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1. Introduction

Purpose

The goal of the VR-HEAL Bass Connections Project is to develop an innovative Virtual Reality
(VR) tool that utilizes sophisticated haptic feedback mechanisms that can improve approaches to
educating medical students on essential procedures in Interventional Radiology (IR), primarily
catheter placement. Many medical students are not exposed to the growing number of procedures
in the flourishing field of IR, possibly decreasing the pace of future progress in the field. It is
important that future doctors and aspiring Interventional Radiologists are provided with
fundamental lessons in procedure like catheter placement early on, so that they may better
understand these when it comes to dealing with actual patients and developing future IR
procedures to improve health outcomes of patients. Tools that provide a detailed illustration of
different IR procedures could also help patients better understand the care they are about to
receive. The doctor could provide a walkthrough of the procedure via some simulation software
and the patient could follow along to see what the process of their procedure would look like, as
well as interpret what the intended results would be of this operation.

Project Goals

To achieve these goals, students must be provided with the right resources, and one of these
resources could be a modified video game controller that simulates catheter placement
procedures in a realistic operating room environment. The VR-HEAL Software/VR team will
work on developing VR training modules that will be supported by an easily accessible and
sophisticated piece of VR headgear, possibly the Meta Quest 3. The team will use the Unity
software platform to design an as realistic as possible hospital environment through 3D modeling
of the different tools, people, and body regions involved in the procedure. As the user interacts
with the system, they can manipulate different objects and can be walked through the general
steps of a catheter placement. The goal is that the user will also feel the sensations associated
with puncturing skin, gripping objects, and gauging contact with the opposite interior vein wall.
Such sophisticated haptic feedback would be beneficial to the students using the simulation
software, as they would get an even better glimpse into what the procedure is like in real life.

Outline

This literature review will first give a more detailed overview of hardware and software
necessities to construct a successful VR simulation of catheter placement, then explore existing
solutions to a lack of catheter placement education in medical school, as well as how to address
the gaps in these existing solutions. The review will then dive into the research articles that will
help the VR-HEAL software team brainstorm new and improved solutions to educating medical
students on IR procedures. Hardware and software choices will be introduced and justified for



how they will make a sophisticated VR simulation tool. An in depth plan will be laid out for
when the team expects to have certain functional milestones of the tool complete. The paper will
acknowledge challenges that have come up or are anticipated in the development of this VR
technology. Proposed solutions to this issue in the education of medical students will be
introduced and the paper will emphasize the impact of these solutions on the overall simulation
experience for users. The paper will end with a summary of how the team’s hardware and
software selections align with the goals for the VR-HEAL project, as well as ideas for future
improvements or research that could enhance the output of the simulation tool and make the
user’s and their patients’ experiences more engaging and helpful.

2. Background and Context

Overview of Hardware and Software Needs

Creating an effective VR catheter insertion simulation is contingent on fostering realism, an
educational and supportive user experience, and a human-readable feedback system. Firstly, the
user requires a realistic hospital environment equipped with relevant objects like surgical
equipment, the patient, and the hospital bed to simulate a true training scenario. Our application
ideally provides MRI/CT imaging for the user to streamline their catheter insertion which will
require the use of specific imaging software packages. The process the user undertakes in
inserting the catheter in their virtual environment is facilitated using appropriate
physics/physiology software packages available. Once the user completes this surgical process,
their haptic information then needs to be transferred from sensory gloves (where this data was
collected) to the VR headset, which is then processed within the software application to assess
the accuracy of the user’s catheter placement. The application must provide a user-friendly,
understandable feedback display based on careful analysis of the user’s haptic information,
detailed enough to guide the training resident in the correct direction for the next iteration of
catheter insertions. Accurate feedback is only possible by creating a virtual environment that is
as true-to-life as possible, which is facilitated primarily through software implementation.

Existing Solutions and Gaps

Interventional radiology is a growing field, and with a higher demand for minimally invasive
surgery, it is imperative to find effective methods to teach students and doctors alike. Current
methods for medical training include in-person apprenticeships, phantoms, cadaveric simulation,
and VR [1]. An apprenticeship model entails supervised practice on real-time patients, where
doctors will monitor students performing the surgery. However, there are clear risks; working on
current patients as a trainee can lead to unexpected outcomes and lower levels of competence. It
also isn’t feasible to allow many students to train on patients as there might not be enough



available. Phantoms are also common medical tools used primarily for imaging, ultrasound, and
surgery training [2]. Phantoms are physical models that simulate human anatomy and physiology
depending on the type of procedure they are meant to help teach. Unfortunately, phantoms have
low needle visibility which can create a false understanding of how to accurately place a needle
into a human body. Cadaveric simulation serves as another training method, but post-mortem
tissue has different properties as live tissue and clear ethical standards must be established for
cadaver upkeep [1]. Our proposed solution, a VR training module with haptic sensors and
feedback, allows for widespread use of these training modules, lower cost, less risk, and
opportunities to train on different types of patients with further iterations of the project.

Relevant Research Overview

Our team gained a deeper understanding of catheter/catheter placement procedures with the
guidance of our first research article [3], which explains in detail the purpose of a central venous
catheter (CVC) and where it must be placed. This article highlights the purposes of the
catheter—such as delivering medications/fluids and monitoring venous pressure—and provides
techniques and key areas for insertion procedures. The paper additionally provides complication
mitigations and best practices for teams involved [3].

To understand the scope and direction of creating a VR environment and integrating it into
classrooms, we utilized these next three articles. We explored the use of VR applications to
simulate medical procedures in [4], whose team used a Unity-based VR environment to help
train in laparoscopic partial nephrectomy. [4] provides specific physics engines and VR plugins
used to facilitate this procedure realistically, and Rasheed’s team implemented CT scan
functionality in their application which we hope to emulate.

[5] illuminated the potential of VR training for the CV placement procedure by providing data
related to training satisfaction/efficacy through conducted surveys. Training novices were
assessed based on their reactions to the VR simulator with the hopes of integrating the virtual
platform into actual classroom settings [5], aligning with our own future project goals. We hope
to gauge our own application’s efficacy in training medical residents through similar methods.

Finally, “Developing an experience-based design review application for healthcare facilities” [6]
provided a great overview into the process of developing a VR environment. This paper focused
on utilizing three major components when creating VR simulation: element library, scenario
engine, and user scene. The element library includes important geometric models, utilizing
collision detection and considering the behaviors of each object. The scenario engine includes
creating task tracking scripts for various objects and scenarios, used to link behaviors and
provide different roles for the user. The user scene entails the 3D rendering module and the
interface between the user and the scenario engine. This paper is essential in our
pre-environment development, as well as in employing various physics and graphics modules to
improve overall design [6].



3. Justification for Hardware and Software

Hardware: Headset Choice — Meta Quest 3

The VR headset is the foundational hardware interface for creating immersive, interactive
training experiences, displaying 3D visuals with realistic depth, scale, and responsiveness.
Modern headsets are equipped with high-resolution displays and advanced tracking sensors that
allow users to be fully engaged in virtual environments, making them ideal for simulating
clinical settings. Features like 6-degrees-of-freedom (6 DOF) tracking enable precise, complex
movements essential for procedures in interventional radiology (IR) by accurately reflecting the
user’s real-time actions within the virtual environment.

VR Headset Options in the Market

The VR headset landscape includes several notable devices designed to support immersive
experiences across gaming, training, and professional applications. While some headsets, like the
Apple Vision Pro and HoloLens 2, focus on augmented or mixed reality, others, such as Sony’s
PlayStation VR2, are designed specifically for gaming consoles. Here, we compare popular VR
headsets suited for medical training:

1. Meta Quest 3 (2023): A standalone VR headset by Meta, featuring mixed reality (MR)
capabilities, color passthrough, and high-resolution displays. It supports a wide range of
applications, from gaming to professional training.

2. HTC Vive Pro 2 (2021): A tethered VR headset with high-resolution visuals and precise
tracking using external base stations. It’s well-suited for controlled, room-scale
environments but requires a stationary setup.

3. Valve Index (2019): A tethered headset known for reliable performance and SteamVR
tracking. Its age and reliance on external PC hardware limit its adaptability for flexible
educational use.

4. Pico 4 (2022): A standalone headset offering competitive pricing and solid tracking but
with a more limited ecosystem and developer support compared to Meta’s products.

Justification for Meta Quest 3

The project will use Meta Quest 3 as the primary VR headset, supported by haptic feedback
devices, motion-tracking sensors, and hand-held controllers to simulate an immersive medical
training environment. The Meta Quest 3 is a standalone VR headset with high-resolution
displays and built-in motion tracking, enabling both visual and interactive realism essential for
training scenarios. Haptic feedback devices add tactile sensations that replicate physical



interactions with virtual instruments, enhancing the immersive experience, while
motion-tracking sensors allow for precise tracking of hand movements, which is important for
replicating the complexities of interventional radiology procedures.

The Meta Quest 3 was chosen not only due to its fairly modest price of $499, but also because of
its advanced display resolution, processing capabilities, and standalone nature, which removes
the need for additional hardware while maintaining a high-quality immersive experience [7]. The
Meta Quest 3 is a standalone headset, which eliminates the need for additional hardware, making
it a cost-effective solution without compromising on performance. This is especially beneficial in
the educational setting where budget constraints are a common concern.

Does research support that high-resolution displays like those in Meta Quest 3 reduce eye strain
and improve user engagement by providing lifelike visual fidelity?.

Additionally, haptic feedback devices have shown to significantly improve the realism and
effectiveness of medical training by simulating the physical resistance encountered in real-world
procedures. The Quest 3’s precise motion-tracking enhances the development of motor skills and
accuracy.

Meta Quest 3 directly supports VR-HEAL’s objectives to simulate realistic resistance and tactile
feedback in medical training. With its high-quality display and accurate motion-tracking, the
headset provides an immersive environment that closely mirrors real clinical settings, fostering
better skill transfer. The haptic feedback devices allow trainees to feel subtle resistance changes
encountered during procedures, critical for developing tactile precision in tasks such as catheter
insertion. These combined features ensure that the VR-HEAL project aligns with its mission to
create realistic, responsive simulations to enhance medical skill acquisition.

Software: Engine Choice — Unity

The VR development engine, often referred to as the “VR engine,” is the software platform that
powers the simulation, bringing the virtual environment to life with high-quality, real-time
rendering of 3D models and anatomical details. An effective VR engine manages realistic
physics, enabling precise interactions with virtual surgical tools by replicating properties like
collision, weight, and resistance, all essential for hands-on medical training. Additionally, it
processes real-time user inputs, tracks actions, and provides feedback, thus guiding users through
iterative improvements in technique and enhancing learning outcomes by supporting a realistic,
responsive training environment.



VR Engine Options in the Market

In selecting a VR engine for our interventional radiology (IR) training simulation, we compared
the two leading platforms—Unity and Unreal Engine—each offering distinct features and
benefits for VR development:

1. Unity — Unity, developed by Unity Technologies in 2004, is a versatile platform used for
creating 2D, 3D, VR, and AR applications across multiple fields, known for its real-time
rendering and cross-platform capabilities.

2. Unreal Engine — Unreal Engine 5, by Epic Games, is renowned for its photorealistic
rendering capabilities, advanced lighting, and high-fidelity visual effects, making it the
go-to choice for projects where visual realism is paramount.

Justification for Unity

Recent analyses comparing Unity and Unreal Engine 5 [8] highlight that while Unreal excels in
high-fidelity visual realism, its steeper learning curve and computational intensity can hinder
projects requiring frequent adjustments and feedback-driven development. Unity was chosen as
the development platform due to its VR capabilities and flexibility in handling complex
simulations.

Unity’s compatibility with OpenXR further strengthens its role in VR development by
standardizing cross-platform support for VR hardware and software. OpenXR, an open standard
by the Khronos Group [9], enables Unity to work seamlessly with a range of VR devices and
ecosystems, reducing the need for platform-specific adjustments and ensuring broader
accessibility. By integrating OpenXR, Unity simplifies the development process, making it easier
to adapt simulations for various headsets and controllers, which is essential for maintaining
consistency across different VR systems. This compatibility also allows Unity to support
advanced features like spatial tracking and optimized rendering, crucial for immersive and
responsive VR training scenarios.

Unity’s extensive libraries and plugins also provide a solid foundation for creating high-fidelity
virtual environments, which are needed for the realism of this project. Custom firmware is
essential for ensuring that the controllers are responsive and can accurately track hand
movements and force application, as recommended by industry standards for VR haptics. Unity
supports integration with haptic feedback devices and custom firmware for controllers, which are
essential for simulating tactile feedback for catheter insertion. Middleware is employed to bridge
the haptic devices, ensuring low-latency feedback and precise haptic replication of real-world
tactile sensations, which are crucial for realistic training scenarios. Unity has extensive support
for middleware solutions. One such middleware solution is LPVR [10], which allows developers
to implement motion tracking and rendering pipelines, essential for VR simulations. Unity in
conjunction with these tools has no issues with latency or precision in tracking, ensuring a
smooth and seamless learner experience.



4. Plan for Development

Hardware and Software Integration

The software subteam will work in parallel with the hardware development subteam to create a
high-fidelity, interactive VR simulation of a catheter insertion procedure with haptic feedback.
The hardware development subteam will focus on creating the physical tools a user will interact
with during the simulation, such as the catheter device, gloves, and stylets. The hardware
development subteam will also collect user data using sensors and devices, including the
movements of a user’s hands and the simulation tools, as well as biomarker information
including heart rate and skin conductivity collected by the Empetica and Polar H10 devices.
Meanwhile, the software subteam will develop the VR software in the Unity engine and render a
realistic surgery room environment that simulates the user performing catheter insertion on a
virtual patient, with an X-Ray screen demonstrating where the catheter is currently in the
patient’s body. In particular, the software team will render the catheter moving in the virtual
patient’s body in response to the user moving the catheter tool and the amount of force they
exert. The catheter and the patient’s body will be rendered differently depending on whether the
applied force matches the appropriate force necessary for the procedure, as calculated by the
hardware team, and users will be given clear visual feedback on whether they used the desired
amount of force. In order to render this appropriately, the software subteam must use the spatial
and force data sent from the hardware subteam.

The simulation software will incorporate the 3D spatial information of these tools by using the
Vive OpenXR software development kit, which has built-in integration with the Unity engine.
Vive OpenXR is a popular software development that streamlines the communication between
custom hardware VR devices and the software simulation engines. This allows the virtual
catheter and hands in the VR simulation to move as a user would expect in respect to the location
of the physical catheter device and the user’s hands.

Desired and measured forces also affect how the catheter, hands, X-Ray, and patient’s body will
be rendered in the simulation. Measured force is calculated by the hardware subteam using their
tools and then sent from a raspberry pi to a websocket, which our software simulation can access,
allowing real-time updates on data flowing between the hardware devices and the software
simulation. Based on the difference between the measures of force returned to the software and
the desired force, the software subteam will render the catheter and hands moving at a different
speed and may show the catheter causing harm in the patient’s body if an excessive amount of
force is used.



The biomarker information that the hardware team collects will be sent to a tracking computer, a
computer designated to be primarily responsible for storing data from user testing. This data will
not be retrieved to communicate with the software, but instead is stored so that, at a future time,
the subteams may run machine learning algorithms to determine whether certain patterns in
biomarker data predict learning outcomes, and if so, such findings may suggest changes the
teams can make to the simulation to increase user learning.

During user testing, the simulation will be run using the simulation computer, a
high-performance computer that can handle the rendering of the simulation and integrating
information from the hardware devices. Its planned specs include the Intel Core 17-12700K or
AMD Ryzen 7 5800X for its CPU, Nvidia RTX 3070 for its GPU, 32GB DDR4 RAM, 1TB
NVMe SSD for storage, a mid-range motherboard, and high-performance cooling.

Timeline and Milestones

Prior to the development of the VR simulation, the software subteam has outlined a number of
important milestones we aim to reach.

By December 1, 2024, the software subteam aims to finish finding and ordering digital assets in
Unity, understanding how to manipulate them, and whether to add any additional software
development kits if needed that may help development. The assets will form the surgery room
environment in the simulation, and include the catheter, models of the human body, and medical
equipment. Following this milestone, we aim to further divide our subteam into smaller groups
based on related tasks, such as members working on the ultrasound and members working on
rendering the catheter.

By February 1, 2025, we aim to render a preliminary Unity scene and environment that shows
the user’s hands, a virtual patient in a surgery room environment, a catheter going into the
patient’s neck, and the X-Ray demonstrating a view of the catheter in the user’s body.

By March 1, 2025, we aim to have improved this user scene such that the catheter, X-Ray, and
user’s hands move and render differently in response to the spatial and force data sent from the
hardware team. We will incorporate feedback from collaborators and iteratively improve our
simulation in collaboration with the hardware subteam.

Beginning summer 2025 at the latest, our team will then begin user testing on medical residents,
potentially collaborating with a Data+ team that can help with collecting and analyzing the link

between biomarker data and learning outcomes. Residents’ feedback will inform future changes
to the simulation.




S. Discussion and Challenges

Potential Challenges and Solutions

The VR-HEAL project aims to develop a VR simulation platform to enhance the training
of medical professionals in catheter insertion. However, the development and implementation of
this simulation involve several challenges in hardware-software integration, real-time
biomechanical feedback, anatomical modeling, and latency.

One significant challenge in creating the VR-Heal catheter simulation is the seamless
integration of hardware and software components, such as VR headsets, controllers, and haptic
feedback systems. Haptic gloves will collect tactile data and transmit it to the simulation, where
force calculations are performed and translated into visual feedback. Thus, the catheter’s
movement within the simulation must correspond directly to the user’s action, and the force
applied by the user must trigger appropriate visual and tactile responses. Calibration errors or
delays in communication between hardware components and the Unity engine could produce
inaccurate feedback and thus impair the user experience [5]. The OpenXR framework will be
used to manage cross-device communication to ensure that hardware elements such as the VR
headset and haptic gloves are compatible and synchronized. Additionally, cross-platform
simulation testing would also take place to ensure the software is not specific to one type of
hardware. Similarly, a closed-loop feedback control system has been utilized in the past for
similar projects to continuously monitor the feedback based on the catheter’s position and force
applied. To connect these VR hardware and Unity engine components, a hardware abstraction
layer could be the middle layer that would standardize the data input/output [5].

Another significant challenge lies in delivering real-time biochemical feedback that can
accurately replicate the sensations of inserting a catheter. The system must realistically model the
interaction between the catheter and body tissues, simulating realistic tissue deformation and
resistance during catheter insertion. Furthermore, excessive force applied must be reflected
visually in the simulation as well as other physiological responses, such as vascular resistance.
[4] used simplex mesh-based deformation to manage computational load while preserving
anatomical realism, a technique that the VR-HEAL project may be able to adapt. However, soft
tissue simulation is inherently computationally expensive, which may introduce lag. To mitigate
this, the project will use project-based dynamics (PBD) models [4] which would offer efficient
real-time deformation. By incorporating dynamic force modeling with real-time adjustments as
the catheter moves through different tissue types, more accuracy of this multi-layered sensation
can be preserved.

Establishing a balance between anatomical detail and usability presents multiple
challenges. High-fidelity anatomical models are essential for realistic simulations but can
overwhelm users and slow down the system's performance. This is particularly critical in



catheter insertion, in which subtle anatomical differences may affect a procedure’s outcome.
Thus, maintaining an appropriate level of detail is necessary to ensure that the simulations
remain educational and engaging. To address this, the project will implement Level of Detail
(LOD) rendering, which is an adaptive technique for adjusting model complexity based on the
user’s proximity to different anatomical regions. For example, when a trainee focuses on a
critical area - such as inserting a catheter through a narrow vein - the model will render with high
detail and accurate visual and tactile feedback. In contrast, areas outside that critical area will be
simplified to reduce computational load without having to compromise the learning experience.

Minimizing latency and maintaining the system responsiveness is crucial for ensuring an
immersive and effective user experience. Our simulation must provide real-time feedback on
catheter movement and force application, which would require high-speed data transfer between
the hardware and software components. Even small delays in tactile or visual feedback can
disrupt immersion and lead to motion sickness. One way past researchers have tackled this
problem is by utilizing edge computing and localized data processing on a controller or haptic
device to reduce the time it takes to transfer information to the main VR system. VR-Heal,
specifically, will utilize Meta Quest 3, which supports refresh rates of up to 120 Hz, which will
reduce latency, but predictive motion tracking algorithms may further enhance responsiveness by
anticipating user movements and pre-loading corresponding feedback. Moreover, by having the
hardware components directly communicate with each other without involving the CPU,
additional memory, time, and latency can be saved.

Impact on Simulation Experience

Moreover, the challenges in developing a VR-based catheter simulation that gives
real-time feedback and a realistic experience for the user highlight the complexity of this
research project. However, further research into these challenges shows how several of the
discussed methods, based on what previous researchers in this industry used, can be applied to
this VR-heal catheter simulation to optimize creating an immersive experience for the user.

6. Conclusion

Summary of Key Points

In conclusion, the primary goal of the VR-HEAL Project is to create a Virtual Reality training
tool to help medical students' practice Interventional Radiology, particularly central line catheter
placement. Through close collaboration, the hardware and software subteams will create a



high-fidelity simulation that combines tactile, visual, and real-time feedback to immerse users in
a realistic training environment. The hardware team will develop physical components, such as
catheter devices and haptic gloves, and capture precise user hand movements and applied forces
to emulate realistic interactions. Meanwhile, the software team will use Unity to construct a
detailed virtual operating room environment, complete with 3D models of medical tools, patient
anatomy, and a realistic X-ray screen that tracks catheter positioning.

The simulation’s realism is heightened through real-time responsiveness to user actions. By
leveraging the Vive OpenXR software development kit, the VR platform will integrate spatial
and force data from the hardware, mapping the user’s hand and catheter movements in VR with
accuracy. Data on applied forces will be transmitted via Raspberry Pi and web sockets, allowing
the software to adjust the catheter and patient model based on real-time input. If an excessive
amount of force is applied, the simulation can show a visual indication of potential harm,
providing users with a powerful visual cue to understand the procedure’s delicacy. This
interaction between hardware and software supports the project’s core goals of creating a training
tool that closely mirrors the complexities of real-life IR procedures, ensuring that medical
students can develop critical skills without the costs associated with traditional in-person
training.

Looking Forward

Looking ahead, several improvements and research directions have been identified to enhance
the VR-HEAL project once development begins. One key area for future consideration is
incorporating learning feedback that leverages biometric data, such as heart rate and Galvanic
Skin Response. The plan includes using this physiological data to assess user stress and
engagement levels during the simulation. By analyzing changes in heart rate or GSR during
specific stages of the procedure, using Empetica and Polar API, the system could offer adaptive
feedback tailored to the user’s physiological responses, such as providing additional guidance
when stress levels are high or adjusting the difficulty to match the user’s comfort level. This
approach would create a more personalized and effective learning experience.

Exploring alternative sensor technologies beyond the Vive system is also a promising direction.
The project could benefit from more precise motion-tracking solutions, such as glove-based
sensors that accurately capture finger movements or other motion capture systems that do not
rely on external cameras. Integrating different types of sensors, like electromyography (EMG) to
measure muscle activity [11], would allow for more comprehensive feedback and training
assessment. This could enhance the realism of the simulation by incorporating more detailed data
about user actions and responses.

Additionally, refining the project’s design based on user testing will be critical once development
starts. Early feedback from medical students and faculty can guide adjustments to the simulation
environment, haptic feedback, and user interface. Incorporating a machine learning component to



analyze user performance data could lead to more intelligent adaptations within the simulation,
such as automatically adjusting the guidance based on common mistakes or learning progress.
Furthermore, the simulation could eventually include diverse training scenarios, such as varying
patient conditions or complications, to prepare users for a broader range of real-life IR cases.

Overall, the initial planning for the VR-HEAL project sets a strong foundation for future
development. By prioritizing realistic simulation and adaptive learning, the project has the
potential to significantly improve training in Interventional Radiology. With ongoing research
and user feedback, the project can evolve to meet the educational needs of medical students and
advance the standards for virtual medical training tools.
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