [158, 51, 128, 106, 105]. In most instances, a combina-
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tion of tacky polymers with moderate conductive and dielectric properties were used
to fabricate capacitors [17]. However, the use of intrinsically-adhesive polymers could
also result in residual stiction and slow disengagement. This problem is addressed
recently in work that focused on the development of an electroadhesive clutch for an
ankle prosthesis by using a solid dielectric with a smooth surface [33]. Their device is
very effective in controlling the spring engagement of the exoskeleton and returning
stored mechanical energy during walking. However, it must be noted that the use of
metallised plastic electrodes in their clutches could be unsuitable for textile fabricated

devices, arising from materials compatibility issues in the manufacturing process.

2.2 Methods

This section presents the method to develop wearable haptic clutches that are almost
entirely fabricated using different types of textiles (Figure 2.1). The advantage of the
method proposed here is the employment of stitching, a common textile manufac-
turing method. Compared to dry or wet adhesives that create chemical bonds to join
surfaces, stitches are more resilient to environmental externalities, such as humidity
and are more easily mendable in case of damage. The feasibility of the manufacturing
process is demonstrated as well as the material architecture that allows for directional

stiffness tuning at low power.

2.2.1 Structure, working principle, and fabrication

The haptic device is composed of a pair of electroadhesive clutch plates coupled
with knitted and woven fabrics, arranged in the order shown in Figure 2.1. Knitted
fabrics are stretchable and woven fabrics are inextensible. The device is designed to
have a low-stiffness spring in parallel with the high-holding force clutch. This means
that when the clutch is not in operation, the device can comfortably stretch along
the human body without exerting a significant restoring force. The assumption here
is that the friction between the dielectric surfaces of the clutch plates is negligible.
The clutch operates on the same principle governing parallel plate capacitors (see
Appendix A). When a voltage is applied across the electrodes, charge separation

induces Maxwell stress normal to the electrode plane (Figure 2.1b). This adhesion
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Electrode || Dielectric . Knitted Fabric ~ Woven Fabric

Figure 2.1 — Structure and working principle of the fabric clutch. (a) Encapsulated
haptic device with integrated electroadhesive clutch plates. (b) When the haptic
device is stretched longitudinally, the dielectric overlap area reduces. To prevent
further stretch, a voltage @ is applied across the electrodes that induces Maxwell stress
o normal to the electrode surface and increases the frictional force. (c) Cross-section
and exploded view of the clutch pair components. Fabric components are joined by
stitches (dashed, white & black).
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Figure 2.2 — Fabrication of the fabric clutch. (a) Component manufacture of the clutch
plates and fabric sheets. (i) Two copper plated polyester fabric electrodes are bonded
to a glass substrate. (ii) The electrodes are thin-film coated with a dielectric ink. A
portion of the electrode is left uncoated to interface with a high voltage power supply.
(iii) Knitted fabric is laser cut into rectangular sheets. (b) Assembly of haptic device.
(i) The posterior surface of the electrode is stitched onto the knitted substrate along
the wider edge of the coated surface. (ii) The electrode is folded to cover the stitched
seam and the coated surface is aligned in parallel with the knitted substrate. (iii) The
exposed portion of the coated (anterior) electrode face is stitched onto the substrate
along with a rectangular laser-cut woven fabric sheet covering the knitted fabric
surface between the exposed, anterior electrode portion and the substrate edge. This
sample is replicated and aligned such that the coated electrodes are in planar contact
and the unconstrained portion of the knitted substrate are longitudinally at opposite
ends. (c) Encapsulation in a textile covering. (i) Bottom cover is manufactured by
stitching two identical knitted fabric sheets to a single woven fabric sheet. (ii) Clutch
pair with overlapping electrodes is placed on top of the bottom cover. (iii) A top cover,
identical to the bottom cover, is placed on top of the clutch pair. (iv) The covers are
stitched along the longer edges with seams avoiding the clutch pair. The covers and
the clutch pair are stitched together along the wider edges to completely encapsulate
the device.
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increases the maximum shear force required to induce slippage when subjected to a

tensile load.

Each clutch plate consists of a conductive woven textile sheet of pre-determined
shape, which is thin-film coated with a high-«x dielectric ink and laser-cut knitted and

woven fabrics (Figure 2.2a).

The steps involved in the fabrication of the clutch plates are as follows:

e Two 105 mm x 60 mm sheets of the Nickel on Copper-Plated Polyester Fabric
tape (CN-3190, 3M), a woven fabric shielding with acrylic adhesive backing, are
bonded to a 127 um sheet of Polymethyl methacrylate (PMMA), as shown in
Figure 2.2(a)-i.

e 50 um layers of dielectric ink (Luxprint 8153, DuPont) are deposited onto the
fabric substrates using thin film application (ZUA 2000, Zehntner), leaving only

5mm x 60 mm of the fabric exposed.
¢ The ink is oven-cured at 140 °C for 60 minutes.

» This step is repeated once and the resulting solid dielectric layer is 40 ym in

thickness as shown in Figure 2.2(a)-ii.

¢ The clutch plates are removed from the PMMA substrate.

The device is comprised of two identical parts, each fabricated by stitching a clutch
plate and a piece of woven fabric onto a sheet of knitted fabric, leaving only a portion
of the knitted fabric unconstrained (Figure 2.2b). The two parts are aligned to form
a clutch pair, such that the dielectric surfaces of the pair are in planar contact and
the unconstrained portions of the knitted fabric are at opposite ends (Figure 2.1c).
Finally, the entire device is enclosed in a protective textile covering to prevent plate

separation perpendicular to the longitudinal axis.

The steps involved in the fabrication of the haptic device are as follows:

¢ Rectangular sheets of knitted fabric (280 mm x 60 mm) and woven fabric (60 mm
x 60 mm) are laser cut, as shown in Figure 2.2a-iii, using a commercial CO, laser

cutter (Speedy 400, Trotec).
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» Using one sheet of knitted fabric as a substrate, the posterior, uncoated surface
of one fabric clutch plate was stitched onto it using a commercial sewing ma-
chine (H Class E20, Husqvarna Viking), 150 mm from the substrate edge (Figure
2.2b-i).

* The plate is folded backwards to cover the seam (Figure 2.2b-ii), such that the
coated surface of the plate is aligned with the longer edge of the knitted fabric

substrate.

* The exposed portion of the coated surface is stitched onto the substrate (Figure
2.2b-iii), along with one sheet of the laser cut woven fabric, thereby covering the
portion of the knitted fabric surface between the covered seam of the electrode
and the substrate edge. As a consequence, only 130 mm x 60 mm of the knitted

substrate remains unconstrained.

e The sample is replicated and aligned, such that the coated electrodes are in
planar contact and the unconstrained portions of the jersey fabric sheets are at

opposite ends.

e The clutch pair is encapsulated by embedding it between two layers of textile
covering sheets - each layer consisted of a woven fabric sheet (180 mm x 80 mm)
stitched to two identical jersey fabric sheets (60 mm x 80 mm) along its wider

edges (Figure 2.2c).

* The covering layers are stitched together along the longer edges without the
clutch pair. The two layers along with the clutch pair were stitched together
along the wider edges. The total device weighs 23 g.

The fabrication of the device can be modified to incorporate multiple clutch plate pairs

that are arranged in parallel to increase the maximum holding force (see Appendix D).

For the plate electrode, the fabric tape is chosen because it can easily be sewn onto
other fabrics. While the tape’s acrylic adhesive backing provides a weaker, secondary
bond to the substrate that could resist shear loading, it can also be delaminated by
peeling if the plate needs to be replaced. Luxprint is selected as the dielectric material
because it contains barium titanate, a ferroelectric crystal commonly used in solid-

state ceramic capacitors [138, 75]. The high dielectric constant (x = 35) of barium
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titanate increases the charge-carrying capacity of the capacitor, thereby increasing
the adhesive force when a voltage is applied. Luxprint is particularly suitable for the
fabrication process as well. In its uncured state, it is a free-flowing, viscous fluid that
can be oven-cured into thin films on flat substrates using a thin film applicator. In
its cured state, the surface is smooth and thus displays low friction. This physical
property is important to ensure high surface conformability, which results in stronger
adhesion upon clutch activation, and for providing negligible shear resistance when
no voltage is applied [33]. The thin dielectric film bonds well to the flexible fabric
without cracking, although the dielectric layer thickness decreases by more than half
after the sample is cured in the oven. This phenomenon is due to the fact that the
solvent present in the dielectric ink, which gives it its fluidic constitution, evaporates
during the curing process and that the ink seeps through the numerous air gaps

present in the weaves of the fabric.

2.2.2 Electromechanical characterisation

Two sets of experiments are performed in order to characterize the behaviour of the
device. In the first set, the mechanical characteristics are measured, such as the
dependence of the maximum clutching load on the area of dielectric overlap, the
effect of number of clutch plate pairs arranged in parallel, and the rate of loading
(displacement-controlled and force-controlled). In the second set, the relevant elec-
trical characteristics are measured, such as capacitor charging and discharging time,

and the total power consumption.

When a voltage @ is applied across the parallel plate capacitor, an electric field is
created between the plates and charges begin to flow from one electrode to the other
until the potential difference across the capacitor plates equals @ (Figure 2.1b). The
capacitor has a capacitance C = Axeg/ x, where A is the capacitor planar surface area,
k is the dielectric constant, € is the dielectric permittivity of free space, and x is the
dielectric thickness. The electric field induces Maxwell stress normal to the electrode
plane (see Appendix A). This stress component is responsible for the rapid increase in
frictional force along the surface area of the planar electrodes, opposite to the loading

direction. For n engaged clutch plate pairs placed parallel to each other, the adhesive
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force in-plane is given by:

F = A(@)Z (2.1)
= —UK€QnA|— .
2” 0 X

where p is the coefficient of static friction between the surfaces of the dielectric.

The steps involved in the characterisation of the holding force dependency of the

haptic device on different parameters are as follows:

* Each clutch plate is bonded onto 150 mm x 60 mm rectangular sheets of laser
cut woven fabric, by iron pressing the woven cloth onto the acrylic adhesive
backing of the fabric tape. The melted adhesive creates a strong bond between
the plate and the fabric.

* Force-displacement tests of the clutch pairs are conducted with a materials
testing machine (Instron 5965). The plates of the pair are fixed to the vices of the
tensile tester, such that the dielectric surfaces are in planar contact with each

other.

* To test the dependence of maximum holding force on applied voltage, the
vertical separation between the vices is adjusted to ensure an overlap area of
50 x 60 mm?. Prior to commencing each test, voltage is applied to the clutch

electrodes using a high voltage supply (PS 350, Stanford Research Systems).

e The clutch pairs are engaged at 200V, 300V, 400V, and 500V and loaded under
force-controlled conditions (0.1, 1, 10, 100 Ns~! ) and displacement-controlled

conditions (0.1, 1, 10, 100 mms™1) (see Appendix E).

e The clutch pairs are engaged at 200V, 300V, 400V, and 500V and loaded under
force-controlled conditions (0.1, 1, 10, 100 Ns™1) and displacement-controlled

conditions (0.1, 1, 100 mms™1).

* To test the dependence of maximum holding force on area of overlap, tests are
carried out for the following areas: 10 cm?, 30 cm?, 50 cm?, while the plates are

engaged at 400V and the vices are loaded at 10 mms™! .
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* To test the effect of number of clutch plate pairs operating in parallel, experi-
ments are carried out using 1, 2, 3, 4, and 5 pairs of clutch plates. Each charac-

terisation study is carried out for 5 trials.

To calculate the charging and discharging times of the capacitor, a customized H-
bridge is used with a resistor placed in series with the capacitor to determine the
capacitor voltage drop by measuring the branch current (see Appendix B). When a
digital signal is sent from a microcontroller to transistors in one branch of the bridge,

the high voltage @ is applied across the capacitive load.

The steps involved in the measurement of the charging and discharging temporal

characteristics of the clutches are as follows:

e The clutch plates are interfaced with the H-bridge by soldering wires to the
textile electrodes. The H-bridge is customized with four identical transistors
(INK60Z, STMicroelectronics). The H-bridge also consists of a 2 M {2 resistor
placed in series with the capacitive load, to measure the current flow through

the individual branches and calculate the voltage drop across the capacitor.

* The transistor of the H-bridge that are closer to the ground potential are denoted
as LTs and the transistors closer to the high voltage supply as HTs. Initially, LTs

are closed and HTs are kept open.

e When a 5V digital signal is sent from the microcontroller (Arduino Nano, Ar-
duino LLC) to close the HT of one branch of the bridge and open the LT of the
second branch, a high voltage (200V, 300V, or 400V) is applied across the first

branch.

e The current flow is measured and stored using a digital oscilloscope (HM02024,
Rohde & Schwarz). The time required for the current to decay to 0.7 % of its

peak value is calculated as the charging time.

e Capacitor discharging is instigated by opening the HT of the first branch and
closing the LT of the second branch, thus shorting the circuit and reverting to

the initial condition. The current flow, voltage drop, and discharge time are
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measured in the same manner as the charging phase, using the oscilloscope

across the measurement resistor.

Discharge time is shortened even further using the H-bridge by two steps that are
performed simultaneously (see Appendix B). One, the HT of the first branch is opened,
and the LT of the second branch is closed and two, the HT of the second branch is
closed and the LT of the first branch is opened. This should result in the capacitor cur-
rent and voltage drop peaking in the second branch to twice the peak value recorded
in the first branch, before undergoing exponential decay. Based on experimental data
collected for discharge through branch short circuiting, the time needed to reduce the
voltage to half is determined. The second branch is kept closed for that exact period of
time, after which the HT of the second branch is opened and the LT of the first branch
is closed, returning to the initial condition. The capacitor discharge time is measured
as the sum total of the time required for the current to drop to 0.7 % of the peak value

starting from when the first branch was opened.

2.3 Results

2.3.1 Holding force characteristics

As shown in Figure 2.3, the mechanical characteristics of the clutches are observed to
be in keeping with expected trends. As Equation (2.1) suggests, the maximum load
that the clutch plates can withstand increases in proportion to the dielectric area of
overlap and the number of engaged clutch plate pairs (Figures 2.3a,b). The linear
dependency on the dielectric area of overlap is especially relevant when the clutch
plates are engaged after the device has been stretched by a certain amount. Here, the
dielectric area of overlap reduces from its initial value in the rest configuration and
consequently, the maximum holding force capacity also reduces. It must be noted that
the force is only dependent on the total surface area of dielectric overlap and not the
individual dimensions of the clutch plates. Therefore, the device can be designed with
plate dimensions and rest configuration dielectric area of overlap that are capable
of handling different magnitudes of load. As predicted by Equation (2.1), Figures

2.3c,d also show a quadratic load dependence on the applied voltage. The samples
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Figure 2.3 — Maximum clutch holding force capacity as a response to an applied
voltage for varying (a) area of overlap, (b) number of parallel clutch plate pairs, (c)
displacement-controlled loading rate, and (d) force-controlled loading rate. Each
clutch plate is bonded to a 150 mm x 60 mm sheet of woven fabric and each clutch
pair has an initial dielectric overlap area of 50 x 60 mm?. (e) Exponential capacitor
charging characteristics of a clutch plate pair at different voltages. (f) Clutch plate
discharge characteristics observed at 200V, both by short circuiting and by reversing
the voltage polarity using an H-bridge. The discharge characteristics are measured by
observing the voltage drop across the measurement resistor placed in series with the

capacitor.
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are loaded by defining the rate of loading, either displacement-controlled (mms™!)
or force-controlled (Ns™1). It is worth pointing out that for both sets of tests, the
maximum holding force reduces at high rates of loading. The force-controlled tests
exhibit a slightly higher variance compared to displacement-controlled tests at high
voltages. Unlike displacement-controlled tests that are open-loop processes where
the tests are carried out by specifying a fixed displacement rate, force-controlled tests
are closed-loop processes where the loading rate depends on the force measured by
the load cell of the commercial tensile tester. Therefore, delays in transmitting the
measured value from the load cell to the operating software may have contributed to

the aforementioned artefact.

2.3.2 Charging and discharging characteristics

The voltage drop across the capacitor increases exponentially from zero to the peak
value at steady state (Figure 2.3e). This rise is caused by a corresponding exponential
charge build-up on the capacitor electrodes. The charging time is calculated as the
time required for the voltage to reach 90 % of its peak value. For instance, a single
clutch plate pair with a dielectric overlap area of 50 x 60 mm? takes 13 ms to charge

when operated at 200 V.

A consequence of capacitance charge build-up is dielectric space charge. Space charge
is caused by the induced polarising electric field that aligns the ionic crystals to oppose
the applied electric field [130]. When the capacitor plates are shorted, the charges
in the capacitor begin to flow in the opposite direction until the voltage across the
electrodes is zero. However, the presence of space charge might cause the plates
to retain residual stiction that can have significant consequences when operating
haptic devices at high frequency. While the space charge for Luxprint is low [33],
the discharging time can be reduced even further by driving current in the opposite
direction for a brief period of time to quicken space charge removal (see Appendix B).
When operated at 200V, a clutch pair with a dielectric overlap area of 100 x 60 mm?
consumes an average power of 0.9 mW during charging and 1 mW during discharging.
By using the H-bridge to drive current in the opposite direction until the capacitor
voltage is driven to zero, the discharge time can be reduced from 15 ms to 2 ms, while

the clutch pair consumes an average power of 2.7 mW to discharge (see Figure 2.2f).
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It is important to state that the dielectric permittivity of the capacitor (clutch) is not
constant and varies with applied voltage. This is because the dielectric used, Luxprint
8153 is composed of Barium Titanate, a ferroelectric crystal. Ferroelectric materials
undergo field-induced transitions when a field (electric, thermal, stress, gravitational)
is applied. As a result, the dielectric permittivity changes when a voltage is applied
across the clutch and a constant capacitance, and thereby a constant RC cannot be
used. However, this is not a problem for measuring the charging and discharging time
of the capacitor because these quantities depend on charge accumulation over time,
and this has been quantified experimentally at different voltages in Chapter 2 and
Appendix B. The resistance R used for the charge/discharge characteristics is 2 M (2.
When the voltage is set to zero, the capacitance of the clutch is 23.24 nF for an area of

overlap of 50 x 60 mm?.

2.3.3 Preliminary demonstration of haptic device

To validate the capabilities of the haptic device, two demonstrations are carried out
using a single clutch pair device that weighed 23 g, with rest configuration dielectric

overlap area of 120 x 70 mm?, and operated at 400 V.

To demonstrate the load bearing capacity of a single clutch pair device, a 1 litre bottle
of water weighing 1 kg was attached to a plank of wood using a bowline knot (see
Figure 2.3a). A 75mm x 40 mm rectangular piece of Velcro with adhesive backing
is attached to one of the surfaces of the plank. The mating Velcro portion of the
same dimensions was attached to one end of the haptic device. Initially, the clutch
is engaged at 400V, with a dielectric area overlap of 120 x 70 mm?. The clutch along
with the bottle is lifted to a height of 1 m above the ground and held. Keeping the
top end of the device fixed, the clutch is disengaged and the knitted fabric extends

downwards under the influence of the attached weight.

To show the device’s ability to constrain human body movement, a mannequin arm
with a hinge elbow joint is used (Figure 2.3b). The arm is positioned such that the
shoulder joint is kept locked but the forearm, weighing 0.8 kg, is free to rotate about
the elbow hinge joint. The activated device is capable of supporting the weight of

the forearm, thus indicating that it can impart force feedback to block undesirable
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Figure 2.4 —- Demonstration of haptic device with single clutch pair having a dielectric
overlap area of 120 x 70 mm? and engaged at 400V for (a) load bearing and (b) skin-
mounted applications. (a)-(i) The initially engaged clutch is able to lift a weight of
1kg. (a)-(ii) Upon disengagement, the knitted fabric stretches like a spring under the
influence of the loaded weight. (b)-(i) The engaged clutch is able to constrain the
rotation of a mannequin forearm about the elbow hinge joint. (b)-(ii) The disengaged
clutch readily allows the forearm rotation without providing comparable resistance to
movement

movement. When the device is not in operation, the forearm should rotate under
the influence of its own weight and cause the device to stretch longitudinally. Velcro
strips are adhered along the 18 mm circumferences of the forearm and upper arm.
With respect to the hinge joint, the strips are 12 cm along the forearm and the upper
arm each and the clutch was attached along the arm’s posterior side. As expected,
upon engagement, the rotation is constrained and the forearm is held fixed. When

the clutch is disengaged, the forearm is able to rotate freely again.

2.4 Conclusions

In summary, this chapter describes the development of a haptic device consisting of
an electroadhesive clutch, fabricated using textiles. When the clutch is not activated,

the device is allowed to stretch without providing much resistance to loading. Upon
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activation, a voltage is applied across the electrodes of the clutch which increases the
resistance to tensile load. The device is lightweight, flexible, and operates at low power.
The best reported work on electrostatic clutches is the one developed for the ankle
exoskeleton [33]. It is capable of withstanding a shear stress of 17 kPa at 120 Vmm ™!,
the device weighed 26 g, and the net power consumption was 0.6 mW over a period
of 30 ms. In comparison, the clutch presented here can sustain a maximum shear
stress of 3.5 kPa at the same voltage per unit dielectric thickness, weighs 23 g, and
consumes 0.9 mW over a period of 15 ms. The lower shear stress of the fabric clutch
can be attributed to the mechanical and electrical properties of the fabric electrode
— the presence of air gaps between the weaves of the textile reduces the capacitor’s
charge carrying capacity and its surface irregularities lower the effective overlap
surface area. However, the use of an all-fabric device greatly facilitates material-level
compatibility for integration in textile-based wearable systems and streamlines the
manufacturing process for rapid fabrication. In addition, the mechanical design of a
spring and clutch in parallel is an elegant solution for providing impedance-based
haptic feedback. Despite requiring high operating voltages, electrostatic adhesion as
a technology is safe provided the power-consumption is low i.e., the current required

to charge and discharge the circuit is small (< 5pA).

Given that the holding force increases linearly with the dielectric area of overlap and
not the individual dimensions of the clutch plates, it is possible to scale up the device
to encompass large parts of the body. For body appendages like fingers where the area
to mount the device is small, multiple clutch plate pairs can be stacked to produce
sufficient force to provide haptic feedback. Power loss due to leakage through the
capacitor is low (= 320 nA). Thus, for larger capacitors, power consumption during
charging and discharging will largely depend on Joule heating through the series
resistance, which limits the current flow through the circuit. Larger capacitors require
more time to charge and discharge, but increasing current flow can reduce the reaction

time, at the expense of marginally increasing power consumption.

Despite the numerous advantages of using this technology, there are some limitations
that need to be addressed. The application of high voltages to barium titanate results
in a decay of its dielectric properties [151, 124, 172]. The same is indicated through

anecdotal observations made over a period of a few months, where repeated clutch
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charging and discharging led to a deterioration in its holding force. Additionally,
barium titanate, like other high-«x dielectrics, also has a low breakdown strength (=
20 MVm™1) that limits the operating range of voltages. One way to address this issue
is through the addition of conductive fillers that increases the breakdown strength [37,
168]. Alternatively, multiple clutch plates arranged in parallel can be operated at lower
voltages instead of engaging a single clutch plate at a high voltage. Another common
problem experienced when loading the engaged clutch plate was arc discharge at the
electrode edges, where the dielectric coating was sparse. This can be avoided either
by coating both surfaces of the electrode with the dielectric ink or by adhering strips
of polyimide tape, which has a higher dielectric strength than Luxprint, along the
edges of the electrodes. While the risk of sweat-induced capacitor short circuiting
is highly remote, it can be avoided by using commercial waterproof fabrics for the

encapsulation.
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8] A fabric-based elbow haptic sleeve for

motor training

The previous chapter introduces an all-fabric wearable electroadhesive clutch, which
would be suitable for providing haptic feedback. This chapter addresses some of the
major limitations of the earlier clutch by developing a new version of the same to
increase its maximum holding force and to simplify the fabrication process. The new
clutches are integrated in a wearable interface designed to block elbow joint rotation.

This interface is used to train users in a motor activity based on drone teleoperation.

Publication Note: The work presented in this chapter is adapted from:

V. Ramachandran, E Schilling, A.R. Wu, and D. Floreano, “Smart textiles that teach:
Fabric-based haptic device improves the rate of motor learning”, in Advanced Intelli-

gent Systems, (under publication) June 2021

arXiv url: https://arxiv.org/abs/2106.06332

3.1 Introduction

Over the past decade, robotic teaching aids have been developed to train people in a
variety of motor activities by providing sensory feedback [68, 159, 136, 87, 95, 134, 20].

Motor learning is an error-driven process, and the rate of learning depends on how
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sensory feedback is provided during training. Typically, people learn to rectify their
errors based on a combination of visual, auditory, and haptic feedback [159]. Motor
training by haptic feedback is of particular interest to researchers because it can be
applied directly to the part of the body where corrective action is needed [61, 179].
This effectiveness hinges on two critical and intimately linked factors - the haptic

interface and the training method [99, 108, 29].

Haptic interfaces should provide reliable, intuitive, and clear feedback when required
and be unobtrusive when they are not. Within the scope of motor training, haptic
interfaces are generally employed in two fields - rehabilitation and teleoperation [95, 1].
Existing haptic interfaces are mostly grounded i.e., they are fixed to a rigid base, which
limits their applicability to tasks that do not require much user displacement, such as
object manipulation [52]. With the miniaturisation of electronic components, such as
integrated circuits and batteries, wearable interfaces have become a viable alternative
because they allow users a greater degree of mobility [116]. This increased mobility has
been demonstrated through multiple exoskeletons for gait rehabilitation and robot
teleoperation that improve user performance in the specific tasks for which they are
designed [111, 78, 38, 125, 173, 5, 90, 4, 119, 7, 141, 140]. However, these interfaces are
bulky because of the heavy actuators that they use, such as motors and pumps, which
cause user fatigue over prolonged use. In fact, actuators are not always necessary
to help users perform motor tasks better. As described in the previous chapter, a
recent study shows how a simple, unpowered clutch and spring ankle exoskeleton
can increase human walking efficiency by re-purposing their expended energy [27].
Indeed, new lightweight, fabric-based haptic interfaces have been developed in recent
years to circumvent the problems associated with using heavy actuators and promote
user comfort for continuous usage [88, 179, 6, 90, 30, 131, 120, 177, 16, 59, 85, 181]
(Table 3.1). Amongst these fabric-based haptic interfaces, certain interfaces use
electrostatic adhesive (EA) clutches to apply kinesthetic feedback through movement
braking and passive springs [60, 59, 131, 33, 34]. They operate at low power (~ 1 mW)
and are easily integrated into other textile-based wearables, such as clothing. These
new types of fabric-based, low-power-consuming haptic interfaces are less complex
in mechanical design compared to existing interfaces, which are composed of rigid
components. The absence of actuators compels users to rely on the feedback to

both identify and correct their errors, which helps them learn the motor task faster.
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Textile haptic devices Year Feedback type Power source Wearable type Tethering
Bianchi et al. [30] 2014 Tactile Electric motors Wrist sleeve Tethered
Low et al. [22] 2017 Kinesthetic Pneumatics Glove Tethered
Culbertson et al. [31] 2018 Tactile Magnetics Forearm sleeve Tethered
Ramachandran et al. [32] 2018 Kinesthetic Electrostatics Elbow joint Untethered
Park et al. [33] 2019 Tactile Electrostatics n/a Tethered
Wu et al. [34] 2019 Tactile Pneumatics Forearm sleeve Tethered
Carpenter et al. [35] 2019 Kinesthetic Thermoelectrics Finger Tethered
Hinchet et al. [36] 2020 Kinesthetic Electrostatics Glove Untethered
Lee et al. [37] 2020 Tactile Thermoelectrics Wrist joint Tethered
Zhu et al. [38] 2020 Tactile Pneumatics Forearm sleeve Tethered
This study 2021 Kinesthetic Electrostatics Elbow joint Untethered

Table 3.1 — Comparison of existing textile-based haptic devices and the one presented
in this study.

Furthermore, unlike existing interfaces, these interfaces are not designed for any one
specific task alone. Rather, they can be re-purposed to help train users in a variety of

motor tasks.

A successful haptic training method ensures that users are immersed in learning
the motor activity and are provided timely feedback to improve their performance
over the course of training. Existing haptic-based training methods can be broadly
divided into two categories - haptic guidance and error amplification [104, 12]. In
the former, the haptic system physically guides users to minimize errors they commit
during training and accomplish a task. In the latter, the haptic system amplifies user
errors to intentionally increase the difficulty of the task [98, 84]. Studies show that
haptic guidance increases user performance during training compared to baseline
conditions, but that performance levels precipitate when the guidance is not provided
[127]. Some have posited that the guidance overly increases user dependency [178].
This dependency curtails both skill retention and skill transfer post-training. On
the other hand, error-amplifying systems deliver longer periods of skill retention at
the expense of longer training periods [175]. However, some studies state that the
comparative effects of haptic guidance and error amplification on motor learning
cannot be generalised, because they are subject to the type of motor activity [104, 94].
Nonetheless, there is some consensus that the method of feedback provision and the
resulting outcome is dependent on the user skill level [99, 96]. Accordingly, novice

users benefit more from haptic guidance, whereas expert users gain more from error
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amplification. There is also recent evidence that suggests, allowing users to select the
type and magnitude of haptic feedback can accelerate the rate of motor learning [134,
97]. These studies conclusively show that users must actively utilize haptic feedback to
rectify their errors and acquire motor skills. However, so far, this active motor learning
has only been demonstrated with haptic interfaces made with rigid and bulky devices
[134].

This chapter presents a novel haptic interface that promotes active user involvement
in rectifying movement errors during motor learning and is composed of only soft,
fabric-based components. The interface consists of a programmable elbow sleeve
that comprises multiple fabric-based EA clutches, which can rapidly restrict the joint
movements of a wearer. In this study, the haptic sleeve is programmed to afford
users a margin of error, but provides a motion-blocking feedback to 1) make users
aware of their error, and 2) prevent these errors from growing. The haptic feedback
operates like a wall that confines the motion range. Through heightened awareness
of their errors, users can consciously avoid them in future iterations of the task. This
study experimentally shows that the proposed haptic interface increases the training

success to learn, retain, and transfer motor skills in a drone teleoperation task.

3.2 Methods

This section describes the key aspects of this study: the manufacture of the updated
electroadhesive clutches, the electromechanical characteristics that define the be-
haviour of the clutches, the simulated environment in which drone teleoperation
takes place, and the experimental protocol followed for the human subject study to

train user for the drone teleoperation tasks.

3.2.1 Design of the electroadhesive haptic sleeve

The electroadhesive haptic sleeve is a fabric-based exoskeleton that can be pro-
grammed to constrain elbow extension and flexion. It is composed of two electroad-
hesive clutches and three body attachments (Figure 3.1A, Figure 3.2). Each clutch is

a parallel plate capacitor composed of overlapping dielectric-coated electrodes. As
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mentioned earlier, the EA clutches used in this study are an improved version of the
previously described fabric-based clutches to generate higher holding forces [131](see
chapter 2). The higher forces are generated by replacing the fabric-electrodes of the
earlier clutches with metallized biaxially-oriented polyethylene terephthalate sheets.
This is done to avoid dielectric cracking on the electrode surface, which was observed
with the fabric electrode over prolonged usage. Furthermore, surface irregularities
and wrinkling are prevented by replacing the fabric electrodes with the metallized

plastic sheets.

When a voltage in the order of 100V is applied across the overlapping electrode plates,
they adhere to each other through electrostatic adhesion. As a result, the maximum
holding force i.e., the tensile force needed to ply the plates apart longitudinally in-
creases. In this engaged state, the magnitude of the holding force is dictated by the
applied voltage (Figure 3.1B). When the clutch is disengaged by removing the high

voltage, it recovers its initial mechanical properties within 40 ms (Figure 3.1C).

The steps involved in the fabrication of the haptic device are as follows:

Each clutch consists of three pairs of dielectric-coated electrodes that were
interleaved in an interdigitated architecture. The electrodes (150 mm x 35 mm)
are 15 um biaxially-oriented polyethylene terephthalate that are metallised on

one surface.

* The metallised surface is coated with a 20 um layer of high- x dielectric ink, a
ferroelectric composition of Barium Titanate and Titanium Dioxide (Luxprint
8153, DuPont).

e The dielectric is oven-cured at 140 °C for 60 min. Post-curing, the solid dielectric

that remains is 10 um thick.

e The non-metallised surface of each electrode is bonded to a 120 um sheet of

polymethyl methacrylate (PMMA).

* Each of the three pairs of interleaved electrodes are overlapped with their di-
electric surfaces in contact. By virtue of the interdigitated architecture, one
electrode of each pair is maintained at high voltage with respect to its paired

electrode that is grounded when the clutch is engaged.
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Figure 3.1 — Wearable haptic system to train users for motor activities. (A) Design
and composition of the fabric-based electroadhesive clutch. When a high voltage
@ is applied across the dielectric-coated electrode plates, the clutch engages and
the clutch plates adhere to each other, thus increasing the maximum holding force.
(B) The maximum holding force of the clutch is proportional to the applied voltage.
Each data point is the mean value of five measurements trials and the error bars
represent one standard deviation from this mean. (C) When the clutch is disengaged
by removing the voltage, the adhesion decreases, and the time required for the holding
force to drop (gray shading) is measured as the disengagement time. (D) The wearable
system is composed of two clutches, one each on the ventral and dorsal faces of the
human arm. The clutches are held in place with the help of attachment straps on
the forearm, the elbow joint, and the upper arm. The ventral clutch restricts elbow
extension and the dorsal clutch restricts elbow flexion.
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Figure 3.2 — Cross-sectional view of one electroadhesive clutch. Each clutch consists
of three pairs of dielectric-coated electrodes that are interleaved in an interdigitated
architecture. By virtue of the interdigitated architecture, one electrode of each pair is
maintained at high voltage with respect to its paired electrode that is grounded when
the clutch was engaged.

* Therefore, the two sets (high voltage and ground) of three electrodes that are
maintained at the same voltage are bonded together using electrically conduc-
tive copper-plated polyester fabric tape (CN-3190, 3M). Each set is adhered to a

strip of woven fabric.

* 50 mm long silicon springs (Zim Fluo 0.6 mm diameter elastic fishing line, Au-
tain Peche) are attached between one electrode set and the woven fabric strip

adhered to the other electrode set via bolted snap fasteners.

» A sleeve of rip-stop fabric is used to ensure that the electrodes plates do not

move laterally.

* Hook fastener (Velcro) strips are stitched onto the woven fabric to mount the

clutches to the forearm and upper arm body attachments.

The clutches are operated by a customized printed circuit board that can apply high
voltages when serial commands are sent via Bluetooth from the computer running

the motor learning simulations. The net weight of each clutch is 25 g.

The mechanical and electrical properties of the clutches are characterised to deter-

mine the holding force capacity and the time required for the clutches to engage when
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Figure 3.3 — Forearm and upper arm attachments straps. (A) The attachment is
wrapped around the arm and tightened by mating the hook and loop fasteners. (B)
Each attachment strap is composed of a loop fastener exterior that is bonded to a
silicone-backed elastane layer. The silicone layer ensures that the attachment does not
slip along the arm. (C) The cross-section of the attachment strap shows its different
layers.
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Bottom View Top View

Left View Front View

Figure 3.4 — Different views of the foam-padded fabric elbow joint attachment. (A) The
interior surface of the elbow attachment, which is in contact with the skin, is fashioned
out of an off-the-shelf hockey elbow pad. The silicone-backed elastane straps are
wrapped around the forearm and upper arm. (B) A 3D printed guide ensures that the
dorsal clutch does not get displaced laterally during elbow extension and flexion. The
hook fastener at the end of the silicone-backed elastane straps mates with the loop
fastener sewn onto the exterior of the foam-padded attachment. (C) The straps pass
through buckles that are sewn on to the sides of the foam-padded attachment. (D) A
block of expanded polypropylene (EPP) foam separates the 3D printed guide from the
elbow foam-padding to maintain a gap between the forearm and the dorsal clutch.
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activated by the printed circuit board. The maximum holding force of each clutch is
measured by performing force-displacement tests with a materials testing machine
Instron 5965 (Instron, Norwood, MA, USA). The ends of the clutch are fixed to the vices
of the tensile tester. Each of the three clutch pairs have an initial dielectric overlap
area of 120 x 35 mm?2. The clutch is engaged at different voltages (100V, 200V, 300V,
and 400V) and loaded in tension at a rate of 10 mms~!. The maximum holding force
is reported for each voltage as an average of five measurement trials. To determine the
clutch disengagement time, the clutch is initially fixed between the vices of the tensile
tester and then engaged at 250V. The clutch is loaded in tension until it reached the
maximum holding force at which point the clutch is disengaged by setting the applied
voltage from the board to zero. At the same time, a serial command is sent to the
tensile tester to register the time of disengagement. The disengagement characteris-
tics are reported by averaging the precipitating holding force measurements for three
trials. The disengagement time is measured by computing the 90 % drop from the

initially measured maximum holding force corresponding to the applied voltage.

The electroadhesive clutches are designed to block the elbow joint. The elbow joint is
a hinge-type joint. Hence, the motion of the elbow joint can be blocked in a targeted
manner by having one clutch each to block the flexion and extension of the forearm
about the upper arm, without affecting the mobility of the remaining body. To block
forearm extension and flexion independently, one clutch is attached to the ventral face
of the arm and another to the dorsal face, respectively. Each clutch can be extended
longitudinally from its rest length by virtue of low stiffness springs, which ensures that
the user does not experience any hindrance to natural mobility when haptic feedback
is not applied. When the voltage is applied, the electrostatic adhesion prevents further

longitudinal extension of the clutch and thus, constrains joint rotation.

The perception of the haptic feedback is quantified by the magnitude of the holding
force of the EA clutches. This magnitude is dependent on the dimension of the clutch
plates, the dielectric thickness, the number of the clutch pairs and the applied voltage.
Perception of the haptic devices can be tuned by changing any of these parameters.
The ventral and dorsal clutches are worn by placing them between body attachments
that are anchored to the forearm, the elbow joint, and the upper arm (Figure 3.1D). The

forearm and the upper arm attachments are made of long strips of elastane bonded
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to loop fastener strips (Velcro) on the exterior and a layer of silicone (Ecoflex 00-20,
Smooth-On) on the interior (Figure 3.3). Once the clutches are mounted, a custom
dial strap with a BOA tightening system (3M ACE Brand, MN, USA) is worn over the
upper arm attachment to secure the anchoring. The manufacturing process of the
forearm and upper arm attachments involves bonding the elastane to a membrane of
cured Ecoflex 00-20 by first, casting an uncured layer of Ecoflex 00-20 on the elastane,
then, placing the cured membrane on top of the uncured layer and finally, oven-curing
the entire composite. This part of the process was adapted from earlier work carried
out by colleagues [166]. The Ecoflex is comfortable and adheres to human skin. The
loop fastener on the body attachment mates with the hook fastener of each clutch.
The elbow joint attachment is necessary for the functioning of the dorsal clutch. A
semi-cylindrical 3D printed guide is sewn onto the pad at the elbow joint to allow for
longitudinal extension of the dorsal clutch (Figure 3.4). Two inertial measurement
units (IMU, by Xsens Technologies) are attached to the forearm and upper arm body

attachments to measure the elbow angle.

3.2.2 Motor learning to teleoperate a drone

The applicability of the EA haptic sleeve is assessed as a teaching aid for drone tele-
operation tasks. User errors are used as the performance metric to determine skill
retention and transfer. The experiments consist of two drone teleoperation tasks
- path following to examine the effect of haptic training on the retention of motor
skills, and waypoint navigation to determine the transfer of those skills (Figure 3.5A).
Both tasks are frequently used methods in the context of drone teleoperation. Path
following is often employed to navigate drones through long, narrow pipelines for
maintenance and inspection or navigate through cluttered environments that are
inaccessible to humans. Waypoint navigation is commonly used to help drones map
areas of interest or carry out aerial monitoring [114]. For the path following motor task,
subjects are asked to control the altitude of a drone flying through a cylindrical tube
with multiple vertical bends while avoiding collisions with the walls. For the waypoint
navigation motor task, subjects are asked to control the altitude of a drone through a
series of rings positioned at different heights. The performance of the path following

task is computed by measuring the altitude error with respect to the desired centreline
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of the tube throughout its length. The performance of the waypoint navigation task is
computed by measuring the difference in height between the drone and the centre of
each traversed ring. Waypoint navigation is chosen for the skill transfer test because
it is similar to path following. Greater task similarity between the skill retention and
transfer tests improves the chances of skill transfer. Despite their similarities though,
waypoint navigation provides users more freedom in terms of drone movement than
path following as the performance is only evaluated at discrete intervals. However,
this additional freedom comes at the risk of increased movement errors if the user

does not retain and transfer the necessary skills to control the drone.

There is a linear mapping between the elbow angle measured by the IMUs and the
altitude of the simulated drone (Figure 3.5C). The IMU readings of the elbow angle
are continuous i.e., they are non-discrete. The amplitude limits are determined by
initially measuring the elbow angles for each subject at maximum forearm flexion and
extension and then, scaling the altitude limits of the drone in the simulated environ-
ment to match the elbow angle limits. The path following task consists of three phases
- baseline, training, and evaluation, while the waypoint navigation tasks consists of
two phases - baseline and evaluation. In chronological order, subjects perform the
baseline phase of waypoint navigation, the baseline, training, and evaluation phases
of path following, and finally, the evaluation phase of waypoint navigation (Figure
3.5D). The baseline and evaluation phases of both the waypoint navigation and path
following tasks consist of three sessions each, during which subjects receive only
visual feedback from the drone’s camera in first-person view (FPV) via a desktop
display. Cubic splines are used to produce the reference trajectories for the baseline
and evaluation phases of both tasks. The tubes for the training phase of the path
following task are produced with sine curve reference trajectories. This is due to the
periodic nature of sine curves, which allow participants to become acclimatized to the
nature of the experiment. Since each sine curve is defined by a specific combination
of an amplitude and a wavelength, three amplitudes « (0.5m, 1 m, and 1.5m) and
three wavelengths A (8 m, 10m, and 12 m) are used to produce nine distinct tubes.
Prior to the commencement of the human subject studies, the chronology of the
training sessions is set by randomizing the order of the amplitude and wavelength
combinations (Figure 3.5B). This is done to prevent biasing effects due to amplitude or

wavelength. This randomization is only performed once, and the chronological order
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Figure 3.5 — Experimental pipeline for motor learning. (A) Subjects perform two
motor tasks - waypoint navigation (rings) and path following (tubes). Cubic splines
produce reference trajectories for baseline and evaluation phases of both tasks while
sine curves defined by amplitude (@) and wavelength (1) are used for the training
phase of path following. (B) Subjects in each group receive differentiated feedback
when they traverse an error threshold within the training phase tubes: first-person
view (FPV), FPV + arrows, or FPV + EA clutches. The training sessions are listed
chronologically with the a and A values. (C) A linear mapping is made between the

subject’s elbow angle and the drone’s altitude. (D) The experimental pipeline is shown
in chronological order.
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is maintained for all subjects. During the training phase, subjects receive additional
sensory feedback and are grouped accordingly: group 1 - FPV; group 2 - FPV with
yellow arrows indicating corrective action; and group 3 - FPV with EA clutches provid-
ing haptic feedback to block elbow joint rotation (Figure 3.5B). An error threshold of
0.4 m is set above and below the centreline of the training tubes, which is not visible
to the subject. Whenever subjects in groups 2 and 3 fly the drone past this threshold,
they receive the additional sensory feedback (arrows/EA clutches) to prevent them
from colliding with the tube wall. For group 2, the arrows point downward when the
drone is close to the ceiling, and they point upward when the drone is close to the
floor. Similarly, for group 3, the dorsal clutch blocks elbow flexion to prevent ceiling

collisions and the ventral clutch blocks elbow extension to prevent floor collisions.

3.2.3 Simulation framework for drone teleoperation

The drone flight tasks are simulated using Gazebo, an open source robotic simulator
[79]. Gazebo provides 3D visual scene rendering and simulated on-board sensors,
such as RGB cameras. The simulation environment and drone model are based on
previous work carried out by colleagues on machine-learning-based multi-drone
control [149]. For the flight tasks, single-integrator dynamics are used to move the
drone through the environment. The drone flight are restricted within the x-z plane
and moved forward at a constant speed of 5ms~!. For each of the three baseline and
evaluation sessions of waypoint navigation, a set of 20 rings of 1 m diameter each
are generated in the environment. The rings are spaced at equal intervals of 4m
along the x-axis with the openings facing the drone’s direction of travel. For each
session, the reference trajectory passing through the ring centres is created using
cubic spline, such that the spline slope is zero at the ring centres. Furthermore, the
z-position of the ring centres is constrained to remain between 9m and 11 m above
the ground. For the baseline and evaluation sessions of path following, 1 m diameter
tubes measuring 76 m in horizontal length are rendered in the same x-z plane as the
drone, appearing 4 m in front of it. The centreline of each tube, which is the drone’s
reference trajectory is also produced using cubic splines. The trough and the peak of
the trajectory is constrained to 9 m and 11 m respectively. For the training sessions,

1 m diameter tubes measuring 76 m in horizontal length are produced with tube
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centreline reference trajectories as sine curves. To generate nine distinct tubes, nine
distinct combinations of amplitude and wavelength are used. The three amplitudes
values are 0.5m, 1 m, and 1.5 m, and the three wavelength values are 8 m, 10 m, and
12m.

3.2.4 Human subject study

A total of 30 adult subjects (ages between 23 and 42, mean = 29.86, standard deviation
=4.32) are recruited, primarily from the university. Each of the subjects are healthy,
have normal hearing and normal or corrected-to-normal vision. None of the subjects
have prior knowledge of the tasks they are expected to perform. They are randomly
assigned to the three groups with 10 subjects each (6 men, 4 women in each group).
The subjects provide written informed consent, and the study is approved by the
EPFL Human Research Ethics Commission. Before the motor learning studies are
performed, preliminary psychophysical measurements are made to ascertain the
Just Noticeable Difference in terms of the holding force needed to constrain their
elbow flexion and extension. The applied DC voltage is directly proportional to the
maximum holding force. A voltage value of 300V corresponding to the results of
the Just Noticeable Difference is used as the operating voltage for the engagement
of the clutches during the experiments. The dimensions of the haptic devices are
determined a priori by using the anthropometric data collected from 10 individuals,
specifically, their forearm length, their upper arm length, and the changes in length on
the ventral and dorsal arm faces associated with forearm extension and flexion about
the upper arm respectively. While the haptic devices are robust to repeated usage, the
elastic fishing line used as the low-stiffness spring can become brittle at the knots, as
is often the case with some types of vulcanized rubber. To prevent any deleterious
effect as a result of this changing mechanical property, the springs are replaced after
every 5 subjects. The clutch plates are operated at a voltage that would not cause
electrical shorting. To prevent the accumulation of surface charges on each clutch
plate due to the DC voltage operation, the polarity of the clutch plates is reversed for

each subject after every session of each experimental phase.
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3.2.5 Statistics

All analysis on the data gathered from the simulated flight tasks is carried out in
MATLAB 2019b (Mathworks, MA, US). The paired ¢-test is used when comparing
a pair of normally distributed sets of data subjected a single condition, here the
effect of the training condition for each group. To compare three or more groups of
normally distributed data obtained from different sample populations, an Analysis of
Variance (ANOVA) needs to be performed first to ascertain whether there are groups
of data that are significantly different from other groups of data. After ascertaining
these differences, a post hoc #-test is performed, whereby the pairwise ¢-test statistics
are corrected to avoid minimise the occurrence of false positive results. A repeated
measure ANOVA is required when working with multiple sets of data collected for
the same population, but subjected to different treatments. A paired-sample ¢-test is
performed to compare the performance errors of baseline and evaluation phases for
each group for both path following and waypoint navigation tasks. To compare the
differences between groups for the same phase (baseline and evaluation of each task),
a one-way ANOVA followed by post-hoc Holm-Sidak correction ¢-test is employed.
The same method is used for the analysis of the path following training phase, where
statistical comparisons are made between groups for specific amplitude or wavelength
values. For the same group, comparisons are performed for changing amplitude or
wavelength values by carrying out a repeated measures ANOVA followed by a post-hoc
Holm-Sidak corrected t-test. [15]. Each of the significance tests are performed by

assuming a significance level of p=0.05.

3.3 Results

3.3.1 Acquisition and retention of motor skills

Subject performance errors are measured for both teleoperation tasks and the tem-
poral changes in their performance describe the motor learning characteristics of
each group (Figure 3.6A). Differences in performance errors between groups for the
same task phases reveal the effects of differentiated feedback provision. The perfor-

mance errors of the path following task are compared to understand how each of the

50



A fabric-based elbow haptic sleeve for motor training

groups attempt to acquire and retain motor skills specific to this task (Figure 3.6C).
Subjects in groups 2 and 3 commit fewer errors (32.89 % and 37.56 % respectively) in
the evaluation phase compared to the baseline phase for the path following task. On
the other hand, subjects in group 1 commit 12.65 % more errors during the evaluation
phase of path following compared to the baseline phase. A paired t-test show that
the performance of subjects in group 1 (FPV) deteriorate from baseline to evaluation
for the path following task indicating that the training phase between the baseline
and evaluation phases do not benefit the subjects and may even be deleterious to
them (7 =-2.535, p <0.05). On the other hand, subjects in group 2 (FPV + arrows)
and group 3 (FPV + EA clutches) perform significantly better in the evaluation phase
compared to the baseline, which implies that they are able to learn the task over the
course of training (group 2: t=23.76, p <0.01; group 3: t=10.041, p <0.01). Indeed, a
one-way analysis of variance (ANOVA) followed by a post-hoc Holm-Sidak corrected
t-test shows that there are no significant differences between the performances of
the three groups at baseline (F; 27=0.34, p=0.71). This outcome rules out any biases
that might have been introduced by relative differences in subject task expertise prior
to training. On the other hand, the same statistical treatment reveal that the per-
formance errors of subjects in group 2 and group 3 are lower than those of subjects
in group 1 after evaluation, thus showing the retention of motor skills after training
(F2,27=84.93, p <0.01). During the training phase of path following, the subjects of
each group receive differentiated feedback as explained earlier. In addition to the
received sensory feedback, the performance of each group are subjected to the effects
of different amplitude and wavelength combinations that define each tube’s refer-
ence trajectory (Figure 3.6D). For each group, these effects are resolved by averaging
their performance errors of a set of three training sessions. Each set has the same
amplitude (0.5m - sessions 1, 3, 9; 1 m - sessions 2, 4, 7; 1.5m - sessions 5, 6, 8; Figure
3.6E) or the same wavelength (8 m - sessions 2, 5, 9; 10 m - sessions 3, 4, 6; 12m -
sessions 1, 7, 8; Figure 3.6F). For a given amplitude or wavelength, each comparison is
made between groups using a one-way ANOVA followed by a post-hoc Holm-Sidak
corrected t-test. Groups 2 and 3, which receive augmented visual and haptic feedback,
respectively, perform significantly better than group 1 for each training set grouped by
amplitude (a=0.5, F» »7=20.64, p <0.01; a=1, F,2;=16.6, p <0.01; a=1.5, F,»7;=12.33,

p <0.01). Similar results are obtained when comparing the performance errors of
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groups 2 and 3 with respect to group 1 for training sets grouped by wavelength (A = 8,
F,27=14.75, p <0.01; A = 10, F>27=23.5, p <0.01; A =12, F »7=22.18, p <0.01). These
two results pertaining to the amplitude and wavelength effects on group performance
errors show that the additional sensory feedback alerted subjects in groups 2 and 3
in time to switch between extension and flexion before colliding with the tube walls.
A repeated measured ANOVA followed by a post-hoc Holm-Sidak corrected ¢-test
shows that subjects in each group perform progressively worse as the amplitude of
the tube reference trajectory increases with observable significant differences (group
1: F»,18=40.71, p <0.01; group 2: F»13=144.14, p <0.01; group 3: F»18=50.75, p <0.01).
This is expected given the increasing difficulty to alternate between forearm extension
and flexion at larger elbow angles. The post-hoc Holm-Sidak corrected ¢-test values
for pairwise comparisons within-group for different amplitudes are reported. The
repeated measures ANOVA did not reveal significant differences in performance for
group 1 for varying wavelengths (F»,13=2.74; p=0.09). However, a repeated measures
ANOVA followed by post-hoc Holm-Sidak corrected ¢-test reveal that groups 2 and
3 perform significantly better for a wavelength of 12 m compared to 8 m (group 2:
F>18=4.93, p=0.01; group 3: F» 13=4.71, p=0.02). The less marked differences in wave-
length effects within each group is perhaps due to the chosen drone forward speed.

Different drone speeds might have produced more noticeable differences.

3.3.2 Transfer of motor skills

Subjects have to utilize the motor skills garnered during the path following task to
improve upon their baseline performance in the waypoint navigation transfer task
(Figure 3.6B). A one-way ANOVA with post-hoc Holm-Sidak ¢-test corrections estab-
lishes no significant differences between the baseline performances of each group,
thus reinforcing the absence of expertise bias as shown for the baseline phase results
of path following (F> 27=0.12, p=0.88). While all subjects in each group perform better
during the evaluation phase of the waypoint navigation task compared to their base-
line, the relative improvement in performance is more pronounced for subjects in
group 2 and 3, where the error percentage drop is 42.23 % and 45.64 % respectively,
compared to the 9.97 % drop for subjects in group 1. A paired ¢-test shows that the

performance errors does not change significantly for subjects in group 1 between the
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Figure 3.6 — Results from the motor learning human subject study for path following
and waypoint navigation. (A) Motor learning curves of each subject group are plotted
as a function of mean performance error against experimental phases of both motor
tasks in chronological order. Subject groups: group 1 (FPV, red), group 2 (FPV + arrows,
black), group 3 (FPV + EA clutches, green); waypoint navigation task - baseline (light
blue, striped) and evaluation (light blue, solid) phases; path following - baseline (pink,
striped), training (light purple, solid), and evaluation (pink, solid) phases. (B)-(C)
Between-group and within-group comparisons of performance errors during baseline
and evaluation phases of waypoint navigation and path following tasks, *p <0.05,
**p <0.01. (D) Heat map of group performance errors during the training phase of path
following shows the effects of amplitude (a) and wavelength (1) combinations. (E)-(F)
Comparisons between-group and within-group of subject performance during the
training phase of path following. Each plotted point is the average performance error
of a group for three training sessions with the same amplitude (E) or wavelength (F). T
Comparison between group 1 and group 3, p <0.01. # Comparison between group 1
and group 2, p <0.01. § Within-group comparison between different amplitudes or
wavelengths colour-coded to match groups, p <0.01. All error bars in this figure show
one standard deviation above and below the reported mean performance error.
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Figure 3.7 — Subject responses to questionnaires filled after the baseline, training, and
evaluation phases for path following. Questions posed determine various qualitative
aspects of their motor training, including their comfort levels with both the wearable
interface and the control of the drone control, as well as their own assessment of
performance improvement at the end of each of these phases. At the end of the
training phase, subjects in the test groups that receive additional feedback in the form
of corrective arrows or EA clutches rate the degree to which this feedback helped
them over the course of the phase. Finally, subjects provide an overall rating of their
experience in participating in the motor training exercise. With the exception of the
yes/no response to the question about their performance self-assessment, responses
to all other questions are provided on a 7-point Likert scale between 0 and 6.

baseline and evaluation phases (t=1.27, p=0.23). This may be attributed to inadequa-
cies in motor skills acquired during the path following task. In the same vein, subjects
in groups 2 and 3, who exhibit performance improvement for the path following
task, produce similar results for waypoint navigation. There are significant differ-
ences between their baseline and evaluation phase performances showing that the
skills acquired from path following transfer to waypoint navigation (group 2: r=3.82,
p <0.01; group 3: t=7.31, p <0.01). A one-way ANOVA with post-hoc Holm-Sidak ¢-test
corrections shows that subjects in groups 2 and 3 perform significantly better during
the evaluation phase compared to group 1, thereby showing the relative benefits of

having been trained with additional sensory feedback (F>,18=0.12, p <0.01).
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3.3.3 Subjective assessment of drone teleoperation and sleeve com-

fort

Each subject’s comfort is assessed in learning to control the drone while wearing the
haptic sleeve using questionnaires. Since differentiated feedback is only provided
during the path following phase, subjects fill three questionnaires, each correspond-
ing to the three phases of path following - baseline, training, and evaluation at the
conclusion of each respective phase. Subjects are asked to assess the degree to which
they were in control of the drone’s movement, their level of comfort with the haptic
interface, and a self-evaluation of their performance improvement over the recently
concluded phase by indicating a grade on a 7-point Likert scale (0-6). For all groups, at
least 80 % of the subjects rate both their degree of control over the drone’s movement
and their level of comfort with the wearable system between 4 and 6 (both included)
for all three phases (Figure 3.7). Subjects of groups 2 and 3 are asked to rate the help-
fulness of the additional sensory feedback (arrows and EA clutches) in performing
the tasks as part of the training questionnaire. Despite the quantitative results which
indicate that subjects in these two groups improve upon their baseline performance,
only 50 % of them find the additional sensory feedback (arrows or EA clutches) to be
qualitatively helpful. It is interesting that participants do not perceive the feedback as
qualitatively helpful and yet, they tend to perform better. The rather counter intuitive
response from the subjects may be due to the additional feedback creating sensory
overload, but this claim cannot be verified as part of this study. For the self-evaluation
of performance improvement subjects could answer “Yes" or “No". For group 1, the
percentage of subjects who respond to their self-evaluation of performance improve-
ment as “Yes" increased (70 % - “Baseline"; 80 % - “Training"; 90 % - “Evaluation"). On
the other hand, the percentage reduce for group 2 (90 % - “Baseline"; 70 % - “Training"
and “Evaluation"). The percentage of affirmative responses increase for group 3 over
the phases (80 % - “Baseline" and “Training"; 90 % - “Evaluation"). In the evaluation
questionnaire for all groups, subjects are also asked to rate their overall experience
in participating in the experimental study. All subjects rate their overall experience

between 4 and 6 in participating in the experiments.
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3.4 Conclusion

This chapter describes a wearable haptic sleeve that uses fabric-based EA clutches to
impart kinesthetic feedback by blocking body joint movement and experimentally
show its functionality as a teaching aid for motor activities in drone teleoperation
tasks. This study examines and compares the effects of providing haptic feedback for

motor training with different forms of visual feedback.

The results show that subjects in the control group, who receive FPV visual feedback do
not acquire and retain sufficient motor skills to improve path following performance
and subsequently, are unable to perform better in the transfer waypoint navigation
task. Instead, subjects who receive either augmented visual feedback in the form
of arrows to correct elbow movement or haptic feedback from the electroadhesive
haptic sleeve to physically block elbow rotation, display performance improvement
from baseline to evaluation for both path following and waypoint navigation. This
performance improvement could be attributed to users relying on both types of
feedback to determine their errors and consciously learning to avoid them. This
conclusion is reinforced by the observable improvement in performance level with
respect to the control group immediately after receiving additional haptic/visual
feedback. While this additional feedback assists subjects in identifying and avoiding
errors during the training phase, their newly acquired motor skills are retained even
after the training phase. This shows that the subjects do not become overly dependent
on the additional feedback.

The increase in performance errors with the amplitude of tube reference trajectories
for all subject groups can be ascribed to the difficulty in rapidly alternating between
forearm extension and flexion, especially when approaching the maximum and mini-
mum elbow angle limits. Indeed, the performance errors of specific training sessions
on average are higher for all groups than individual sessions within the baseline and
evaluation phase due to the training tubes having larger amplitudes. The relatively
small differences in performance for all groups with changing tube wavelength may
be due to the chosen drone speed. For higher drone speeds, one might expect to see
greater performance differences with fewer errors being committed for larger tube

wavelengths.
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The comparable beneficial effects of haptic feedback and of corrective arrow dis-
plays are noteworthy because augmented visual feedback is generally accepted as a
benchmark in feedback-based training. Indeed, there are no observable statistically
significant differences between the two forms of additional feedback based on the
data collected during the subject studies. While the haptic feedback is just as effective
as a teaching aid as augmented visual feedback, haptic feedback could be qualita-
tively more helpful than augmented visual feedback when provided directly to the
part of the body responsible for erroneous motion. This is because concentrating
the relay of augmented sensory feedback through a single feedback channel (vision)
can severely increase the risk of sensory overload over prolonged periods of robot
teleoperation [170]. Furthermore, haptic feedback could be used instead of vision
when visual feedback from the robot is occluded [170, 91]. Certainly, visual occlusions
are not uncommon when operators need to inspect infrastructure, for example main-
tenance after the occurrence of a natural disaster. In these instances, first-person
visual perspective may not reveal concealed structures in the robot’s periphery due to
a variety of reasons, including insufficient lighting. Another possibility is that visual
feedback may be cut off from the operator intermittently due to poor transmission. In
addition, haptic feedback can be provided to the visually impaired. In this work, the
haptic feedback is binary i.e., either it behaved as a compliant cloth or it blocked the
range of motion. In the future, lightweight variable stiffness technologies which use
low melting point materials and shape memory materials that can provide a range
of blocking forces could also be employed for different training tasks. Furthermore,
extension of this technology to other joints, such as the wrist and fingers, could be

used for more complex teleoperation and rehabilitation tasks.
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Multi-joint wearable haptic sleeve

for telerobotics with reduced visual
feedback

This chapter introduces a wearable haptic sleeve that encompasses both the elbow and
the wrist joints. The results presented in the previous chapter show that the wearable
elbow sleeve helps users learn path following tasks when they control the altitude of the
drone. In the previous study, users receive visual feedback in first-person view from the
camera mounted on the drone. In this chapter, users are trained to perform a drone
obstacle avoidance task where they control the drone’s movement in the horizontal plane
using their elbow and wrist joint rotations. The study presented in this chapter examines
the effectiveness of the haptic feedback provided by the electroadhesive clutches when

the visual feedback is compromised due to poor depth perception.

Publication Note: The work presented in this chapter is adapted from:

V. Ramachandran, M. Macchini, and D. Floreano, “Arm-wrist haptic sleeve for drone

teleoperation”, in IEEE Robotics and Automation Letters, (submitted) June 2021

4.1 Introduction

Robots are becoming a pervasive presence in our everyday lives, ranging from do-
mestic floor cleaners to heavy construction machinery [146]. Drones in particular

are used by a variety of people, including hobbyists for adventure photography and
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Search-and-Rescue professionals to inspect debris [41, 19]. While robot autonomy is
a burgeoning area of research, presently, human operators are still needed to control
distally - located robots for most tasks [47]. Indeed, teleoperation is the predominant
method of operating drones for civilian applications and conventionally, they are
operated using hand-held controllers, such as joysticks [41]. Professional pilots who
are able to control drones effectively using these conventional controllers require
a considerable amount of training to use them. However, these interfaces are not
intuitive for novice users. The growing use of drones by non-professionals mandates
more intuitive interfaces [18]. In recent years, researchers have developed wearable
interfaces that map natural body movements to drone commands. These interfaces
are more intuitive than hand-held controllers, provide a more immersive experience

during teleoperation, and require very little time for users to train with [139].

Teleoperation using wearable interfaces, also called wearable teleoperation, of drones
is bidirectional. The operator’s body movements control drone motion and the robot
provides information to the operator about its state and the state of its surroundings
through sensory feedback [140, 142]. The sensory feedback is provided as some
combination of three channels - visual, auditory, and haptic feedback. Distributing
the information from the robot into multiple channels rather than concentrating
it through one channel can help lower the cognitive load on the teleoperator [71,
174]. Visual feedback is often treated as the most essential feedback channel that
determines the performance of teleoperation. Nonetheless, haptic feedback has
specific benefits that can complement and/or supplement visual feedback [159]. For
teleoperation training, wearable haptic interfaces, both tactile and kinesthetic, can
apply targeted forces at specific parts of the operator’s body that are responsible for
the control of the robot to guide their body movement. Haptic feedback is vital when
visual feedback is obscured either due to visual occlusions in the robot’s environment

or due to the operator’s poor perception of depth [91].

Most haptic interfaces used for telerobotic applications are fixed to the ground [52].
As a result, they only allow users a limited range of motion and consequently, their
applicability is limited too. Wearable haptic interfaces circumvent the problem of
reduced mobility by being affixed to the user’s body. However, several wearable

interfaces use heavy actuators to generate force feedback [116]. The bulkiness and
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Figure 4.1 — Experimental setup of the elbow and wrist haptic sleeve. (A) The wearable
haptic sleeve consists of four electroadhesive clutches to restrict elbow and wrist joint
rotations. The clutches are mounted on the user using body attachments. The arm
movements are measured using inertial measurement units (IMUs). The clutches
are activated independently using a customised printed circuit board. (B) Wearable
haptic sleeve to help users to perform obstacle avoidance during drone teleoperation.
The obstacles are walls with a hole in the centre. (C) The drone is controlled through
a linear mapping between the user’s elbow and wrist joint angles and the drone’s
position in the horizontal plane. (D) The subjects are divided into two groups based
on the type of feedback that they receive. There are three experimental phases in the
human subject study.

the form factor of these actuators re-introduces mobility problems and can cause
fatigue over prolonged use. Actuated haptic interfaces are often used for haptic
guidance-based training for teleoperation, a method that has been demonstrated to
help users learn motor tasks in previous studies [104, 28]. However, these studies also
suggest that trainees can become overly dependent on the haptic guidance. While
their performance improves during training when they receive haptic feedback, this

elevated performance precipitates when the haptic feedback is removed. In such
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cases, the haptic feedback becomes a crutch that curtails motor learning.

Recent studies show the use of lightweight, portable, tactile devices as very effective
interfaces to perform teleoperation even when visual feedback is compromised [91,
170]. While these tactile haptic interfaces can indicate to the operator when they are in
the vicinity of obstacles, these interfaces are not necessarily capable of completely ar-
resting operator movement to prevent collisions from occurring, whereas kinesthetic

haptic interfaces may be capable of doing so [179, 59, 131].

The preceding chapter demonstrates the successful use of a lightweight, fabric-based
wearable haptic sleeve that teaches users to perform a drone path following task [132].
The sleeve consists of two electroadhesive clutches attached to the ventral and dorsal
faces of the human arm to restrict forearm extension and flexion about the elbow joint,
respectively. Free of heavy actuators, the sleeve has a minimal effect on the user’s
natural mobility. In the study, the users who receive haptic feedback from the sleeve
are able to learn and retain motor skills to perform the path following task, whereas
the control group of users who only receive visual feedback from the drone’s camera
are unable to learn the task within the same time. This chapter concludes that due to
the absence of actuators, users are compelled to identify and correct their errors by

themselves without becoming overly dependent on the feedback.

The chapter demonstrates the use of the wearable haptic sleeve that consists of a
network of clutches and attachments to block both the extension and flexion of the
wrist and elbow joints. This sleeve is used to train users in a drone obstacle task, where
the visual feedback is compromised due to poor depth perception. The sleeve helps
users perform better by diminishing the number of obstacle collisions during training

and facilitates skill retention in the absence of haptic feedback post-training.

4.2 Methods

This section presents the different parts that constitute the experimental study: the
design and operation of the wearable haptic sleeve (Section 4.2.1), the setup of the
simulation environment to perform teleoperation (Section 4.2.2), and the human

subject study to determine the effects of the haptic sleeve on training users to avoid
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obstacles during teleoperation with limited visual feedback (Section 4.2.3).
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Figure 4.2 — Performance analysis of drone wall collisions for left and right walls. The
control and test group performances are measured by computing the median number
of collisions that take place per group. These data sets are compared by examining
the differences between groups for the same wall in each phase, between walls for the
same group in each phase, and between phases for the same group and same wall.
*p < 0.05

4.2.1 Wearable haptic sleeve

Device design and operation

The sleeve is programmed to restrict the motion of both the elbow and wrist joints.
The wearable haptic sleeve consists of four identical electrostatic adhesive clutches -
one pair of clutches to restrict the forearm extension and flexion about the elbow joint
and a second pair of clutches to restrict the hand extension and flexion about the wrist
joint (see Figure 4.1A). This sleeve is an extension of the previously described wearable
sleeve that was developed to restrict elbow joint rotation alone. The manufacturing
method of the clutches used for the sleeve in this letter are adapted directly from the

previous study [132].
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Each clutch is a parallel plate capacitor with four interleaved electrode pairs. When a
high voltage (~ 300V) is applied across the electrodes, an electric field is generated
between the plates, which causes the plates to adhere to each other. In this state, the
clutch is said to be activated. This electrostatic adhesion results in a rapid increase in
the tensile stiffness that prevents longitudinal extension. The clutch also consists of
a low-stiffness spring in parallel with the interleaved electrodes. When the clutch is
deactivated i.e., the applied voltage is set to zero, the interleaved plates can freely slide
on top of each other. In this state, the tensile stiffness of the clutch is determined only
by the spring stiffness. The electromechanical properties of the clutch are reported in

the previous study [132].

The clutches are mounted on the human arm using body attachments (see Figure
4.1A). The elbow clutches require three attachments — distal forearm, upper arm, and
elbow joint. The distal forearm and upper arm attachments are used to anchor the
ventral and dorsal clutches to block the elbow joint. The elbow joint attachment
ensures that the dorsal elbow clutch does not slip out from under the elbow during
forearm flexion. The distal forearm attachment and the upper arm attachments are
fabricated by coating long strips of elastane on one face with silicone rubber and
adhering a strip of loop-type Velcro on the other face. The silicone rubber is used to
interface with the human skin because it is comfortable. In addition, an adjustable
BOA tightening custom dial strap is used to secure the anchoring of the clutch on
the upper arm attachment. The ventral and dorsal clutches have strips of Hook-type
fastener that attaches to the Loop-type fastener on the distal forearm attachment and

the upper arm attachment.

The wrist clutches, lateral and medial, responsible for restricting the wrist joint, re-
quire two attachments — proximal forearm and finger (see Figure 4.1A). The proximal
forearm attachment is an adjustable elbow brace with a BOA tightening system and
a Loop-type fastener exterior. The finger attachment is a fabric strip coated with
the silicone rubber that can be wound around the index finger and adjusted to the
length of the user’s hand using Hook-and-Loop fasteners and snap fasteners. Both the
lateral and medial clutches are fabricated with Hook-type fasteners that mate with
the Loop-type fastener exterior on the proximal forearm attachment. The wrist and

elbow angles are measured using commercially available inertial measurement units
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(Xsens IMUs), which are mounted on the distal forearm attachment and a stretchable

Velcro strap that is wrapped around the user’s palm.

Driving electronics

Each of the four clutches are activated using a custom designed printed circuit board
that requires a 12V power supply, which is typically provided by a 3-cell Lithium-Ion
battery (see Figure 4.1A). The board consists of four H-bridges - well known transistor
configurations to drive a bidirectional load from a single power source. Each H-
bridge has two independently controlled outputs. Hence, a clutch can be connected
either between an output and a ground (for a unidirectional drive) or between two
outputs (for a bidirectional drive). When one of the H-bridge outputs is switched on,
a high voltage is applied across the clutch to activate it. The high voltage is generated
using a commercially available high voltage DC-DC converter. A microcontroller, that
operates the H-bridge switching, can be controlled over Bluetooth by means of simple
ASCII-based commands ('1’, ‘2’,’3’, ‘4’) to activate the corresponding clutches. The
board is designed to be completely portable, such that users would be free to move

unrestricted by cables.

4.2,2 Simulation environment

User are trained to perform a drone-obstacle avoidance task in a simulated environ-
ment. For the study, the simulation environment implemented in Unity3D is adapted
from recent work carried out by colleagues [91]. Within the environment is a drone
that reproduces quadcopter dynamics, which is stabilised using a PID controller (see
Figure 4.1B). This drone spawns at an initial height of 1 m above the ground. The
user’s wrist and elbow joint angles are mapped linearly to the drone’s position (see
Figure 4.1C). Hand extension and flexion about the wrist joint makes the drone roll
to the right and left respectively. Similarly, forearm extension and flexion about the
elbow joint pitches the drone forward and backward respectively. The linear scaling
factor from the joint angles to the drone’s position is chosen such that the user can
teleoperate the drone anywhere within the environment. The drone’s height is con-

strained to remain at a constant height above the ground. Each drone is equipped
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with orthogonal proximity sensors with a fixed range of 0.7 m. For most inspection
tasks in confined spaces, drones need to be navigated around walls and through
narrow passages without collisions. The teleoperation task chosen for user training
incorporates certain aspects of these inspection tasks. A wall with a hole is placed
perpendicular to the line of sight of the user, such that the user is unable to clearly de-
termine the location and dimensions of the hole in the wall (see Figure 4.1B). Shadows
are not rendered in the simulation environment to avoid giving fiducial features that
might help users ascertain the depth of the wall relative to the location of the drone.
The environment has a fixed camera perspective that is relayed to the user as visual
feedback during teleoperation. If the drone collides with the wall at any point of time
during teleoperation, the wall colour changes to red. If the drone is steered through
the hole without colliding with the wall, the wall colour changes to green. Previous
psychophysical studies show a relative difference in comfort and strength between
hand extension and hand flexion about the wrist joint. Hence, two walls are created -
on the left-hand side (left wall) and right-hand side (right wall) of the user’s line of
sight to examine any potential differences in their performance. The teleoperation

training for one wall is completed before commencing training for the second wall.

4.2.3 Human subject study

A total of 18 adult subjects (ages between 22 and 31; mean = 25.94, standard deviation
=2.79) are recruited for a human subject study to investigate the effect of the wearable
haptic sleeve on training users to teleoperate drone through narrow passages with
reduced visual feedback. Each of the subjects in this study are healthy, have normal
or corrected-to-normal vision, and are right-handed. The subjects provide written
informed consent, and the study is approved by the EPFL Human Research Ethics
Commission. In chronological order, the task consists of three experimental phases
- baseline, training, and evaluation for navigating the drone through the hole in
the left wall and the right wall separately using their right-arm’s elbow and wrist
joint rotations (see Figure 4.1D). The order of the walls, left wall and right wall, is
randomized to prevent any biasing effects. Each phase consists of five sessions, which
end when the subjects either collides with the wall or passes through the hole. At the

commencement of the study, the subjects are explicitly instructed to minimize the
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number of collisions during drone teleoperation. The subjects are divided into two
groups — control and test. Both groups receive visual feedback from a fixed camera
perspective that shows the drone and the wall during all three experimental phases
for both the left and right walls. While subjects in both groups don the wearable sleeve
during the subject study, only subjects in the test group receive haptic feedback from
the sleeve during the training sessions. Subjects in the control group continue to
receive only visual feedback from the fixed camera. Haptic feedback is provided to the
test group subjects during the training phase when the proximity sensors on the drone
detect the presence of the wall. When the wall is detected, only the clutch needed to
restrict the specific joint movement to prevent wall collisions is activated. As terminal
feedback, the success or failure for each experimental session is indicated by the wall
turning green (passage through hole) or red (wall collision) respectively. The subject
performance is determined by the average number of drone collisions that occur over
the sessions of each phase. In addition, the relative position of the drone with respect
to the wall is measured when the drone either passes through the holes or collides
with the wall for all phases. A comparative study is made between the test and control
groups for each wall as well as for each group between the left and right walls using the
aforementioned performance metrics. After performing the teleoperation task phases
for each wall, subjects are asked to fill two surveys - one standardised NASA-TLX
questionnaire and one customised questionnaire to determine their experience of

wearing the haptic sleeve.

4.3 Results

This section summarises the results of the human subject study that examined the
effects of haptic feedback as a teaching aid during drone obstacle avoidance tasks
when visual feedback was compromised. The section is divided into two parts. Firstly,
a comparative performance analysis is provided of the control group and the test group
over the experimental phases for each wall (Section 4.3.1). Secondly, the qualitative
experiences of subjects in each group are presented based on the data collected from

the two questionnaires (Section 4.3.2).

The Shapiro-Wilk statistical test of normality is performed on all the subject data
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sets. Since some of these data sets are not normally distributed, non-parametric
statistical tests of significance are used to analyse the subject data. Comparisons
are made between the subjects’ median data using the Kruskal-Wallis test. For each
group, comparisons of median data between phases are carried out by the Friedman
test. Furthermore, the variances of the data sets of each group for each phase are
compared using the Levene test. All the TLX questionnaire responses are compared
pairwise using the Kruskal-Wallis test. The null hypothesis for each statistical test of

significance is rejected when p < 0.05.

4.3.1 Performance analysis of obstacle avoidance

Each subject is required to perform the obstacle avoidance task for five sessions in each
experimental phase. Hence, their individual performance for that phase is determined
by taking the mean number of collisions over the five sessions. For each wall, the group
performance for a particular phase is measured by calculating the median value of the
individual performances of that phase (see Figure 4.2). The Friedman test followed by
a post-hoc Bonferroni correction shows that there is a statically significant difference
in the test group’s performance between the training and baseline phases as well as
between evaluation and baseline phases, but not between the training and evaluation
phases for each wall. The same statistical tests show no significant differences in
performance between the different phases for the control group for either wall (left
wall: p = 0.88; right wall: p = 0.36). This clearly shows that subjects who receive
haptic feedback from the wearable sleeve improve their performance over the course
of the training phase and maintain their performance level during the evaluation
phase, even in the absence of the haptic feedback. On the other hand, subjects who
only receive the visual feedback over the course of all the three experimental phases
are unable to correct their errors and their performance do not improve. For both
walls, the Kruskal Wallis test shows no statistical differences in baseline performances
between the control and test groups for either wall (left wall: p = 0.46, right wall:
p = 0.38). However, the same test reveal statistical differences between the control
and test groups for both wall during the training and experimental phases. These
results corroborate the earlier observation that the wearable haptic sleeve is a useful

aid for operators to avoid drone collisions, especially when the visual feedback is
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compromised. There are no measured statistical differences in performance between
the left wall and the right wall for either group during any of the phases (baseline,
control: p=0.94, test: p =0.98; training, control: p = 0.84, test: p = 0.84; evaluation,
control: p=0.93, test: p=0.1).

The subject data sets are compared for the drone’s position along the face of the wall
at the time when the drone either collided with it or passed through the hole (see
Figure 4.3). The Kruskal Wallis test does not show any significant differences in the
median values between the control and test groups for any of the phases in either
wall (left wall, baseline: p = 0.56, training: p = 0.5, evaluation: p =0.07, right wall,
baseline: p = 0.13, training: p = 0.06, evaluation: p = 0.97). It does not show significant
differences in the median values for the same group and same phase between the left
and right walls either (baseline, control: p = 0.59, test: p = 0.64; training, control: p =
0.36, test: p = 0.64; evaluation, control: p = 0.54, test: p = 0.24). The Levene test for
comparing variances does not show significant differences in the variance between
the control and test groups for the baseline phase for either wall (left wall: p =0.43,
right wall: p = 0.33; see Figure 4.3A,D). The Levene test shows that there is a significant
difference between the groups for both the training and evaluation phases for both
walls (see Figure 4.3B,C,E,F). This suggests that not only does the haptic feedback
help test group subjects make fewer drone collisions, it also helps them significantly
narrow the margin of error as is evident in the smaller spread of data points along
the wall compared to their control group counterparts. The Levene test followed by a
post-hoc Bonferroni correction shows that there is a statically significant difference in
the test group’s variance between the training and baseline phases as well as between
evaluation and baseline phases, but not between the training and evaluation phases
for each wall. The Levene test shows that there is no statistically significant difference
in the control group’s variance between any of the three phases for each wall (left wall:
p =0.88, right wall: p =0.36).

4.3.2 Questionnaire responses

The results of the customised questionnaire ascertain the subjects’ experiences of
comfort in performing the teleoperation task while wearing the haptic sleeve (see

Figure 4.4). This questionnaire consists of 6 questions, 5 of which are Likert scale
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questions (0 to 6) and 1 is closed question (yes/no). At the end of the experiment, only
66.6 % of the control group subjects feel that they had been in control of the robot’s
movement for both walls (between 4 and 6) whereas 100 % of the test group subjects
feel that they had complete control (see Figure 4.4A). For the left wall, 100 % of the
subjects from the test group and 88.8 % from the control group rate the sleeve’s level
of comfort between 4 and 6 (see Figure 4.4B). However, for the right wall, a relatively
lower percent of the subjects rate the sleeve’s level of comfort between 4 and 6 (77.7 %
test group, 66.6 % control group). The results from both questions allow us to posit
that the subjects’ ability to control the robot does not necessarily depend upon the
location of the wall, but the sleeve appears to cause discomfort when subjects’ have to
extend their wrist. For the test group subjects, 100 % of the subjects find the haptic
feedback helpful (between 4 and 6) for the right wall and 88.8 % find it helpful for
the left wall (see Figure 4.4D). At the same time, only 77.7 % of those subjects find
the haptic feedback easy to become familiar with for the right wall (between 4 and
6) compared to 88.8 % of them who are able to become familiar with it with the left
wall (see Figure 4.4E). Furthermore, 88.8 % and 77.7 % of test group subjects positively
assess an improvement in performance over the course of the experimental phases
for the left and right walls respectively (see Figure 4.4F). A lower percentage of control
group subjects - 66.6 % for left wall and 55.5 % for right wall - positively assess an
improvement in their performance. These responses indicate that while tasks that
require wrist flexion might be easier to perform than those that require wrist extension,
additional haptic feedback could make the task easier to perform for both wrist flexion
and wrist extension. Not all test group subjects are able to familiarize themselves
with the haptic feedback that they were receiving. Nonetheless, a large percentage
of test group subjects feel that their performance had improved as a result of the
haptic feedback compared to a lower percentage of control group subjects. Finally,
at least 88.8 % of all subjects for both walls positively rate their experience of having

participated in the experimental activity (between 4 and 6) (see Figure 4.4C).

The NASA-TLX test is used to assess various qualitative aspects of subjects participat-
ing in the study, including the amount of mental, physical, and temporal demands,
the amount of effort expended, and the level of frustration experiences (see Figure
4.5). There are no observable significant differences in the amount of mental demand

between the control and test groups for the left wall or the right wall as per the Kruskal-

70



Multi-joint wearable haptic sleeve for telerobotics with reduced visual feedback

Wallis test (left wall: p =0.89; right wall: p = 0.53; see Figure 4.5A). In addition, there
are no observable significant differences in the amount of mental demand for each
group between the left and right walls (control: p = 0.53; test: p =0.85). However, upon
comparing the median values, it is worth noting that the control group find the task
more mentally demanding when performing the task with the right wall than the left
wall. The task is significantly more physically demanding for control group subjects
than for test group subjects for both walls (see Figure 4.5B). Neither of the groups find
the task with either wall significantly more physically demanding than the other, but
similar to the mental demand data, the median value for the control group with the
right wall is higher than for the left wall (control: p = 0.26; test: p = 0.68). There are no
significant differences in the temporal demand between the control group and test
group for either wall (left wall: p = 0.65; right wall: p =0.09, see Figure 4.5C) or for each
group between either wall (control: p = 0.96; test: p = 0.19). The test group subjects
expend significantly lesser effort than control group subjects for both walls (see Figure
4.5D). This is indicative of the benefits of the haptic feedback when visual feedback is
compromised. Although there are no significant differences in the amount of effort
expended by either group between each wall (control: p = 0.59; test: p = 0.24), the
median value is lower for both the control and test groups for the left wall compared
to the right. There are no significant differences in the level of frustration experienced
between the test and groups for either wall (left wall: p = 0.75; right wall: p = 0.24; see
Figure 4.5E) or for each group between either wall (control: p = 0.19; test: p =0.82).

4.4 Conclusions

This chapter presents a wearable haptic sleeve that provides kinesthetic feedback to
help users avoid obstacles during a drone teleoperation task when the visual feedback
provided to the users is poor. The sleeve reduces errors by blocking the subjects’ wrist
and elbow joints when the drone is in the vicinity of an obstacle. Test group subjects,
who receive the haptic feedback during the training phase of the experiment, make
fewer errors than control group subjects. The test group subjects also make fewer
errors than the control group subjects during the evaluation phase when the haptic
feedback is no longer provided. These results show that subjects trained with the

haptic feedback are able to learn the activity and retain the necessary motor skills
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without becoming overly dependent on the feedback. While there are no statisti-
cally significant differences in the performance for each group between the left and
right walls for any of the phases, certain qualitative differences were observed in the
questionnaire data. These differences are especially noticeable for the control group
subjects who require a higher mental demand and expend a larger amount of effort
for performing the task with the right wall than for the left wall. The higher mental
demand and effort can be attributed to the relative discomfort in the extension of
their wrist compared to flexion. All subjects in the study are right-handed and they

use their right arm to don the wearable haptic sleeve and teleoperate the drone.

This work is a demonstration of the scalability of the wearable haptic sleeve to multiple
body joints. Each antagonistic clutch pair corresponding to one joint operates inde-
pendent of the clutch pair for the other joint. The absence of bulky actuators makes
this lightweight sleeve both portable and unobtrusive to natural human mobility when
haptic feedback is not provided. While the sleeve should be capable of preventing
all drone collisions with obstacles, the presence of errors needs to be acknowledged,
which are caused due to a combination of hasty subject movement and latencies
introduced by drone dynamics. These errors can be further reduced by tuning the
controller gains to improve the drone responsiveness to user movement. Further
experiments are needed to explore the use of the wearable haptic sleeve to teleoperate
multi-agent systems, such as swarms of drones when they pass through narrow spaces

without the agents colliding with each other or the surrounding environment.
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Figure 4.3 — Variance in drone position relative to the walls over the experimental
phases. The variances of the drone position relative to the wall are compared at
the time instant the drone either collides with the wall or passes through the hole.
Comparisons are carried out for the (A-C) left wall and (D-F) the right wall between
the control and test groups for the baseline, training, and evaluation phases. *p < 0.05
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Figure 4.4 — Questionnaire responses pertaining to drone teleoperation and user
comfort. Subjects respond to a customised questionnaire that factors in qualitative
experiences pertaining to (A) degree of drone control, (B) comfort level with wearable
setup, (C) overall participation using a Likert scale. Specific questions were posed to
test group subjects to determine the (D) helpfulness and (E) familiarity with the haptic
feedback that they received. (F) Subjects in both groups were asked to self-assess their
performance improvement in a closed question.
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Multi-joint wearable haptic sleeve for telerobotics with reduced visual feedback
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Figure 4.5 — Subject responses to NASA-TLX workload questionnaire that evaluates
their work load as a participant through standard metrics. *p < 0.05
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Conclusions

Scientific and technological advancements in human-robot interaction over the past
decade has caused a rapid proliferation of robotic applications in our society. A
majority of these robotic applications involve humans working with robots with
varying degrees of control afforded to the human over the robot’s actions. Telerobotics
is a catch-all term referring to humans physically controlling the movements of the

robot, especially if they are distally located.

Conventional control interfaces, such as joysticks that facilitate robotic teleoperation
require users to undergo a considerable amount of training. This is because these
interfaces are not intuitive for novice users. As robots become essential for a variety of
applications in domains where professionals are not trained to use these conventional
control interfaces, new types of intuitive interfaces are required. The advent of wear-
ables in recent years presents a solution to this problem. Wearable control interfaces
allow even novice users to teleoperate a robot using intuitive body gestures. Thus,
users do not need to spend a considerable amount of time learning to control these
wearable interfaces. Wearable interfaces can be bidirectional i.e., enabling two-way
communication between the human operator and the robot. Body motion tracking
devices, such as IMUs, which can be mounted on the wearable interface can map
the operator’s body movement and translate them into robot commands. In turn,
sensory feedback devices can be integrated into the interfaces to relay information to

the operator about the robot’s state and its interaction with the environment.

Wearable haptic feedback devices are of particular interest because they are capable
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of transmitting forces to the parts of the human body responsible for the robot’s
actions. This can take the form of physically guiding users during teleoperation
when they make errors, and those errors need to be corrected. Here, learning to
perform teleoperation is in essence a motor training exercise, wherein the haptic
feedback serves as a teaching aid that help the user learn and retain the necessary
motor skills after the training is complete. It is worth noting that excessive feedback
can have a coddling effect — users become overly dependent on the feedback. In
this scenario, their performance improves during training when they receive haptic
feedback to physically guide them. However, when the feedback is removed, their
performance level precipitates, indicating that they do not retain the required motor
skills, and hence, they do not learn the motor task. This can be avoided by adopting a
training method that provides impedance to erroneous body movements, but does not
physically correct the user. This method makes the user conscious of their movement
errors. Since motor learning is highly dependent on users making a concerted effort
to correct their own errors, this method of haptic feedback provision can help users

learn the motor task of teleoperating robots.

A number of wearable haptic devices are capable of facilitating this training method,
but most of them use bulky actuators, which can hinder natural user mobility and can
cause user fatigue. Furthermore, a majority of these haptic devices are composed of
rigid materials that do not match the compliance of the human body. While there are
haptic devices that circumvent the problems of body compliance with soft materi-
als, most of them use silicone-based rubbers, which are not suitable for direct skin
mounting because they are not breathable. This thesis presents a wearable haptic
interface that addresses these concerns by using a fabric-based wearable haptic sleeve
composed of electroadhesive clutches that are lightweight, portable, and consume

low power for operation.

An all-fabric wearable haptic device is designed and fabricated using a combination
of textiles and textile-based materials. Mechanically, the device is a clutch and spring
arranged in parallel to one another. The spring ensures that when the device is not
providing haptic feedback, it stretches without greatly affecting the natural compli-
ance of the human body. When feedback needs to be provided, the clutch is engaged,

and the device maintains a certain holding force that prevents it from stretching. This
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holding force restricts the user’s body movement depending upon the location of the
device on the body. The clutch operates on the principle of electrostatic adhesion for
parallel plate capacitors. The holding force depends on the number of clutch plates,

the area of overlap, the dielectric thickness, and the applied voltage.

While the all-fabric clutch is an important milestone is the development of textile-
based haptic devices, it is vital to acknowledge the limitations of its low holding force
and rather elaborate manufacturing method. Therefore, a newer iteration of the haptic
clutches is created, which required changing the materials used to streamline the
manufacturing process for adding multiple clutch plate pairs and obtaining higher
holding forces. These new fabric-based clutches are integrated in a wearable haptic
sleeve that is designed to block elbow joint extension and flexion. The clutches
are anchored to the user’s body using a set of body attachments on the forearm,
upper arm, and the elbow joint. Each the body attachments are also fabricated using
textiles. The elbow sleeve is used as a training aid for a human subject study in
which users performed a motor task involving drone path following in a simulated
environment. Test group subjects who are trained to perform the task with the elbow
sleeve exhibit performance improvement and skill retention even after the haptic
feedback is removed. This is in contrast with control group subjects who only receive

visual feedback from the drone’s camera.

This sleeve is extended to encompass multiple body joints i.e., the wrist and elbow
joints. In this sleeve, four identical clutches are used to restrict the extension and
flexion of the elbow and wrist joints independently. This sleeve is used to train users in
a drone obstacle avoidance task when the user’s sense of depth perception is intention-
ally weakened. This is to highlight situations where drone pilots might have occluded
vision due to a variety of reasons, including poor lighting, shadows, or intermittent
loss of visual feedback. Subjects receive a fixed-camera perspective visual feedback in
a simulated environment where fiducial features are absent, which would otherwise
help in spatialisation. The human subject study conducted with the wrist-joint wear-
able haptic sleeve shows that haptic feedback provided using the clutches can greatly
reduce collisions with obstacles even when visual feedback is compromised. More-
over, this study also indicates that despite existing qualitative differences between

wrist extension and wrist flexion in terms of comfort, the functionality of the sleeve as
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a training aid is largely unaffected.

5.1 Future research avenues

This thesis demonstrates the use of the wearable haptic sleeve for training users to
teleoperate a single drone under different conditions of visual feedback, nature of task,
number of body joints, robot degrees of freedom controlled, and the type of simulated
environments. However, there are a considerable number of avenues in which the use

of the wearable haptic sleeve can be further investigated.

One avenue is alluded to in chapter 4, section 4.4. The haptic sleeve can be extended
by combining it with a haptic hand glove capable of blocking finger joint movement,
thus encompassing all the major joints from the fingertip to the elbow (see Figure 5.1).
The hand glove is an updated version of the DextrES, which is composed of textile-
based electroadhesive clutches [60, 59]. The purpose of developing this new version
of the haptic sleeve is to evaluate its effectiveness in training users to teleoperate a
swarm of drones in a simulated maze. For this future study, users will control the
movement of the drone swarm by mapping the position and orientation of their hand
over an infrared motion tracking device (Ultraleap). Therefore, the swarm’s collective
motion in the horizontal plane is controlled by elbow extension and flexion, and its
altitude by wrist extension and flexion. In addition, users can control the contraction
and expansion of the swarm relative to its centre of mass by closing and opening
their hand. Users receive haptic feedback from specific clutches when one or more
drones within the swarm are at a risk of colliding with the environment or each other.
Furthermore, this study will also examine the effect of personalising haptic feedback
by changing the haptic feedback error threshold for each subject over the course of
the training phase. These results will be compared with a control group that only
receives visual feedback and another test group that receives haptic feedback with a
fixed error threshold.

There is promise in investigating the use of the wearable haptic sleeve for controlling
robots apart from drones. The sleeve can also be extended to a full-body suit encom-
passing more body joints. For instance, the fabric-based electroadhesive clutches

can be integrated in clothing-like rehabilitative devices that require intentional body
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movement restriction as part of patient therapy. Another field of application is Search-
and-Rescue robotics — rescue personnel, who are untrained in robotic teleoperation,
can use the full-body haptic suit to control different types of rescue robots using intu-
itive body gestures and receive feedback in case the robot is at risk of colliding with
obstacles. A full-body haptic suit with electroadhesive clutches may also be used for
facilitating greater human-human interaction and collaboration between individuals

situated in distant locations.

It is worth examining some of the key learnings from the different projects that are
described in this thesis. To begin with, the electroadhesive clutches in the literature,
including the fabric-based ones presented here are always in one of two states, soft or
stiff. When the clutch is not engaged, the clutch plates are free to slide on top of each
other and the overall stiffness of the device is determined by the stiffness of the spring
in parallel. When a voltage is applied to engage the clutch, the clutch plates adhere
to each other. Even so, this stiffness change is largely anisotropic in the direction of
longitudinal stretch. As the clutch plates are flexible, they can bend even when they
adhere to each other. These mechanical properties have implications for the types
of applications that they can be used for. For instance, in both teleoperation tasks
that users are trained to perform in this thesis, the presence of an error threshold is
necessary. Only when the drone crosses this threshold does the haptic sleeve provide
force feedback to prevent further body movement errors. Therefore, the provision of

haptic feedback is incumbent upon users making “overshoot” errors.

However, there is a possibility of creating quasi-stiffness tuning haptic devices using
electroadhesive clutches. This can be facilitated by powering the clutches with AC
high voltage power supplies. The use of AC voltage is more power consuming on
average compared to DC voltage because the capacitors of the clutch are charged
and discharged continuously with AC voltage whereas they are charged once with
DC voltage. The continuous charging and discharging of the clutch plates creates a
zipping effect i.e., the plates continue to adhere to each other even when they are
plied after. Instead, DC-powered clutch plates exhibit stick-slip behaviour when they
are plied apart. This type of stiffness tuning could help make these clutches applicable
for haptic training that needs damping forces to be transmitted to users. Moreover,

this type of zipping effect can facilitate the provision of gradually increasing haptic

81



Conclusions

feedback without users having to commit overshoot errors.

Itis important to account for the irregularities of the human body morphology and the
implications they have on designing wearable interfaces composed of electroadhesive
clutches. As these clutches have plates that overlap, slide freely when disengaged and
adhere to one another when engaged, it is important to ensure that the overlap does
not take place at body joints. This is because when the body joints flex, the joints apply
loading on the overlapped plates, which increases the friction between the plates to
slide freely when the clutches are not activated. Furthermore, it is more effective to
create body joint attachments with “regular” curved geometry, such as spheres and
cylinder at joints that have irregular shapes. These body joint attachments with regular

geometry can interface with irregular body joints through foam-padded textiles.

While this thesis suggests that textile-based haptic devices can be integrated into
regular clothing, it is important to recognise that most clothing that we wear on a daily
basis slip on our skin. For the haptic interfaces presented in this thesis, any slippage
between the body attachments at anchor points and the skin would result in improper

force transmission.

Another important consideration is that this thesis explores the use of rectangular
electroadhesive clutch plates that operate on the principle of electrostatics exhibited
by parallel plate capacitors. The geometry of these clutches define how they can
integrated into a wearable haptic interface. It is worth exploring other possible geome-
tries, including cylindrical fibres that might be able to produce the same magnitude

of holding force, but can be integrated more compactly in a wearable interface.

Finally, it is worth noting that the haptic technologies described in this thesis are
“reactive” i.e., they do not produce restoring forces. Rather they provide adequate
impedance to match the force produced by a user’s body to generate movement.
While the effectiveness of these haptic systems is demonstrated as a teaching for
different motor learning tasks, it is important to acknowledge that these tasks have two
commonalities — one, the mapping between the user and the robot is position-based,
not velocity-based, and two, a clearly defined “forbidden region” is required to indicate
user movement errors. For tasks that do not comply with these two requirements,

the clutch-based haptic system can be used in conjunction with other wearable
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devices that use under-actuated tendon-driven systems with limited actuators. This
combination of technologies could allow users to take advantage of the high holding
force, low-power-consumption, and lightweight of the clutches while still being able

to learn and/or perform a variety of motor tasks that require a restoring force.

5.2 Final thoughts

My personal vision is to enable inclusivity in all spheres of our society. This can only
happen by centring social justice. Technological advancements present opportunities
for correcting historical injustices that have marginalised several communities in our
society. While technology can improve the quality of lives for these communities,
it is vital to be aware of the power structures that cause systemic and quotidian
oppression. Otherwise, technology will only serve to entrench these power structures

and aggravate the suffering of vulnerable communities.

In our present day, robotics is being heralded as a field that can have a democratising
effect in our society if it is made easily accessible and affordable. Given the increasing
fragmentation of societies globally, the rise of nationalistic xenophobia, and the threat
of a looming climate crisis, it is incumbent upon those of us who are afforded societal
privileges to contribute towards addressing these problems in our own capacities. For
the expansive field of robotics, this might manifest itself in different ways depending
upon our own specific areas of interest and expertise. Towards this end, when creating
and testing different robotic devices presented in this thesis, I have endeavoured to
follow an approach that is grounded in the principles of inclusivity, affordability and

most importantly, justice.
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Figure 5.1 — Experimental setup of the hand, wrist, and elbow haptic sleeve. (A) The
wearable haptic sleeve consists of four electroadhesive clutches to restrict elbow wrist
joint rotations and a hand glove consisting of five clutches to block each of the finger
joints. The clutches are mounted on the user using body attachments. All of the
clutches are activated independently using a customised printed circuit board. (B)
The wearable haptic sleeve is used to help users navigate a drone swarm through a
simulated maze. The users control the movement of the swarm by elbow and wrist
extension and flexion, and hand expansion and contraction. The arm movements
are captured using an Ultraleap infrared motion tracking device. (C) The drone
swarm in the Unity environment can be moved as a collective in all three dimensions.
Additionally, the individual agents can move inwards and outwards from the swarm
centre of mass. The mapping between the human arm and the drone swarm agents
are colour coded.

84



;.\ Clutch holding force derivation

An electric field E = E;e; is created between the plates of a parallel plate capacitor
when a potential difference ¢ is applied across its electrodes. Charges flow across the
plates until the voltage drop across the capacitor approximately equals @ (see Figure
A.1). The electric field induces Maxwell stress o with tensor components that can be

expressed as:

1
0ij=Keo (El-Ej - EaijEz) (A1)

Here the indices i, j € {1,2, 3} are subject to Einstein summation convention. Since
the electric field is directed normal to the electrode plane, we have E; =0, E» =0, and
Es = @/ x, where x is the dielectric thickness or the separation between the parallel
plates. Assuming the edge effects of the electric field to be negligible, and for a given
capacitance C = Axey/ x, the component of the stress tensor normal to the electrode

plane is given by:

1 P\?
033 =—K€p|— (A.2)
2 X

while the remaining components are zero. For n engaged clutch plate pairs, the

frictional force F in the electrode plane that acts opposite to the direction of loading
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Clutch holding force derivation

B Electrode Dielectric

Figure A.1 — Generation of Maxwell stress in capacitors. Voltage ¢ applied across a
parallel plate capacitor gives rise to charge separation between the electrodes. In the
Euclidean space &, the generated electric field E induces the Maxwell Stress tensor
0 =0;je; ®e; that increases shear resistance to the applied load F.

is given by:

1 P\?
F=unAossz= E,uKeOnA < (A.3)

where p is the coefficient of static friction between dielectric surfaces.
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Capacitor charging and discharging

In the H-bridge shown in Figure B.1, the two branches, B1 and B2, are RC circuits
each consisting of the capacitive load, two transistors, and a measurement resistor: B1
(S1-R-C-S4) and B2 (S2-C-R-S3). Here, the transistors S1, S2, S3, and S4 are identical.
Initially, S3 and S4 are closed and S1 and S2 are open. When a 5 V digital signal is sent
from the Arduino microcontroller pin D9 to close S1 (and open S3), a high voltage @ is
applied across B1 and current begins to flow through it. Once the voltage is applied,
the probes of a digital oscilloscope measure the voltage drop @ across the resistor
R, which decays exponentially as a function of time ¢. The voltage drop ¢¢ across
the capacitor is obtained by taking the difference between the applied and measured

voltages:

Pc=0-Pp=d(1-e"'") (B.1)

where 7 = RC is the time constant. The charging time ¢, is calculated as the time
required for @¢ = 0.993 @, which corresponds to t = 57. The capacitor charging power

P. is dependent on the amount of current flow regulated by R.

Dc(t)?

C:Z(T) (B.2)

i
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Capacitor charging and discharging

H Bridge Schematic

Signal |S1[S2|S3|S4| Result
D09 -OFF| o [ g |1 | | Capacitor

D11 - OFF Deactivated
D09 - ON 11ololn Capacitor
D11 - OFF Activated
D09 - OFF Capacitor
DI1-ON | O [ 1 [ 1] 0| Activated

Figure B.1 — Capacitor charging and discharging using a customized H-bridge. The
table provides the schematic of the H-bridge operation with regard to clutch acti-
vation. The H-bridge consists of two branches, B1 (S1-R-C-S4) and B2 (S2-C-R-S3),
each comprised of the capacitor, a measurement resistor and two transistors. The
transistors are activated by a 5 V signal sent from the Arduino Nano microcontroller.
By default, S3 and S4 are closed.

where i refers to the time index of voltage measurement. Power consumption is
computed between ty when the voltage is applied and ¢z, when the capacitor is charged.
Capacitor discharge can be instigated in two ways, either shorting the circuit or

reversing the polarity of applied voltage for a specific period of time.

Short Circuiting

Capacitor discharge by short circuiting takes place by grounding the two ends of
the branch B1 i.e., closing S3 and opening S1 by ceasing the D9 digital signal. The
current flow through the circuit reverses and the voltage drop across the capacitor, ¢

decreases exponentially.

Po=Pe 7 (B.3)
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Figure B.2 — Clutch plate discharge characteristics observed measuring the voltage
drop across the measurement resistor placed in series with the capacitor. The dis-
charge characteristics are plotted for cases where the clutch was initially engaged at
100V, 300V, and 400 V, both by short circuiting and by reversing the voltage polarity
using an H-bridge.

Voltage Polarity Reversal

To decrease the discharge time of the charged capacitor, branch B1 is opened and
branch B2 is closed simultaneously. Branch B1 is opened by closing S3 and opening
S1i.e., D9 stops sending the 5 V signal. Branch B2 is closed when D11 sends a5V
digital signal, closing S2 and opening S4. Due to the reversal in voltage polarity, the
voltage drop across the resistor increases to 29 as soon as B2 is closed. Thereafter, the
resistor voltage begins to decay exponentially. The voltage drop across the capacitor

P also decreases exponentially.

Pe=Pe "-P=p (71" -1) (B.4)

To discharge the capacitor, it is important that the branch B2 is short-circuited when
the voltage drop across the resistor equals @ i.e., the voltage drop across the capacitor
is zero. The duration that Branch B2 is kept closed corresponds to the time required
to charge the capacitor when a voltage @ is applied. Branch B2 is short-circuited by

ceasing the digital signal from D11, closing S3 and opening S2.
As shown in Figure B.2, the time required to discharge the capacitor is smaller when
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Capacitor charging and discharging

the voltage polarity is reversed compared to when the circuit is shorted.

The discharge time #; is calculated as time required for @¢ = 0.07 @. For both cases,

the power consumption during discharge is calculated using the following expression:

Dc(t;)?

Pd:Z( 2 ) (B.5)

i

Here the power consumption is computed from ¢, when the branch B1 is opened

until z; when the capacitor is discharged.
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8] Mechanics of the clutched-spring

Apart from the voltage @ across the electrodes, the behaviour of the haptic device is
governed by the amount by which the device is stretched. As shown in Figure C.1,
the length of the unconstrained knitted fabric and dielectric overlap in the reference
(rest) configuration %8 are {y and Ly, respectively. When the module is stretched, the
extensible knitted fabric length becomes ¢ and dielectric overlap length reduces to
L. The width W of the clutch plate remains invariant in the deformation mapping
Xo: 93(') — 9. The current configuration 48 refers to the case when voltage is applied
and the clutch is engaged. We re-write Equation (A.3) in terms of the width W and the

length L of dielectric overlap between the electrodes:

Fel kWL(@)Z (C.1)
~oH x '

From Equation (C.1), it is evident that F is related to the stretch A = ¢/{, due to the
reduction in overlap length. The length of the knitted fabric that is constrained by the
woven fabric and the textile electrode remains invariant since they are inextensible
i.e.,, L=Lo— ({ —{p). We define the dimensionless quantity { = L/ L, that can also be

expressed as:

(=1—(/1—1)€—0 Vo Aeil, Amaxt (C.2)
Lo
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Mechanics of the clutched-spring

x B,— B, x B — B
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Figure C.1 - Kinematics of the haptic device - in the reference configuration %6, the
device is unloaded. When the device is subjected to a tensile load F’, the device
stretches like a spring and the area of dielectric overlap reduces. In the current
configuration %, voltage is applied and the clutch is engaged.

Here, A4y is the maximum extensibility of the knitted fabric. Equation (C.1) and
Equation (C.2) allow us to express the voltage in terms of prescribed quantities, pro-
vided that the stretch A is known:

ooy | (C.3)
\ k(WL ’

From Equation (A.3), we know that the maximum holding force of the clutch is de-

pendent on both the overlap area, WL and the voltage applied, ¢. However, only the
latter quantity can be controlled. Therefore, the applied voltage needs to account
for the changing module length. This could be enabled by using a reliable stretch
sensor that can determine the total device length for a changing electrical quantity
such as capacitance or resistance. Denoting the total device length as L; = L+ 2/, we
can obtain an expression for the stretch A from Equation (C.2) in terms of given or

measured parameters:

A= (M) 1 (C.4)
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Fabrication method for multi-layered all-fabric clutch
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Figure D.1 — Fabrication process to develop the haptic device with two clutch pairs.
(1) The substrate knitted fabric is laser cut into rectangular pieces. (2) Copper plated
polyester fabric electrodes are coated with a dielectric ink using a thin film applicator.
(3) The posterior surface of the electrode is stitched onto the knitted fabric substrate
along the end of the coated surface. The electrode is folded to cover the stitched
seam and the coated surface is aligned in parallel with the knitted substrate. (4)
The uncoated portion of the coated electrode face is stitched onto the substrate. A
rectangular woven fabric is stitched onto the substrate surface extending from the
uncoated portion of the electrode to the substrate edge. The entire sample is replicated.
(5) The first sample is rotated about the longitudinal axis and the unstitched surface
of the knitted fabric is used as a substrate. (6) Steps (3) and (4) are repeated, with the
exception that the sample is not replicated. (7) The first sample is rotated about the
vertical axis until the unstitched portions of the knitted substrates in both samples are
at opposite ends. (8) The second sample is replicated. (9) The third sample is rotated
about its longitudinal axis until the dielectric surfaces of the first and third samples are
in planar contact. (10) Finally, the three samples are stitched along the wider edges.
To develop the haptic device with multiple clutch pairs, steps (2)-(4) are repeated.
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clutches
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Tensile test characteristics of fabric clutches

8 : : :
oV
rr 200 V T
— 300V
6 — 400V T

Force [N]

0 I Il Il
0 1 2 3 4

Extension [mm]

Figure E.1 — Holding force measurements for a pair of clutch plates with a dielectric
overlap area of 50 x 60 mm? when the device is operated at 0 V, 200 V, 300 V, and 400 V
and loaded at 10 mm/s. As one can observe from the plots, the clutch plates are fully
engaged when the device undergoes an extension that is negligible in value compared
to the dimensions of the device.
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