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ABSTRACT

This research analyzes the integration of haptic feedback in mixed reality (MR) settings, emphasizing its applications in training, skill enhancement,
and robotic simulation. This study analyzes the progression of haptic feedback systems from passive to active configurations, evaluating their efficacy
across multiple fields such as medical training, robotics, and education. A thorough analysis of recent advancements demonstrates that haptic-enhanced
MR systems consistently improve task completion and success rates across many applications. The study emphasizes the synergistic relationship
between visual and tactile stimuli in enhancing immersive and effective training settings. Evidence indicates that the integration of haptic feedback
markedly improves user confidence, decreases error rates, and promotes skill retention in various applications. Current technological obstacles are

examined, and prospective future research avenues in haptic feedback systems are suggested.
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Introduction

Using haptic feedback in mixed reality (MR) settings is a new way to improve training, skill learning, and robotic simulation. As virtual
and augmented reality develops, touch interaction has become more important, connecting physical and digital experiences. Haptic
feedback enhances user involvement by creating realistic sensations that mimic touch, and also helps with learning, especially for
complicated tasks. In training situations, this sensory addition helps trainees get instant feedback on their work, which supports skill
development through repeated practice. Additionally, haptic signals in robotic simulation can enhance how humans and robots work
together, creating a partnership that is vital for good remote operation and autonomous systems. Therefore, using haptic feedback in MR
environments has a lot of potential to change teaching methods and improve efficiency in various fields.

Haptic Feedback in MR

Better human-
robot YA
collaboration A

. High
~_, Enhanced - .
/ training GQ% implementation
. cost
8@ Improved skill O Limited task
ﬂ acquisition 1L 51 applicability
Realistic Complex
simulations calibration
Expert
@ Increased user cf?\ supervision
£ B engagement
needed

Potential for
sensory
overload

Figure 1: Overview of Advantages and Limitations of Haptic Feedback in Mixed Reality Environments (Author Illustration).
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Figure 2: Flow Diagram Illustrating how Human-Robot
Collaboration through Shared Control Leads to Improved
Interaction Outcomes (Author Illustration).

Mixed Reality in Training Applications

Mixed Reality (MR) has become an important technology in
training and skill learning. This is mainly because it can combine
virtual things with real-life settings, making users more involved
and interactive. MR offers experiences that enable learners to
develop complex skills in a safe and controlled space, which is
crucial in areas like medicine and engineering. For example, a
visuo-haptic Mixed Reality (VHMR) system helps users engage
naturally with virtual objects, like in painting tasks, whereas
serious games that include haptic feedback enhance psychomotor
skills in medical training by using gamification and immersive
simulations, improving goals like pressure sensitivity and accuracy
in palpation techniques [1,2]. Also, advanced haptic feedback
systems aid in recognizing user intentions, making training
environments more realistic and responsive, which leads to better
skill retention and performance results [3,4]. The combination of
MR and haptic technology shows its importance in changing how
education is delivered and improving skill development across
different fields [5,6].

Haptic Feedback in User Experience

In mixed reality (MR) settings, adding haptic feedback works to
improve how users experience and interact with the environment,
greatly affecting training, learning new skills, and robotic
simulations. Haptic feedback makes virtual objects feel more real
through touch sensations, which helps users interact more naturally
and effectively with simulations. For example, the VHMR painting
app shows how using both hands together with haptic feedback
helps create smoother movements when painting on virtual areas,
leading to better immersion [7]. Moreover, serious games like
ParsGlove show how game-based learning can effectively train
motor skills, achieving better results in palpation tasks than older
methods [1]. These developments suggest that haptic interfaces
not only improve skill performance but also create a stronger bond
with virtual settings, boosting user satisfaction and performance
in tricky tasks . With support from advanced technologies, haptic
feedback is set to keep being key in MR applications, influencing
how users interact and work together in the future [8].

Comparative Analysis of Haptic Feedback Systems

Before diving deeper into specific mechanisms, let's look at how
different haptic systems compare in their approaches and results.
Table 1 shows key findings from recent research:

Table 1: Comparative Analysis of Haptic Feedback Systems

System Type

Technical Specs

Performance Metrics

Key Applications

Limitations

CoVR (Room-scale) [2]

>100N force, >1.0 m/s
speed, <2cm accuracy in
30m?

Significant improvement
in body-scaled
interactions

Training, Gaming

Fixed installation

manipulation tasks

ParsGlove (Wearable) [1] Piezoresistive sensors, 48% reduction in task Medical palpation Limited to specific tasks
0.2-1.5N force completion time
Whole-hand Interface [11] 30N force feedback Enhanced dexterity in Virtual object handling Complex calibration

needed

TCR System [14]

0.9m reach radius, UR16¢

Real-time dynamic

Robot-assisted haptics

Point contact only

robot adaptation
VHMR System [9] 640x480 stereo, 150Hz Natural interaction in Creative applications Limited force feedback
tracking painting tasks

An intriguing pattern emerges from this comparison: lighter wearable systems, such as ParsGlove, demonstrate remarkable gains
in precise, task-specific scenarios, whereas systems with more robust force feedback, such as CoVR, perform exceptionally well
in whole-body interactions. Apparently the usefulness of haptic feedback isn't just about how strong the feedback is, but also about

using the right type of feedback for the job.

Haptic Feedback Mechanisms

The joining of haptic feedback systems in mixed reality (MR) settings is very important for improving user engagement. It helps with
learning by giving quick feedback that is both sensory and easy to understand.

Figure 3: View through an HMD in VHMR Painting application Showing a User Painting with a Virtual Brush on a Virtual Teacup

- taken from (Figure 1) [9].
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For example, the visuo-haptic mixed reality (VHMR) system
merges visual and touch cues to craft a detailed painting
experience, boosting user involvement and allowing for careful
tool use [4]. In the same way, a changing simulator that uses
haptic feedback helps users control humanoid robots better, which
enhances teamwork and improves how well prototyping works
[9]. Also, systems that use haptic feedback for learning robotic
skills show the possibility of promoting natural communication
between people and robots, focusing on safety and flexibility in
training [8]. This diverse approach shows that haptic feedback
helps not only in learning skills but also improves user happiness
and performance in many different uses, highlighting its essential
part in moving MR technologies forward.

Types of Haptic Feedback: Passive vs. Active Haptics and
their Applications in MR

Table 2: Comparison of Passive and Active Haptic Feedback
Approaches

Characteristic Passive Haptics Active Haptics
Force Generation No powered Motorized/actuated

components systems
Cost Generally lower Higher due to

actuators

Examples Physical props, Robotic arms, force

tangible objects feedback gloves
Advantages Simple, reliable, Dynamic feedback,

natural feel adaptable forces
Limitations Static feedback only | Power requirements,

complexity

Best Use Cases Basic object Precision tasks,

interaction, variable feedback

boundaries
Key Research [9] [14]
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Figure 4: Encountered-type Haptic Display System showing the
Robot Setup and Tracking Calibration - taken from (Figure 1) [10].

Advanced Applications in Dexterous Manipulation

When we think about how our hands work with objects in the real
world, it's amazing how naturally we can feel and control things.
Bringing this natural feeling into virtual environments isn't easy,
but researchers have made exciting progress. For instance, the
whole-hand kinesthetic feedback system developed lets users

grab and handle virtual objects almost as naturally as real ones.
What makes this system special is how it helps users feel the
shape, weight, and texture of virtual objects through their entire
hand, not just their fingertips [11]. Tests showed that users could
complete tricky tasks like assembling virtual puzzles with almost
the same accuracy as they could with real objects. This is a big
step forward from earlier systems that only gave feedback to one
or two fingers.

Human-Robot Collaboration through Shared Control
Moving from individual interaction to teamwork between humans
and robots, we're seeing some fascinating developments. Think
about how you might guide a friend's hand while teaching them to
paint - that's similar to how modern haptic systems help humans
and robots work together [12]. showed this beautifully in their
shared autonomy system, where the robot and human operator
share control in a natural way. Their research found that when
robots provide gentle haptic hints about their intended actions,
users felt more confident and made 29% fewer mistakes. It's like
having a dance partner who subtly guides you through the steps,
making the whole experience smoother and more intuitive.

Cognitive Aspects of Haptic Learning

The integration of haptic feedback in learning environments
has shown significant impact on skill acquisition and retention.
Research indicates that multimodal feedback, combining visual,
audio, and haptic elements, can enhance learning outcomes
compared to single-modal approaches. Studies have demonstrated
improvements in both task performance and user confidence when
haptic feedback is incorporated into training systems.

User Perception and Virtual Interaction

The use of haptic feedback greatly improves how users feel and
interact with virtual objects, creating a more engaging experience
in mixed reality. For example, shows that using both visual and
touch feedback in a VHMR painting app lets users work naturally
with virtual items, helping them to better perceive and control
these objects [9]. Additionally, points out that serious games use
haptic technology to boost palpation skills in medical education,
resulting in better pressure sensitivity and motor skills through
learning via games [1]. Furthermore, shows that haptic guidance
in robotic systems helps to reduce distractions and keeps users
focused on complex tasks [13].

Training and Skill Acquisition Applications

The implementation of haptic feedback in training and skill
learning represents an emerging approach, particularly in
mixed reality settings, which enhances user engagement and
effectiveness. Systems utilizing haptic feedback enable learners
to interact with virtual objects in a manner similar to real-world
interactions. The visuo-haptic mixed reality (VHMR) application
demonstrates this capability, allowing users to paint on virtual
objects while integrating touch and visual feedback for a complete
experience [ 13]. Additionally, serious games such as the ParsGlove
have demonstrated significant improvements in motor skills,
enabling medical students to practice palpation techniques with
enhanced pressure control through gamified learning [1]. Research
indicates that haptic feedback contributes not only to physical skill
development but also to the retention of complex actions across
various fields including healthcare and robotics, demonstrating
the effectiveness of these systems in building real-world skills
[9-11,14,15].
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Medical Training Case Studies

In the area of medical training and rehabilitation, case studies
show that systems using haptic feedback, like the ParsGlove and
VR simulations, are making good progress in learning skills and
training methods.

Figure 5: Parsglove Wearable Interface Designed to Capture Hand
Ergonomics and Provide Interactive Input for Medical Palpation
Training - taken from (Figure 1) [1].

The ParsGlove, which has piezoresistive sensors, helps improve
motor skills that are important for medical palpation through
game-based learning. Participants using this glove showed better
performance than those who trained the usual way [1]. Likewise,
VR applications that include haptic feedback create immersive
experiences, allowing users to interact with virtual settings that
are similar to real-world scenarios. Research using systems like
CDMPs aids intuitive robot training by connecting human teaching
with robotic learning, which makes training more effective and
reduces cognitive overload [8]. Additionally, using adaptive haptic
interfaces in VR highlights the great potential these technologies
have for mimicking complex tasks, which helps in understanding
how motor skills transfer and improve rehabilitation methods [12].

To better understand the impact of haptic feedback across different
application domains, let's examine specific performance metrics.

Table 3: Verified Performance Metrics in Haptic Feedback
Systems

Application Domain
Medical Training [1]
Remote Operation [15]

Primary Metrics
Response Time (-48%)
Task Success Rate (+29%)

These metrics demonstrate measurable improvements in specific
applications where haptic feedback has been implemented. The
significant reduction in response time for medical training and
improvement in task success rate for remote operations indicate
the potential of haptic feedback in enhancing user performance.
However, more comprehensive studies are needed to quantify the
impact across other domains and metrics.

Haptic Feedback in Motor-Cognitive Development

Using haptic feedback in serious games has been effective for
developing motor skills and thinking abilities, supported by
many studies showing clear improvements in training results. For
example, the pressure-sensitive glove used in the ParsGlove game
led to notable enhancements in medical palpation tasks, showing
that training through games boosts users' pressure sensitivity
and skill [9]. Furthermore, the mixed reality painting system
demonstrated that real-time touch feedback helps users engage
more naturally with virtual spaces [1]. This combined feedback
method not only improves motor skills but also enhances cognitive

processing by making users adjust their strategies based on both
visual and touch signals. Furthermore, systems that use haptic
proxies for teamwork highlight how shared touch experiences
can enhance skill learning and boost situational awareness in
complicated settings [6]. The strong evidence backing these
developments supports using haptic-enhanced serious games as
powerful tools for training and rehabilitation.

Robotic Simulation and Teleoperation

In the changing world of robotic simulation and remote operation,
haptic feedback is an important part that improves how people
interact and learn skills in mixed reality settings. By adding haptic
feedback tools, systems can copy real-life touch feelings, making
it easier to control and boosting user performance in complicated
jobs like robotic surgery or remote building.

Figure 6: Physical Column Mounted on a 2D Cartesian Ceiling
Robot Demonstrating different Interaction Modes - taken from
(Figure 1): (A) Users Pushing a Static Tangible Wall (B) Leaning
on the System (C) Being Pulled through with Force Feedback and
(D) User Transportation [2].

For example, a visuo-haptic mixed reality setup effectively
brings together real-time visuals and touch input, allowing users
to do painting tasks with accuracy, which shows its ability to
help beginners develop skills [9]. Additionally, using serious
games, such as the ParsGlove, shows how haptic technology can
improve motor skills needed in medical training, with notable
gains in palpation tasks [1]. In the same way, studies on haptic
shared control highlight user satisfaction and awareness in
remote operation settings, leading to safer and more effective
task completion [15]. These developments point to a major shift for
haptic feedback in remote operation, greatly influencing training
methods and teamwork between robots.

Robotic Systems Integration

The use of haptic feedback in robotic systems has become
important for improving user control and awareness, especially in
complicated settings where humans and robots must work together.

Table 4: System Architecture Comparison of Modern Haptic
Feedback Systems

System Core Communication | Safety Integration
Components | Protocol Features Method
TCR [14] | UR16e robot, | RTDE over TCP/ | Monitored VR-Robot
Oculus Quest | IP velocity, force | bridge
HMD limits
SPIDAR 8 motors on Real-time String tension | Stereoscopic
[3] 2mx 2.5m position tracking | control display
frame
CoVR [2] | 2D Cartesian | User intention Collision XY
ceiling robot | modeling avoidance, displacement
safety zones system
VHMR COASTAR OpenGL Stencil buffer | OpenHaptics
[9] HMD, rendering masking framework
PHANTOM
device
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This architectural comparison reveals the diverse approaches to
implementing haptic feedback, each optimized for specific use
cases while maintaining safety and performance standards. With
systems like Haptic Shared Autonomy, haptic feedback helps make
interaction easier and supports clear communication, enabling
users to express their intentions while getting real-time touch
information about what the robot is doing. For example, recent
research shows that using visuo-haptic mixed reality systems can
significantly boost user performance in tasks like remote robotic
manipulation [10]. In addition, using serious games for medical
training has led to better skill acquisition for users compared to
traditional methods, showing that haptic feedback is useful in
various fields [1]. Furthermore, studies on haptic guidance show
that such feedback reduces cognitive load and improves awareness
during navigation tasks [9]. These developments highlight the
potential of haptic technologies to create user-friendly interfaces
that improve both training and efficiency in robotic systems [13].
As more evidence builds up, it becomes clear that adding haptic
feedback is more than just a technical upgrade; it signifies a
major change in how we understand human-robot interaction and
working together to complete tasks [14].

Challenges and Advancements in Using Haptic Feedback for
Teleoperated Robots in Complex Environments

The use of haptic feedback in teleoperated robots brings together
both difficulties and progress, especially in complex environments
where easy interaction is very important. Recent advancements,
like the visuo-haptic mixed reality system mentioned in show
great promise in improving user engagement by letting real-world
actions affect virtual situations [9]. However, problems such
as delays and feedback matching, as pointed out in continue to
limit effectiveness [6]. New technologies such as the Tracking
Calibrated Robot system can flexibly provide touch sensations,
but careful tuning is needed to keep accuracy amid changing
surroundings [ 14]. Also, the mixed reality training systems found
in support better management of cognitive load, but they reveal
difficulties in balancing user involvement and performance [§].
In the end, improving haptic feedback technologies through
their integration into robotic simulations requires tackling these
complexities to enhance operator skill learning and effectiveness
in real-world situations.

Conclusion and Future Work

Key Findings and Implications

To sum up, adding haptic feedback to mixed reality (MR) settings
greatly improves training, skill learning, and robotic simulation,
as shown by many new uses. For example, the visuo-haptic mixed
reality system shows real skill gains in how users interact with
virtual items, highlighting the important role of touch feedback in
bettering experiences [1]. Also, using serious games, especially
in medical palpation training, shows that immersive, feedback-
based situations really boost motor skills, showing how game-like
methods can be useful in teaching [9]. Additionally, the creation
of the Tracking Calibrated Robot shows a move to make human-
computer interactions more natural, improving the realism of
task execution in virtual spaces [14]. As haptic technologies
keep improving, more investigation into their use in different
industries will enhance our understanding of user experience and
help improve performance in complex tasks, leading to wider use
of MR solutions in skill-heavy areas [6].

Impact on Training and Skill Development
MR systems that use haptic devices allow learners to have realistic,
hands-on experiences, like the visuo-haptic system for painting,

which combines visual and touch feedback to enhance creative
skills [9]. Moreover, serious games that use haptic technology
have shown significant improvements in psychomotor skills for
medical trainees, highlighting how skills can transfer effectively
in high-pressure situations [1]. Haptic feedback also improves
collaboration between humans and robots by enhancing user
experience during remote operations, as seen in the TCR system
that adjusts user interactions with virtual objects [ 14]. Therefore,
these developments show the need to incorporate haptic feedback
to improve training methods by aligning sensory inputs with what
tasks require and boosting the effectiveness of robotic simulations
in different settings [8,11].

Future Research Directions

As haptic tech keeps changing, future work should focus on
mixing machine learning and artificial intelligence to make haptic
feedback systems more advanced for various uses. By using smart
algorithms that adapt from how users interact, these systems can
offer personal responses based on different skill levels and ways
of learning. This could have a big effect in areas like healthcare,
where medical training gains from realistic simulations that closely
imitate the touch experiences in actual procedures. Additionally,
using multi-sensory feedback—mixing touch, sound, and sight—
can boost user involvement and enhance training results in practice
settings. Also, collaborative haptic interfaces that let several users
work together in the same virtual area could improve teamwork
and make robotic remote control easier for difficult tasks. Ongoing
teamwork among experts in robotics, neuroscience, and human-
computer interaction will be crucial to achieve all that these
technologies can do for training, skill development, and more.
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