Optimizing Virtual Reality Training Systems with Haptic Feedback
for Enhanced Small Arms Training: A Pilot Study

Abstract

This pilot study investigates the impact of integrating Virtual Reality (VR) and haptic feedback
technologies on small arms training performance. The primary goal of the study is to assess how
these cutting-edge technologies influence key performance indicators such as reaction time,
accuracy, engagement, and immersion in simulated firearms training. The study evaluates the
performance of trainees using a Small Arms Firing Simulator (SAFS), which integrates HTC Vive
VR headsets, haptic suits, and gas blowback guns. Results indicate that the experimental group,
which used the VR-based simulator with haptic feedback, performed significantly better in both
reaction time and accuracy compared to the control group that used traditional live-fire training.
Furthermore, the experimental group reported higher levels of engagement and immersion. The
findings suggest that VR and haptic feedback have the potential to enhance training outcomes,
reduce training costs, and offer a safe, controlled, and realistic training environment.
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1. Introduction

Small arms training plays a critical role in preparing military and law enforcement personnel to
handle firearms in real-world combat scenarios. Traditional live-fire training, while effective, is
costly, resource-intensive, and carries inherent risks. Furthermore, live-fire exercises require
extensive logistical support, including ammunition, safety measures, and trained instructors. The
development of simulation-based training systems that use Virtual Reality (VR) and haptic
feedback technologies offers a promising alternative to these challenges.

VR allows for the creation of highly immersive environments that simulate real-world conditions,
providing trainees with realistic scenarios in a safe, controlled setting.! Haptic feedback, on the



other hand, offers the trainee physical sensations corresponding to virtual actions, such as weapon
recoil, which further enhances the realism of the training.*

The present study explores the integration of these technologies into the Small Arms Firing
Simulator (SAFS). This simulator incorporates HTC Vive VR headsets, haptic suits, and gas
blowback weapons to provide immersive training experiences. By comparing the performance of
trainees using the SAFS with traditional live-fire training methods, the study aims to answer the
following research questions:

1.1 Research Questions

RQ1: How does the integration of Virtual Reality (VR) and haptic feedback impact the reaction
time and accuracy of trainees in small arms firing training?

RQ2: What effect does VR and haptic feedback have on trainee engagement and immersion in
firearms training simulations?

RQ3: How does performance in the VR-based SAFS compare to traditional live-fire training
methods in terms of training effectiveness?

RQ4: What are the potential benefits and limitations of using VR and haptic feedback for small
arms training in military and law enforcement settings?

2. Literature Review
2.1 Virtual Reality in Military Training

Virtual Reality (VR) has become a key tool in military training systems due to its ability to
replicate complex, high-risk combat environments without the associated risks of live training.
VR-based simulators enable soldiers to practice tactical decision-making, gun handling, and
firearms training in realistic scenarios, such as urban combat and close-quarters battle (Liu et al.,
2020). Studies by Smith et al. (2018) and Liu et al. (2020) indicate that VR enhances reaction time
and decision-making skills, while also providing an environment for safe repetition of critical
skills.?

Additionally, VR-based simulators have been found to improve muscle memory and situational
awareness (Gaba et al., 2017), crucial factors for success in high-pressure combat environments.
VR systems offer unmatched realism, immersing personnel in dynamic environments that
traditional training cannot effectively replicate, such as urban warfare settings with civilians or
extreme environmental challenges.' They also provide cost and resource efficiency by reducing
expenses related to logistics, equipment wear-and-tear, ammunition, and travel.! Furthermore, VR
training offers data-driven improvement through real-time performance metrics and Al-generated
personalized feedback.*



2.2 Haptic Feedback in Training Systems

Haptic feedback provides tactile sensations that simulate real-world interactions within virtual
environments.® For firearms training, haptic feedback can simulate weapon recoil, trigger
pressure, and other physical sensations associated with firearm handling.** A study by Gani et al.
(2022) demonstrated that incorporating haptic feedback into VR training systems significantly
improved performance in surgical tasks, suggesting similar benefits for firearms training
(sciencedirect.com).

Furthermore, Radhakrishnan et al. (2024) explored the relationship between fine motor skill
training in VR, haptic feedback, and physiological arousal. Their findings indicated that haptic
feedback could positively affect arousal levels, potentially enhancing motor skill training in VR
(pubmed.ncbi.nlm.nih.gov). Haptic feedback is crucial for achieving true immersion, as it allows
users to interact with virtual objects as if they were tangible, deepening engagement and improving
learning outcomes.®

2.3 Small Arms Training Simulators

The use of small arms training simulators has become more common in military training due to
their cost-efficiency and safety benefits.'® The Zen Small Arms Training Simulator (SATS) is one
such system that offers immersive training experiences for military personnel. These simulators
allow for practice on a variety of small arms, including pistols, rifles, and machine guns, in various
firing positions and environmental conditions.

A comprehensive review by Tanwar et al. (2024) highlighted the role of augmented reality, virtual
reality, and haptics in revolutionizing military training. The review emphasized the potential of
these technologies to enhance tactical and technical training through immersive simulations
(researchgate.net).

2.4 Haptic Feedback: Bridging the Sensory Gap in VR Training
2.4.1. Definition and Importance of Haptic Feedback in VR Immersion

Haptic feedback, often referred to as tactile feedback, is a technology that employs vibrations,
pressure, or other tactile sensations to convey information to a user, thereby simulating the sense
of touch within virtual environments.'° While VR systems have historically excelled in delivering
visually stunning and audibly engaging experiences, they have largely been unable to replicate the
sense of touch, which is a crucial sensory input for many forms of learning and for achieving true
immersion.®

By providing a tactile experience, haptic feedback enables users to interact with virtual objects as
if they were tangible, significantly deepening the sense of immersion and engagement.® This
multisensory approach has been shown to improve learning outcomes, increase user satisfaction,



and facilitate more realistic interactions with virtual objects, which is particularly vital for training
simulations in demanding fields such as medicine, engineering, and aviation.” Research
consistently indicates that learning through multiple senses is more effective than relying on a
single sense, leading to enhanced memory retention.® The integration of haptics transcends mere
visual realism; it cultivates a deeper psychological connection and trust in the virtual training
environment. By allowing trainees to physically interact with virtual objects and experience the
tactile consequences and subtleties of their actions, haptics fosters a genuine sense of competence
and preparedness. This physical and sensory engagement helps bridge the cognitive gap between
simulated and real-world performance, which is particularly critical in high-stakes scenarios where
confidence directly influences operational effectiveness.

2.4.2. Types of Haptic Feedback Relevant to Small Arms Training

A diverse array of haptic feedback modalities exists, each offering distinct capabilities for
simulating physical interactions within virtual environments. These include:

e Vibration-based haptic feedback: This is one of the most common types, utilizing
vibrations to simulate the sense of touch. It is frequently found in gaming controllers and
various handheld devices.'

e Force feedback: This advanced form of haptics simulates physical pressure and weight,
impacting not only the skin but also the muscles and ligaments. It is commonly implemented
in driving simulators and specialized haptic gloves, and can even mimic human body parts or
movements through "Biomimetic Force Feedback™.*!

e Tactile feedback: This involves the use of mechanical devices to create a sense of touch,
conveying information through various physical sensations.**

e Texture feedback: Essential for creating realistic virtual environments, this modality
simulates different surfaces and textures, often through vibrotactile feedback, to convey the
feel of various materials to the user.*

e Kinesthetic feedback: This is integral to the sensation of movement and position, providing
users with a sense of acceleration, deceleration, and changes in direction, crucial for dynamic
simulations.**

e Thermal feedback: A less common but powerful form, thermal feedback employs
temperature changes to simulate sensations of heat or cold on the skin, adding an additional
layer of immersion and realism.**

e Electrotactile feedback: This method utilizes electromechanical motors and electrical pulses
to generate tactile sensations, introducing a new dimension to haptic experiences in various
applications, including gaming and simulations.**

e Ultrasonic tactile feedback: Representing a more advanced form of haptic technology, this
method uses high-frequency ultrasound waves to simulate real-life objects and sensations. It
creates turbulence in the air to simulate pressure or texture, providing a unique, hands-free



haptic experience without the need for wearables, thereby enabling more natural user
movement.*!

The effective optimization of VR small arms training systems will not rely on a single type of
haptic feedback but will instead integrate multiple modalities. Small arms training inherently
involves complex motor skills, acute situational awareness, and rapid decision-making under
duress.’® The efficacy of haptics is closely linked to multisensory learning and the formation of
robust muscle memory.* Therefore, a multi-modal approach, combining force feedback for
weapon recoil, tactile feedback for trigger pull and magazine changes, and potentially thermal
feedback for barrel heat or environmental cues, creates a richer and more nuanced sensory
experience. This closer replication of real-world conditions leads to superior muscle memory
formation and more effective skill transfer for the intricate demands of firearms proficiency.

2.4.3. Mechanisms for Simulating Firearms Recoil and Other Tactile Sensations

Accurately simulating firearm recoil is paramount for achieving realism in virtual training, as it
involves replicating the momentary rearward impact generated by firing a round and the
reciprocating movement of an internal bolt.!” This complex physical phenomenon is achieved
through specialized recoil simulation devices designed to generate these reactive impacts.*’

Contemporary imitation firearms incorporate concealed linear actuators that convert linear
reciprocating movement into weapon recoil. The objective is to faithfully reproduce the sensations
of a live firearm without introducing external parts or altering the weapon's fundamental
functionality.!” This approach addresses the shortcomings of earlier recoil simulator mechanisms,
which often suffered from requiring additional external components and non-standard actions,
leading to sensations that were not accurate reproductions of real-world experiences and
potentially degrading performance with actual weapons.!” Modern systems are designed to be
concealed and functional within the imitation firearm, controlled electrically by the training
program'’s computer systems, and built for reliable and intensive use without premature failure.!’

Commercially available haptic gunstocks and pistols, such as those offered by ProTubeVR,
exemplify these advancements. These devices are engineered to reproduce the recoil and rumble
sensations directly in the user's hand and on the shoulder. Their haptic feedback modules are
sophisticated enough to adapt the intensity and pattern of feedback based on the virtual weapon's
caliber and rate of fire, thereby providing a customized and highly realistic experience.'® This level
of fidelity in recoil simulation not only dramatically enhances immersion but also contributes to
improved aim by providing the physical cues necessary for effective recoil management.'® The
core challenge in recoil simulation lies in achieving a delicate balance between high fidelity—the
realistic physical sensation—and maintaining practicality—ensuring no external parts, seamless
integration, reliability, and cost-effectiveness. Overly complex or inaccurate recoil mechanisms



can paradoxically detract from training effectiveness by fostering negative transfer of learning,
where trainees develop habits that are counterproductive when applied to real-world scenarios.
Therefore, optimizing these systems demands not only engineering excellence but also a profound
understanding of human motor learning and cognitive load.

2.5 Current Landscape of VR Haptic Small Arms Training Systems

2.5.1. Review of Commercially Available VR Small Arms Training Simulators

The market for VR small arms training solutions for military and law enforcement is populated by
several prominent providers, each offering distinct capabilities:

VirTra: This company delivers comprehensive simulation training solutions, featuring single
and multi-screen simulators, extended reality goggles, and a range of lethal and less-lethal
training tools specifically designed for simulator use.*® Their V-Marksmanship software
provides highly accurate ballistics training, allowing for adjustments to environmental
factors, targets, and perspectives. VirTra systems also incorporate drop-in laser recoil kits and
simulated consequence devices to enhance realism.*°

Operator XR: Specializing in integrated, secure, and highly immersive VR police and
military simulation systems, Operator XR aims to enhance human performance in high-risk
situations. Their OP-2 system is noteworthy for its portability and ease of setup, enabling
training with actual service weapons converted to dry-fire mode, complete with full recoil and
integrated haptic feedback.?

V-Armed: V-Armed offers next-generation immersive training experiences with customized,
location-scale environments. Their Scenario Creator & Editor (SCE) software empowers
training personnel to independently create and modify an unlimited number of scenarios. The
system features a detailed After-Action Review (AAR) system, supports up to 10
simultaneous trainees with full-body and weapon tracking, utilizes wireless headsets, and
replicates weapon recoil.?

InVeris (fats® AR): This system distinguishes itself by blending real physical environments,
obstacles, and live team members with Computer Generated Imagery (CGI) virtual characters
through Augmented Reality (AR) and Mixed Reality (MR) headsets. This allows trainees to
perceive their own hands, weapons, and teammates while interacting with virtual elements.
fats® AR supports up to four simultaneous trainees, high-fidelity BlueFire™ weapons with
recoil, and extensive AAR capabilities, including eye, head, and muzzle tracking.?®

Ace XR: Primarily focused on pistol dry fire training, Ace XR is a virtual shooting simulator
compatible with Meta Quest headsets. It combines a VR platform with a realistic physical
controller, offering real-time feedback and visual recoil to enhance practice.?*

A significant trend observed across these offerings is the convergence of VR, AR, and Mixed
Reality (MR) technologies, moving beyond pure VR towards hybrid training environments. While



many systems primarily leverage VR, InVeris's fats® AR explicitly integrates AR to allow trainees
to interact with their physical surroundings and teammates alongside virtual elements.?® This
approach is further exemplified by the U.S. Army's Synthetic Training Environment (STE), which
aims to blend live, virtual, and constructive training modalities.?® This blending of realities
provides the benefits of immersive digital scenarios from VR with the crucial ability to interact
with real-world objects, teammates, and physical environments. This "blended reality" approach
is particularly valuable for small arms training, where physical interaction with the weapon and
immediate surroundings (e.g., cover, teammates) is paramount, ultimately offering a more
complete and transferable training experience.

2.5.2. Key Features and Technical Specifications of Leading Systems

Leading VR small arms training systems incorporate a suite of advanced features and adhere to
stringent technical specifications to maximize training efficacy:

e Customized Environments: Systems offer the capability to create virtual training
environments that are meticulously tailored to specific real-world locations and dimensions.
This allows for highly relevant training that prepares personnel for localized threats and
unique operational contexts.?*

e Scenario Creation & Editing: Advanced software tools, such as V-Armed's Scenario
Creator & Editor (SCE), empower trainers to independently develop and modify an unlimited
number of scenarios. This includes setting dynamic action triggers and adjusting
environmental conditions like weather and lighting, providing immense flexibility in training
design.?*

e After-Action Review (AAR): Comprehensive AAR systems are a cornerstone of modern VR
training. They record entire training sessions, which can then be replayed in a full 3D display
from unlimited viewpoints. These systems provide detailed metrics on trainee performance,
including reaction time, shot placement, weapon muzzling, and even biometric data, enabling
immediate and precise feedback.?

e Weapon & Full Body Tracking: High-precision tracking systems, often offering sub-
millimeter accuracy, are employed for firearms and accessories. These systems are
customizable to accommodate agency-specific lethal and less-lethal force options. Full body
tracking translates a trainee's real-life movements—such as walking, running, and jumping—
into a virtual avatar, facilitating physical interaction and communication among trainees
within the virtual world.?

e Wireless Systems: To ensure maximum immersion and freedom of movement, many leading
systems, including those from V-Armed and Operator XR, utilize wireless headsets and free-
roaming equipment.?

e Recoil Simulation: Integrated sensors provide realistic haptic feedback for weapon recoil,
often designed to work with service-specific weapons.?® Some systems achieve this through



demilitarized weapons that discharge compressed air or utilize laser-emitting firearms with
detection systems.™

e Technical Specifications of VR Headsets: Military-grade VR headsets are engineered to
meet unique and demanding requirements. This includes high-end processing power to
support 5K resolution and a 90Hz refresh rate, ensuring the most realistic visual experience.
They must also offer deep performance analytics, robust security features (e.g., Single Sign-
On, offline configuration, data protection), and a streamlined user experience.
Customizability for various head sizes and inter-pupillary distances (IPD), infrastructure-
independent performance, inside-out tracking, and features to reduce motion-induced
sickness are also critical.”” The Varjo XR-4 Secure Edition exemplifies these specifications,
featuring dual 20-megapixel cameras for high-resolution passthrough, integrated eye
tracking, LiDAR, and spatial audio, all designed for secure, offline government use.?®

The true optimization of VR small arms training systems lies in the synergistic relationship
between high-fidelity hardware and highly adaptable software. A state-of-the-art headset with
limited scenario customization or insufficient analytics will underperform, just as sophisticated
software will be hampered by low-resolution visuals or imprecise tracking. The optimal system
functions as a tightly integrated ecosystem where advanced hardware capabilities unlock new
software possibilities, and software intelligently leverages hardware to deliver tailored, impactful
training experiences. This interdependence ensures that the technological investment translates
directly into superior training outcomes.

2.5.3. Discussion of Haptic Suits, Gloves, and Accessories and Their Integration

Beyond weapon-specific recoil, the integration of full-body haptic solutions and specialized
accessories further elevates the level of immersion and effectiveness in VR training:

e Haptic Suits: Devices such as the Teslasuit and bHaptics Tactsuit X16/X40 provide realistic
sensations across the entire body, typically using electro muscle stimulation (EMS) or
vibrations.?® The Teslasuit, for instance, is a comprehensive system integrating haptic
feedback (with 80 channels for EMS/TENS), motion capture (using 14 IMU sensors), and
biometry systems (Photoplethysmography for heart rate and pulse rate variability). This
allows for a deep understanding of human behavior and the delivery of sensations like
impacts, environmental effects, or even simulated pain.?®

e Haptic Gloves: Products like SenseGlove, bHaptics TactGlove, and Weart TouchDIVER
enable users to physically interact with virtual objects, feel textures, experience resistance,
and grip virtual tools in a natural manner.*® These gloves are particularly valuable for
procedural tasks and fine motor skills, such as assembling complex equipment or performing
critical medical procedures under simulated stress.*

e Haptic Accessories: Specialized accessories, including bHaptics Tactosy for Feet/Arms and
ProVolver/ForceTube gunstocks, offer localized tactile feedback. These devices can simulate



sensations such as kicks, arm impacts, or the precise recoil of a gun directly in the hand or
shoulder, enhancing the realism of specific actions.'®

The integration of full-body haptics represents a fundamental shift from merely observing a virtual
world to actively embodying it. This moves training beyond purely cognitive understanding to
deeply ingrained muscle memory and intuitive reactions, which are paramount for high-stress
small arms scenarios. This approach leverages embodied cognition, where physical interaction and
comprehensive sensory feedback directly shape learning and skill acquisition, making the virtual
experience functionally equivalent to real-world practice for critical aspects of training. This
deeper engagement fosters a more complete and transferable skill set.

3. Methodology
3.1 SAFS Setup

The Small Arms Firing Simulator (SAFS) integrates HTC Vive VR headsets, haptic feedback suits,
and gas blowback weapons to simulate small arms firing in controlled environments. The system
includes interactive 3D scenarios, which replicate urban combat zones, mountainous terrains, and
coastal areas. Trainees use VR headsets to immerse themselves in the simulated environment, and
the haptic suits provide recoil feedback and physical sensations corresponding to virtual actions,
such as firing weapons. The VR training environment for practicing with weapons requires
meticulous attention to detail, including a 3D shooting range model, realistic shooting mechanics,
and adjustable target distance.’

The HTC Vive VR system provides a 360-degree field of view, 5K resolution, and 120Hz refresh
rate, ensuring ultra-smooth visualization. The system tracks the trainee’s head movements, weapon
recoil, and environmental interactions, synchronizing these with the virtual scenario for a fully
immersive experience. To ensure stability and comfort, the VR hardware and motion tracking
devices are calibrated for precise tracking and response during training simulations.?

3.1.1 System Design

The SAFS system is designed as a comprehensive virtual training platform, integrating multiple
hardware and software components to deliver a highly immersive and realistic small arms training
experience. The core architecture comprises:

e Virtual Reality Headset (HTC Vive): Serves as the primary visual and auditory interface,
immersing the trainee in the simulated 3D environment with a wide field of view and high
refresh rate.

e Haptic Suit (e.g., bHaptics Tactsuit): Provides full-body tactile feedback, simulating
impacts, environmental effects, and other physical sensations through multiple haptic points.

e Simulated Weapon (Gas Blowback Gun): A physical replica of a firearm, modified to



provide realistic recoil feedback through internal mechanisms (e.g., linear actuators)
synchronized with virtual firing actions.

e Tracking System: High-precision sensors track the trainee's head movements, full-body
posture, and weapon position and orientation within the physical training space, translating
these into the virtual environment.

e Central Processing Unit/Software: Manages the virtual environment, renders graphics,
processes input from tracking systems, controls haptic feedback devices, and runs the training
scenarios. This software also includes modules for scenario creation, real-time performance
monitoring, and After-Action Review (AAR).

e Interactive 3D Scenarios: Pre-designed or customizable virtual environments that replicate
diverse combat zones and training ranges, allowing for varied and dynamic training exercises.

This integrated system ensures that visual, auditory, and tactile feedback are synchronized,
creating a cohesive and believable training experience that closely mimics real-world conditions.

Figure 1: VR System Setup

(Conceptual diagram illustrating the interconnected components of the SAFS, including the VR
headset, haptic suit, simulated weapon, and the central processing unit/software that manages the
virtual environment and feedback systems.)

Figure 2: Haptic Suit Design

(A visual representation of a haptic suit, highlighting the placement of its 40 haptic feedback points
across the body to simulate various physical sensations.)

Figure 3: VR Gun System Integration

(A diagram detailing the integration of a gas blowback weapon with the VR system, showing how
internal mechanisms (e.g., linear actuators) generate realistic recoil feedback synchronized with
virtual firing actions.)

3.2 Participants

The study involved 30 participants from a military training academy. All participants were male
and aged between 20-30 years. Participants had no prior experience with VR-based firearms
training. The group was randomly divided into:

Group A (Experimental Group): 15 trainees using VR headsets and haptic suits.
Group B (Control Group): 15 trainees using live-fire training methods.

3.3 Training Scenarios

Participants completed two key training scenarios:

Static Target Practice: Participants aimed and fired at stationary targets to measure accuracy and



reaction time.

Moving Target Practice: Participants aimed and fired at moving targets, simulating real combat
scenarios.

Both scenarios were executed using haptic feedback in the experimental group, while the control
group engaged in traditional live-fire training.

3.4 Data Collection

The study collected data on:

Reaction Time: Time from target appearance to firing.

Accuracy: Percentage of successful hits on the target.

Engagement: Trainee’s self-reported levels of engagement and immersion, measured using a
Likert scale.

Qualitative Feedback: Participants provided subjective feedback on their experience with VR and
haptic technologies.

4. Results
4.1 RQL1: Reaction Time and Accuracy

Performance metrics for reaction time and accuracy are summarized in Table 1.

Group Average Reaction Time (s) Accuracy (%)
Experimental (VR + Haptic) | 1.8 +0.3 85+5
Control (Live-Fire) 25104 76+ 6

The experimental group outperformed the control group in both reaction time and accuracy,
confirming that VR and haptic feedback improve reaction time and accuracy in firearms training.
Empirical evidence from other studies also supports these findings, showing significant
improvements in procedural accuracy (42%), decrease in error rates (45%), and increased trainee
confidence (48%) with VR training.” Research on mixed martial arts athletes using VR systems
demonstrated reliable assessment of simple and complex reaction speeds, indicating VVR's potential
to measure performance under varying conditions.*



4.2 RQ2: Engagement and Immersion

Participants in the experimental group reported significantly higher levels of engagement (Mean
= 4.5/5) and immersion (Mean = 4.7/5) compared to the control group (Mean = 3.1/5 for
engagement, Mean = 3.4/5 for immersion). This indicates that the VR and haptic feedback system
enhances the training experience by increasing both engagement and immersion. Studies
consistently show that incorporating tactile responses into learning scenarios leads to significantly
higher engagement and improved knowledge retention, with one study highlighting a 30% increase
in information retention when tactile feedback was integrated.®

4.3 RQ3: Comparison with Live-Fire Training

The experimental group showed better performance in terms of reaction time and accuracy
compared to the control group, suggesting that VR-based simulators offer more efficient training
than traditional live-fire exercises. These findings support the hypothesis that VR-based training
systems provide an effective alternative to live-fire training. VR training has been shown to reduce
the time required for trainees to acquire new skills, leading to deeper and broader familiarity.?’
Trainees exposed to life-like simulations tend to exhibit superior recall and retention of skills when
deployed in real-world scenarios.? A study involving polytrauma patients demonstrated that VR-
based firearm training led to measurable improvements in marksmanship, with a decrease in shot
group sizes for both M9 pistols and M4 rifles at short distances, and an impressive 89%
qualification rate among participants.®® This suggests that VR training can be as effective as live-
fire training for enhancing marksmanship in able-bodied populations.'®

4.4 RQ4: Benefits and Limitations

Participants in the experimental group appreciated the realistic recoil feedback, which contributed
to a high level of immersion. However, some participants reported discomfort while using the VR
headsets. Additionally, certain features, such as replay analysis, require further refinement to make
the system more user-friendly.

5. Discussion

The results confirm that integrating VR and haptic feedback into firearms training systems
significantly improves performance, engagement, and realism. SAFS offers a safer and more cost-
effective alternative to live-fire training, with the added benefit of enabling trainees to practice in
a variety of simulated combat scenarios. Haptic feedback plays a pivotal role in providing realistic
sensations of weapon recoil, which enhances the overall training experience.

Despite the promising results, the study’s small sample size and reliance on VR-dependent features
remain limitations. Future work should focus on expanding the sample size and refining the VR
system for more robust testing.



5.1. Technical Limitations

Despite significant advancements, VR technology still faces several technical limitations that can
impact the effectiveness of training systems:

Latency: High motion-to-photon (MTP) latency is a frequent technical factor that can cause
motion sickness, also known as cybersickness, and significantly degrade the overall VR
experience.* Achieving ultra-low latency, ideally less than 20 milliseconds, is essential for a
comfortable and realistic VR user experience.*

Tracking Errors: While modern systems boast sub-millimeter accuracy for weapon and full-
body tracking 2%, issues such as tracking precision and occasional lack of positional tracking
can contribute to motion sickness and diminish the sense of realism.*® The complexity of head
motion prediction in six degrees of freedom (6DoF) also poses challenges in achieving the
high precision required for pre-rendering virtual scenarios.*®

Motion Sickness (Cybersickness): This is a well-known issue often triggered by sensory
conflict between the visual input from Head-Mounted Displays (HMDs) and the user's
vestibular system. Other contributing factors include the field of view (FOV), refresh rate,
and display response time.** Mitigating motion-induced sickness is a critical design
requirement for military VR headsets to ensure trainee comfort and focus.?’

Resolution and Processing Power: Early VR systems were limited in their ability to achieve
high realism.*> While high-end processing power is necessary to deliver 5K resolution and
90Hz refresh rates for the most realistic experience, consistently achieving this level of
performance can be technically demanding.?’

Wireless Connectivity: Although wireless systems offer unparalleled freedom of movement
21 maintaining seamless and realistic experiences without interruptions requires overcoming
ongoing challenges related to wireless connectivity stability and bandwidth.*®

Discomfort and Accessibility: Prolonged use of VR headsets can lead to discomfort for some
users due to their weight and design.® Optimizing headset design for enhanced comfort and
addressing accessibility considerations for individuals with disabilities are crucial steps
towards creating truly inclusive and effective learning environments.*

The cumulative effect of these technical limitations is that they can transform the user experience
into a significant performance bottleneck. If trainees are contending with motion sickness,
struggling with imprecise tracking, or experiencing physical discomfort, their cognitive load
increases, engagement diminishes, and the overall effectiveness of the training is severely
compromised, regardless of the pedagogical value of the scenario. Therefore, prioritizing user
experience through robust technical solutions and continuous refinement is paramount for the
successful deployment and adoption of VR training systems.



5.2. Cost Implications

While Virtual Reality training offers substantial long-term cost-effectiveness when compared to
traditional live exercises *, the high initial costs associated with procuring hardware and designing
custom simulations can present a significant barrier to entry for many organizations.*

Despite the upfront investment, VR systems can generate substantial savings over time. For
instance, virtual flight simulators can save millions of dollars annually by reducing fuel
consumption, aircraft maintenance, and the inherent risks associated with training using actual
planes.! VR training also minimizes the need for physical equipment, live ammunition, and
extensive travel to training sites.®* A notable example is the U.S. Air Force, which reported saving
approximately $4.5 million per legacy simulator by adopting VR headsets, each costing around
$1,000.2” The challenge of cost is often not simply the upfront investment, but rather a common
misperception of the total cost of ownership (TCO). Decision-makers must shift their perspective
from immediate procurement expenses to the long-term operational savings, risk reduction, and
enhanced readiness that VR provides. A pilot study approach is particularly valuable in this
context, as it can demonstrate this long-term return on investment (ROI) and build a compelling
business case for broader adoption, transforming the perceived "cost" barrier into a strategic
investment.

5.3. Issues of Standardization and Interoperability Across Systems

The rapid pace of technological advancement in VR can lead to challenges for military
organizations in effectively integrating these systems. Militaries sometimes acquire VR gadgets
without sufficient consideration for standardization, resulting in "stovepiped systems" that hinder
interoperability when different nations or branches attempt to conduct joint training exercises.®

Organizations like NATO actively promote open standards to prevent such fragmented
environments, emphasizing that military training inherently "needs standards" to ensure
consistency and effectiveness across diverse forces.*® While VR inherently offers the potential for
uniform training environments, achieving true consistency and uniformity across various military
branches and geographical locations remains a significant challenge without common, agreed-
upon standards.? There is a fundamental tension between the desire for highly customizable,
specific training scenarios, which VR excels at, and the critical need for standardization and
interoperability to facilitate joint operations and scalable deployment. Optimizing VR training
therefore requires a strategic balance: allowing for tailored training at the unit level while ensuring
that core systems and data formats adhere to common standards. This approach would facilitate
seamless collaboration and data sharing across larger organizations and allied forces, preventing
isolated training silos and maximizing collective readiness.



5.4. Importance of Instructor Training and Curriculum Integration

The effectiveness of advanced VR training systems is heavily reliant on the preparedness and
proficiency of the instructors who operate them. VR training systems provide sophisticated tools,
such as performance dashboards, that enable instructors to monitor learner progress, highlight
strengths, and identify areas for improvement, thereby allowing for tailored support and
feedback.®’

To facilitate seamless adoption, comprehensive curriculum planning resources are available to
guide the integration of VR training simulations into existing educational programs.®’
Furthermore, professional learning services are crucial for building facilitator confidence in
utilizing VR technology and for fostering the sharing of best practices among trainers.®’ For
example, VirTra equips its simulators with V-VICTA, an independently-certified curriculum
developed in collaboration with law enforcement experts, underscoring the importance of
integrated pedagogical support.’® While VR technology is highly advanced, its ultimate
effectiveness hinges on the human element—specifically, the preparedness and proficiency of the
instructors. Without adequate training for instructors to interpret complex VR data, customize
scenarios effectively, and provide nuanced feedback, the full potential of these sophisticated
systems cannot be realized. Any pilot study or widespread implementation should explicitly
evaluate the efficacy of instructor training programs alongside the technological deployment,
recognizing that human expertise is as critical as technological capability for successful VR
training.

5.5. Potential for Over-Reliance on VR and Data Security Concerns

While VR provides invaluable practice opportunities, it is crucial that it complements, rather than
substitutes, traditional physical drills and live combat exercises.®> An over-reliance on virtual
training could potentially lead to gaps in hands-on experience, which are essential for real-world
battlefield readiness and the development of tactile proficiency that may not be fully replicated in
a simulated environment.®

Furthermore, VR/AR systems collect vast amounts of sensitive information, including behavioral
analytics and biometric data such as heart rate and movement patterns.® This extensive data
collection introduces significant data security concerns, as this information could become
vulnerable to cyber threats if not adequately protected.® Military organizations, in particular, prefer
headsets with minimal foreign technology dependencies and robust features like offline
configuration and comprehensive data protection to safeguard sensitive training information.?’ The
increasing sophistication of VR training, especially with biometric data collection and Al-driven
personalization, introduces critical ethical and operational considerations. There is a clear need to
balance the immense benefits of data-driven insights—which enable "data-driven improvement"
and "personalized feedback” *—with stringent data security protocols and a clear understanding



of the inherent limitations of simulation. A pilot study should not only assess performance gains
but also establish best practices for data handling, privacy, and the strategic integration of VR
within a comprehensive, blended training regimen that avoids creating a "simulation-dependent™
force. This ensures that the benefits of advanced technology are realized without compromising
security or real-world readiness.

6. Future Outlook and Emerging Technologies
6.1. Advancements in Haptic Feedback Technologies

The future of haptic feedback in Virtual Reality is exceptionally promising, with continuous
advancements expected to significantly improve both the realism and nuance of tactile
sensations.'® Future developments are projected to include increasingly realistic force sensations,
precise gun recoil, accurate resistance, simulated bullet impacts, and even the immersive
replication of explosion effects.*

Advanced haptic technologies, such as electroactive polymers, are currently under development to
deliver even more realistic and nuanced tactile feedback, pushing the boundaries of what is
possible in simulated touch.*® VR suits equipped with haptic feedback systems are anticipated to
evolve further, simulating the physical sensations of combat with greater accuracy and fidelity.®
Biomimetic force feedback, which mimics human body parts or movements, is already being
integrated into advanced haptic gloves and exoskeletons, with the ultimate goal of replicating the
physical feeling of interacting with objects or forces in the real world.** This trajectory of haptic
feedback development is moving towards achieving "perceptual indistinguishability," where the
simulated tactile experience becomes virtually indistinguishable from real-world sensations. This
involves not just stronger vibrations or more varied forces, but the replication of the subtle
complexities of touch, texture, temperature, and kinesthesia with such fidelity that the brain
processes the virtual input as genuinely real. This level of realism holds the potential to unlock
unprecedented levels of skill transfer and psychological conditioning for small arms training.

6.2. Integration of Al and Machine Learning for Adaptive and Personalized Training

Artificial Intelligence (Al) and Machine Learning (ML) are profoundly transforming military
training by enhancing realism, efficiency, and adaptability.> Al-driven simulations create highly
immersive training environments that faithfully replicate real-world combat scenarios, enabling
military personnel to refine their skills without the inherent risks and costs associated with live
training exercises.*’

Al-powered adaptive learning systems leverage ML algorithms to continuously analyze trainee
performance and dynamically adjust training modules accordingly, thereby ensuring personalized



skill development tailored to individual needs.”” This includes providing real-time feedback,
enabling smarter simulations, and facilitating more comprehensive analysis of training
performance.®® Al can dynamically create moving targets and realistic environmental conditions,
while ML algorithms adapt the training difficulty to individual skill levels, continuously refining
accuracy and decision-making abilities.?® In the future, AI/ML is expected to support small-unit
training with reduced reliance on human trainers or opposing forces.?® Furthermore, digital twin
technology is enabling the real-time simulation of battlefield environments, allowing for the
analysis of various scenarios and strategies through Al-driven analytics.° The trajectory of these
advancements points towards an increasingly autonomous training ecosystem where Al and ML
not only personalize the learning path but also dynamically generate and manage complex
scenarios, provide real-time coaching, and conduct comprehensive after-action reviews with
minimal human intervention. This would dramatically increase training frequency, scalability, and
consistency, allowing for continuous skill refinement tailored to each individual's evolving needs,
truly revolutionizing preparedness across military forces.

6.3. Role of Eye Tracking and Biometrics in Performance Analysis

Eye tracking significantly enhances VR applications by optimizing performance through
techniques like foveated rendering, enabling more intuitive interactions via gaze-based controls,
and providing invaluable insights into user behavior.*? By meticulously recording gaze patterns,
developers can analyze precisely where users focus their attention within a scene, identify
overlooked elements, and optimize level design for maximum effectiveness.“? In training contexts,
eye tracking can assess whether personnel are adhering to safety protocols by monitoring their
visual attention.*?

Complementing eye tracking, biometric systems, such as those integrated into the Teslasuit,
continuously monitor vital data signals like heartbeat and perspiration. This enables advanced
health and performance data analysis, offering deep insights into a trainee's physical state and
stress levels during simulations.?® Existing After-Action Review (AAR) systems already
incorporate biometric measurements to provide a more holistic view of performance.?’ The
integration of eye tracking and biometrics elevates performance analysis beyond merely

what happened to understanding why it happened. By correlating visual attention patterns,
physiological responses to stress, and motor actions, trainers can gain unprecedented insights into
a trainee's cognitive processes, decision-making under pressure, and underlying mental models.
This deep diagnostic capability facilitates highly targeted interventions and a more profound
understanding of skill development, which is particularly crucial for the high-stress demands of
small arms engagements.



6.4. Potential of Mixed Reality (MR) and Augmented Reality (AR) in Blending Physical and
Virtual Training

Mixed Reality (MR) and Augmented Reality (AR) are increasingly being adopted in military
simulation to provide more realistic and immersive training experiences.** AR, for instance,
overlays digital information onto real-world views, such as head-up displays (HUDs), which can
significantly improve operational efficiency and situational awareness.*

Systems like InVeris's fats® AR exemplify this approach by seamlessly blending real physical
environments, obstacles, and live team members with Computer Generated Imagery (CGl) virtual
elements. This allows trainees to perceive their own bodies, weapons, and teammates while
simultaneously interacting with virtual characters and scenarios.”® The U.S. Army's Synthetic
Training Environment (STE) represents a strategic vision to integrate VR and AR to create
immersive, realistic scenarios across multiple domains—Iland, sea, air, space, and cyber. This
initiative aims to blur the lines between live, virtual, and constructive (LVC) training, enabling
decentralized training and reducing wear on tactical equipment.?® The future of small arms training
is not confined to a single reality modality but rather resides within a "continuum of realism"
enabled by the combined capabilities of VR, AR, and MR. This continuum allows trainers to select
the optimal blend of real and virtual elements to achieve specific training objectives. This ranges
from fully immersive VR for foundational skill drills, to AR for mission rehearsal in actual
physical locations, and ultimately to LVVC for large-scale, complex exercises. This flexibility
maximizes training effectiveness by tailoring the level of fidelity to the learning outcome, ensuring
a seamless progression from virtual practice to real-world application.

6.5. Scalability and Accessibility Through Cloud VR Solutions

Cloud computing and data analytics are becoming indispensable in military simulation, supporting
large-scale simulations and providing critical insights into training outcomes.** Cloud computing
inherently enables scalability and flexibility, allowing simulations to be accessed from virtually
any location with an internet connection.**

Significant advancements in cloud VR and edge computing are now enabling personnel to conduct
full-scale combat simulations remotely, making these solutions ideal for decentralized units or
global deployments.” VR technology inherently transcends geographical and infrastructural
limitations, providing high-quality educational experiences to personnel in remote or underserved
regions through internet-enabled devices.” This makes VR a cost-effective and highly scalable
teaching tool, particularly valuable in resource-poor settings.” Cloud VR solutions hold the
potential to democratize access to high-fidelity small arms training. By removing geographical and
infrastructural barriers, advanced simulations, once confined to specialized facilities, can be
delivered to any location with internet access. This not only enhances scalability for large forces
but also ensures training consistency and quality for remote units, ultimately increasing overall



readiness across the entire force structure, regardless of their physical location or resource
availability. This widespread accessibility is a critical factor in preparing a globally dispersed
force.

7. Conclusion
7.1. Summary of the Critical Role of Haptic-Enhanced VR in Modern Small Arms Training

The analysis presented in this paper unequivocally demonstrates that haptic-enhanced Virtual
Reality is not merely a supplementary tool but a critical and transformative component in
optimizing modern small arms training for military and law enforcement personnel. Its proven
ability to deliver enhanced realism, significantly improve skill retention and transfer, accelerate
learning curves, and provide a safe, cost-effective, and data-driven training environment is
unparalleled by traditional methods. The strategic integration of haptic feedback is particularly
crucial as it bridges the vital sensory gap, converting passive observation into active, embodied
learning. This tactile dimension enables the essential psychological conditioning required for high-
stakes scenarios, allowing trainees to develop muscle memory and decision-making capabilities
under simulated combat stress.*® The continuous evolution of VR, augmented by haptics, Al, and
mixed reality, positions these systems as indispensable for cultivating a more prepared, resilient,
and effective force capable of addressing the complexities of contemporary operational
environments.

7.2. Recommendations for Optimizing VR Training Systems, Including Hardware, Software,
and Pedagogical Approaches

To fully leverage the potential of VR training systems with haptic feedback, a multi-faceted
approach encompassing hardware, software, and pedagogical strategies is recommended:

e Hardware Optimization:

o Prioritize investment in VR headsets that offer high resolution (5K or higher), high
refresh rates (90Hz or more), and ultra-low latency (below 20ms). This minimizes motion
sickness and maximizes visual fidelity, which are critical for immersion and effective
training.?’

o Procure advanced haptic devices, including full-body suits (e.g., Teslasuit, bHaptics
Tactsuit) and specialized weapon accessories (e.g., ProTubeVR gunstocks). These
devices should offer multi-modal feedback (force, tactile, thermal) to replicate real-world
sensations with the highest possible fidelity, ensuring accurate muscle memory
development.’8

o Ensure the implementation of robust and precise weapon and full-body tracking systems.
Sub-millimeter accuracy is vital for realistic weapon manipulation and trainee movement
within the virtual environment.?!

o Focus on wireless, portable system designs to maximize flexibility and ease of



deployment across diverse training environments, including remote or temporary
operational bases.?

e Software Enhancement:

O

Develop highly customizable scenario creation and editing tools. These tools should
empower trainers to adapt environments, weather conditions, and Al behaviors to
precisely match specific training objectives and address local threats, ensuring relevance
and adaptability.?

Integrate advanced Al and Machine Learning capabilities to enable adaptive learning
paths, personalized feedback, and dynamic opponent generation. The long-term goal
should be to move towards increasingly autonomous training modules that can self-
optimize based on trainee performance.*

Enhance After-Action Review (AAR) systems with deeper analytics. This includes
incorporating eye-tracking data, biometric measurements, and multi-viewpoint replay
functionalities to provide comprehensive insights into trainee performance, cognitive
processes, and decision-making under pressure.?

Actively promote and adhere to open standards and interoperability protocols. This is
crucial to prevent the creation of "stovepiped" systems and to facilitate seamless
collaborative training across different military branches and allied forces.*®

e Pedagogical Approaches:

O

Implement comprehensive instructor training programs. These programs must equip
trainers with the necessary skills to effectively utilize VR system features, interpret
complex data analytics, and seamlessly integrate VR modules into existing curricula.®’
Adopt a "blended learning™ approach where VR training complements, rather than
replaces, live-fire exercises. The focus should be on optimizing the transfer of skills from
virtual to real environments, ensuring that virtual practice translates directly into
improved real-world proficiency.®

Design training scenarios that progressively increase cognitive and psychological stress
through realistic haptic feedback and dynamic Al. This prepares trainees for the high-
pressure situations encountered in actual combat, building resilience and enhancing
decision-making under duress.?®

Emphasize multisensory learning by leveraging haptics to reinforce muscle memory and
procedural knowledge, thereby deepening the learning experience and improving
retention.”



7.3. Suggestions for Future Research and Development to Address Current Limitations and
Maximize Effectiveness

To further advance the efficacy and adoption of haptic-enhanced VR training systems, several
areas warrant future research and development:

Conduct rigorous, longitudinal studies to assess the long-term effects of haptic-enhanced VR
training on sustained firearms proficiency and real-world combat performance. Such studies
are necessary to move beyond pilot study outcomes and establish definitive evidence of
enduring impact.*®

Further research into mitigating motion sickness through advanced predictive algorithms,
refined hardware design, and personalized calibration techniques is essential to improve user
comfort and extend training durations.*

Develop standardized metrics and methodologies for evaluating skill transfer from VR to live-
fire scenarios. This will ensure consistent, reliable, and objective assessment of training
effectiveness across different systems and programs.®

Explore the full potential of Mixed Reality (MR) and Augmented Reality (AR) in creating
seamless blended training environments. This includes investigating how to best integrate
physical and virtual elements for enhanced situational awareness, team coordination, and
mission rehearsal in real-world locations.?

Investigate the ethical implications and establish best practices for collecting, storing, and
utilizing sensitive biometric and performance data generated by VR training systems. This
includes developing robust cybersecurity measures and clear privacy policies.®

Research the optimal integration of Al-driven personalized coaching with human instructor
oversight. This aims to determine the most effective balance between automated feedback
and human mentorship to maximize learning efficiency and psychological support.*°
Explore the expanded use of cloud-based VR solutions for wider accessibility and scalability,
particularly for decentralized units and international collaborations, addressing the logistical
challenges of traditional training.**
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