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Abstract

Teleoperation plays an essential role in robotics and human-robot interaction (HRI)
by enabling safe and e Lcieht robot control in various fields to perform complex
tasks that require human cognitive abilities and adaptability to changing conditions.
The camera-based robot teleoperation has a number of limitations such as camera
resolution, limited field of view, light conditions. This aledts both the degree of
immersion and situation awareness, since it is challenging to control a robot without
a complete overview of its current local environment. In addition, the control of
teleoperated robotic systems is often not very intuitive, resulting in substantial
cognitive load when controlling the system.

The application of VR technology provides an opportunity to create more nat-
ural and intuitive control interfaces by immersing users in a 3D environment where
they can view and interact with robots. Whereas, haptic feedback complements
visual and auditory cues, providing a comprehensive sensory interface for e [edtive
human-robot interaction in various applications. By incorporating tactile feedback
into teleoperation systems, operators can e [edtively leverage the capabilities of re-
mote robots while maintaining a high level of situational awareness and control. In
addition, for precise and delicate object manipulation it is required high-fidelity hap-
tic feedback to obtain comprehensive real-time information about the grasping state.
Using the advantages of VR and haptic technologies, we can improve the quality of
teleoperation and increase the level of user involvement during teleoperation tasks.

This work focuses on the development and evaluation of a novel approach to
combine VR with wearable interface that provides multimodal haptic feedback for
intuitive teleoperation of robots. The designed novel wearable interface combines
haptic displays for providing tactile feedback both on the palm and at the finger
pads and a tracking glove for reproducing the hand pose and finger motion in a
VE. The conducted user studies revealed good recognition rates (an average of over
70%) on the distinguishing both static and dynamic patterns generated on the palm
and on the finger pad, which can be used to assist the operator during teleoperation
tasks. To eliminate the disadvantages of pure video-based approaches for teleopera-
tion, a VR interface comprising a hybrid environment consisting of real-time video
stream accompanied by a digital twin of the robot, is proposed. To achieve intu-
itive teleoperation process, it is introduced a haptic guidance approach to improve
the operator spatial coordination by utilizing a combination of di [erent tactile cues
on the palm and fingertips while controlling the robot. The performance of devel-
oped vDeltaGlove wearable haptic interface was studied in the series of teleoperation
tasks. vDeltaGlove interface showed comparable characteristics with the Omega.7
desktop haptic device in terms of accuracy (the averaged trajectory following error
comprised 5 mm) and outreached the performance of operation with VIVE con-
troller. Besides, the developed interface showed the superior evaluation in terms
of user experience. The proposed technology suggests a novel way of human-robot
interaction to achieve intuitive and immersive robot control.
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Chapter 1

Introduction

The purpose of this chapter is to provide an introduction to the research topics
related to the current thesis, the contribution of the presented work to the eld of
haptics and human-robot interaction (HRI), as well as to provide the overview of

the thesis structure.

1.1 Motivation

1.1.1 Teleoperation systems

Teleoperation plays a crucial role in enhancing human-robot interaction (HRI) by
extending human capabilities, improving safety, enabling remote operations, and fa-
cilitating collaboration between humans and robots in various domains. Currently, a
lot of modern robotic systems operate autonomously without requiring human inter-
vention (Gorjup et al. [2021], Kalinov et al. [2020]). For example, a fully autonomous
robot for chemical manipulation was developed by Burger et al. [2020]. This mo-
bile platform, driven by a batched Bayesian search algorithm, can perform a high
number of experiments per day to identify photocatalyst mixtures. However, the
presence of a human operator is still required to develop a more adjustable system
for a nondetermined scenario. Teleoperation enables humans to control robots for
performing tasks that require precision, dexterity, and expertise beyond the capabil-

ities of autonomous robots. This is particularly useful in such elds as biochemical

15



1.1. Motivation

research and medical operations. The use of telemanipulation in medicine (Mehrdad
et al. [2021]) and Industry 4.0 (Gao et al. [2020]) has been the subject of interest for
many research groups over the past decade due to its high impact on the precision
and safety of critical operations, e.g., inspection, assembling, surgery, manipulation
with dangerous reagents, etc. Telemanipulation of robotic systems allows the oper-
ator to perform the most complex operations from anywhere in the world with the

proper equipment in the operating room. To nalize, there could be highlighted the

key bene ts of using teleoperation systems in the eld of HRI:

Increasing safety: Teleoperation allows operators to control robots performing
tasks that would be dangerous for humans in hazardous environments such as

nuclear reactors, disaster zones, or space exploration.

Expanding remote exploration capabilities: Teleoperation is crucial for explor-
ing remote or inaccessible locations, such as deep sea exploration, outer space
missions, or planetary exploration. Teleoperated robots can gather various
data, conduct experiments, and perform tasks in environments where direct

human presence is not feasible.

Improving assistive technologies: Teleoperated robots can assist individuals
with disabilities or limited mobility in performing everyday tasks, enhancing

their independence and quality of life.

Towards collaborative environments: Teleoperation facilitates collaboration
between humans and robots in various domains, such as manufacturing, con-
struction, and logistics. By working together, humans and robots can leverage

their respective strengths to increase e ciency and productivity.

1.1.2 Haptic feedback for teleoperation

The use of haptic feedback during teleoperation provides many bene ts to improve
task performance, such as regulation of output forces and decreasing task comple-
tion time Weber and Eichberger [2015]. By simulating the sense of touch, haptic

feedback can help operators better understand the remote environment, including

16



1.1. Motivation

the texture, shape, and weight of objects being manipulated. This can improve
decision-making and overall situational awareness. In addition, the ability to feel
forces and textures from the remote environment can enhance safety in teleopera-
tion applications. Thus, with the presence of haptic guidance, operators can better
detect obstacles, avoid collisions, and handle fragile or deformable objects with more
precision. The application of haptic technologies is valuable for various areas, such as
telemedicine (e.g., remote surgery, remote palpation), telepresence systems, remote

exploration (e.g., space or deep-sea exploration), training simulators.

1.1.3 Application of virtual reality for teleoperation

Virtual reality (VR) has a huge potential and can be applying in a wide variety
of areas: from the design of games, which combine entertainment with educational
purpose (Monahan et al. [2008]), to medical simulators which can help in diagnosis,
operation planning and training (Ruthenbeck and Reynolds [2015]), as well as reha-
bilitation contexts (Rose et al. [2018]); from engineering supports in product design,
assembly and prototyping process to cultural heritage applications such as virtual
museums (Kersten et al. [2017]) or historic sites modeling (Ahmed et al. [2019]).
According to International Data Corporation (IDC)?', shipments of VR headsets
will grow to 9.7 million units in 2024, and by the end of 2028, sales will reach 24.7
million units. Shipments of augmented reality (AR) headsets will grow similarly,
with sales of less than a million units in 2024 rising to 10.9 million in 2028. VR
technologies also play an important role in robotics, especially in teleoperation ap-
plications. The application of VR provides an opportunity to create more natural
and intuitive interfaces by immersing users in a 3D environment where they can
view and interact with robots. This can lead to better situational awareness and
easier interaction. The immersive perception of a remote location for an operator
physically located in a di erent environment opens up new opportunities for robotic
teleoperation scenarios. VR technologies also can be used to create realistic training

simulations for operators to practice operating robots in various scenarios. This

lIDC: Worldwide AR/VR headset forecast, available: https://www.idc.com/getdoc.jsp?
containerld=prUsS51971224
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1.2. Problem statement

helps improve operator skills, reduce training costs, and enhance overall safety by
allowing operators to familiarize themselves with complex equipment in a virtual
environment (VE) before operating it in real life. In addition, VR-based teleoper-
ation systems can facilitate collaborative work environments by allowing multiple
users to interact with robots simultaneously. This can be bene cial for team-based

tasks, training exercises, or remote troubleshooting scenarios.

1.2 Problem statement

1.2.1 Haptic guidance approach for teleoperation

Teleoperation of robotic systems for precise and delicate manipulation of objects
requires high- delity haptic feedback to obtain comprehensive real-time information
about the grasping state. Many research works were devoted to the application
of haptic feedback for teleoperated robotic surgery, which requires high-precision
operations (Amirabdollahian et al. [2018]). However, a number of routine operations
and medical tests are still performed by human personnel manually. The application
of haptic technologies allows operators to feel the forces and interactions between
the robot and its environment, improving their ability to manipulate objects and
navigate in complex environments with greater precision. Currently, a lot of research
works are devoted to the study of di erent approaches to provide high- delity haptic

feedback during teleoperation.

1.2.2 Quality of visual feedback during teleoperation

The teleoperation of robotic systems requires stable and convenient visual feedback
for the operator. The most accessible approach to delivering visual information from
the remote area is using cameras to transmit a video stream from the environment.
However, such systems are sensitive to the camera resolution, limited viewpoints,
and cluttered environment, bringing additional mental demands to the human op-

erator.
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1.2.3 Intuitiveness of control interface

The control of teleoperated robotic systems is often not very intuitive, resulting in
substantial cognitive load when controlling the system. The user immersion in the
teleoperation or telexistence systems is fundamental due to the sensation perceived
from the environment and the response that the users have to send through the
system. The e ectiveness of human interaction with a remote environment without
direct physical contact is one of the critical features for the development of reliable

and intuitive teleoperation systems.

1.3 Research questions and gap

Based on the above challenges in developing an e ective teleoperation system, we

can formulate theResearch questions and Research Gap .

(" )
Research Gap: A lack of an e ective visual-tactile interface for intuitive
and natural teleoperation for a user, which can provide real-time feedback
about the remote environment.

N J

Using the advantages of VR and haptic technologies, it is possible to improve
the quality of teleoperation and increase the level of user involvement during teleop-
eration tasks. In the current work, it is proposed a novel approach of combining VR
with wearable interface that provides multimodal haptic feedback for robot teleop-

eration tasks.

Research question 1. How could wearable haptic interface improve the

user performance during telemanipulation process?

The application of wearable haptic interfaces serves as a low-cost and promising

alternative to existing desktop kinesthetic devices, since they do not restrict the
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operator movement and could provide a wide range of tactile stimuli.

Research question 2: What bene ts could multimodal haptic feedback

provide to assist the user in the teleoperation process?

Haptic guidance plays an important role in robot teleoperation, providing users
with tactile feedback that enhances their control and perception of the remote robot's
actions. Better spatio-temporal robot coordination can be achieved by providing the

operator with multimodal high- delity haptic feedback.

Research question 3: How could a VR-based system improve the intu-

itiveness and naturalness of robot control during a teleoperation task?

The integration of virtual environment into teleoperation control loop is consid-
ered as a way to increase intuitiveness and awareness of human-robot interaction

with augmented visual feedback to the operator Wonsick and Padir [2020].

1.4 Thesis goal and objectives

The main goal of this work is to develop and study the impact of a wearable haptic
interface accompanied by a VR system on improving the quality of teleoperation.
The main modules of the proposed teleoperation system are shown in Fig. 1-1. The
operator controls the robot using the proposed wearable interface with multimodal
haptic feedback. As a visual feedback channel for the operator, it is proposed to use
a hybrid environment, composing real-time video streams accompanied by a digital
twin of the robot. In addition, the distributed pressure patterns obtained from
tactile sensors mounted on the robot augment the visual feedback channel. During
teleoperation, the user can receive visual feedback on the VR head-mounted display
(HMD), which, in the presence of haptic feedback, provides a sense of telepresence

in a remote environment.
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Figure 1-1: The architecture of the proposed teleoperation framework.

The hardware part of this work is aimed to the development of a system for
providing tangible haptic feedback to the operator's hands without impairing the
motions, which is fundamental in a scenario where humans are required to control
robot-object interaction in a remote environment. To provide the operator with
information about the contact state with the object, as well as its parameters such
as weight and texture, it is designed and tested a novel wearable haptic interface
for delivering multi-modal haptic stimuli to the operator's hand. In addition to the
perception of grasped object properties, it is proposed to provide the operator with
spatial tactile patterns on the hand about the directions of robotic arm movements
during the teleoperation process.

The qualitative improvement of the teleoperation process is understood as the
impact on several key factors as follows: the accuracy of operation, the task execu-
tion time and the latency of the teleoperation system. Besides, it is important to
take into account the user evaluation of the teleoperation system in terms of di erent
attributes, such as mental and physical demand while using a system, dependability,
and ease of use of control interface, etc.

In addition to developing the hardware part of the control interface (haptic
interface), it is necessary to develop a software (VR framework) that would allow
combining visual and tactile channels to e ciently perform teleoperation tasks. As

the visual system for the operator is overloaded and requires su cient camera setups
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for complex tasks, it is proposed to develop a virtual environment (VE), allowing
the operator to focus on the manipulation task. The proposed VR setup include
a control application, a head-mounted display (HMD), a motion capture (Mocap)
system, and a manipulator control device (wearable haptic interface).

Thus, the main objectives of the current research work can be summarized as

follows:

" Develop a wearable haptic interface for providing multimodal haptic feedback

to the hand;

Conduct research on the perception of multimodal stimuli (tactile patterns)

on the user's hand;
Develop a VR framework for robot operation;
Integrate the developed haptic interface with the VE;

Propose a haptic guidance approach to assist the operator during robot tele-

operation;

Evaluate the impact of a tactile interface on the user performance during VR-

based teleoperation through the user study experiments.

1.5 Contributions of the Research

The research work presented is at the intersection of four research areas: Haptics,
Robotics, HRI, Virtual Reality (Fig. 1-2). This thesis contains the following contri-

butions:

~ Design and experimental validation of novel 3-DoF palm-worn and nger pad

haptic displays that provide multimodal stimuli to the user's hand.

It is proposed a novel wearable haptic interface with a hand tracking module
for providing cutaneous feedback both at the nger pads and on a palm to
improve the immersion of interaction with VR environment and naturalness

of HRI. To evaluate the performance of the developed haptic displays, a series
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Figure 1-2: Areas of relevance and contribution diagram.

of user study experiments were conducted to study the user's perception of

di erent tactile cues on both palm and nger pad.

Development of a teleoperation system with visual and tactile feedback using
a VE with a digital twin robot.

To eliminate the disadvantages of pure video-based approaches for teleopera-
tion, it is proposed a VR interface comprising hybrid environment consisting
of real-time video stream accompanied by a digital twin of the robot. Besides,
the virtual environment could be augmented with 3D models of objects for
manipulation detected in real-time mode. During the teleoperation process,
the user is provided with a multimodal haptic feedback on the hand to increase

the user's awareness about the directions of robot movements.

Introducing a novel haptic guidance approach to assist the operator during

teleoperation.

Although the application of various combinations of haptic stimuli for the user
hand has been studied extensively in teleoperation tasks, to our knowledge, no
studies have been conducted to explore the application of haptic feedback to

the user's palm during teleoperation. The proposed haptic guidance approach
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is aimed to improve the operator spatial coordination by utilizing a combina-

tion of di erent tactile cues on the hand during the teleoperation task.

" Experimental evaluation of haptic guidance approach using developed wear-

able haptic interface.

The experimental part was designed to investigate the in uence of designed
interface multimodal haptic feedback on the accuracy of robot control in the
trajectory following task as a comparative study with a set of di erent control

devices used in robot control.

1.6 Thesis structure

This section presents the structure of the thesis and a description of information

work ow.

Chapter 1 Introduction.

The rst chapter presents the motivation for this study, formulating the prob-
lem statement, main research questions, gap and main goals of the dissertation

work.

Chapter 2 Background.

This chapter provides a literature review of the various types of haptic devices
and the types of haptic feedback they provide. In addition, di erent types of
control interfaces for teleoperation tasks and the role of haptic feedback during

teleoperation are discussed.

Chapter 3 vDeltaGlove: a Wearable Haptic Interface for Delivering

Multimodal Tactile Stimuli to the User's Hand.

This chapter describes a novel wearable haptic interface composed of modules
for the palm and nger pads, as well as a hand tracking module. Developed
haptic displays for the palm and nger pads can generate 3D force vector and

multimodal stimuli (contact, pressure, slippage, texture) at any point inside
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the work area, while the hand tracking glove allows reproducing the hand pose
and nger motion in a VE.
Chapter 4  VR-based Framework for Robotic Teleoperation.

In this chapter, the description of VR-based framework for robot teleoperation
is provided which includes visualization part, communication interface, sensor

data processing and robot control logic.

Chapter 5  Robotic Teleoperation with Multimodal Haptic Feedback.

In the following chapter, an evaluation of haptic guidance approach for robot
teleoperation through digital twin environment using the developed wearable

haptic interface is presented.

Chapter 6 Conclusion. The nal chapter presents the results obtained in this

dissertation and discusses future directions of research work.
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Chapter 2

Background

2.1 Overview of wearable haptic devices

2.1.1 Fingertip haptic devices

The ability to accurately reproduce the feeling of grasping in a virtual environment
is essential for creating a realistic VR experience, since nger pads are used for
interactions with physical objects and probing the virtual environments in most

cases.

Mechanical stimulation devices

The most general approach to generating haptic feedback when grasping virtual ob-
jects is the stimulation of tactile sensations by touching the ngertips with various
mechanical devices, in particular, based on parallel structures. Some devices com-
prise a small platform as an end e ector which shifts on the nger pad, e.g., Solazzi
et al. [2010]. Gabardi et al. [2016] designed Haptic Thimble, a wearable haptic de-
vice for surface exploration. The device can display virtual surface orientation and
curvature, as well as render edges, collisions, and texture. Prattichizzo et al. [2013]
proposed a wearable 3-degrees of freedom (DoF) ngertip haptic device (FHD) for
presenting curvature of the virtual object. However, the tactile display can present

a force vector only at one point of nger pad, and it is not possible to generate en-

counter sensation with it as it keeps constant contact with skin. A series of works is
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2.1. Overview of wearable haptic devices

(& A FHD with cutaneous (b) A FHD for providing (c) 6-DoF parallel ngertip
and kinesthetic feedback,electrotactile feedback, Vizcaydevice, Young and Kuchen-
Chinello et al. [2019]. et al. [2021]. becker [2019].

(d) FingerPrint, a soft FHD (e) Haptigami, a 3-DoF FHD (f) hRing cutaneous device for
with 4-DoF, Zhakypov and with origami structure, Gi- the proximal nger phalanx,
Okamura [2022]. raud et al. [2021]. Pacchierotti et al. [2016].

Figure 2-1: Examples of ngertip haptic devices.

devoted to providing the simulation of slippage through lateral skin stretch Gleeson
et al. [2010], Solazzi et al. [2011], Bianchi et al. [2016]. Tzemanaki et al. [2018] pre-
sented a FHD for remote palpation applications based variable compliance platform
which could be linearly displaced towards the nger pad. Martinez-Hernandez and
Al [2022] introduced a FHD for providing touch, sliding and vibrotactile feedback.
The device includes a coin vibration motor and a set of servomotors that generates
a translation in vertical direction and rotation of the cylindrical pad.

In the works of Leonardis et al. [2015, 2017], it was presented a 3-DoF wear-
able haptic device with revolute-spherical-revolute kinematics for rendering contact
forces at the ngertip. The device features a lightweight design and relatively high
output forces, and allows rendering constant to low-frequency deformation of the
nger pad. Further, Leonardis et al. [2020] proposed a compact ngertip device
based on parallel structure for rendering 1-DoF cutaneous feedback. Schorr and
Okamura [2017,] presented a wearable FHD based on the delta parallel mechanism

with three translational DoF for contact simulation, rendering shear and normal
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2.1. Overview of wearable haptic devices

skin deformation to the nger pad. Young and Kuchenbecker [2019] introduced a
6-DoF parallel device for delivering ngertip tactile cues (Fig. 2-1 (c)). An interest-
ing approach of combination of tactile and kinesthetic feedback was presented in the
work of Chinello et al. [2019], where a modular wearable interface based on 3-DoF
ngertip cutaneous device combined with a 1-DoF kinesthetic nger module was
proposed (Fig. 2-1 (a)). The transmission of tactile sensations of the proposed de-
vices can be considered reliable, however, the area of feedback generation is limited
to the rst phalanx of the nger. The possibility of presenting haptic feedback on
two phalanxes of the nger was explored by Ivanov et al. [2020]. It was introduced
a wearable haptic display with 2-DoF at each contact point for presenting tactile
stimuli on di erent nger pads.

A relatively novel approach for designing ngertip haptic devices is implementing
folding structures based on the principles of origami. Williams et al. [2021] presented
a nger-mounted 4-DoF haptic device for delivering normal, shear, and torsional
forces to the ngertip. The parallel kinematic mechanism was created using origami
principles. In Giraud et al. [2021], it developed a 3-DoF ngertip haptic interface
with origami structure for providing cutaneous and vibrotactile feedback (Fig. 2-1
(e)). The device has a small size and low weight due to origami structure. Similarly,
origami principle was used for designing FingerPrint, a soft FHD with 4-DoF in
the work of Zhakypov and Okamura [2022] (Fig. 2-1 (d)). FingerPrint device can
generate vibration stimuli, shear and rotational forces on the nger pads, and skin

pressure.

Electrotactile stimulation devices

Electro-tactile stimulation has great potential for applications in teleoperation tasks
because it can render high-resolution information about grasped surfaces (e.g., tex-
ture, shape). Yem et al. [2018] studied the e ect of electrical stimulation on per-
ception of softness/hardness and stickiness of a virtual object using the electrode
arrays placed on the ngertip and on the back of the hand. In the work of Peruzzini
et al. [2012], the utilizing of electrostimulation to simulate the roughness, slickness,

and texture coarseness of materials, such as wood, paper, or textile fabric on the
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ngertip was presented. Hummel et al. [2016] introduced a haptic device for multi-
nger stimulation with electrotactile feedback. Each electrotactile tactor comprised
an array of 8 electrodes. The evaluation user study revealed that the use of electro-
tactile feedback improved performance in object manipulation and grasping tasks
while reducing the workload demands. Vizcay et al. [2021] proposed the technique
for rendering the electrotactile feedback based on pulse width and frequency mod-
ulation to improve the contact information in VR (Fig. 2-1 (b)). Withana et al.
[2018] introduced Tactoo, an electro-tactile interface with a slim form factor inte-
grated in a temporary tattoo. The presented prototype of FHD consists of an array
of 8 circular electrodes (dnm in diameter) with the total actuating area of 100 10

mm.

Fingerpad-free haptic devices

With the wide spread of AR and mixed reality applications, there was a need to
consider new design principles of FHD to avoid interference with physical objects
for a user. An approach of locating a FHD on the proximal nger phalanx to avoid
occlusions during hand tracking was presented in the work of Pacchierotti et al.
[2016]. Thus, it was proposed hRing, a wearable 2-DoF haptic device for generating
pressure and skin stretch stimuli to the proximal phalanx of the nger (Fig. 2-

1 (f)). Similarly, in De Tinguy et al. [2018], it was developed a 2-DoF FHD for
sti ness simulation of tangible objects in VR/AR environment. Preechayasomboon
and Rombokas [2021] introduced Haplet, a light-weight wearable FHD that provides
vibrotactile feedback. Haplet is a compact, ngernail-mounted module consisting
of a tiny wireless system-on-chip (SoC) with a motor driver and a linear resonant
actuator (LRA). Kawazoe et al. [2021] designed Tactile Echoes, a nger-worn haptic
device, generated vibrotactile and auditory feedback to the user. The presented
system captures touch-elicited vibrations using a piezoelectric sensor and transforms
them to the tactile feedback for the nger through an inertial voice coil actuator and
sound through a loudspeaker or headphone. Maeda et al. [2022] designed Fingeret,
a nger pad-free haptic device consistings of two nger side actuators (planetary

gearmotors) and nger nail actuator (vibration LRA) to rendering low-frequency
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and high-frequency haptic stimuli.

An alternative approach to present ngertip sensations is to relocate actuator
mechanisms to the forearm. Thus, Sarac et al. [2022] studied the e ects of relocating
the haptic stimulation from the ngertip to the forearm through generation of normal
and shear forces using haptic wristband during virtual manipulation tasks. A similar
approach was studied in the work of Palmer et al. [2022] where 1-DoF wrist-worn
tactile devices provided skin deformation were used to display simulated interaction
forces at the ngertips. Moriyama and Kajimoto [2022] proposed a wearable haptic
device based on ve-bar linkage mechanisms attached to the forearm to present the

direction and magnitude of the force on the index nger and thumb.

2.1.2 Haptic interfaces for the palm

The palm has a large stimulation area which allowing to generate various skin stretch
and touch spatial patterns that can be easily recognized. Thus, the perception of
skin stretch feedback on the palm using the developed handheld haptic devices was
studied in Guinan et al. [2014], Guzererler et al. [2016]. The ability to distinguish
distributed pressure patterns in the palm were investigated in the works of Altami-
rano Cabrera et al. [2020], Son and Park [2018].

Palm-worn devices

Minamizawa et al. [2008] introduced a palm-worn haptic display to provide touch
and stroke sensations with a virtual object. The device is based on the belt with a
prop that being actuated by two DC motors can produce normal and shear forces to
the palm. Son and Park [2018] designed a wearable multicontact haptic interface to
provide distributed pressure sensations on the palm. The device consists of several
rigid plates connected with hinge joints with built-in array of tendon driven pins
actuated by ten servomotors. Altamirano Cabrera and Tsetserukou [2019], Cabrera
et al. [2022] developed a multicontact tactile display for generating normal and
shear forces on the palm. The presented device composes an array of inverted ve-
bar linkages with 2-DoF that could reach 3 independent contact locations with the

palm (Fig. 2-2 (d)). Dragusanu et al. [2021] proposed a wearable haptic device
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(a) Haptic PIVOT, an encounter-type device for (b) A haptic device to rendering the virtual sur-
the palm, Kovacs et al. [2020]. faces and edges on the palm, Kuang et al. [2023].

(c) HaptiSpider device with shape-changing end(d) LinkGlide multicontact haptic device, Cabr-
e ector, Kuang et al. [2024]. era et al. [2022].

Figure 2-2: Examples of haptic interfaces for the palm.

based on parallel tendon-based mechanism. The device includes a static base with
actuators fastened to the back of the hand and a moving tendon-driven platform
with manually interchanged end e ector modules of various shapes. Kuang et al.
[2023] designed a wearable haptic device with 4-DoF for providing sensations of the
interaction with di erent object surfaces. The device is a planar mechanism based

on 2 articulated arms actuated by four servomotors that control the movement of

an interchangeable end e ector (Fig. 2-2 (b)).
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Wearable encounter-type devices

de Tinguy et al. [2020] proposed WeATaViX, a wearable encounter-type device for
the palm for natural manipulation with virtual object. The device consists of a 3D-
printed hand mounting plate and 1-DoF mechanism with spherical proxy actuated
by a servo motor to simulate tangible interaction with a virtual object. A similar
approach for design of a haptic device for the palm was presented in the work
of Kovacs et al. [2020]. The authors designed PIVOT, a wrist-worn device with
a pivoting handle working as a physical proxy to simulate such interactions with
virtual objects as grasping, catching and throwing (Fig. 2-2 (a)). In addition,
Bouzbib et al. [2023] presented PalmEXx, a palmar interface with 1-DoF based on
encountering ellipsoid prop to render interaction with objects of di erent curvature
shapes. Kuang et al. [2024] developed an encounter-type device for the palm based
on origami structure to render shapes of virtual objects (Fig. 2-2 (c)). A 7-DoF
mobile platform with a parallelogram frame-based end e ector is actuated by eight
servo motors mounted on the back of the hand, causing the origami structure to

change con guration into di erent shapes.

2.1.3 Forearm haptic devices

Forearm haptic devices are designed to provide sensory feedback, typically in the
form of vibrations or force sensations, to the user's forearm. Forearm haptic devices
could be divided to several types of form factors, namely, mechanical devices, sleeves,

and wristbands (Fig. 2-3).

Tactile sleeves

Tactile sleeves provide a large area for the transmission of tactile perception, using
primarily vibration and pressure stimuli. Huisman et al. [2013] designed a tactile
sleeve, TaSST, to simulate the sensation of a human touch on the forearm. It is
capable of simulating di erent types of touch sensations (e.g., stroking, squeezing)
using an array of coin vibration motors varying the vibration patterns and intensity.

A similar approach for representing social touch using a tactile sleeve was presented
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(&) PhantomTouch tactile sleeve, Muthuku- (b) Movelet haptic bracelet, Dobbelstein et al.
marana et al. [2019, 2020]. [2018].

(c) 3-DoF pneumatic haptic device, Yoshida(d) Tasbi haptic wristband, Pezent et al. [2019,
et al. [2019]. 2022].

Figure 2-3: Examples of forearm haptic devices.

in the work Culbertson et al. [2018]. The proposed sleeve comprises a linear array
of voice coil actuators generating normal forces of 1 ® to create the sensation of
linear lateral motion. Muthukumarana et al. [2019, 2020] presented PhantomTouch,

a wearable haptic display based on shape-memory alloy (SMA) matrix to simulate
perception of touch on the forearm, e.g. strokes, taps (Fig. 2-3 (a)). PhantomTouch
consists of 15 SMA-based patches, when heated, can create shear forces on the skin.
Zhu et al. [2020] developed PneuSleeve, a soft haptic sleeve providing multimodal
haptic stimuli on the forearm. The tactile cues are generated using pneumatic
uidic fabric muscle sheets actuators. The con guration of actuators inside the

sleeve allows providing compression, skin stretch, and vibration stimuli.
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Mechanical devices

Caswell et al. [2012] designed a forearm-mounted skin stretch device. It includes a
sliding plate with a 2 mm tactor that moves in a horizontal plane using a set of servo
motors. Erwin and Sup [2014] introduced a wearable haptic device based on ve
tactor array of voice coil actuators to render touch stimuli on the forearm. Heredia
et al. [2019] presented RecyGlide, a 2-DoF device for presenting pressure, vibration,
and skin stretch stimuli at the forearm. The device represents an inverted ve-bar
linkages with two vibration motors located at the ends of a baseplate. Kanjanapas
et al. [2019] designed 2-DoF soft haptic display for providing skin stretch feedback on
the forearm. The device consists of four soft linear pneumatic actuators connected
with a dome-shaped tactor that can provide shear forces up to M. A similar
soft pneumatic tactor was applied in the design of a 3-DoF wearable haptic device
developed by Yoshida et al. [2019]. The soft pneumatic tactor could produce linear
and vertical movements which combined with a rotational movement of a housing
driven by the DC motor. Thus, the device can provide a miltimodal haptic feedback,
namely normal, shear, vibration, and torsion skin deformation cues (Fig. 2-3 (c)).
Young and Kuchenbecker [2019] presented QuadStretch, a multidimensional skin
stretch display for the forearm. QuadStretch system consists of four stretch modules,
each of which including two silicon tactors and two gear racks driven by servo motors.
The actuated tactors can produce a linear movement of 11 mm, creating spatial
skin stretch stimuli. Boldu et al. [2020] developed MAGHair, a wearable display that
provides touch-free haptic sensation by stimulating the body hair on the forearm.
Skin hair stimulation actuated by a control system which translate a permanent
magnet along the wearable device, while the body hair area under the display is

pre-coated with a special cosmetics containing ferromagnetic particles.

Haptic wristbands

Haptic wristband are the most widespread type of forearm devices since they are
designed to be compact and lightweight, allowing users to wear them in a variety
of settings while keeping hands free for any interaction. Liao et al. [2016] pro-

posed EdgeVib, a wrist-worn tactile display to deliver alphanumeric characters using
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spatio-temporal vibration patterns. The designed display represents a wrist-worn
202 tactor array with coin vibration motors. Dobbelstein et al. [2018] designed
Movelet, a self-actuated haptic bracelet that provide positional feedback on user's
forearm. The device consists of four interlinked wheel modules driven by servo-
motors that create movement along the forearm (Fig. 2-3 (b)). Kronester et al.
[2021] studied the e ects of utilizing di erent vibrotactile patterns to simulate ob-
ject properties during interaction, e.g., physical forces (gravity and tension) using
a vibrotactile wristband with four vibration actuators. Pezent et al. [2019, 2022]
developed Tasbi, a multimodal haptic wristband providing radial squeeze forces and
vibrotactile feedback around the wrist (Fig. 2-3 (d)). The wristband consists of six
LRA vibrotactors (10 mm) and a two-sided spool with polyethylene cord driven by

a DC motor for producing bracelet squeezing.

2.1.4 Haptic gloves and exoskeleton-type devices
Haptic interfaces for grasping

Some wearable interfaces for simulating the grasping of rigid objects in a virtual en-
vironment have been proposed, such as Wolverine (Choi et al. [2016]), and Grabity
(Choi et al. [2017]) (Fig. 2-4 (a)). They can provide the sensation of contact, grip-
ping, gravity, and inertia. However, the proposed displays deliver only tangential
forces to the user's ngers and cannot render normal forces. Bakker et al. [2017]
designed a haptic device for spatial design tasks which can provide proprioceptive
and tactile feedback. It is xed between the index nger and thumb. The tactile
feedback is provided only to the index nger via a vibration motor, while propri-
oceptive feedback is generated by a solenoid locking mechanism which limits the
movement of the user's nger upon grabbing the vertices of VR object. Basdogan
et al. [2023] studied the user perception of soft virtual objects using the developed
handheld device with force feedback. A cable-driven mechanism controls the move-
ment of thimbles for the index nger and thumb to generate force feedback during

object grasping and squeezing.
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(a) Grabity haptic display (b) Exoskeleton glove for pre-(c) DextrES haptic glove with
for grasping simulation, Choi senting the grasping sensationkinesthetic and cutaneous
et al. [2017]. Michikawa et al. [2022]. feedback, Hinchet et al. [2018].

(d) So-EAGIove haptic display (e) FInGAR device for elec- (f) FingerX device for render-

for rendering softness sensatrical and mechanical stim- ing haptic shapes of virtual ob-

tion, Xiong et al. [2022]. ulation, Yem and Kajimoto jects, Tsai et al. [2022].
[2017].

Figure 2-4: Examples of haptic gloves and exoskeleton interfaces.

Exoskeleton gloves and interfaces with kinesthetic feedback

Gu et al. [2016] designed Dexmo, a mechanical exoskeleton for motion capture and
force feedback in VR and AR environments. It provides feeling the size, shape, and
sti ness of the virtual object for the user. Similarly, Park et al. [2021] proposed

a cable slack-based force feedback device for VR interaction. Secco and Tadesse
[2020] presented a two- ngered exoskeleton device with kinesthetic feedback actu-
ated through a cable transmission system. Nakao et al. [2020] proposed FingerFlex,
a shape memory (SMA)-based haptic glove for generating kinesthetic feedback for
the ngers. FingerFlex comprises Velcro rings for the ngers that are fastened to
the SMA springs-actuators located on the back of the hand using strings. Tsai et al.
[2022] developed FingerX, a wearable haptic interface for rendering haptic shapes
augmented by real objects using withdrawable props. The interface consists of four
nger modules represented by a ring with motor for rotation actuation and a prop

with a scissor-lift extension mechanism actuated by a second motor (Fig. 2-4 (f)).
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Xiong et al. [2022] developed So-EAGlove, a force feedback interface based on elec-
trostatic adhesive brakes for rendering softness of the virtual object (Fig. 2-4 (d)).
So-EAGIove includes a forearm module with a sliding block mechanism and dis-
placement sensor and a rigid frame xed to a thumb with a sliding handle for three
ngers controlled by exible electrostatic adhesive brakes. The proposed mecha-
nism makes it possible to simulate a wide range of object hardness: from jelly-like
to rigid. Similarly, Hinchet and Shea [2022] introduced a kinesthetic glove based
on electrostatic clutches for providing dynamic sti ness of the objects. Michikawa
et al. [2022] developed an exoskeleton haptic device to present braking force that is
combined with exible jamming pads with variable-sti ness to simulate softness of
the grasped object (Fig. 2-4 (b)). Bartalucci et al. [2023] designed an exoskeleton to

render grasping stimuli up to 8N for each nger during virtual object manipulation.

Cutaneous feedback interfaces

Minamizawa et al. [2008] designed a GhostGlow, a haptic interface for the whole
hand, presenting normal and shear forces on each ngertip and the palm. In Achibet
et al. [2017], it was proposed FlexiFingers, a haptic glow for multi- nger interac-
tion in VR. It can represent grasping and sti ness of the VR object. Similar to
FlexiFingers, Lee et al. [2018] developed a haptic interface for multi- ngered vir-
tual manipulation. It consists of a nger tracking module (FTM) and a cutaneous
haptic module with 3-DoF which is capable of providing forces to the ngertip.
Xiong et al. Cai et al. [2020] presented TAGlove, a pneumatic glove that provides
thermal feedback for users by rendering di erent temperatures and materials of VR
objects. The ve in atable airbags fastened on the ngers and the palm controlled
by pneumatic thermal control system can generate the thermal cues distinguished
from very cool to very warm. Zhou et al. [2022] proposed a wearable haptic inter-
face for presenting electrotactile stimulation to the hand and forearm. The interface
consists of the fabric glove with integrated dry electrodes on the palm area and n-
gers, and an elbow band with two gel pad electrodes. Lin et al. [2022] developed a
haptic glove rendering high-resolution electrotactile feedback on the ngertips and

the palm. The ngertip display represents ®5 electrode array with a radius of 1
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mm and the palmar display is 1010 electrode array with a radius of 1.5nm which
allows simulating various surface textures. Abad et al. [2022] designed haptic glove
with multicontact stimulation on the ngertips. Each ngertip module consists of

a 404 tactile matrix based on two Braille cells. Shen et al. [2023] also presented a
haptic glove with high-resolution feedback on the ngertips based on electoosmotic
pump arrays. Each nger pad module includes a 2D array of 32 electroosmotically-
driven uidic haptic pixels that can apply up to 50 kP a of pressure to the skin.
Yamaguchi et al. [2023] introduced an interesting approach of simulating handshake
using an interface with liquid-pouch actuators. The liquid-pouch motors can in ate

and de ate under the thermal control to provide pressure feedback.

Gloves with multimodal haptic feedback

Zubrycki and Granosik [2017] designed a haptic interface based on a pneumatic glove
providing kinesthetic feedback accompanied by vibration motors on the ngertips
to simulate grabbing and holding a virtual object. The kinesthetic feedback is gen-
erated using a jamming principle: either by jamming tubes or by jamming pads,
changing their rigidity. In the work of Yem and Kajimoto [2017], it was proposed
FINGAR, a haptic glove for AR, which combines electrical and mechanical stimula-
tion to the skin (Fig. 2-4 (e)). The haptic device is attached to the thumb, index
nger, and middle nger. It can provide a set of di erent stimuli: skin deformation,
high-frequency vibration, low-frequency vibration, and pressure stimulation. Fur-
ther, Yem et al. [2019] presented a tactile glove that provides electrical, thermal and
vibration stimulation to the ngers. The developed tactile module comprises @5
electrode array, vibration actuator, Peltier element for providing cooling sensation
and heater Im for heating. Hinchet et al. [2018] developed DextrES, a haptic glove
for simulating grasping objects in VR that integrates kinesthetic feedback based
on electrostatic brakes and cutaneous feedback on the ngertips generated by piezo
actuators (Fig. 2-4 (c)). Son and Park [2018] proposed a haptic interface that
can generate kinesthetic feedback at the ngers and cutaneous feedback at a palm.
Cutaneous interface on palm represents crank-slider mechanisms with 1-DoF which

can drive moving plates in normal direction. Baik et al. [2020] presented a haptic
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glove that provides kinesthetic and cutaneous feedback using a tendon-driven com-
pliant mechanism. Roumeliotis and Mania [2021] designed a haptic glove based on
a kinesthetic exoskeleton mounted on the back of the hand and a set of vibration
motors distributed on the palm and ngers. More recently, Roumeliotis and Mania
[2023] presented a haptic glove providing kinesthetic feedback using a tendon-driven
mechanism and tactile feedback on the ngertips through a combination of nor-
mal indentation and lateral skin stretch and vibrations. Sun et al. [2022] proposed a
wearable interface based on haptic feedback rings providing vibrotactile and thermal
feedback. Each ring comprises eccentric rotating mass (ERM) vibration motor on
the outer part, temperature sensor attached to the outer surface, and triboelectric

nanogenerator tactile sensor with NiCr heater mounted on the inner surface.

2.1.5 Handheld haptic Controllers

VR controllers are low cost and ready to use devices for interaction in VR. These de-
vices enable the user to see hand movements and interact with a virtual environment
using buttons, triggers and tactile surfaces. By using commercial VR controllers,
users now can receive only simple feedback in the form of vibrations. However, many
research groups are currently working on developing advanced controllers, which can
provide more sophisticated hand manipulation in VR and deliver kinesthetic and cu-

taneous feedback (Fig. 2-5).

Force and pressure feedback controllers

Choi et al. [2018] developed CLAW, a handheld controller that generates force feed-
back during virtual object grasping (Fig. 2-5 (a)). The device includes a module for
the index nger controlled with a servo motor in combination with a force sensor for
generating di erent forces to render a sti ness of the object. In addition, the index
ngertip has a voice coil actuator for vibrotactile feedback. Sinclair et al. [2019]
designed CapstanCrunch, a haptic controller for rendering touch and grasping both
rigid and pliable VR objects. The working principle of the controller is based on
the adjustable brake mechanism, which is dynamically controlled by a small internal

motor, to produce forces on the nger. Sun et al. [2019] presented PaCaPa, a cuboid
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(&) CLAW haptic controller (b) HairTouch device for ren- (¢) PoCoPo pin-based shape-
with force feedback, Choi et al. dering sti ness and roughnessrendering display, Yoshida
[2018]. of VR object, Lee et al. [2021].et al. [2020].

(d) Haptic Revolver controller (e) Transcalibur shape ren-(f) X-rings 360 recon-

for rendering virtual surfaces, dering controller using weight gurable shape display,

Whitmire et al. [2018]. shifting, Shigeyama et al.Gonzalez et al. [2021].
[2019].

Figure 2-5: Examples of handheld controllers.

shaped handheld device for providing haptic feedback to a user's palm and ngers
simulating the interaction with virtual tools such as a stick, sword. The device gen-
erates dynamically changed pressure using two opening/closing wings actuated by
servo motors. Chen et al. [2019] designed Haptivec, a pin-based handheld controller,
to present pressure vectors to the ngers and the palm. The device has a cylindrical
body with holes and built-in contact pin arrays consisting of 15 solenoids. Lim and
Choi [2022] proposed HaptHug, a haptic device linked with the VR controller that
provides force feedback during user interaction with virtual tools. The device has
2-DoF to generate pushing and puling forces to the controller to render sensations
such as centrifugal or inertial forces and reaction forces. Berna Moya et al. [2024]
developed HapticWhirl, a ywheel-gimbal handheld controller that provides multi-
modal haptic feedback. A designed ywheel actuator could rotat860 to generate

a wide range of feedback, such as torque feedback, inertial e ects, low-frequency

high-amplitude vibrations.
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Surface-rendering controllers

Whitmire et al. [2018] presented Haptic Revolver, a handheld controller for ren-
dering surface properties of a virtual object on the ngertip. The haptic module
includes interchangeable haptic wheels with di erent shapes and textures, actuated
by a DC motor for the rotation and a servo motor for shifting the wheel up and
down (Fig. 2-5 (d)). Lee et al. [2019] proposed TORC, a hand-held controller for
rendering virtual object compliance and texture. The controller comprises two pads
with force sensors and voice-coil actuators, one is a tracking pad for a thumb, and
the other for index and middle nger. Aziz et al. [2020] presented a handheld con-
troller with multimodal haptic feedback. It comprises a pneumatically-driven thumb
feedback module representing a silicone airbag covered with a FlexTouch membrane
for rendering softness and texture of a virtual object. The palm feedback module
Is equipped with Peltier elements and vibration motors that provide thermal and
vibrotactile feedback. Lee et al. [2021] proposed HairTouch, a handheld device, to
render sti ness and roughness of virtual objects on the user's index nger (Fig. 2-5
(b)). The device comprises 2 pins with brush hair at the tip, which could translate
along horizontal and vertical directions through the rack and pinion mechanism. In
addition to the pin movement, the device is control the extraction of hairbrush as

well as its bending direction.

Shape-rendering displays

Shigeyama et al. [2019] proposed Transcalibur, a handheld controller for rendering
2D shapes using weight shifting mechanism. The device changes its shape using 2
arms, the rotation of which is driven with a worm wheel mechanism. Besides, each
arm comprises a weight shifting mechanism represented by a rectangular-shaped
module driven along the arm (Fig. 2-5 (e)). Yoshida et al. [2020] introduces PoCoPo,

a handheld pin-based display for rendering dynamically changing shapes. The ex-
trusion of an array of 36 pins to generate 2.5D shape is driven using worm gear
mechanisms actuated by micro servo-motors (Fig. 2-5 (c)). Gonzalez et al. [2021]
designed X-rings, @360 recon gurable hand-held display for augmenting grasping

in VR. It consists of a modular stack of 4 motor-driven layers (rings) which can ex-
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pand to render di erent surfaces of virtual object (Fig. 2-5 (f)). Ko and Nam [2022]

proposed Bstick, a handheld haptic controller to provide the sti ness and shape of a
virtual object during grasping. The device consists of ve contact plates with force
sensors (for each nger) driven with linear actuators to provide force feedback, and

a coin vibration motor in the case for vibrotactile feedback.

2.2 Control interfaces for teleoperation

2.2.1 Gestural interfaces

Computer vision methods are often used in HRI tasks, especially for remote control
of aerial robots Belmonte et al. [2019]. For example, Cauchard et al. [2019] proposed
drone.io, a projected graphical user interface with gestural control for HDI. Drone.io
comprises a projector-camera system mounted on a drone that displays a radial menu
around the user and recognizes the user's position and gestural input. However, the
approach of recognizing the operator from the on-board camera of the UAV has a
number of limitations due to the characteristics of the camera, i.e., the range and
angle of view, distance to the operator. A possible solution could be applying a CV
system at the local (operator) side. An interesting approach for multi-user robot
teleoperation was proposed by Zakharkin et al. [2020], where the video stream from
the Zoom application is utilized by a gesture recognition module to send control
commands to the remote robotic manipulator. Serpiva et al. [2021] introduced a
gesture interface based on deep neural network (DNN) for human-swarm interaction.
Hand-gesture recognition, implemented through a web camera placed in front of
the operator, allows the deployment and landing of a swarm of drones as well as
generating trajectories for drones to follow. Nazarova et al. [2022] proposed a hand
gesture recognition interface for the interaction with a quadrupled robot. With the
proposed hand recognition module, the operator can control the translation and

rotation of the robot separately or together by switching the control mode.
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(a) FlyJacket soft exoskeleton for UAV control, (b) Cobotar AR interface for human-robot col-
Rognon et al. [2018]. laboration, Nazarova et al. [2021].

(c) OmniGrip haptic device for manipulator (d) A vibrotactile glove for HRI, Weber et al.
sti ness rendering, Yang et al. [2015]. [2016].

Figure 2-6: Examples of control interfaces for teleoperation.

2.2.2 Sensor-based interfaces

Another approach includes the usage of a physical interface for teleoperation with

a set of Mocap sensors and/or electromyography sensors. Such a solution requires
placing a set of sensors on the operator's body or using special suits. Noccaro et al.
[2017] introduced an approach for teleoperation of robotic manipulator using IMU
sensors tracking of the operator arm movements. Miehlbradt et al. [2018] studied

di erent strategies to control the drone ight using upper body tracking using EMG

and Mocap sensors. Suarez et al. [2018] developed a 2-DoF wearable exoskeleton
interface equipped with push-buttons on the handle to control a 2-DoF compliant

joint arm mounted on a hexarotor platform. Rognon et al. [2018] designed an upper
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body exosuit, FlyJacket, for the UAV control with body gestures using a Mocap
device based on an IMU. Besides, the control interface is paired with a VR headset to
provide FPV from the UAV (Fig 2-6 (a)). Wu et al. [2019] presented a teleoperation
interface to control the mobile collaborative robotic assistant using whole body 3D
tracking of the operator. The whole-body operation controller allows controlling the
robotic platform in two modes, the rst provides movement of the mobile platform
by body bending in the direction of the desired movement, and the second mode
uses the impedance controller by measuring and replicating the operator's arm pose
to control the robotic manipulator. Shintemirov et al. [2020] presented a wearable
7-DoF motion-tracking interface for the arm based on IMUs and potentiometer,

which was tested in teleoperation of a robotic arm during a pick-and-place task.

2.2.3 VR and AR interfaces

The application of VR technology can help to achieve a more intuitive and im-
mersive interface for HRI, providing a comfortable perception of robot state and the
surrounding environment. For example, Vempati et al. [2019] developed a VR-based
interface for an autonomous UAV capable of spray-painting. The user is provided
with two hand controllers, one for navigation in the virtual cradle and the other for
painting control. Hashemian et al. [2020] introduced HeadJoystick, a 4-DoF leaning-
based interface for VR ying using the user's head movements. The authors showed
that the proposed interface could improve the user experience as well as user per-
formance compared to handheld interfaces. In the work of Kalinov et al. [2021], it
was developed a VR interface for intuitive human interaction with the autonomous
robotic system composed of a mobile platform and a UAV during stocktaking in
the warehouse. Chen et al. [2021] designed a mobile AR interface for HDI, which
provides operators with the ability to control the position and rotation of the drone.
The AR touch interface provides an egocentric view and FPV for drone control, aug-
mented with a virtual drone and the drone's cast shadow to improve an operator's
spatial perception.

Liu et al. [2019] presented a teleoperation system based on VR for robot ma-

nipulation in complex environment. The robot movement is controlled using VR
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handheld controllers, and the video from the remote environment is streamed in
HMD. Nazarova et al. [2021] introduced CobotAR, an AR interface based on omni-
directionally projected image for intuitive HRI. The designed system represents AR
spatial display projected on the robotic arm that generates GUI for robot control
(Fig 2-6 (b)). The interaction with the projected GUI occurs through a gesture
recognition module. Yigitbas et al. [2021] designed a VR interface to improve the
transparency and controllability during HRI. The VE includes a digital twin of the
robot and digital twins of detected objects for manipulation, accompanied by video
stream from the real environment. The VR control interface allows the user to di-
rectly control the robot position in 3D space, as well as to specify only the targets
for the robot's autonomous operation. Naceri et al. [2021] developed a VR-based
interface for robotic teleoperation with the opportunity to select the user viewpoint
position to improve the accuracy of robot teleoperation. The developed VE repre-
sents a digital twin of the teleoperated robot, accompanied by real-time video and
point-cloud data of objects for manipulation from a remote side. Audonnet et al.
[2023] presented a TELESIM framework for direct teleoperation of robotic arms us-
ing a digital twin. The presented teleoperation system consists of three modules,
namely a controller which could be presented by any device with 3D tracking capa-
bilities, a virtual framework for motion planning and ROS controller for the robotic
arm. Wang et al. [2024] proposed AR-based framework for robot teleoperation using
gesture recognition. The system can recognize objects from real environment and
augment them with virtual models to further manipulate them with teleoperated
robot using gesture recognition module. Similarly, Calderén-Sesmero et al. [2024]

presented a mixed reality-based HRI interface for robot trajectory planning.

2.2.4 Haptic interfaces for teleoperation

The integration of haptic feedback into teleoperation control loop was explored in
many research works by using grounded force-feedback devices or wearable haptic

interfaces, e.g., in Labazanova et al. [2018], Son [2019].

45



2.2. Control interfaces for teleoperation

Force feedback

Yang et al. [2015] designed OmniGrip, a hand-held 1-DoF gripper attached to desk-
top force-feedback haptic device for manipulator sti ness rendering during teleoper-
ation tasks (Fig 2-6 (c)). In the work of Chen et al. [2018], the kinesthetic feedback
from Geomagic Touch haptic device is used to provide the operator with information
about the actual tracking error of the robotic arm during the teleoperation process.
Musi¢ et al. [2019] proposed the wearable haptic thimble device for cooperative tele-
operation of multiple robots. The haptic device is mounted on the thumb and index
ngers to control the robot manipulators with the movement of each nger and
provides the operator with normal and shear force feedback. Li et al. [2019] devel-
oped a robot teleoperation system using a wearable IMU-based haptic interface with
pneumatic actuation. The haptic glove contains pneumatic haptic muscles to render
the grasping forces from the robotic gripper to the operator hand. Ramachandran
et al. [2021] proposed a wearable haptic sleeve for UAV operation. The developed
interface provides the user with kinesthetic feedback for obstacle avoidance during
teleoperation. Dorzhieva et al. [2022] designed a HDI interface that provides tactile
feedback to the user's forearm in the form of pulling force during the deployment of

a swarm of drones though AR.

Tactile feedback

Weber et al. [2016] presented a sensor glove with vibrotactile feedback for HRI. The
designed glove comprised a hand tracking module based on IMU and ex sensors and
ve coin vibration motors attached to the ngertips (Fig 2-6 (d)). Ibrahimov et al.
[2019] explored a control of a UAV equipped with a magnetic grabber using a glove
with vibrotactile feedback for object picking and delivery to the operator. A lot of
studies are devoted to study the simulation of material and surfaces properties (e.g.,
softness, roughness) through electro-tactile stimulation, which could be utilized dur-
ing manipulation tasks for providing the real-time information about the grasped
surfaces (Kourtesis et al. [2022]). Pamungkas and Ward [2015] proposed a teleoper-
ation system for a robotic arm using a data glove with electrotactile feedback. The

electrotactile system, based on designed transcutaneous electrical nerve stimulation
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electrodes, generates electrical pulses on the back of the hand. Palagi et al. [2023]
designed a wearable interface with mechanical hand-tracking module and tactile

feedback provided by voice-coil actuators for telemanipulation applications.

Multimodal haptic feedback in teleoperation

The use of e ective combinations of haptic stimuli remain the subject of active re-
search. In a number of works, the in uence of the application of multimodal tactile
feedback on the performance of teleoperation tasks was studied. Sarakoglou et al.
[2012] combined a compact tactile pin-based (% pin matrix) display provided in-
formation about the explored surface with a force feedback master device. Khurshid
et al. [2016], Pierce et al. [2014] explored the e ects of applying three types of haptic
feedback in a pick-and-place task using a wearable device with multimodal haptic
feedback. The designed 2- nger device has 1-DoF actuated by a geared DC motor
to provide grip force feedback. In addition, two voice-coil actuators provide vibra-
tion and pressure for index nger and thumb. Pacchierotti et al. [2014] developed a
teleoperation system that generates kinesthetic and vibrotactile feedback through a
pen-shaped handle. The experimental evaluation of this device suggested that the
proposed system would help to decrease the robot's tool targeting and orientational
errors. Futher, Pacchierotti et al. [2015] applied a wearable ngertip haptic device
that provides skin deformation and vibrotactile feedback in teleoperated palpation.
Sagardia et al. [2015] presented VR framework with multimodal haptic feedback for
simulation and training telerobotic on-orbit servicing tasks. The haptic feedback
system can provide force feedback using bimanual grounded haptic device HUG,
and vibrotactile and electrotactile feedback at the forearm and the ngertips of the
user using wearable devices.

Kuling et al. [2020] studied the role of haptic feedback (direct force feedback
and vibration feedback) in the Box& Blocks Task. The results of the study did
not reveal a user preference for a particular tactile feedback. Aggravi et al. [2021]
proposed a teleoperation system for exible needle insertion in soft tissues, which
provides a user with kinesthetic and vibrotactile feedback. The experimental evalua-

tion showed that the user performance was better with a combination of kinesthetic
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and vibrotactile feedback compared to employing only one type of feedback. Park
et al. [2022] presented a teleoperation system for an anthropomorphic robot using
a wearable haptic interface with force and vibrotactile feedback. The experimental

results showed the superiority of force feedback over vibrotactile feedback for the
user's ngers to improve the task performance. Zhou et al. [2022] proposed combin-
ing a ngertip interface providing cutaneous feedback with a desktop force feedback
haptic device to increase the dexterity of telemanipulation. The developed interface

has a parallel structure based on a pair of ve-bar linkage mechanisms that generates

skin stretch feedback at two contact points on the ngertip.

2.3 Summary

This chapter provides an extensive review of state-of-the art research work on wear-
able haptic devices designed to provide cutaneous and kinesthetic feedback to dif-
ferent parts of the user's hand. In particular, all the reviewed works were analyzed
and classi ed in accordance with type of design and type of feedback provided. Al-
though many of the studies presented showed e ective performance in rendering
haptic stimuli on the particular part of the hand, relatively few research works are
devoted to the study of delivering multimodal haptic feedback to the whole hand,
especially including the palm area.

In addition, di erent types of control interfaces for teleoperation were presented
and discussed. Each type of control interface has its own advantages and limita-
tions, depending on the task to be performed and the type of robot to be controller.
A special focus was devoted to the review of research works implementing hap-
tic feedback to the robot control loop to assist operators during teleoperation and

potentially increase operator performance.
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Chapter 3

vDeltaGlove: a Wearable Haptic
Interface for Delivering Multimodal

Tactile Stimuli to the User's Hand

To achieve an intuitive human-robot interaction in teleoperation domain, it is nec-
essary to provide the user with the sensation of robot-object interaction and render
object properties from the remote environment such as weight, softness, texture,
and temperature. Besides, it is needed to provide a precise capturing of the hand
and nger movements which will allow manipulating with remote objects naturally.
This chapter introduces the design and evaluation of vDeltaGlove, a wearable
modular interface for providing multimodal haptic feedback to the hand. The pro-
posed approach to interface design include development of a system which combines
wearable haptic displays for providing tactile feedback both on the palm and at the
nger pads and a tracking glove for reproducing the hand pose and nger motion in
a VE. The interface design allows it to apply each module as an independent unit or
in combination, depending on its application and required functionality. The rst
section is devoted to the design and evaluation of multimodal haptic display for
the palm. The second section describes the development of a 3D haptic display for
the nger pad and its evaluation. And the nal section introduces the design and

working principle of hand tracking glove.
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3.1. DeltaTouch, a 3D haptic display for the palm

3.1 DeltaTouch, a 3D haptic display for the palm

Palm has a large touch-sensitive area and plays an essential role in object detection
and manipulation. In this section, it is described DeltaTouch, a novel wearable
haptic display with inverted Delta structure attached to the hand of the user (Fig.
3-1 (a)). It is capable of generating three dimensional force vector at the contact
point and providing multimodal tactile stimuli at the palm. The performance of the
developed tactile display was evaluated through several user study experiments. In
the rst user study, it was tested the ability of participants to recognize the location
of the contact point and modality of a vibrotactile signal at the same time. In the
second experiment, it was investigated whether the participant could discriminate
di erent normal forces generated by DeltaTouch on the palm through the weight
sorting task in a VE. In the third experiment, it was explored the ability of the
participants to discriminate di erent skin stretch patterns generated on the palm,

which were subsequently used to guide the user during the teleoperation process.

3.1.1 Mechanical design of DeltaTouch

DeltaTouch is a wearable haptic device with 3-DoF, which provides multi-modal
cutaneous feedback on the palm. The mechanism of the haptic display is based on

the inverted Delta robot.

(a) A prototype of the palm-worn haptic display. (b) A CAD model of a tactile display.

Figure 3-1: A wearable haptic display, DeltaTouch.
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In comparison to the initial prototype presented in_Daria Trinitatova and Tset-

serukou [2019], the design of DeltaTouch display has been further improved in terms
of wearability and robustness. The evolution of the DeltaTouch design is shown in
Appendix A. The current prototype consists of 3D-printed parts made of PLA, metal
rods in the links and metal linkage balls used as spherical joints between lower and
upper links, upper links and moving platform (Fig. 3-1(b)). The weight of the whole
structure is 55¢g. Each leg of the delta mechanism has a revolute-universal-universal
(RUU) linkage. Three revolute joints of the lower arms are actuated by Power HD
DSM 44 servo motors (maximum torque is of 1.6Kg cm and speed is of 60 deg. in
0.07s) which have compact size (228.7027 mm) and low mass (5.8y). The circle
bottom platform is xed on the palm via elastic tapes. In the last design, the servo
motors are fastened stationary on the baseplate, while they could rotate around the
mounting point in the previous design. Two of the servo motors are mounted verti-
cally on the baseplate on the borders of the palm, while the third motor is fastened
horizontal above the wrist. The proposed design is aimed to minimize mechanical
interferences of the motors with the palm, increase the freedom of ngers movement

as well as the ergonomic of the haptic display. The inverted Delta mechanism is pro-

Table 3.1: Characteristics of DeltaTouch

Motors HD DSM 44
Weight 55¢
Material PLA, metal
Work area at the palm 40 cm?
Normal force 10N

posed to achieve compact and lightweight structure. At the same time, it is capable
of generating a strong force of around 18 in a normal direction. The speci cation

of DeltaTouch display is shown in Table 3.1. The servo motors are driven by ESP32
microcontroller (MCU) and I2C-controlled pulse-width modulation (PWM) driver
PCA9685. The motion of the end e ector along the set coordinates is implemented
using inverse kinematics. The trajectory is built by splitting the interval between

the initial and end poses into n auxiliary points.
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Interchangeable end e ector modules

It was designed a set of interchangeable end e ector modules was that could be
used depending on the application and type of feedback stimuli required. The mod-
ules can be manually replaced by disconnecting/connecting the mobile platform in
around half a minute. In future developments, it is planned to add a magnetic clip

for each module to simplify the module replacement.

(@) A vibration motor on the (b) Arigid spherical end-e ector (c) A roller spherical end-
top of the moving platform. (8 mm). e ector.

(d) End e ector with Peltier ele- (e) End e ector with Peltier ele-
ment (20x20 mm). ment (10x10 mm).

Figure 3-2: Di erent types of end e ector modules for DeltaTouch.

" The sensation of vibration at the contact point is achieved by a vibration
motor (coin type, 10x3mm, 3 V) mounted on the upper part of the moving
platform (Fig. A-2 (a)). The vibration motor could be easily detached from

the mobile platform when vibrotactile stimuli are not required.
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" The default end e ector is shaped by a metal ball that can vary in size from
5 to 8 mm (Fig. A-2 (b)).

" To provide a smoother gliding motion of the end e ector across the palm
surface, we designed a roller ball (@&m) module which allows the metal ball

to freely rotate while the end e ector movement (Fig. A-2 (c)).

" The additional tactile modality can be provided by attaching a Peltier element
(TEC1-00703, 1@10mm or TEC1-03108, 2020 mm) at the tip of the moving
platform (Fig. A-2 (d-e)).

Haptic modes

DeltaTouch display is designed to provide multimodal tactile stimuli at the palm. A
summary of the types of tactile stimuli generated by DeltaTouch display is presented

in Table 3.2.

Table 3.2: Types of haptic feedback provided

DeltaTouch display is capable of generating a 3D force vector at the contact
point to simulate the normal and shear forces with arbitrary pressure. In addition,
the 3-DoF inverted delta structure allows the end e ector to move freely with fast
speed inside the workspace while avoiding unnecessary skin contact. Thus, encounter
type stimuli can be used to render rapidly changing dynamical interactions with a
VE. The vibration motor driven with PWM control is used to generate di erent
vibrotactile cues at the contact point on the palm.

To provide thermotactile feedback (Fig. 3-3), it is proposed a thermal module
which utilizes a Peltier element (TEC1-00703/TEC1-03108) and a DC motor driver
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(MX1508) that allows the polarity of the Peltier element to be changed to provide
both cold and warm sensations. The Peltier element is driven with a PWM control
to provide a thermal stimulus for a short-duration usage. During evaluation tests,
the 10010 Peltier element showed a temperature change from T8(cooling mode)

to 56 C (heating mode) (Fig. 3-3 (a-b)), while the temperature change for the
20020 Peltier element ranged from 1€ to 70 C (Fig. 3-3 (c-d)). Temperature
measurements were carried out using a thermal imaging camera (Seek Thermal

CompactPRO).

(a) 10x10 Peltier element in cooling mode. (b) 10x10 Peltier element in heating mode.

(c) 20x20 Peltier element in cooling mode. (d) 20x20 Peltier element in heating mode.

Figure 3-3: Peltier elements' heatmap.
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Kinematics of the DeltaTouch mechanism

A kinematic scheme of the DeltaTouch is shown in Fig. 3-5 (a). The centers of the
rotational joints on the mobile platform are denoted a€i;i = 1; 2; 3 and the position

of the end e ector asP, hereby Ci;P = c. The centers of the rotational joints on
the base platform and the center of the base triangle are denoted Agi =1;2;3
and O, respectively. The Cartesian coordinate system is located in the center of the
base equilateral triangle in such a way thay -axis is collinear toOA;, and Z -axis is
orthogonal to the plane de ned by theA; points. The angles = f ;; ,; 3gdenote
the actuated angles between link&;B; and A;jO;i = 1;2;3. The orientation of the
mobile platform matches the orientation of the base platform due to the structure
of inverted Delta mechanism. The position of the mobile platform can be de ned
by the position of one pointP described by its coordinates x;y; zg". The radius

of a circumscribed circle around a basé A;A,As is equal toa.

Figure 3-4: A kinematic scheme of DeltaTouch mechanism.

Inverse kinematics calculation

The mechanism control is carried out through the inverse kinematic. We solve
the problem of nding the required revolute joint angles geometrically. Let us project
joint C, to the XY -plane and denote it adD;. Then we project the pointsC; and
D, onto the planeY Z and obtain pointsC? = f0;y+ a;zg" andD? = f0;y+ a;0g"

(Fig. 3-5 (b)). To nd the required ; angle, we consider the obtained projection of
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(&) A kinematic scheme with projections of 1st(b) Schematic of the rst linkage projected onto
linkage joints onto ZY plane. ZY plane.

Figure 3-5: A scheme of DeltaTouch haptic display.

the rst linkage onto the Y Z-plane (Fig. 3-5 (c)). Let us mark the angle between
A;C? and A;D{ as ; and the angle betweemA;C? and A;B; as ;. Thus, the
desired ; angle is equal to the combination of angles; and ;. Considering the

right-angled triangle 4 A;D?C?, the sine of angle ; is expressed as:

CiD?

3.1
ALCY G-

sin | =

The length of the segmentD?C? is equal to the modulus ofz. The length of
|
"A1C{is calculated with the Euclidean norm:

q

DgAl = (AlX ng)z + (Aly ng)z + (AlZ ng)z =
p (32)
= (@ y o+2Z
Therefore, the angle ; can be found as:
y4 y4
= arcsin p = arcsin — ; 3.3
! i (a y 02+ 22 8] (33)
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p
Whereg; = (a y 0©)2?+ z2
Now let us consider the triangle4 A;B;C?. The angle ; can be found with the

law of cosines:

B,CF = A1Bf + A;CF 2A;B; A,C) cog i) (3.4)
The length of B1;C? can be found from the right triangle4 C,CB; using the
Pythagorean theorem:

q
B.CY= B;C? CC¥=1L13 x° (3.5)

Substituting the expression forB;C?, A;C? into (3.6), we obtain the angle ;:

AlBJZ_ + 'A‘l(:jl(?2 81(:](.2 = arccos L% + g% L% + X2 (3 6)
2A;1B; A,C? 2L o '

1 = alCcos

The desired actuated angle; is equal to the sum of angles; and ;:

179 et X aresin 2 (3.7)

= arccos
! 2Ly O 01

> and 3 angles can be found using the rotation of the coordinate system coun-
terclockwise and clockwise by 12Ground Z -axis and equation 3.9 with recalculated
position of point P in new reference frameX % %Z° The obtained equations are used
to calculate the angles of the DeltaTouch motors to reach the desired location at
the user's palm.

Forward kinematics calculation

To obtain the workspace of the developed mechanism, we need to solve the inverse
problem of calculation the position of the end e ector for working angular range of
motors.

The upper armsB;Ci can freely rotate around pointsB;, forming three spheres

with radius L,. With known actuated angles, we can calculate the coordinates of
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points Bj; 1=1;2;3:

0 1 0 p71 0 p,l
0 (@ Licos )= (Licos 3 a)-
B, = %a L, cos 1§;52: (@ Licos 2)%§;53: (a L;cos 3)%§;
L]_Sin 1 L]_Sin 2 L]_Sin 3
(3.8)

By shifting the center of each sphereR|) by a distanceC;P = cin the horizontal
plane, we obtain three spheres intersecting at a poit = fx;y;zg" (Fig. 3-6). The

coordinates of the centers of virtual sphere§3® are the following:

0 1 0
(@ Licos, c) 5
B, = %a L,cos 1 C§ %ylg B, = (a L,cos > § %y2§
L,sin 4 y4) Lisin
0 b_ 1
(@ Licoss; 03 x3
Bz = % (@ Licoss 03 § = Y3§
Lisin 3 Z3

(3.9)

To nd the coordinates of the point P, we need to solve the following system of

equations for three virtual spheres:
§ X2+ (y y)?+(z z)?= L3

:

(X x22+(y Y2)*+(z 2z)*=1L3 (3.10)

(x x3)2+(y ya)?+(z 1z3)°= L3

To simplify the equations, we introduce a variabley, = x? + y?+ z%; i =1;2;3.
Subtracting the second and third equations from the rst equation in 3.10, as well

as the third from the second, we obtain:

8
% XoX+(y1 Yo)y+(zw z)z=(vi V2)=2
E XsX+(y1 Ya)y+(z1 z3)z=(vi V3)=2 (3.11)

(X2 Xg)X+(Y2 Ys)y+(z2 z3)z=(Vv2 V3)=2
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Figure 3-6: Displacement of point$; to obtain virtual spheres intersecting at point
P=fxy;zqg".

Subtracting the second from the rst equation (reducingy), and the third from

the second (reducing), expressx andy through z:
X=az+ b y= az+ by (3.12)
Where:

= (]—j-[(zz z1)(ys Y1) (zz zi)(y2 Y1)l
az = 3[(23 Z1)X2 (22 Z1)X3]

by = 2—](-1[(V2 vi)(Ya Y1) (va vi)(Y2 Y1)l
b = 2—1d[(V2 Vi)Xs  (Va  Vi)X7]

d=(y2 yu)Xxs (Y3 Y)X2

Substituting x and y into the equation for the rst sphere in 3.10, we get a
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guadratic equation forz:

(@+ as+1)z?+2(ay + ax(ly  y1) z)z+(E+ (b y)?+2z2 L3 =0; (3.13)

Thus, we nd the following solution for the position of the end e ector @):

%x— a;z+ by
= 2Z+b2 (314)
E H2 _H "HZ GK

Where:

— 12 2 .
G=aj+a;+1,;

H=ab+ax(p vyi) z;

K=b+(b y)?+z L

With the obtained system of equations 3.14 for calculation of end e ector position

(P), a workspace of the proposed inverted Delta mechanism was found, which is
shown in Fig. 3-7.

(a) A side view. (b) A top view.

Figure 3-7: A workspace of DeltaTouch display.
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Palm surface generation using a contact point calibration procedure

Since each person has a unique palm surface, it is required to obtain a contact
surface along the display work area at the palm. For the designed haptic display, it

is proposed a following calibration procedure:
De ne n 2D reference points X;y) distributed in horizontal plane.

For each point, position the end e ector at a non-contact state (a distance of 10
mm from the palm). Hereafter, decrease the z coordinate inhm increments
until the user con rm the contact is reached. Add the coordinate of the point

to the output 3D array of reference points.

Form 1d spaces of equally distributed valuesxf, and y;, ) using the de ned

resolution and boundary values from reference points;(y).
Obtain 2D array (grid [X, Y]) coordinates based orx;,, and yj, vectors.

Build a grid surface using an interpolation of obtained array of reference coor-
dinates(x;y; z) on 2D grid [X, Y]. Collect a 3D grid of scattered points (contact
surface) for the user to further generate end e ector trajectories. Examples of

interpolated palm surfaces for two users are shown in Figure 3-8.

(a) A surface grid obtained for the right palm. (b) A surface grid obtained for the left palm.

Figure 3-8: An example of interpolated grid surfaces of users' palm.
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3.1.2 User study

To evaluate the performance of the developed haptic display, it was conducted three
user studies explored the perception of generated tactile stimuli such as spatial

contact and pressure, skin stretch, vibrotactile feedback.

User study 1: Discrimination of the multimodal tactile stimuli

In this user study, it was evaluated the perception of multi-modal haptic feedback
through delivering spatial contact and vibrational tactile cues by the DeltaTouch

device to a participant's palm.

Participants

Eleven subjects, ten males and one female, aged between 21 and 32 participated in

the study, all of them were right-handed.

Experimental description

Thirteen contact points, labeled A through M, were de ned across the surface of the
palm (Fig. 3-9 (a)). This array of points was selected in such a way to include points
distributed around the center of the palm and on the boundary of the haptic display's
work area. In addition to the contact points, it was prepared three vibrotactile
stimuli generated by the vibration motor placed on the top of the end e ector,
with a duration of three seconds each. The rst pattern represents a vibration with
a constant amplitude, the second is a square wave where the amplitude changes
abruptly, and the third is a sine wave with a smooth change in amplitude (Fig. 3-9
(b)).

Before the experiment, each subject had a preliminary trial to demonstrate the
procedure and calibrate the contact force of the end e ector with the palm in every
de ned location. During the experiment, the device was hidden from view, and
the participant was given a visual guide with possible contact positions and wave-
forms of vibration signals. During the experiment, the subjects were asked to wear

headphones to eliminate the noise from the vibration motor and servo motors and
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(@) (b)

Figure 3-9: Tactile patterns for the rst user study. (a) The possible contact points
(letters A-M) on the palm for discrimination of the location of a stimulus. (b)
Vibrotactile patterns for the user study: 1) Constant signal. 2) Square wave. 3)
Sine wave.

provide only the tactile perception.

For each trial, the end e ector was positioned to a lettered location at a non-
contact position (a distance of 15mm from the palm). Hereafter it was moved
down to contact with the palm for three seconds and translated back to the non-
contact position. Initially, the subject was asked to indicate the contact point and
then to determine if there was delivered one of three possible vibrotactile patterns
or not during the contact state. Besides, the participant should have provided the
con dence state of his or her answer within a scale from one to ve.

In total, 60 stimuli (30 contact and 30 contact with vibration) were generated
during the experiment in such a way that the subject was delivered only contact
stimulus or contact accompanied by vibration cue. Each spatial contact stimulus
was repeated ve times in the random order, whereas each vibration stimulus was

presented ten times.
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