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ABSRACT

This review explores the recent advancements, challenges, and future directions in real-time haptic rendering, a
technology that enables users to experience touch sensations in virtual environments through precise tactile
feedback. Real- time haptic rendering plays a critical role in enhancing user interaction in applications such as
Virtual Reality (VR), Augmented Reality (AR), and teleportation by providing a realistic sense of touch. The
paper discusses fundamental haptic rendering techniques, including force computation methods, perception-
based models, and optimization strategies like genetic algorithms and adaptive control. It highlights the role of
multi-modal feedback systems in delivering immersive experiences by integrating force, vibration, and tactile
feedback. Key challenges, such as latency, computational complexity, and stability, are examined alongside
potential solutions, including Al-driven adaptation, cloud-based rendering, and hardware innovations. The
review also presents a detailed analysis of emerging applications in fields such as medical training, gaming, and
remote collaboration. Looking forward, the integration of advanced Al models, hybrid rendering techniques, and
new feedback modalities promises to further enhance the realism and scalability of haptic systems, paving the
way for more accessible and interactive virtual experiences.
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1. INTRODUCTION

Haptic rendering is the process of simulating touch sensations in virtual environments, allowing users to
perceive and interact with virtual objects through tactile feedback. This technology has become an integral
part of immersive experiences in Virtual Reality (VR), Augmented Reality (AR), and telepresence systems,
where realistic touch feedback significantly enhances user engagement and realism [43]. By creating a sense
of presence, haptic feedback enables users to feel textures, shapes, and forces, making interactions with digital
objects more intuitive and lifelike. Real-time haptic rendering is particularly critical for applications that re-
quire instantaneous responses to user actions, such as surgical simulations, re- mote robotic control, and
gaming [14]. To maintain a sense of realism, haptic rendering systems must operate at high update rates,
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typically around 1 kHz, matching the human sensory bandwidth for touch [10]. Achieving such high
responsiveness requires advanced computational techniques and hardware that can process tactile interactions
with minimal latency.

Recent advancements in the field have introduced new methods for improving the quality and adaptability of
haptic feedback. Perception-based modeling has emerged as a key area, focusing on how humans perceive
different tactile sensations and incorporating these insights into the design of haptic systems [5]. Additionally,
optimization techniques such as genetic algorithms have been applied to refine feedback parameters
dynamically, ensuring more accurate and responsive interactions [9]. These methods enable haptic devices to
deliver a more personalized user experience by adapting to individual preferences and interaction styles.

Multi-modal feedback systems, which combine force, vibration, and tactile feedback, represent another
significant development in haptic rendering. These systems aim to create a richer and more immersive
experience by integrating different types of sensory information [6]. For example, combining force feed- back
with subtle vibration can simulate the texture of rough surfaces, while synchronized audio and visual cues
further enhance the sense of immersion.

This paper reviews the recent developments in real-time haptic rendering, focusing on perception modelling,
optimization strategies, and multi-modal integration. It aims to provide a comprehensive overview of current
methodologies, discuss the challenges and limitations of these technologies, and explore future directions for
research and application in VR, AR, and telepresence. The rest of the paper is structured as follows: Section Il
covers the fundamentals of haptic rendering, including key concepts and force computation methods. Section
111 delves into perception-based haptic rendering. Section IV explores optimization techniques, while Section
V discusses multi-modal feedback systems. Section VI reviews common challenges and solutions, and
Section VII highlights applications in various domains. Finally, Section VIII outlines recent advancements
and potential future research directions.

2. LITERATURE REVIEW

Haptic rendering allows users to experience tactile sensations by generating forces and vibrations that
simulate physical interactions with virtual objects. This section provides an overview of key concepts in
haptic interaction, types of haptic devices, and fundamental force computation methods that enable these
interactions.

Feedback
Delivery
(Force/Tactile/Vi
bration)

Force
Computation
(Impedance/Ad
mittance)

User Interaction User Perception

Figure 1: Haptic Rendering Pipeline

2.1. Key Concepts in Haptic Interaction

Haptic interaction relies on two primary types of feedback: tactile feedback and kinaesthetic feedback. Tactile
feedback pertains to sensations like surface texture, vibration, and pressure, typically felt through the skin.
Kinaesthetic feedback involves deeper sensations such as forces, torques, and the position of muscles and
joints, allowing users to perceive the shape and stiffness of virtual objects [10]. Effective haptic rendering
requires combining these two feedback types to create realistic and immersive interactions. Real-time haptic
rendering must also account for the human sensory band- width, which typically ranges up to 1 kHz for
kinaesthetic feedback and higher frequencies for tactile sensations [5]. This necessitates high-frequency
updates and rapid processing of force computations to ensure smooth and responsive feedback that aligns with
user movements.

2.2. Overview of Haptic Devices

Haptic devices play a crucial role in delivering tactile and kinesthetic feed- back, allowing users to interact
with virtual environments in a physical way. These devices are categorized based on the type of feedback they
provide:
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2.2.1. Force Feedback Devices
Force feedback devices, such as the SensAble PHANToM and Novint Falcon, provide resistance or pushback
when users interact with virtual objects [6]. They are commonly used in applications like medical training and
virtual prototyping, where precise control over forces is essential.
2.2.2. Tactile Feedback Devices
Tactile feedback devices deliver localized sensations, such as vibrations or pressure, to simulate surface
textures. Examples include devices like Ultrahaptics and piezoelectric actuators that can create intricate
patterns of touch on the user’s skin [3]. Tactile feedback is particularly valuable in scenarios where fine
surface details are important, such as virtual touch screens or texture exploration in VR environments.

2.2.3. Hybrid Feedback Devices
Hybrid devices combine force and tactile feedback, offering a richer inters- action experience. For instance,
gloves equipped with both force feedback and vibrotactile actuators allow users to feel the texture and shape
of Virtual objects simultaneously [12]. These devices are increasingly being used in advanced applications
like tale operation and immersive virtual reality experiences, providing a more comprehensive sense of touch.

Table 1. Overview of Haptic Rendering Approaches

with surface textures.

prototyping.

complex meshes.

Method Type Description Advantages Limitations References
Impedance- | Models the virtual . . Stability issues at
. X Provides direct force | . .
Based Haptic | environment as . higher frequencies,
Rendering impedance, focusing on feed.b_a ck, s_wtable_ for requires precise
g intuitive  interactions. : [1], [36], [38]
the reaction force to the . . . tuning.
g Effective for simulating
user's input. ARG
rigid objects.
Admittance- | Models the [Useful for |Sensitive to external
Based Haptic |environment as an |teleoperation, allows |disturbances,
Rendering admittance, controlling |precise control over |requires accurate [71, [35], [40]
the user's motion based |movement.  Effective |force sensing. ' '
on applied force. for soft object
simulation.
Point-Based | Uses points or particles |Efficient for handling |Computationally
Haptic to represent surfaces, [complex shapes, |intensive with large
Rendering enabling interaction |dynamic environments. |point clouds. [24], [26], [21]
with irregular
geometries.
Surface-Based | Utilizes mesh |[High fidelity in |Requires high
Haptic representations for |representing  surface |computational
Rendering detailed interaction |details, ideal for virtual |resources for| [4], [10], [8]

Constraint-Based
Haptic
Rendering

Uses mathematical
constraints to simulate
physical boundaries or
interactions.

Ensures stability in
interactions,  suitable
for CAD applications.

Limited flexibility in
representing
dynamic changes.

[16], [37], [€]

Proxy-Based | Uses a virtual proxy to |Smooth interactions, |Complexity in
Haptic maintain a  stable |balance between |managing proxy
Rendering interaction point with |realism and stability. movements in| [27], [15], [28]
the virtual surface. dynamic
environments.
Voxel-Based | Represents virtual |Suitable for medical [High memory
Haptic objects using 3D |applications like |consumption,
Rendering volumetric ~ elements |CT/MRI-based complex  collision [25], [22], [3]
(voxels). simulations. handling.
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to specific scenarios.

data.

Image-Based |Uses 2D texture maps |Effective for simulating |Limited to 2D
Haptic and image processing |surface textures, low |texture data, less [13], [23], [20]
Rendering to generate  haptic |computational cost. effective for 3D ' '
feedback. interactions.
Physics-Based | Simulates physical |Realistic representation |Computationally
Haptic interactions, including |of material properties, |demanding requires
Rendering forces like friction, |useful  for  surgery |detailed physical | [11], [5], [8]
deformation, and |simulations. models.
elasticity.
Data-Driven | Relies on real-world |Accurate representation |Limited by the
Haptic data or simulations to |of complex |availability and
Rendering generate feedback. interactions, adaptable |[quality of training [16], [6], [4]

Neural Network-

Uses machine learning

Adaptive and improves

High training time

for interaction.

sensitive.

environments.

Based Haptic | models to predict and |over time, can handle |requires large
Rendering adapt haptic |complex patterns. datasets for| [5], [2], [34]
interactions based on accuracy.
user behavior.
Frequency Analyzes frequency |Effective for simulating |Requires  detailed
Domain Haptic | components of force |textures, as human |frequency analysis,
Rendering and displacement data |[touch is frequency |limited in dynamic [10], [36], [4]

Model-Mediated | Uses simplified models |Reduces computational [Simplified models
Haptic to mediate interactions, |load, balances realism |may lack full
Rendering especially in |with responsiveness. interaction details. [21], [28], [6]
teleoperation.
Proxy-Based | Focuses on maintaining |Enhances stability in 6- |Complex
Collision a stable proxy position |DOF interactions, |implementation for
Detection during collisions. suitable for complex |[high  degrees of [271, [8], [3]
environments. freedom.
Adaptive Haptic | Dynamically  adjusts |Provides personalized |Computationally
Rendering feedback based on real- |feedback, improves |intensive,  requires
time user interactions.  |user experience. continuous 21, [3], [11]
adjustment.
Multi-Modal | Combines multiple [Provides richer user [Synchronization
Haptic feedback types (e.g., |experiences, enhances |challenges, high
Rendering force, vibration, |immersion in VR/AR.  |hardware [61, [31, [15]
tactile). complexity.

2.3. Basic Force Computation Models
Force computation is a foundational aspect of haptic rendering, determining how the system calculates the
forces felt by users during interactions with virtual objects. The two most common models used in haptic
rendering are impedance- based and admittance-based methods.
2.3.1. Impedance-Based Methods
Impedance-based methods for real-time haptic rendering aim to accurately simulate interactions between
users and virtual environments by controlling the dynamics of force feedback. Recent advancements include
the creation of impedance-controlled gloves, which enhance dynamic hand interactions using optimized
rendering techniques, addressing challenges such as the under sense nature of haptic devices [34]. Moreover,
improvements in admittance-type interfaces have expanded their impedance range, enabling stable
interactions even in high-impedance environments, which is essential for providing realistic feed- back [35].
Studies on the closed-loop dynamics of impedance-type displays have shown that effective stiffness and
damping are affected by system parameters like time delay and low-pass filtering, both of which significantly
influence perceived realism [36] [37]. Additionally, adjusting the mechanical impedance of the human arm
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can improve the stability and performance of haptic systems, thus enhancing user experience in virtual
environments [38]. Impedance-based methods determine the position and velocity of a user’s interaction with
a virtual object to compute corresponding reaction forces [7]. These methods are popular due to their
simplicity and responsiveness, making them suitable for real-time applications. However, they can become
unstable when interacting with stiff virtual objects, as minor position measurement errors can result in
considerable force variations.

2.3.2. Admittance-Based Methods

Admittance-based methods for real-time haptic rendering have seen significant advancements, particularly in
enhancing stability and performance. One approach involves a frequency-partitioned admittance actuation
system, which combines high bandwidth, low amplitude actuators with low bandwidth, large amplitude
actuators, resulting in improved rendering capabilities and reduced minimum stable rendered inertia [39].
Additionally, bidirectional time-domain passivity control has been proposed to stabilize low virtual inertia in
haptic interactions, improving performance in human-robot collaboration and reducing operator fatigue during
the manipulation of heavy loads [40]. Furthermore, research has identified key factors affecting stability, such
as actuator position control bandwidth and loop delay, which are critical for optimizing the range of stable
impedances in admittance-type devices [41]. Lastly, innovations in bilateral control systems have focused on
reducing communication traffic while maintaining performance, demonstrating the potential for more efficient
haptic feedback in teleportation scenarios [42].

Admittance-based methods measure the force exerted by the user and calculate the resulting motion or
displacement of the virtual object [6]. This approach is more stable in stiff environments, as it directly adjusts
the virtual object’s response based on the applied force. Admittance-based methods are often used in
teleportation systems, where precise control over object motion is required. However, these methods tend to
be more computationally intensive, requiring powerful processing capabilities to maintain real-time
performance.

2.4. Challenges in Force Computation

While impedance and admittance methods form the core of haptic rendering, they face challenges in
maintaining stability and accuracy in dynamic virtual environments. These challenges include handling
contact transitions, simulating complex materials, and ensuring low-latency feedback [6]. Recent research has
explored adaptive methods and hybrid approaches that combine the strengths of both models, aiming to
achieve better stability and responsiveness [5].

3. PERCEPTION-BASED HAPTIC RENDERING

Perception-based haptic rendering focuses on replicating the way humans perceive tactile sensations, enabling
more natural and intuitive interactions with virtual environments. By understanding the sensory processes
involved in touch, perception-based models can enhance the realism of haptic feedback in various
applications, from virtual reality (VR) to medical simulations [5].

3.1. Role of Perception Modeling

Perception modelling in haptic rendering involves simulating how users perceive surface properties like
hardness, roughness, and texture. Unlike traditional rendering methods that purely focus on physical accuracy,
perception-based models prioritize the subjective experiences of users [4]. This approach enables the creation
of virtual objects that feel realistic even if their underlying physical parameters are approximated.

For example, a surface’s perceived roughness may be influenced more by specific frequency components of
vibrations rather than the exact physical geometry. By focusing on these perceptual cues, haptic systems can
deliver more convincing sensations while maintaining computational efficiency [10]. Figure 1a illustrates the
process of extracting perceptual features from haptic data, which are then used to predict user responses to
different virtual textures.
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3.2. Feature Extraction for Perception

Feature extraction is a critical step in perception-based rendering, as it identifies the aspects of haptic
interactions that most closely correlate with user perceptions. These features include force, displacement, and
frequency domain characteristics that capture how users interact with virtual surfaces [6].

3.2.1. Frequency Domain Analysis

One of the key techniques in feature extraction is frequency domain analysis, which involves transforming
force and displacement data into their frequency components. This approach is particularly effective in
simulating textures, as the human sense of touch is sensitive to certain vibration frequencies [10]. By
identifying the frequency bands that most significantly impact perceived rough- ness, haptic systems can fine-
tune their feedback to match user expectations.

3.2.2. Machine Learning for Feature Selection

Machine learning techniques have also been employed to automate the feature selection process, identifying
which features most strongly influence user perception. Techniques like Principal Component Analysis (PCA)
and deep learning models are used to extract and prioritize features from complex inter- action data [5]. This
allows for adaptive rendering, where the system adjusts feedback based on the most relevant perceptual
features, improving the overall user experience.

3.3. Applications of Perception Modeling

Perception-based haptic rendering has found applications in various fields, where realistic and responsive
touch feedback is essential.

3.3.1. Medical Simulations

In medical simulations, the ability to replicate the tactile properties of human tissue is crucial for training
surgeons and medical professionals. Perception models help simulate the subtle differences between tissue
types, providing a more realistic training experience without the need for highly detailed physical models [4].
This approach allows trainees to practice complex procedures with feedback that closely mimics real-life
scenarios, improving skill acquisition and confidence.

3.3.2. Virtual Reality and Gaming

In VR and gaming, perception-based models are used to simulate diverse textures and surfaces, enhancing the
sense of immersion. For example, different terrain types in a virtual environment can be distinguished by
varying the vibration patterns and force feedback based on user interactions [6]. This makes virtual worlds
feel more dynamic and engaging, as users can sense the difference between walking on sand, gravel, or grass
through their controllers.

3.3.3. Remote Manipulation and Telepresence

Perception modeling is also vital in telepresence systems, where operators interact with remote environments
through robotic interfaces. By replicating tactile sensations based on perception models, remote manipulation
systems provide more intuitive control, enabling operators to feel objects and surfaces as if they were directly
present [10]. This is particularly valuable in scenarios where precise control is required, such as handling
fragile objects or performing tasks in hazardous environments.

3.4 Challenges and Opportunities in Perception-Based Rendering

While perception-based rendering offers significant advantages in terms of realism and user experience, it also
presents challenges. These include the difficulty of accurately modelling subjective experiences and the need
for extensive user studies to validate models [5]. Additionally, balancing computational efficiency with
perceptual accuracy remains a challenge, especially in applications that require real-time feedback.

However, these challenges also present opportunities for future research. Advances in machine learning and
data-driven modelling techniques hold the potential to further refine perception models, making them more
adaptable and generalizable across different user groups and interaction scenarios [6]. Further- more,
combining perception-based models with physical simulation methods could yield hybrid approaches that
offer the best of both worlds high realism with efficient computation.
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4. OPTIMIZATION TECHNIQUES IN HAPTIC RENDERING

Optimization is a critical aspect of haptic rendering, aimed at improving the efficiency and responsiveness of
feedback systems. Given the computational demands of real-time haptic feedback, optimizing the parameters
and control strategies is essential for maintaining a high-quality user experience. This section explores the use
of genetic algorithms (GAs) and adaptive control strategies in optimizing haptic rendering systems.

Initializati Fitness C
nitialization Evaluation onvergence

Figure 2: Genetic Algorithm Process for Parameter Optimization in Haptic Rendering

4.1. Genetic Algorithms for Parameter Optimization

Genetic algorithms (GAs) are evolutionary optimization techniques inspired by the process of natural
selection. They are particularly well-suited for solving complex, multi-dimensional optimization problems,
making them valuable for tuning the parameters of haptic feedback systems [9]. GAs iteratively improves a
population of potential solutions by applying selection, crossover, and mutation operators, as illustrated in
Figure 1b.

4.1.1. GA Process in Haptic Rendering
The GA optimization process in haptic rendering involves several key steps:

o [|nitialization: The process starts with an initial population of potential parameter sets, each
represented as a vector. These parameters might include variables like force feedback gains,
damping coefficients, and stiffness values.

o Fitness Evaluation: Each individual in the population is evaluated based on a fitness function that
measures the quality of the haptic feedback. This function often incorporates user feedback and
system performance metrics like stability and responsiveness.

o Selection, Crossover, and Mutation: Individuals with higher fitness are selected for reproduction, and
new parameter sets are generated through crossover (combining traits from two parents) and
mutation (randomly altering parameters). This process explores a wide range of potential solutions.

e Convergence: The algorithm iteratively refines the population until it con- verges on an optimal
parameter set, which is then used to configure the haptic rendering system.

The resulting parameter set, GA best, ensures that the system delivers stable and accurate haptic feedback
under varying interaction conditions [2].

4.1.2. Applications of GA in Haptic Systems

Gases have been successfully applied to optimize the performance of haptic devices in various contexts. For
example, in surgical simulators, GAs can adjust force feedback parameters to replicate the feel of different
tissue types with high accuracy [13]. In teleoperation systems, GAs can be used to balance force feedback and
latency, improving the user’s ability to manipulate remote objects with precision [9].

4.2. Adaptive Control Strategies

Adaptive control strategies enhance haptic rendering systems by dynamically adjusting feedback based on
real-time user interactions. These strategies enable the system to respond to changes in user behavior and
environmental conditions, ensuring a consistent and natural experience [6].

4.2.1. Model-Based Adaptive Control

Model-based adaptive control uses mathematical models of user interactions to predict the required
adjustments in force feedback. For instance, impedance control models can adaptively adjust stiffness and
damping based on the user’s movements, maintaining stability even in complex environments [5]. This is par-
ticularly important when users interact with virtual objects of varying rigidity, as it ensures that the feedback
feels consistent regardless of the virtual material properties.
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4.2.2. Learning-Based Adaptive Control

Recent advancements have integrated machine learning techniques into adap- tive control strategies. By using
data from previous interactions, the system can learn to predict user preferences and automatically adjust
feedback parameters [2]. Reinforcement learning (RL), in particular, has shown promise in optimizing haptic
feedback by allowing the system to learn the best control policies through trial and error. This approach is
effective in scenarios where user preferences are subjective and difficult to model explicitly.

4.3. Impact of Optimization on Real-Time Performance

Optimization techniques like GAs and adaptive control have a significant impact on the responsiveness and
realism of haptic systems. By fine-tuning parameters and adapting to real-time conditions, these methods help
minimize latency, improve stability, and enhance user satisfaction [13].

4.3.1. Reducing Computational Complexity

One of the major benefits of optimization is the reduction of computational complexity. By identifying the
most critical parameters and adjusting those in real-time, haptic systems can focus computational resources on
delivering high- priority feedback, resulting in smoother interactions [10]. This is especially valuable in
applications with limited hardware resources, such as mobile or wearable haptic devices.

4.3.2. Enhancing Stability in Dynamic Environments

In dynamic virtual environments where users interact with objects of vary- ing stiffness and compliance,
maintaining stability is a challenge. Optimization strategies allow haptic systems to adjust control parameters
automatically, preventing instability even during abrupt changes in interaction conditions [6]. This ensures
that users experience a consistent sense of touch, regardless of the complexity of the virtual environment.

4.4. Challenges in Implementing Optimization Techniques

Despite their benefits, implementing optimization techniques in real-time haptic rendering comes with
challenges. GAs, for example, can be computationally intensive, requiring careful design of the fitness
function and parameter space to ensure convergence in a reasonable time frame [2]. Similarly, adaptive
control strategies may struggle to maintain stability in highly unpredictable interactions, where rapid
adjustments are needed [5].

Addressing these challenges requires a balance between the complexity of the optimization algorithms and the
real-time constraints of haptic feedback. Hybrid approaches that combine model-based control with data-
driven optimization hold promise for achieving this balance, allowing for more efficient and responsive haptic
interactions [6].

This section discussed the role of genetic algorithms and adaptive control strategies in optimizing haptic
rendering systems. These techniques contribute significantly to improving the performance and adaptability of
haptic feedback, setting the stage for further advancements in multi-modal feedback systems, as covered in
the next section.

5. MULTI-MODAL FEEDBACK SYSTEMS

Multi-modal feedback systems enhance haptic interactions by integrating various forms of sensory feedback,
such as force, vibration, and tactile sensations. These systems aim to deliver a more immersive and realistic
experience by leveraging multiple feedback types simultaneously, thereby replicating the com- plex sensory
experiences encountered in real-world interactions. Multi-modal systems are particularly valuable in
applications like virtual reality (VR), augmented reality (AR), and remote manipulation, where a more
comprehensive sensory experience is crucial [6].
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5.1. Combining Force, Vibration, and Tactile Feedback
Integrating multiple feedback types allows haptic systems to deliver a richer variety of sensations. For
example, force feedback can simulate resistance when interacting with virtual objects, while vibration
feedback can emulate surface textures [43]. Tactile feedback, such as localized skin deformation, further
enhances the sensation by providing finer details like roughness or small bumps on a surface [3].

Table 2: Hardware Device for Haptic renderings

Image

Device

Description

s

HaptX Gloves G1

High-fidelity haptic gloves that provide advanced
tactile feedback and force feedback.

Phantom Omni and
Novint Falcon

Popular force feedback devices for precise hap tic
interactions in virtual environments.

Arduino Uno with
Vibration Motor

A common setup for prototyping haptic feed- back
systems.

Ultrahaptics

A mid-air haptic feedback device using ultrasound to
create touch sensations without physical contact.

Sense Glove

A haptic glove offering tactile and force feed- back,
enhancing user experience in virtual reality.

Dexmo Exoskeleton
Gloves

Wearable haptic device providing force feed- back
for immersive virtual interactions.

5.1.1. Force Feedback

Force feedback provides resistance or pushback when a user interacts with virtual objects, simulating physical
properties like hardness or elasticity. Devices like the SensAble PHANToM, Novint Falcon, and various

Library Progress International| VVol.44 No.3 |Jul-Dec 2024 18901




Shyam Maheshwari, Dr. Hemant Makwana, Dr.Devesh Kumar Lal

exoskeleton systems deliver precise force feedback, allowing users to feel the weight, shape, and stiffness of
virtual objects [10]. This feedback is essential for applications like surgical training, where the ability to feel
resistance from virtual tissues improves realism and skill transfer.

5.1.2. Vibration Feedback

Vibration feedback, often delivered through actuators like voice coil motors or piezoelectric devices, is used
to simulate surface textures and dynamic interactions, such as the friction felt when sliding across a rough
surface [6]. By varying the frequency and amplitude of vibrations, haptic systems can replicate the feel of
different materials like metal, wood, or fabric. Vibration feedback is especially effective in gaming and VR
applications, where it adds a layer of realism to actions like walking on gravel or interacting with machinery.
5.1.3. Tactile Feedback

Tactile feedback focuses on delivering localized sensations to the skin, such as pressure, temperature, or small
vibrations, which help users, perceive the micro-structure of surfaces [12]. Devices such as ultrasonic
actuators, electro- tactile displays, and wearable haptic gloves provide detailed tactile feedback. For instance,
ultrasonic waves can be used to create a sense of touch in mid-air, enabling users to interact with holographic
interfaces without physical contact [8].

5.2 Hardware Integration for Multi-Modal Systems

The integration of different feedback types requires careful coordination between various hardware
components to ensure synchronized and seamless user experiences [3]. Each type of feedback device has its
own response time and operational range, making synchronization crucial for achieving a cohesive multi-
modal experience.

5.2.1. Challenges in Synchronization

One of the primary challenges in multi-modal haptic rendering is synchronizing feedback types with varying
response times. For example, force feedback devices may have a slower response time compared to vibration
motors, leading to mismatched sensations if not properly coordinated [6]. Techniques like time delay
compensation and real-time feedback loops are employed to address these challenges, ensuring that different
feedback modalities are synchronized accurately.

5.2.2. Hybrid Devices

Hybrid haptic devices combine multiple types of feedback into a single unit, such as wearable gloves
equipped with both force and vibrotactile actuators. These devices allow users to experience the resistance of
an object while simultaneously feeling its surface texture, making interactions more immersive [12]. Such
devices are increasingly being used in advanced VR setups, where the ability to feel both the weight and
texture of virtual objects enhances the sense of presence.

Table 3: Hardware Considerations for Real-Time Haptic Rendering

Device Type Example Devices Feedback Type Use Cases

Force SensAble PHANToM, Novint : . : :
Feedback Falcon Force Surgical training, virtual prototyping
Tactile Gaming, virtual reality, remote control

Ultrahaptics, HaptXGloves Tactile

Feedback interfaces

Vibration Arduino-Based, Vibration : : Surface texture exploration, mobile
Feedback Motors Vibrotactile applications

Hybrid Sense Glove, Dexmo Force + Tactile Industrial training, telepresence
Feedback Exoskeleton Gloves systems
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Figure 4: Comparison of Haptic Feedback Devices Based on Precision, Latency, and Tactile vs Force Feedback

5.3. Applications of Multi-Modal Feedback

Multi-modal haptic feedback systems have a wide range of applications, each benefiting from the enhanced
realism and depth provided by combined feedback modalities.

5.3.1. Virtual Reality (VR) and Augmented Reality (AR)

In VR and AR applications, multi-modal feedback is used to simulate realistic touch interactions with virtual
objects, improving immersion and user engagement [6]. For example, in a VR game, users can feel the recoil
of a virtual weapon through force feedback, the vibration of a trigger mechanism, and the texture of the
weapon’s grip through tactile feedback. This combination of sensations significantly enhances the feeling of
presence within the virtual environment.

5.3.2. Medical Training Simulators

Multi-modal feedback is particularly valuable in medical training, where precise tactile information can make
the difference between successful and unsuccessful procedures. For example, a surgical simulation can use
force feedback to simulate the resistance of muscle tissue, while vibration feedback mimics the subtle tremors
experienced during fine procedures like suturing [4]. Tactile feedback can simulate the texture of different
tissues, helping trainees develop a more nuanced understanding of human anatomy.

5.3.3. Teleoperation and Remote Manipulation

In teleoperation, multi-modal feedback enables operators to manipulate re- mote objects with a high degree of
precision. For instance, a robotic arm equipped with multi-modal sensors can provide the operator with force
feed- back for resistance, vibration feedback for surface textures, and tactile feedback for detailed contact
sensations [10]. This allows operators to handle delicate or hazardous materials with a level of sensitivity that
would be impossible with force feedback alone.

5.4. Challenges and Future Directions in Multi-Modal Feedback

Despite the advantages, multi-modal feedback systems face several challenges that must be addressed to
achieve widespread adoption.

5.4.1. Computational Demands

Managing multiple feedback types in real time places a significant computational load on haptic rendering
systems [6]. High-frequency updates are required to synchronize force, vibration, and tactile feedback
accurately, which can be resource-intensive. This is particularly challenging in applications where hard- ware
resources are limited, such as mobile or wearable haptic devices.
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5.4.2. Standardization and Interoperability

As multi-modal feedback systems become more complex, ensuring interoperability between different types of
devices becomes critical. Developing standardized communication protocols and APIs for multi-modal haptic
feedback can simplify integration and enable more consistent user experiences across different platforms [3].
5.4.3. Future Research Opportunities

Future research in multi-modal feedback is likely to focus on improving synchronization techniques, reducing
computational requirements, and exploring new feedback types such as thermal and proprioceptive sensations
[6]. Combining advanced Al models with multi-modal feedback systems could also enable more adaptive and
context-aware haptic interactions, further enhancing the realism of virtual environments.

6. CHALLENGES AND SOLUTIONS IN REAL-TIME HAPTIC RENDERING

Real-time haptic rendering presents several technical challenges that must be addressed to ensure a smooth
and responsive user experience. These challenges include managing latency, handling the computational
complexity of rendering high-fidelity feedback, and maintaining stability during dynamic interactions. This
section discusses these challenges in detail and explores the solutions proposed by recent research.

6.1. Latency Management

Latency is a critical issue in real-time haptic rendering, as delays between user input and system response can
significantly degrade the sense of presence and realism. Even small delays can cause a perceptible lag
between a user’s actions and the corresponding feedback, leading to an unnatural experience [1].

6.1.1. Sources of Latency

Latency in haptic systems can arise from various sources, including signal processing delays, network
communication in teleoperation setups, and the time required for force computation and rendering [6]. In
cloud-based haptic systems, network latency can be particularly problematic, as the time it takes for data to
travel between local devices and remote servers can introduce significant delays [14].

6.1.2. Solutions for Reducing Latency

To minimize latency, several approaches have been proposed:

e Predictive Control Techniques: These methods use predictive models to estimate user actions and
preemptively adjust the haptic feedback. This can reduce the perceived delay by compensating for
the time taken to compute and deliver feedback [10].

e Edge Computing: Offloading computations to edge devices close to the user, rather than relying
solely on cloud servers, can significantly reduce latency in networked haptic systems [14]. Edge
computing allows for quicker processing of haptic signals, ensuring that feedback is delivered with
minimal delay.

e Hardware Acceleration: Using specialized hardware, such as GPUs or FP- GAs, can speed up the
processing of haptic data, reducing the time re- quired for force calculations [6]. These accelerators
can perform parallel computations, making them ideal for handling the high-frequency updates
required in real-time haptics

6.2. Computational Complexity

The high computational demands of real-time haptic rendering pose another significant challenge. Simulating
realistic touch interactions requires complex calculations for force feedback, texture rendering, and multi-
modal integration, which must be performed at high update rates to avoid lag [11].

6.2.1. Sources of Complexity

Complexity arises from various aspects of haptic rendering, including:

o High-Fidelity Texture Rendering: Detailed surface textures require precise force and vibration
calculations, increasing the computational load [3].

¢ Dynamic Interactions: Simulating interactions with objects that change shape or state in real-time,
such as deformable materials, adds to the complexity of force computations [6].

e Multi-Modal Feedback: Integrating force, tactile, and vibration feedback requires synchronized
calculations across multiple modalities, further in- creasing the computational burden [6].

6.2.2. Optimization Techniques for Complexity Management
To address the computational challenges, researchers have explored several optimization techniques:
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o Hierarchical Modeling: Using level-of-detail (LOD) approaches allows the system to adjust the
complexity of rendering based on the user’s focus or proximity to virtual objects [13]. This ensures
that computational resources are prioritized for the most critical interactions.

e Machine Learning Models: Pre-trained models can be used to approximate complex force
calculations, reducing the computational load during real- time interactions [2]. For example, neural
networks can be used to predict the force output based on user input, bypassing the need for detailed
physical simulations.

o Adaptive Sampling: Adjusting the update rate of force computations based on the speed and nature
of user movements can help reduce the number of calculations without compromising perceived
realism [6]. This is particularly useful for interactions with large, uniform surfaces, where high-
frequency updates may not be necessary.

6.3. Stability in Dynamic Environments

Maintaining stability during interactions with dynamic or complex virtual environments is a major challenge
in haptic rendering. Instability can result in jittery or inconsistent feedback, making interactions feel
unrealistic and disorienting for users [10].

6.3.1. Sources of Instability

Instability in haptic rendering can result from:

e High Stiffness Interactions: Simulating very stiff virtual objects, such as metal or stone, requires
precise force control to avoid overshooting or oscillations in feedback [6].

o Contact Transitions: Sudden changes in contact state, such as moving from free space to touching a
solid object, can cause large force spikes that destabilize the system [5].

e Latency-Induced Instability: Delays in the feedback loop can cause oscillations or instability,
especially in teleoperation systems where feedback must travel over a network [14].

6.3.2. Strategies for Ensuring Stability
Several strategies have been developed to address stability issues in haptic rendering:

e Damping Techniques: Adding virtual damping helps to smooth out force feedback during high-
stiffness interactions, reducing the likelihood of over- shooting or instability [5]. Damping is often
adjusted dynamically based on the nature of the interaction.

e Proxy-Based Rendering: Using a proxy model allows the system to calculate forces based on a
simplified representation of the user’s interactions, smoothing out transitions between contact states
[10]. This method is particularly effective in reducing force spikes during sudden changes in
interaction.

e Hybrid Control Strategies: Combining impedance and admittance control methods can provide
greater flexibility in handling different interaction scenarios, ensuring stability even during abrupt
changes in user input [3].

6.4. Balancing User Experience and Technical Constraints

Achieving a balance between user experience and the technical constraints of real-time haptic rendering is an
ongoing challenge. While users expect smooth and natural interactions, the technical limitations of hardware
and software can constrain what is possible [6]. To address this, developers must carefully design haptic
systems to meet user expectations while remaining within the capabilities of the available technology.

6.4.1. User-Centered Design Approaches

Involving users in the design process through usability testing and iterative feedback helps identify which
aspects of haptic feedback are most critical for their experience [2]. This can guide developers in focusing
computational resources on the most important aspects of feedback.

6.4.2. Future Research Directions

Future research in real-time haptic rendering is likely to focus on developing more efficient algorithms,
exploring new materials and actuators, and integrating Al for adaptive and personalized feedback [6].
Additionally, advances in cloud computing and edge processes offer potential solutions for reducing latency
and computational demands, paving the way for more scalable and accessible haptic systems.
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This section discussed the primary challenges in real-time haptic rendering, including latency, computational
complexity, and stability, and outlined potential solutions to address these issues. The next section will
explore the diverse applications of haptic rendering, highlighting how these technologies are being used to
enhance experiences in various fields.

7. APPLICATIONS OF REAL-TIME HAPTIC RENDERING
Real-time haptic rendering has a broad range of applications across various fields, where its ability to simulate
realistic touch sensations enhances user interactions and provides new possibilities for training, entertainment,
and re- mote operations. This section explores key application areas, highlighting the benefits and challenges
specific to each use case.
7.1. Medical Training Simulators
One of the most impactful applications of real-time haptic rendering is in medical training simulators. These
systems provide a safe and controlled environment where medical professionals can practice complex
procedures without the risks associated with real patients [4]. By simulating the tactile properties of tissues,
organs, and surgical tools, haptic feedback enables trainees to develop a better understanding of anatomy and
refine their motor skills.

Table 4: Applications of Real-Time Haptic Rendering

Application Field Use Case Benefits References

Safe training environment,

Medical Training | Virtual surgery simulators enhances skill acquisition [4]

Immersive gaming, interactive | Enhances  user immersion,

Virtual Reality/AR education realistic experiences [6]
. Remote robotic control Enables precise manipulation,

Teleoperation In hazardous environments improves safety [14]
Online product testing Allows users to feel products

E-commerce | \\ith haptic feedback remotely 2]

7.1.1.Virtual Surgery Simulation

Haptic rendering is used in virtual surgery simulators to provide realistic feedback during procedures such as
suturing, incision, and palpation [6]. Force feedback allows users to feel the resistance of tissues and the
pressure needed for precise cuts, while tactile feedback simulates the texture of different anatomical
structures. This improves the surgeon’s ability to perform delicate operations, potentially reducing error rates
in real surgeries.

7.1.2. Dental Training

In dental training, haptic simulators replicate the sensation of drilling, probing, and interacting with teeth and
gums, offering a realistic practice environ- ment for students [10]. Trainees can feel the varying hardness of
enamel, dentin, and soft tissues, gaining a more intuitive understanding of proper force appli- cation. This
type of training is particularly valuable in procedures like cavity filling and root canal therapy, where precise
tactile feedback is critical.

7.2. Virtual Reality (VR) and Augmented Reality (AR)

Haptic rendering plays a pivotal role in enhancing immersion in VR and AR environments, enabling users to
feel virtual objects as if they were real. This added layer of interaction significantly improves the sense of
presence and engagement, making virtual experiences more compelling [6].

7.2.1. Gaming and Interactive Entertainment

In gaming, haptic feedback is used to create a more engaging experience by simulating actions like collisions,
weapon recoil, and the textures of game environments [12]. For instance, in a VR shooting game, players can
feel the recoil of a gun through force feedback, while vibrotactile feedback simulates the subtle textures of
different surfaces as they explore a virtual world. This multisensory experience enhances the realism of the
game, providing a more immersive experience.
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7.2.2. Educational VR Applications
In educational settings, haptic rendering is used to teach complex concepts through interactive simulations.
For example, in virtual chemistry labs, stu- dents can feel the forces when mixing different virtual substances,
or in biology lessons, they can explore the textures of various cell structures [2]. This hands- on approach
helps students grasp abstract concepts more effectively, making learning more interactive and engaging.
7.3. Teleoperation and Remote Manipulation
Teleoperation systems rely heavily on haptic feedback to enable operators to control remote robots with
precision, often in environments that are hazardous or inaccessible to humans [10]. By providing real-time
force and tactile feedback, these systems allow operators to manipulate objects as if they were directly
interacting with them.
7.3.1. Robotics in Hazardous Environments
In hazardous environments like nuclear facilities, underwater exploration, or space missions, teleoperation
with haptic feedback allows operators to handle delicate equipment or conduct repairs remotely [14]. The
ability to feel the resistance and weight of objects through haptic feedback enables more precise and
controlled movements, reducing the risk of damage or accidents.
7.3.2. Medical Telepresence
Haptic rendering is also used in medical telepresence systems, where surgeons can perform remote procedures
using robotic instruments. The feedback from the robotic instruments is transmitted back to the surgeon,
allowing them to feel the tissues and adjust their movements accordingly [6]. This has the potential to expand
access to specialized surgical procedures, allowing expert surgeons to operate on patients in remote locations
without the need for travel.
7.4. Emerging Applications
Beyond traditional applications, haptic rendering is being explored in several emerging fields, where it opens
up new possibilities for interaction and user experience.
7.4.1. Haptic Feedback in E-Commerce
With the growth of e-commerce, haptic rendering is being investigated as a way to allow customers to feel
products before purchasing them online [2]. For example, users could feel the texture of fabrics or the weight
of an electronic device through their screens using specialized haptic devices. This capability could
significantly enhance online shopping experiences, helping customers make more informed purchase
decisions.
7.4.2. Haptic Interfaces for Remote Education
In remote education, haptic interfaces enable students to interact with virtual models and simulations,
providing a more engaging learning experience even from a distance [12]. For subjects like physics or
engineering, where understanding physical interactions is crucial, haptic feedback can simulate forces,
vibrations, and movements, making complex concepts more accessible to students.
7.4.3. Human-Robot Collaboration
In industrial settings, haptic rendering facilitates more natural interactions between humans and robots,
improving safety and efficiency [10]. By providing haptic feedback during collaborative tasks, workers can
feel the presence of nearby robotic arms and adjust their movements accordingly, reducing the risk of
collisions and improving coordination. This is particularly important in automated factories, where human
workers and robots often operate in close proximity.
7.5. Challenges in Applying Haptic Rendering across Domains
While the applications of haptic rendering are diverse, they also face common challenges that can limit their
effectiveness:

o Hardware Costs: The specialized devices needed to deliver high-quality haptic feedback can be

costly, limiting their adoption in consumer markets [3].
e Complex Setup Requirements: Many haptic systems require complex calibration and setup, which
can be a barrier for deployment in non-specialized environments like schools or small businesses

[6].
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o Scalability Issues: Scaling haptic rendering to accommodate larger virtual environments or multiple
users simultaneously remains a challenge, particularly in applications like VR arcades or remote
collaborative platforms [14].

Addressing these challenges is crucial for expanding the reach and impact of haptic technology across various
fields. Future research will focus on developing more affordable and user-friendly haptic devices, as well as
optimizing software solutions for greater scalability.

8. RECENT ADVANCEMENTS AND FUTURE DIRECTIONS

The field of real-time haptic rendering has seen significant advancements in recent years, driven by
improvements in hardware, algorithms, and integration with emerging technologies such as artificial
intelligence (Al) and cloud computing. These advancements have expanded the potential of haptic
technology, enabling more immersive, adaptive, and scalable interactions. This section re- views key recent
developments and outlines promising future research directions.

8.1. Integration of Artificial Intelligence in Haptic Systems

Artificial intelligence (Al) plays a pivotal role in advancing haptic systems, particularly through its ability to
create dynamically adaptive processes for tactile feedback. Recent research highlights the use of Al-driven
methodologies to generate, mediate, and verify tactile signals, enhancing the consistency and integration of
vibrotactile feedback across various environments [15]. These Al techniques not only refine the
responsiveness of haptic feedback but also reduce signal attenuation, making interactions more reliable and
immersive in diverse applications.

8.1.1. Deep Learning for Haptic Perception

Deep learning has been instrumental in enhancing haptic rendering by utilizing models like Convolutional
Neural Networks (CNNSs) to analyze user interactions and improve the realism of simulated textures. Such
models allow for the adaptive interpretation of sensory data, leading to a more natural user experience [16].
This approach has been applied to systems where Al processes tactile data to create a more nuanced and
responsive feedback mechanism, thus facilitating a more lifelike interaction with digital surfaces [15].

8.1.2. Reinforcement Learning in Haptic Control

Reinforcement Learning (RL) is employed to optimize the control strategies of haptic devices, learning the
best feedback policies through iterative inter- actions. This method allows for real-time adjustments in force
and vibration, maintaining the stability and quality of feedback even in rapidly changing environments [17].
By adapting to user behavior dynamically, RL-based systems can enhance the tactile experience, making them
suitable for applications requiring precise and adaptive control [18].

8.2. Advancements in Cloud-Based Haptic Rendering

Cloud computing has emerged as a key technology for enhancing the scalability and accessibility of haptic
rendering systems. By offloading computationally intensive tasks to cloud servers, local devices can deliver
high-quality haptic feedback without the need for powerful on-board processors [19, 20]. This architecture
allows for the efficient management of large datasets and complex computations, enabling more sophisticated
haptic interactions.

8.2.1. Edge Computing for Latency Reduction

To address the latency challenges associated with cloud-based haptics, edge computing has been integrated
into haptic systems, allowing computations to be performed closer to the user [21, 22]. This reduces the time
required for data transmission between local devices and cloud servers, resulting in smoother and more
responsive feedback. Edge computing is particularly valuable in teleoperation applications, where real-time
control is essential for safety and precision [23]. Recent advances in point cloud processing have further
improved the efficiency of edge-enabled haptic systems, enabling stable interactions with dynamic
environments [24].

8.2.2. Distributed Computing for Collaborative Environments

Distributed computing frameworks have been used to support multi-user haptic interactions in collaborative
virtual environments (CVESs) [25]. These frameworks enable multiple users to interact with the same virtual
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objects simultaneously, each receiving individualized haptic feedback. This capability is crucial for remote
teamwork, virtual training, and social VR, where users can feel and manipulate shared virtual objects together
[26]. Techniques like model-mediated teleportation and vision-based haptic rendering have been employed to
enhance the realism of such interactions by adapting to changes in user behavior and environmental dynamics
[27, 28].

8.3. Emerging Hardware Technologies

Advances in hardware have played a critical role in expanding the capabilities of haptic rendering systems,
making them more versatile and user-friendly. Recent innovations in wearable devices, advanced actuators,
and dedicated hard- ware accelerators have significantly improved the performance and efficiency of haptic
systems, enabling more immersive user experiences.

8.3.1. Wearable Haptic Devices

The development of lightweight and ergonomic wearable haptic devices, such as gloves and armbands, has
enabled more intuitive interactions in virtual environments [29]. These devices provide localized tactile
feedback directly to the skin, allowing users to feel virtual objects with their hands. Wearable haptic
technologies have become integral to applications in VR/AR, remote training, and telepresence, where user
mobility and comfort are paramount [30]. Additionally, integrating these devices with real-time rendering
capabilities has enhanced the responsiveness and realism of haptic feedback in dynamic scenarios [31].

8.3.2. Advanced Actuator Technologies

New types of actuators, including electro active polymers, shape memory alloys, and piezoelectric materials,
have expanded the range of sensations that haptic devices can deliver [32]. These advanced actuators enable
the simulation of more subtle tactile properties such as softness, texture variations, and temperature changes,
contributing to a richer user experience [33]. The incorporation of neural-network-based accelerators, such as
NeuGPU, further facilitates real- time haptic rendering, offering low-power consumption and high
computational efficiency for processing complex haptic models [32]. The use of such dedicated hardware in
haptic systems allows for more precise control of force feedback and faster adaptation to user interactions,
making haptic interfaces more responsive and immersive.

8.4. Future Research Directions

Despite these advancements, several challenges remain that must be ad- dressed to further improve the
performance and accessibility of haptic rendering systems. Future research will likely focus on the following
areas:

8.4.1. Reducing Latency in Cloud-Based Systems

As cloud-based haptic systems become more prevalent, reducing latency re- mains a critical challenge.
Research into more efficient data compression techniques, better network protocols, and adaptive edge-cloud
architectures could help minimize delays and improve the user experience in cloud-rendered haptics [14].
8.4.2. Hybrid Modeling Approaches

Combining perception-based models with physically accurate simulations could yield hybrid approaches that
balance realism with computational efficiency [5]. Such models could use data-driven methods to simulate
complex textures while relying on physics-based simulations for basic force interactions. This would allow for
more realistic feedback without overburdening the computational resources of the system.

8.4.3. Adaptive Multi-Modal Integration

Developing adaptive systems that can dynamically adjust the balance between force, vibration, and tactile
feedback based on user preferences and inter- action contexts is an area of active research [6]. Such systems
could offer a more personalized and engaging user experience, adapting the feedback to match the user’s
expectations and the specific demands of different virtual tasks.

8.4.4. Expanding Applications beyond VR/AR

While VR/AR and teleportation are well-established domains for haptic rendering, new applications are
emerging in fields like remote education, human- robot collaboration, and assistive technologies for
individuals with disabilities [12]. Research into how haptic feedback can be used to improve accessibility and
enable new forms of interaction will be crucial for expanding the reach of this technology.
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8.4.5. Exploring New Feedback Modalities

Future research may also explore new feedback modalities, such as ther- mal and proprioceptive feedback,
which could add new dimensions to haptic interactions [8]. Thermal feedback could simulate temperature
changes, while proprioceptive feedback could provide users with a sense of their body position relative to
virtual objects. These additional modalities could further enhance the realism of virtual interactions, making
haptic systems more immersive and lifelike.

9. CONCLUSION

Real-time haptic rendering has become a cornerstone technology for enabling immersive and interactive
experiences in virtual environments, remote operations, and beyond. By simulating touch sensations with high
fidelity, haptic systems enhance user engagement and realism in applications ranging from surgical training
and teleportation to gaming and virtual reality (VR). This review paper has discussed the fundamental
principles of haptic rendering, explored recent advancements, and highlighted the challenges that remain in
achieving stable, responsive, and realistic feedback.

Recent developments, such as the integration of artificial intelligence (Al) and cloud-based rendering, have
significantly improved the adaptability and scalability of haptic systems. Al-based models, including deep
learning and reinforcement learning, have allowed for more personalized and context-aware feedback, while
cloud computing has enabled the delivery of complex simulations without the need for high-end local
hardware. These advancements have broadened the scope of haptic applications, making it possible to deliver
rich sensory experiences across a wide range of platforms and environments.

Multi-modal feedback systems have further expanded the capabilities of hap- tic rendering, allowing for the
integration of force, vibration, and tactile feed- back. This has enabled more comprehensive and realistic
interactions, providing users with a deeper sense of presence in virtual environments. Despite these
advancements, challenges such as managing latency, handling computational complexity, and maintaining
stability during dynamic interactions continue to limit the performance of haptic systems. Addressing these
issues will be crucial for further enhancing user experience and expanding the adoption of haptic
technologies.

Looking ahead, several promising directions for future research have been identified. These include the
development of hybrid modelling approaches that balance the benefits of perception-based and physics-based
methods, the exploration of new feedback modalities like thermal and proprioceptive cues, and the reduction
of latency in cloud-based and edge computing setups. Additionally, the continued refinement of wearable and
portable haptic devices will play a key role in making haptic technology more accessible and user-friendly,
particularly in emerging fields like remote education and human-robot collaboration. As the demand for
immersive virtual experiences and remote interactions continues to grow, the role of haptic rendering will
become increasingly vital. By leveraging advancements in Al, hardware, and network technologies, the haptic
community has the opportunity to push the boundaries of what is possible, creating a future where virtual
touch is as natural and intuitive as physical touch. The ongoing research and development efforts in this field
promise to deliver haptic systems that are not only more efficient and scalable but also capable of providing
richer and more meaningful interactions for users around the world.
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