Volume 1, Issue 1

East Journal of Engineering ot btocgar ooy cetton & Technology

ISSN: 3079-9376

Human-Robot Interaction: A State-of-the-Art Review and
Emerging Trends

Mona Maraita*!'=’, Sohad Haddad!'=’, Shaimaa Shaheen?

!Department of Control and Robotics Engineering, Faculty of Engineering and Technology, Al Zaytona University
of Science and Technology, Salfit Street, Al-Laban Al-Shargiya - Salfit, Palestine.
*Corresponding Author.

Received: 25/01/2025, Revised: 29/01/2025, Accepted: 06/02/2025, Published: 16/02/2025

Abstract

This paper represents a comprehensive review of the integration of artificial intelligence in physical interaction
systems for robotics applications. The review highlights the in- creasing demand to create human-robot
collaborations that are much safer, smarter, and more efficient. It then underlines the development of sensor
technologies necessary for acquiring high-definition data to describe secure and smooth human-robot
interactions. Haptic feedback systems, human-robot safety, and Al-driven control for enhancing multi- modal
interaction are some of the major themes discussed. Besides, it introduces Learning from Demonstration, alias
Imitation Learning, where robots can learn from demonstrations made by humans, increasing robotic systems’
flexibility and autonomy. Current approaches are critically reviewed along with their advantages and
disadvantages in practical use. The findings of this paper show how Al can transform human-robot interaction
by offering a much safer, more effective, and intuitive robotic system.

Keywords: Artificial Intelligence, Autonomous Systems, Haptic Feedback, Human-Robot Interaction, Sensor
Technologies.

1. Introduction

Human-robot interaction has been vastly modified over the past years based on developments in robotics,
artificial intelligence, and machine learning.[6] This dynamic interaction has supported many applications
in home, medical, and industrial settings.[7] In particular, the capability of physical interaction of robots
with humans has gained interest since this might be the key to completely changing industries such as
personal assistance, manufacturing, and healthcare.[8] Such interactions will be smooth, easy, and safe only
with the integration of advanced sensor technologies, control algorithms, and safety features.[ 9] This paper
reviews the status of current research and development concerning physical interaction between human
beings and robots and identifies that state-of-the-art approaches will be essential to meet this goal[10].

1.1  Background and Motivation

The introduction of collaborative robots, or simply cobots, has brought a paradigm shift in robotics.
Contrary to the standard industrial robots operating in segregated surroundings, cobots are designed to work
amongst people and share workspaces while performing activities. This new capability brings about both
opportunities and obstacles in achieving effective and secure HRI. While achieving this advancement, the
understanding of human behavior by robots, anticipation of intents, and adaptation to surroundings all play
an important role. This research was inspired by the increasing demand for robots that can perform complex
physical tasks with no injury to humans while improving productivity.

1.2 Key Questions
a. How Do Robots Anticipate and React to Human Behavior?
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This study focuses on a peculiar issue: how do robots anticipate the actions of human beings and alter their
behavior in response?

b. What is the Role of Sensors Technology in Developing Participation?

The research investigates the role of sensors more clearly in enabling precise and effective cooperation
between humans and robots.

c. What strategies can be employed to enhance the safety of collaborative workspaces?

The evaluation of safety measures aims at a straightforward issue: that human safety is maximized and the
safety of the robot is compromised as little as possible.

1.3  Objectives
a. ldentifying the problems that need addressing.

In this study, the most critical challenges that need to be overcome in order to achieve effective and efficient
human-robot physical interaction will be pinpointed, with a focus on precision, security, and adjust-ability.

b. To look into advanced solutions via diverse approaches.

The paper investigates innovative approaches including social robotics, Al-based control, and safety
features that address these challenges.

c. Analyze the approaches together with the problems they anticipate to solve.

The merits and demerits of some of the available solutions will be discussed within the frameworks of
domestic, industrial, and medical.

1.4 Methodologies Overview

This study employs a combination of different methods of sensing and interacting with robots that are at
the forefront of technology and addresses the changes in the physical interaction between humans and
robots. They are elaborated on in the following chapters in detail:

Sensor Technologies for Physical Interaction, Al-based Control Algorithms, Human-Robot Safety
Mechanisms, Haptic Feedback Systems, Learning from Demonstration (Imitation Learning), Multi-modal
Interaction.

2. Related Work
2.1  Sensor Technologies for Physical Interaction

To make high-performance wearable human-machine interaction systems, it is pivotal to create compelling
methods to organize a great arrange for equipment materials, flexible sensors, and electrical gadgets with
effective mechanical adaptability and extensibility, because it is basic to the development of the movement
of wearable human-machine interaction frameworks that center on depending on flexible identifying
advances, since these frameworks depend on flexible sensors [11].

Human-robot interaction in a shared environment regularly requires physical contact between the human
and the robot. To guarantee that this physical interaction is secure, sensors are utilized to screen the powers
applied by the contact, such as fake skin that gives the robot material affect-ability. The errand includes
making pressure-sensitive skin that can acclimate to complex geometries and permits dependable
estimations of contact over the whole surface of the robot’s body. The touchy skin contains shock-absorbing
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components that minimize the chance of genuine wounds amid human-robot physical interaction. In
expansion to security highlights, this delicate skin empowers touch-based robot kinematic control,
encouraging human-robot interaction [12].

motoric motor

commands
FEED-FORWARD
INTERFACE
ECELE training data_ -&—p| CONTROL
' -
| ]
*==P  MACHINE

-.»| LEARNING

1
1
RESPONSIBILITY '
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

I
1
1
1
1
1
1
1
:
- INTERFACE [**

L
L
FEEDBACK i
sensory sensory
stimulation information

Figure 1: Schematic presentation of the proposed system for teaching humanoid robots new skills in real-
time [1].
2.2 Al-based Control Algorithms

The improvement of manufactured insights innovation is on the rise as the request for progressed automated
frameworks increments. This leads to making robot control frameworks more complex, where forward and
converse movement conditions are utilized to control the robot’s position and movement. Be that as it may,
challenges emerge when the mechanical framework is non-linear, inciting the requirement for unused
strategies to supplant forward and reverse movement conditions. Fortification learning and manufactured
neural systems are utilized to prepare data, counting position information and engine points, whereas neural
systems offer assistance to make this discrete preparing information show up persistent, encouraging the
induction of unused information. This strategy has been assessed through computer reenactment, and the
comes about illustrates that it can control the robot ideally, comparable to the converse kinematic
conditions.[13] Wind ranches are huge and complex control systems, and it is troublesome however
imperative to optimize and control them. Wind ranches are utilized in various businesses. Savvy
calculations are compelling ways to unravel optimization issues due to their interesting characteristics, and
they have been effectively connected in wind ranches. There are a few issues in wind ranches, such as wind
cultivation control, wind speed forecast, wind control determining, and other challenges. It also highlights
two future investigate headings for the headway of shrewd calculations for wind cultivate control
frameworks and wind speed and control determining.[14]
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Figure 2: Al-based optimization technique used to solve power quality issues in the MG
system [2].
2.3  Human-Robot Safety Mechanisms

Smart manufacturing heavily relies on robots and automation; human-robot collaboration will be vital to
productivity. However, safety concerns might materialize if they are not met properly. Out of 193 studies,
more than half did not meet safety standards, while 25% had no safety precautions. The study underlines
the trends in HRC. The study covers the need for safety and reliability of physical Human-Robot Interaction,
measures for safety and dependability, the critical role that mechanical design, actuation, and control
structures play regarding safety and dependability, and recommendations on how to assess pHRI safety and
dependability, among others. It refers to the work of scientific groups participating in this study. It is the
basis of the ongoing STReP project "Physical Human-Robot Interaction: Dependability and Safety ". Safety
is a critical issue in the design and implementation of systems that interact directly with humans, especially
personal and professional service robots. This work seeks to standardize recent material on safety levels
during human-robot interactions, with an emphasis on fundamental functions and psychological safety
techniques. It divides existing research into five important categories: robot perceptions for safe human-
robot interaction, cognition-enabled robot control, action planning for safe navigation near humans,
hardware safety features, and societal and psychological variables. The study suggests a road map for safety
compliance aspects in robotic system development. This paper highlights the growing importance of
human-robot interaction in robotics research, with a focus on safety in both industrial and home settings. It
assesses the safety of human-robot interactions through impact tests and simulations. The study also deals
with quasi-static clamping that may pose a threat to humans even in robots with low moment of inertia.
Besides summarizing and classifying potential injuries, the report discusses soft-tissue injuries and physical
injury tolerances with regard to robotics [15].
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Figure 3: Human robot interactions based on 1ISO15066 standard [3].
2.4  Haptic Feedback Systems

This device can provide haptic feedback to patients who suffer from peripheral neuropathy or amputation
of lower limbs. The system controller can control pneumatically operated balloon actuators by installing
piezo resistive force sensors on foot contact points. Human perception tests and actuator characterization
showed that the system was very effective in creating tactile inputs where participants showed a high degree
of precision in distinguishing operator movements and inflation patterns. This paper examines the evolution
of haptic feedback systems, from early manipulators in the nuclear industry to modern desktop devices that
allow 3D visual simulations or virtual reality. It emphasizes their rapid evolution and widespread use across
industries. Drug delivery, biopsy, environmental management, surgery, and assembly are all applications
where micro-robotics systems show great promise. However, there is growing interest in human-in-the-
loop techniques, with haptic feedback serving as an effective tool in teleportation systems. This article
evaluates the research on haptic feedback systems for micro-robotics and categorizes them according to
haptic technology. Stability control, location, force signal measurement in remote situations, and micro-
sensor integration are among the challenges. Visionis viewed as a viable solution to these challenges. This
study evaluates important haptic feedback teleportation systems for micro-manipulation, emphasizing the
importance of intuitive and adaptable manipulation systems for small-scale industrial projects and assembly
activities. Advances have been achieved in 3D haptic feedback, allowing operators to feel substrate
topology and improving immersion through virtual reality. These technologies offer significant support to
a wide range of micro-manipulation instruments, allowing microassembly systems for objects as small as
1 to 10 micrometers. This mature sector will help small-scale industrial initiatives that require precision
and flexibility in microassembly [16].
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Figure 4: Structure of the haptic feedback system [4].

2.5 Learning from Demonstration (Imitation Learning)
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As computing and sensing technology have developed, imitation learning, a learning process where
machines imitate human action, has become more popular. In contrast to coding or training with specific
rewards linked to specific actions, robots can be taught complex behaviors using examples, which is easier
and quicker. This paradigm is very useful for applications such as robots, self-driving cars, and games
where there is a need for awareness and action on a real-time basis. Apart from providing the data needed
to map observations to actions, demonstrations also form the basis of how learning can be accelerated in
reinforcement learning scenarios. For instance, learning can be significantly boosted through signaling a
robot’s Q-function, policy, or task model through demonstrations, especially in cases of nonlinear and
model-based reinforcement learning. In real-world applications, for instance, when balancing a pole while
using an anthropomorphic robot arm, model-based methods are effective and fast, enabling robots to learn
from the demonstration and execute the task as required. The potential for transformation of intelligent
systems is illustrated by the link between imitation and reinforcement learning [17].

2.6 Multi-modal Interaction

While communication involves the use of language, these theories insist that there is more to learn from
words spoken during the day than meets the eye as we pick hints and clues from examples as basic as body
language and eye contact, or as material as furniture and clothing. The first set of cues is important for
perceiving and interpreting social interactions and can apply to normal conversations, interviewing, and
even doctorpatient relations. Examining these many modes of communication is where Analyzing Multi-
modal Interaction comes in handy to present considerable findings on subjects such as linguistics,
sociology, psychology, and education. By presenting readers with a useful matrix for performing integrated
analyses of MM communication, the book invites the reader to view interactions from several perspectives.
It details how verbally, visually, materially, or with other means and modes of communication, people
contribute to global interpersonal communication. One has to understand how these modes are incorporated
in natural ways while developing the next generation of multi-modal systems. By considering the complex
phenomena of how the various modes synchronize and how they are combined, cognitive science will play
a major role in designing the architectures of reliable systems. Multi-modal human interaction modeling
can help to design better and non-vulnerable systems. In addition to providing evidence against some
assumptions as to what multi-modal interfaces are and are not, the book stresses the fact of how important
it is to establish systems that address the users’ behavior and interactions. Promoting the performance of
different input modalities will be critical when improving multi-modal systems to ensure they are both
effective and highly durable.[18]
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Figure 5: An Example of MGCN [5].
3. Applications

The use of synthesized data for human-robot interaction is quite exploratory and spans many advanced
domains. These developments are widely implemented in Al-based robotic control systems and sensor
technology for physical interaction, such as in robotic surgery, to improve precision and limit human errors
during complicated procedures. Moreover, they play a crucial part in assistive robots for individuals with
incapacitated, giving exact and secure intelligence to clients. Moreover, these advances are utilized in
mechanical settings to improve work productivity in generation lines by making strides in the interaction
between people and robots. Concerning human-robot security, they are fundamental in collaborative work
circumstances, such as fabricating plants, where they offer help guaranteeing people from potential wounds
due to collisions or unanticipated robot improvements. These components are in addition utilized in
therapeutic robots that are associated directly with patients, ensuring their security amid the interaction
handle. Concerning haptic input systems, these are utilized in remotely worked robots, such as those utilized
in space investigation or telesurgery, where the systems give substantial criticism to administrators,
progressing the precision and reasonability of control. In other ranges like virtual and expanded reality,
these systems improve client involvement by giving material interaction with the computerized
environment. In prosthetics, Al-supported haptic input frameworks offer assistance to upgrade client
involvement and make interaction with the environment more normal. About learning from the show
(impersonation learning), this strategy contributes to different applications such as independent vehicles,
which learn from human driving designs, permitting them to imitate driver behavior and ensure safe driving.
It is additionally utilized in robots that learn to perform regular assignments, such as moving or picking up
objects, by watching people, making strides in their capacity to associate and adjust to distinctive
conditions. At last, in multi-modal interaction applications, these advances are utilized in shrewd homes to
supply a consistent network. intuitively involvement for clients, where assistive robots can lock in with
voice commands, hand signals, and touch in a coordinated way. These advances are moreover connected
to social and instructive robots to upgrade communication between people and robots, whether through
voice, signals, or visual interaction, progressing the adequacy of interaction in different circumstances [19].

4. Critical Analysis of Methodologies
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This chapter debates in great detail and contrasts some of the methods touched upon in previous chapters.
A proper background check on previously done studies weighs up each methodology for its advantages,
disadvantages, and applications. Speaking in terms of haptic feedback systems, Al-driven control, sensor
technologies, human-robot interaction, safety precautions, and learning by example, an overview is
attempted at many aspects in broad terms. The emphasis in this chapter will be on best practices, the gaps
in the existing research, and points for possible improvement discussed by comparing and contrasting
approaches. It also gives a view on relevant future directions and emphasizes which of these show promise
for additional study and advancement, thus improving the incorporation of the various approaches into
increasingly sophisticated and effective robotic systems. The insight, such that it is, comes via the chapter
identifying how each of these different approaches might make its potentially greatest contribution in a
comparative analysis to better creation of robotic systems-safer, more effective, and easier to handle.

4.1  Strengths of the Methodologies
Sensor Technologies for Physical Interaction:

* Accuracy and Intuitive Interaction: Wearable and motion detectors are such sensors that allow very
accurate intuitive interaction with technology, as in virtual reality and serious gaming.

» Varied Applications: These sensors improve performance and safety for autonomous cars, healthcare, and
artificial intelligence [20].

Al-Based Control Algorithms Benefits:

* Customization and Efficiency: Al algorithms in industrial and assistive applications make necessary
adjustments to suit particular needs, hence optimizing performance by reducing waste and costs.

« Data Learning: Al studies massive information given through machine learning, the ability of systems to
become more successful with time to adapt to the changing circumstances [21].

Human-Robot Safety Mechanisms:

» Safety Focus: Mechanical design, control, and psychological safety are emphasized as important elements
of pHRI.

* Real-World Application: The knowledge gained can be used in creating safer robots by providing insight
into injury risks and tolerance [22].

Haptic Feedback Systems:

* Realistic Interaction: It provides touch-based feedback for intuitive control.

* Broad Range of Use: It finds its use in teleoperation, virtual reality, and medical teaching [23].
Learning from Demonstration (Imitation Learning):

* Ease of Training: This reduces programming difficulties; at the same time, robots can learn from a human
demonstration.

* Flexibility: Allows for enhancements in improving generalization capability and the performance of tasks
within a robot in changed or unknown conditions [24].

Multi-modal Interaction:
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 Smarter Interaction: This will allow for more natural, instinctive interaction between humans and robots,
integrating multi-modal input such as touching, gestures, and speech [25].

* Flexibility: The system can adapt to different users’ needs and contexts. It is therefore suited to
applications involving, for example, industrial automation or assistive robots.

4.2 Limitations and Challenges

a. These sensors are often hard to integrate and, sometimes, have lower accuracy in dynamic
environments. Performance is sometimes hard to maintain across contexts [26].

b. Some Al systems may appear opaque and not so comprehensible with respect to decisions reached.
Moreover, generalization from training data remains a problem with current machines, and the
application under real-world conditions where several uncertainties prevail cannot always be
guaranteed [27].

c. Robotic designs can be increasingly complicated and expensive by adding safety features. Even then,
safety cannot be guaranteed with the maintenance of high performance in diverse, real-world tasks,
especially in multi-robot teams [28].

d. These systems also suffer from latency and precision issues, especially when trying to give feedback
in real-time. They can sometimes have high computational needs, which limits their deployment on
resource-constrained platforms [29].

e. InLFD approaches, scalability may be limited by the requirement of massive amounts of human data
and demonstrations. Generalization to new tasks, and reducing dependence on expert input, are some
of the largest challenges to be improved [30].

f.  While multi-modal interaction enhances user experience, it can also increase the complexity of the
system and resource requirements. Situational adaptation and coherence of the coordination between
modalities remain challenges [31].

The techniques herein described will be fundamental to enhancing robotic systems considering physical
interaction. Future sensor technology research will focus on developing sensitivity and precision to better
enable the robot to perceive its environment and increase accuracy and dependability during the interaction
with humans or other objects. In the future, deep learning techniques will be used in Al-based control
algorithms that will enable the robot to make complex decisions in dynamic contexts and adapt to real-time
input. In a future outlook with much importance on safety, human-robot collaboration on safety
mechanisms will strive toward complex strategies: predictive modeling and realtime monitoring for safe
cooperation between the human and robot in areas which they share. It enhances more realism and
capability of the tactile interactions example, haptic feedback systems will continue development for an
even more intuitive tactical response given to operators, providing even more sensitivity to operations in
the robot. Besides, learning from demonstration would be expected to come a long way for the robot to
learn to pick up complicated jobs shown by humans with no guidance. Lastly, integrating multi-modal
interaction strategies will imply the integration of such multi-modalities as tactile, visual, and aural inputs
into smooth, naturally flowing communication between human operators and robots, enhancing tasks’
performance and usability within industrial contexts[32-34].

5. Conclusion

In conclusion, modern robotic systems have the potential to make quantum leaps with the embedding of
Al-based control and state-of-the-art sensor technologies combined with human-robot interaction
mechanisms. We discussed the main approaches throughout this paper on how to create robots able to
communicate with humans safely and efficiently while guaranteeing effectiveness and safety. Haptic
feedback systems, imitation learning, and multi-modal interaction techniques will enable smooth and
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natural collaboration between humans and robots. Despite these promising advances, challenges persist in
areas such as improving the real-time learning capabilities of robots and ensuring consistent safety
standards across diverse environments with this in mind, future research should be directed toward
perfecting these approaches and extending their practical scope for a wide range of applications where
human-robot interaction is gaining more and more importance. This will lead to robotic systems that
complement human work through cooperation, safety, and efficiency, in addition to augmentation.
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