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Engineering and Health Science Collaborative Model for Assessing
Augmented Reality and Vision-Based Hand-Tracking Systems

Abstract

The potential of digital health solutions with immersive technology that can respond to the growing
demand for remote healthcare, such as physical therapy, motivates the need for educational frameworks
that prepare engineering students to be better informed about designing healthcare applications. The
focus is on Augmented reality (AR) and computer-vision-based hand tracking systems, both of which
offer promising solutions for remote rehabilitation by enabling real-time capture of hand motion and
gesture data; however, they differ in sensing modality, accuracy, latency, cost, and implementation
complexity. This work presents an interdisciplinary educational framework that integrates clinically
relevant information from health sciences to inform the design and assessment of technology based
applications for hand tracking. The modules are designed to be accessible to undergraduate students
in engineering and health-sciences, promoting increased collaboration between these disciplines. The
modular framework enables students to implement, analyze, and compare 3D sensor-fusion-based AR
tracking with 2D computer-vision-based tracking, focusing on clinically relevant metrics such as joint
angles, gesture classification, and range-of-motion estimation. Two rehabilitation-inspired, project-driven
activities-gesture-based object manipulation in a spatial grid and robotic arm control-provide hands-on
experiential learning aligned with physical therapy concepts and human-computer interaction principles.
The educational content is derived from ongoing joint research by graduate students in engineering
and physical therapy, with licensed physical therapists guiding the process. By embedding immersive
technologies within a structured, outcome-based instructional model that is also open-access, this work
demonstrates a scalable approach to teaching the design of digital health technologies that incorporate
engineering, rehabilitation, and human-centered design.

I. Introduction

The growth in the aging population, the increased prevalence of musculoskeletal and neurological con-
ditions, and persistent barriers to in-person care, such as cost, geography, and availability of clinicians,
have created unprecedented demand for accessible and scalable physical therapy (PT) solutions [1} [2].
The potential of digital health technologies that support remote PT can be significant in addressing
these barriers. However, the time required for the adoption of technological solutions in health-care
can take decades [3| 4]. This process may be accelerated through educational systems that promote
interdisciplinary collaboration between technology designers and health science experts.

This work presents a collaborative model between researchers in engineering and health sciences that
has been implemented at the University of Massachusetts Lowell. The research problem addressed is
the design and evaluation of multi-sensor based augmented reality (AR)-based applications as digital
health solutions for remote PT to rehabilitate hand mobility. The AR application is compared with a
software based computer vision application designed with Google’s MediaPipe application [3].

AR head-mounted devices integrate multiple sensors to estimate the three-dimensional pose of hands in
real time, allowing for spatial interaction and joint-level motion tracking within an immersive environ-
ment [6]. In contrast, vision-based algorithmic approaches use monocular RGB cameras and machine
learning models to infer hand landmarks from two-dimensional video streams, offering a low-cost and
widely accessible alternative for motion analysis [7, [8]].

Although both approaches have demonstrated promise, they differ substantially in the sensing modality,



accuracy, latency, depth estimation, and computational hardware that directly influence their suitability
for clinical decision-making and rehabilitation monitoring [1]. To better understand the relevant clinical
decision variables, a research collaboration between engineering and health science researchers with
expertise in PT was initiated. This paper describes the progression of this multidisciplinary project and
the educational modules that were designed from this collaboration. The sensor-fusion-based AR and
computer-vision-based MediaPipe using webcam system evaluation research will be referred to as the
AR-CV project.

The two assessments conducted involve: (i) three-dimensional hand tracking using the Magic Leap 2 AR
headset integrated with Unity, a 3D real-time development platform, and (ii) two- and three-dimensional
hand tracking using MediaPipe on a flat-screen interface. For each system, the hand mobility is recorded
through observations of the distal interphalangeal (DIP), proximal interphalangeal (PIP), interphalangeal
(IP), and metacarpophalangeal (MCP) joints of the fingers during prescribed therapeutic movements and
analyzed over time.

Previous studies on engineering-health science collaboration identify both enabling factors and chal-
lenges, including communication barriers, differing validation standards, and the need for mutual trust
and shared objectives [9, 10, [11]. Successful models emphasize the early involvement of clinicians,
iterative feedback, and the integration of domain expertise throughout the research lifecycle.

To develop viable solutions to the AR-CV problem, engineering researchers acquired the necessary
background in hand physiology, types of mobility impairments, and related exercise regimens proposed
by physical therapists. The confidence of clinical science researchers in technology-based solutions
from engineers was critical. This was accomplished over time through sustained communication and
demonstrations of technology capabilities across the design cycle, generating clinically applicable results.

Fig. [I] shows the sequence of events that took place over the last two-year period. The collaboration
originated through the development of joint proposals between engineering and health science faculty,
followed by graduate student research focused on AR-enabled hand tracking and clinician-guided study
design. Licensed physical therapists and PT students actively contributed to the definition of clinically
meaningful joint metrics that were applied to validate AR and MediaPipe-based measurements against
standard goniometric assessments. Human-subject studies were conducted to collect comparative data
across the AR and MediaPipe platforms, supporting an iterative process of technical refinement informed
by clinical insight.

An example of the collaboration between engineering and PT students included the demonstration of

Interdisciplinary Engineering & Health Graduate Student Research Clinician-Guided
Research Proposal Science Faculty on AR and MediaPipe Study Design &
Development Collaboration based Hand Tracking Joint Metric Selection
Development of Online Comparative System Validation with Human-Subject Data
Interdisciplinary Bty ies Ak Goniometer-Based Collection Using
Educational Module Clinical Measurements AR and MediaPipe

Figure 1. Flow diagram illustrating the interdisciplinary collaboration model that integrates engineering research, clinical validation, and
educational deployment. (Engineering activities are shown in blue, clinical activities in green, and educational outcomes in orange.)



the application of the goniometer that PTs utilize to measure the mobility of the finger joints. Fig. [2]
shows a panel that depicts the goniometer measurement process carried out by a graduate student in
PT, recording the finger-joint angle made by the four fingers of a volunteer during the human subject
studies. The measurements were recorded by the engineering student who also designed the AR and
MediaPipe experiments in which the volunteers participated.

Figure 2. Physical therapist making measurements of the proximal interphalangeal (PIP) joint angles using a goniometer for a thumbs-up
right-hand gesture. Conducted during the human-subject activity stage, the objective was to provide comparative measures against AR
and MediaPipe generated measurements.

The research process and results derived are mapped to online educational modules on the Canvas
Platform. They describe the clinical and engineering concepts in the proposed design. From a more
general educational perspective, AR and gesture-based interaction have been shown to improve learning,
engagement, and skill acquisition in engineering, medical, and rehabilitation education [6, 12} [13].
By embedding rehabilitation-inspired projects, the proposed modules support and extend experiential
learning, building skills at the intersection of immersive systems, human-computer interaction, and
digital health.

Section [[ provides a review of related work in hand tracking, immersive learning, and interdisciplinary
digital health education, that informs the design of the proposed educational framework. Section [III]
presents the educational modules for acquiring background knowledge on developing hand tracking
applications with two types of technology. Section [[V| presents two interactive, project-driven activities
that demonstrate gesture-based virtual object manipulation and robotic arm control using both AR and
vision-based platforms, respectively. Section [V] concludes with a discussion on the interdisciplinary
collaboration and educational deployment.

II. Background and related work in hand tracking and interdisciplinary engineering education

Zahid et al. [14] propose an immersive learning approach in which students learn through real-time kines-
thetic hand interaction in extended reality (XR) environments rather than passive content consumption,
demonstrating improved engagement and self-directed exploration. Eiler et al. [[15]] discuss pedagogical
design and learning effectiveness when integrating AR and Virtual Reality (VR) technologies into
engineering education courses.

In a engineering manufacturing laboratory context, Grodotzki et al. 6] demonstrate that human controller-
free interaction with AR improves laboratory learning, spatial understanding, and usability through
interactive overlays. Connolly et al. [16] show that mixed reality platforms such as HoloLens can
deliver structured remote clinical instruction with measurable learning gains. Husna et al. [2]] design
gesture-controlled rehabilitation exercise games that improve engagement and support movement learn-
ing through repetition and feedback. Zechner et al. [17] further demonstrate that performance metrics
and effort-related signals can be used as evidence when assessing learning and training in mixed-reality
environments.



Zhang et al. [/] introduce an open, real-time hand skeleton tracking framework using 21 RGB input
landmarks, which has since become a “hand-tracking engine” foundation for educational demonstrations
and rehabilitation-oriented applications.

MediaPipe-based hand tracking has been shown to provide objective quantitative feedback in simulation-
based medical training [[12]] and it has been used to design gesture-driven educational activities in which
hands serve as the primary input modality for learning [13]. The educational impact of hand tracking
was further expanded by Alsharif et al. [18] by enabling real-time interpretation of American Sign
Language to improve accessibility and inclusion.

In rehabilitation and assessment contexts, Sasha et al. 8] report the use of MediaPipe Hands to estimate
the joint range of motion of MCP, PIP, and DIP. Amprimo et al. [1] emphasizes that vision-based
hand tracking must be carefully validated before being considered suitable for rehabilitation-grade
measurement.

The pedagogical benefits and persistent challenges related to accessibility, scalability, and rigorous
learning assessment with the use of AR and XR in education have been reviewed [19]. Finally, Lei et
al. [20] demonstrates that web-based digital twin laboratories can support remote, interactive engineering
education without specialized hardware.

From an interdisciplinary perspective, Boopathy et al. [21] proposed a digital engineering framework
that integrates clinicians and system engineers to model, validate, and quantitatively assess immersive
rehabilitation technologies using clinically meaningful metrics such as finger-joint angles [22]]. Extending
this interdisciplinary philosophy into education, the present work embeds clinician-defined metrics
directly into student-facing modules, allowing learners to experience how clinical requirements shape
engineering design.

Collectively, the literature supports the use of immersive and vision-based hand tracking technologies to
improve student engagement, interactive learning, and quantitative skill development across engineering,
healthcare, and rehabilitation contexts. Previous studies also demonstrate the value of AR/VR envi-
ronments, gesture-based interaction, and motion-analysis as effective tools for experimental education
and training. At the same time, existing work provides limited information on the direct comparison
between AR and vision-based systems, the integration of clinically relevant rehabilitation tasks, and
interdisciplinary instructional models that bring together engineering, health science, and creative de-
sign perspectives within a single framework. These gaps motivate the AR-CV research, along with
rehabilitation-inspired learning activities and open-access modules, to enable scalable interdisciplinary
engineering education.

The present work adopts gesture-driven interaction as the overarching problem to be studied in the
instructional approach and integrates clinically informed hand kinematics, joint-angle computation, and
quantitative feedback into engineering activities. Identical tasks are designed for direct comparison
between immersive and non-immersive interaction. Rehabilitation-inspired hand tasks motivate learn-
ing about sensor function, kinematics, and human-computer interaction, while introducing clinically
meaningful performance metrics.

III. Educational modules integrating immersive systems applications for hand tracking

The modules are designed for collaboration between students in engineering, PT, and exercise disciplines.
Engineering students develop an understanding of hand anatomy, joint kinematics, and interaction



Course Introduction

This course presents a comparative study of hand tracking using Augmented Reality (AR) platforms and MediaPipe.
Learners will explore the fundamentals of hand tracking, understand software and hardware requirements, and implement two real-world use cases using both technologies.

The course emphasizes hands-on implementation and performance comparison between AR-based and computer-vision-based approaches.
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Figure 3. Course Introduction Page in Canvas Module

design principles to build functional and accurate hand-tracking tools. PT students gain exposure to
computational methods and sensing technologies, leading to knowledge about how digital systems can
support rehabilitation assessment and therapy design.

The instructional framework follows outcome-based education principles and aligns with Bloom’s
taxonomy [23]] by gradually progressing from the acquisition of foundational knowledge to higher-
order skills, including application, analysis, and evaluation. Emphasis is placed on experiential learning,
allowing students to develop problem-solving abilities relevant to emerging fields such as extended
reality and intelligent human-computer interaction.

The course is designed as a sequence of online learning modules on the public Canvas platform. This
modular organization supports self-paced learning while ensuring logical continuity between conceptual
topics, implementation exercises, and comparative analysis. The Canvas environment also facilitates
continuous evaluation through quizzes, laboratory submissions, and a final project.

The course starts with a “Getting to Know Participants/Students” module to understand learners’
backgrounds, prior experience, motivation, and expectations. This helps instructors adapt course content,
activities, and technical depth to better support students’ learning needs.

A. Framing the hand-tracking problem

The course introduction page shown in Fig. |3| frames the problem, depicting the hand joints of in-
terest for tracking and analysis. The organization of the introductory modules is shown in Fig. ]
Module 1 introduces Hand Tracking, information on hand physiology emphasizing the finger joints,
and a module on the technology requirements. The introductory module establishes the scope, tools,
learning outcomes, and assessment methodology. This module familiarizes AR-CV project learners with
the overall objectives of the course and the platforms used throughout the curriculum. Following this



i v Module 0: Course Overview & Setup
i v Module 3: Software & Hardware Setup

ii [F Course Introduction
Software and Hardware Module

[

i [ Learning Outcomes
=) Hardware Requirements

i [B Tools & Platforms Overview

()

AR Devices

i v Module 1: Fundamentals of Hand Tracking
=] MediaPipe Hardware

[

What is Hand Tracking? .
= Software Requirements

i [ Hand Anatomy for Interaction Design

[

AR Platforms

i [B Joint Motion and Kinematic Analysis

[

MediaPipe Software
i [ Watch demo videos of hand tracking in AR and MediaPipe

[® Environment Setup

i v Module 2: Core Principles of Hand Tracking and Gestures

()

Installing tools for AR

Links/References - AR & Mediapipe

)

Installing tools for MediaPipe
# B Hand Gesture Types (Static vs Dynamic)
B Setup verification

100 pts
i [B Coordinate Systems & Depth Estimation

Figure 4. Canvas Course Introduction and Requirements/Setup Module

introduction, a foundational Module 2 introduces the core principles of hand tracking, including the
distinction between sensor-fusion-based and computer-vision-based approaches. Concepts such as static
and dynamic gestures, as shown in Fig. 5] coordinate systems, and depth estimation are discussed to
provide learners with the theoretical grounding required for platform-specific development.
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Figure 5. The left image illustrates static hand gestures organized hierarchically by posture and key poses, including open/aim, grasp/grip,
pinch, and point/poke with their corresponding sub-gestures. The right image depicts dynamic gestures, showing temporal hand motion
transitions between open and close states during extension and flexion, emphasizing gesture recognition over time as presented on the
Canvas page.



The hardware and software setup/requirements for implementing hand tracking on both platforms
are described in Module 3. This section provides a comparative discussion of the AR-CV systems.
The module explains the sensing capabilities, development environments, and configuration processes
associated with each platform. The learners are guided through the installation and setup procedures,
ensuring readiness for subsequent laboratory activities. A setup verification task is included to confirm
a successful environment configuration and to minimize technical barriers at later stages of the course.

B. AR-CV hand tracking modules

The course devotes two full modules to hand tracking implementation using Magic Leap 2 and Medi-
aPipe as shown in Fig. [f] Module 4 enables the student to explore the sensor-fusion-based architecture
of the AR device, explaining how multiple sensors contribute to accurate three-dimensional hand
tracking. Learners examine hand landmark detection and gesture recognition mechanisms within a
spatial computing environment. Practical laboratory exercises enable students to visualize hand joints and
implement gesture-based interactions using Unity and the Magic Leap SDK. This module emphasizes
real-world spatial interaction and highlights platform-specific constraints, such as occlusion and field-
of-view limitations.

it v Module 4: Hand Tracking in AR Platforms i v Module 5: Hand Tracking Using MediaPipe
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Figure 6. Canvas Hand Tracking Module (AR and MediaPipe)

Module 5 demonstrates hand tracking with the MediaPipe application and a standard webcam. It
describes the MediaPipe framework and its processing pipeline, including palm detection, hand landmark
estimation, and post-processing stages. Learners study the 21-keypoint hand landmark model and develop
gesture recognition logic based on relative joint positions and motion patterns. Performance consider-
ations such as lighting conditions, camera resolution, and computational limitations are discussed to
highlight practical challenges in computer-vision-based hand tracking. A hands-on laboratory activity
enables learners to implement real-time hand tracking and gesture detection using Python. The panel in
Fig. [/ highlights some of the visualizations integrated within these modules.

C. Comparative evaluation and module learning outcomes
To consolidate learning, Table. [I] depicts a high level evaluation of AR-CV across multiple system

dimensions, including accuracy, latency, hardware dependency, ease of development, scalability, and
cost. This analytical subsection encourages students to critically assess the strengths and limitations of



Figure 7. A comparative visualization of hand landmark tracking and gesture recognition using MediaPipe and an AR-based framework.
Fig A shows an open hand detected by MediaPipe with 21 skeletal joints represented as red dots. Fig B illustrates an open hand in the
AR system, tracking 26 hand joints and displaying their corresponding landmark names in a virtual view. Fig C demonstrates MediaPipe’s
gesture classification for a closed hand, identified as a Fist gesture. Fig D shows the AR-based gesture classification of an OK/Pinch
gesture, along with real-time system logs in green text that record pinch-related parameters and index-thumb finger interaction data within
the virtual environment.

Table I
OVERALL COMPARISON BETWEEN AR AND MEDIAPIPE
Platform Tracking Depth  Accuracy Latency Cost Dev. Effort Portability Best Use Case
AR Sensor fusion Yes Very high Low High High Limited Spatial AR
MediaPipe = Computer vision No High Medium  Very low Low High Desktop / Web apps

each platform in the context of engineering applications. By directly comparing sensor-fusion-based and
vision-based approaches, students develop the ability to make informed decisions regarding technology
selection for specific use cases and deployment scenarios.

Table [II] presents the general structure of the online educational modules and their associated student-
centered learning outcomes. The module sequence is designed to guide learners from the foundational
concepts in hand tracking to platform-specific implementation, project-driven activities, and final com-
parative evaluation. By integrating AR-CV approaches within a unified instructional framework, the
module supports experiential learning, interdisciplinary collaboration, and critical analysis of system-
level tradeoffs relevant to engineering and rehabilitation applications.

The next section presents two educational project-driven activities that translate conceptual differences
between AR and CV into hands-on, task-driven learning experiences that highlight practical implications
for engineering design and health science applications.

IV. Project-driven activities

The project-driven activities are delivered through an online description and enable remote access
interaction to both AR and MediaPipe hand tracking modules. MediaPipe activities can be completed
fully using a standard webcam. AR-based activities are supported through a cloud-based interaction,
where students use Unity-based XR simulators or AR device application simulators for development
and testing. Applications can then be deployed and evaluated on AR devices through cloud-connected
workflows, allowing instructors to monitor execution, verify functionality, and support student progress
remotely.

To ground the comparative evaluation of AR and CV systems, two activities were developed. These
projects are motivated by upper-extremity rehabilitation and PT practice, where an accurate assessment



Table 11

STRUCTURE AND LEARNING OBJECTIVES OF THE ONLINE EDUCATIONAL MODULE

Module

Focus

Learning Outcome

Module 0: Course
Overview & Setup

Course introduction, structure,
tools, and interdisciplinary con-
text

Students understand the course scope, learning objec-
tives, assessment structure, and overview of AR and
MediaPipe platforms.

Module 1: Fundamen-
tals of Hand Tracking

Basic concepts of hand tracking,
hand anatomy, and motion prin-
ciples

Students understand hand tracking fundamentals, hand
anatomy for interaction design, and joint motion rele-
vant to gesture-based systems.

Module 2: Core Princi-
ples of Hand Tracking
and Gestures

Gesture representation, coordi-
nate systems, and depth estima-
tion

Students understand gesture types (static vs dynamic),
coordinate systems, and depth estimation techniques
used in AR and vision-based tracking.

Module 3: Software &
Hardware Setup

Comparative hardware and soft-
ware setup for AR and MediaPipe

Students identify, compare, and configure development
environments, hardware requirements, and software
tools for AR-based and MediaPipe systems.

Module 4: Hand Track-
ing in AR Platforms

Sensor-fusion-based 3D hand
tracking in AR

Students implement hand landmark detection and ges-
ture recognition in AR systems and evaluate platform-
specific constraints.

Module 5: Hand Track-
ing Using MediaPipe

Computer-vision-based hand
tracking using RGB cameras

Students implement hand landmark detection and ges-
ture classification using MediaPipe and evaluate per-
formance in real-world conditions.

Module 6: Platform
Comparison - AR vs
MediaPipe

System-level comparison across
platforms

Students analyze differences in accuracy, latency,
portability, development effort, and cost between AR
and MediaPipe approaches.

Module 7: Project 1 -
Object Placement (AR)

Gesture-based object manipula-
tion in a 3x3 spatial grid using
AR

Students design and implement gesture-driven object
interaction in a three-dimensional AR environment.

Module 8: Project 1 -
Object Placement (Me-
diaPipe)

Vision-based object manipulation
in a 3x3 grid using MediaPipe

Students implement gesture-driven object placement
using vision-based interaction and compare interaction
fidelity.

Module 9: Project 2 -
Robotic Arm Control
(AR)

Gesture-controlled robotic arm
using AR

Students map sensor-fusion-based hand gestures to
robotic joint motion, implement control logic, and use
MQTT for communication.

Module 10: Project 2
- Robotic Arm Control
(MediaPipe)

Robotic arm control using Medi-
aPipe hand tracking

Students implement hand gesture-based robotic control
using vision-based tracking and evaluate smoothness
and latency.

Module 11: Final Com-
parison and Evaluation

Cross-platform evaluation and fi-
nal project

Students critically evaluate AR and MediaPipe imple-
mentations and present a final project with analysis and
demonstration.

of hand and finger kinematics is essential. In health science and PT contexts, this approach provides
a fast, digital alternative to traditional goniometer-based joint angle measurement for rehabilitation
assessment and training.

The two projects are outlined in the modules shown in Fig. [8] Project 1 focuses on functional hand
manipulation and spatial interaction and Project 2 emphasizes gesture-driven robotic control and kine-
matic reasoning. Each project was designed using the Magic Leap 2 AR platform and a general-purpose
workstation running Python code to implement MediaPipe for hand movement analysis.

During the project experiments, continuous, timestamped hand joint data are collected in both AR and
MediaPipe systems; IP, DIP, PIP, and MCP bone joint angles are computed from 3D hand bone data in
AR and from relative 2D/3D landmark data in MediaPipe. These measurements enable the classification
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Figure 8. Canvas Project Module Sequence.

of static and dynamic hand gestures and support quantitative analysis of hand movement. Both AR and
CV applications expose learners to clinically motivated hand movements, gesture recognition logic,
and system-level tradeoffs between immersive three-dimensional sensing and the more accessible two-
dimensional vision-based tracking.

A. Project 1: Gesture-based object manipulation in a structured grid

This project introduces students to hand gesture recognition, object manipulation, and spatial mapping
through a simple but clinically relevant task. The activity is inspired by functional hand rehabilitation
exercises that require grasping, transporting, and releasing objects with positional accuracy. From an
engineering perspective, the task emphasizes gesture classification, coordinate mapping, and interaction
state management.

In this hand manipulation task, users place virtual spheres or cubes into a three-by-three grid using
grasp and release gestures. A closed hand gesture was coded to indicate grasping, while an open hand
gesture triggered the release of the virtual object. This task was designed to highlight differences in
spatial perception between AR and vision-based interaction. In the AR environment, objects existed
in a three-dimensional space, whereas in the vision-based system, interaction occurred through a two-
dimensional projection. By completing the task on both platforms, participants were able to directly
compare depth perception, interaction precision, and system responsiveness.

1). Clinical and rehabilitation objective

This task reflects common upper-extremity rehabilitation activities used in PT, such as reach, grasp,
transport, and release exercises designed to improve fine motor control and hand-eye coordination.
The structured grid emphasizes spatial accuracy and goal-directed movement, aligning with clinical
assessments and therapeutic tasks that focus on precision and endpoint control. For health science
learners, the activity provides insight into how functional hand movements are captured digitally and
how interaction constraints and feedback mechanisms can support motor learning and rehabilitation-



oriented task design.
2). AR-based implementation

In the AR implementation shown in Fig. [9] the grid is anchored in the physical environment, allowing
interaction within a three-dimensional physical space. The system performs real-time hand tracking and
gesture recognition using the headset’s sensor-fusion capabilities. When a grab gesture is detected, the
virtual object is parented to the tracked hand and follows the motion of the user’s hand in space. Upon
release, the system computes the nearest grid cell in world coordinates and places the object accordingly.
This implementation highlights depth perception, spatial accuracy, and world-locked interaction.

Figure 9. AR-based hand tracking interface showing object manipulation within a 3x3 grid. The left image shows the user grasping a
blue cube at grid cell 3 with a closed hand; the corresponding blue cube turns green and attaches to the hand and targets the red grid
cell 3. The right image shows the user releasing the cube with an open hand over the same cell, placing the blue cube onto the red cube.
When the number of blue cubes correctly placed on red cubes matches the target, the red cubes turn green; otherwise, they remain red,
providing visual feedback on task accuracy.

3). Mediapipe-based implementation

In the MediaPipe implementation shown in Fig. hand landmarks are detected from a monocular
webcam feed, and the interaction occurs in a two-dimensional screen space. The three-by-three grid is
defined as a logical division of the screen, with each cell corresponding to a fixed region. A grab gesture
is inferred from the relative distances between the fingertips and the center of the palm, whereas a release
gesture corresponds to the extension of the fingers. The centroid of the hand is mapped to the screen
coordinates to determine the active grid cell at the moment of release. This implementation emphasizes
accessibility, computer-vision-based gesture inference, and the limitations of depth perception in 2D
systems.

Figure 10. MediaPipe hand tracking interface showing a user performing grab and release gestures within a 3x3 spatial grid. The left
image depicts the hand in a grabbing (close hand) pose targeting grid cell 5, while the right image shows the releasing (open hand) pose
targeting grid cell 3. Colored circles correspond to numbered grid cells for interaction feedback.



B. Project 2: Gesture controlled robotic arm kinematics

The second project introduces learners to robotic kinematics, joint isolation, and human-robot interac-
tion through gesture-based control of a multi-degree-of-freedom robotic arm. The activity emphasizes
inverse kinematics concepts, joint constraints, and the importance of unambiguous gesture-to-command
mapping. Clinically, the task reinforces controlled joint motion within defined ranges, a core principle
in therapeutic exercise design.

This project addresses the control of a five-degree-of-freedom robotic arm using distinct hand gestures,
each gesture mapped to a specific robot-joint, which includes base rotation, shoulder, elbow, wrist
rotation, and gripper actuation. In both environments, a visual arc representing the range of the joint
was displayed, with a sphere moving along the arc to indicate the joint angle based on hand-gesture
movement. Joint motion is constrained within safe minimum and maximum limits, typically between
0 and 180 degrees, reflecting both mechanical limitations and clinically relevant ranges of motion.
This task reinforced concepts of robotic kinematics, joint isolation, and human-robot interaction for
engineering students, while emphasizing joint control and movement limits relevant to PT education.

1). Clinical and rehabilitation objectives

This project aligns with the rehabilitation principles of isolated joint control and constrained range-of-
motion training commonly used in therapeutic exercise programs. Mapping distinct hand gestures to
individual robotic joints reinforces selective motor activation and mirrors clinical strategies aimed at
reducing compensatory movement patterns. For health science students, the task illustrates how human
joint kinematics can be translated into controlled mechanical motion, supporting an understanding of
rehabilitative robotics, biofeedback, and human-machine interfaces in clinical and assistive technology
contexts.

2). AR-based implementation

In the AR environment shown in Fig. [[T] the robotic arm model is world-locked and visualized in three
dimensions. Hand gestures are detected using three-dimensional hand tracking, enabling intuitive control
of joint motion through spatial hand movement. A visual arc representing the allowed range of motion
of the joint is displayed, with a sphere moving along the arc to indicate the current angle of the joint.
The detected joint angles are transmitted in real time to a physical or simulated robotic system using the
Message Queuing Telemetry Transport (MQTT) communication protocol, which supports low-latency
control and reinforces the concepts of system-integration.

Figure 11. Augmented reality hand gesture control of a robotic arm. The hand center is connected by a gray line to a green-sphere on
the arc, which represents joint angle values ranging from 0° to 180°. The first image depicts joint 3 positioned at approximately 30°
controlled by the “OK” gesture, the second image shows joint 2 at about 10° with a pinch gesture, and the third image illustrates joint
5 at roughly 84° using a closed hand gesture. In all three images, the robotic arm holds and moves a cube, demonstrating how distinct
hand gestures correspond to specific joint movements for manipulating objects. The green-text represents the real-time robotic-arm joint
number and it’s angles with timestamp.



3). Mediapipe-based implementation

In the MediaPipe-based system depicted in Fig. [I2] gesture recognition relies on the relative positions
and angles of the 21 detected hand landmarks. Specific static gestures are used to select individual joints,
while horizontal or vertical hand movement adjusts the joint angle. The same arc-and-sphere visualization
is rendered in screen space to provide consistent feedback across platforms. This implementation
emphasizes gesture classification, motion analysis, and the challenges of controlling continuous joint
variables using two-dimensional hand tracking.

ey )

B

Figure 12. Hand gesture-controlled robotic arm system using web-camera input and MediaPipe for hand tracking, enabling live interaction
and joint control, demonstrated by a user performing tasks such as moving objects from one target-place to another.

C. Educational goals

Together, these two projects provide complementary learning experiences that integrate hand tracking,
gesture recognition, and system-level reasoning. By implementing identical tasks across AR and vision-
based platforms, learners gain practical insight into how sensing modality, dimensionality, and hardware
constraints influence system design decisions.

During experiment execution, the systems continuously track the joint spatial positions and angles of
all ten fingers with timestamps. The interaction and task-related data are also continuously logged and
stored. These data logs enable post hoc analysis, cross-platform comparison, and validation against
clinical reference measurements.

V. Discussion

The AR-CV research and educational frameworks were developed and evaluated in close collaboration
with faculty advisors, graduate students from engineering and PT. The PT researchers contributed
to defining joint-level metrics, refining hand-gesture classification thresholds, and interpreting range-
of-motion data generated by both AR and MediaPipe systems. Preliminary feedback indicates that
automated, timestamped joint-angle logging reduces manual documentation effort while improving
speed, consistency, and reliability compared to traditional goniometer-based assessments. The collected
datasets are currently supporting ongoing clinical research and curriculum development in PT education.



By comparing immersive AR sensor-fusion systems with accessible computer-vision-based solutions,
students engage with system-level tradeoffs in accuracy, latency, depth perception, scalability, and cost.
The framework promotes active and reflective learning through gesture-driven system design, kinematic
data logging, and cross-disciplinary collaboration grounded in clinically informed metrics.
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