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[bookmark: _Toc229141857]1.1.Context and background
Robotics has a wide range of applications, from everyday human social interactions to industrial manufacturing. With the release of Industry 5.0, people are returning to the workplace where they were previously being replaced by expensive human labour and automated machines. Industry 5.0 seeks to enable technology to adopt a more human-augmented approach by utilising the fundamental concepts of sustainability, resilience, and human-centricity. Because of this, over the past decade, human-robot interaction (HRI) has become recognised as a major area of study in literature[1]. In order to accomplish this, a high level of cooperation between human and robot colleagues should be achieved, which calls for the development of transparent and natural channels of communication between the two of them. However, a bottleneck in robot-assisted SAR operations has been identified: human-robot interaction[2].
Nowadays, robots are more useful in our daily lives in addition to their industrial uses. Drone cameras, for example, transport packages and serve food in restaurants. As a result, one of the most challenging research areas in the last ten years has been gesture-based robot interaction. Gesture recognition is a popular technique for robot navigation since a variety of sensing devices are easily accessible. For robot navigation, pointing or directing gestures are thought to be more reliable and effective than voice recognition, which relies on accents and voice frequency[3].

Traditionally, robots have been controlled using conventional physical user interfaces like joysticks and remote controls. This approach limits control to designated operators and lacks accessibility for general users. To overcome these limitations, it is advantageous to control robots through natural user interfaces, thus enhancing the ease of coexistence with humans in indoor environments. Among these interfaces, gesture-based operation has recently emerged as a significant method. Numerous studies have explored gesture recognition systems for controlling robot, demonstrating their potential[4].
[bookmark: _Toc229141858]1.2.Research Problem
Recent research has investigated into hand gesture-based methods for robot path training and programming in an effort to overcome these limitations. These methods minimise the requirement for extra hardware devices while allowing users to intuitively describe or program robot pathways through natural hand movements. These techniques allow the user to select waypoints or routes by just pointing at the desired area by tracking hand landmarks like the wrist and fingertips from camera images and mapping the fingertip position to 3D space. However, the majority of current systems use a fixed camera setup, which naturally restricts the operational workspace. Precise path definition is less effective when a camera is installed to cover a broader workspace because of issues with resolution and accuracy. Furthermore, the camera may not be able to properly identify the operator's hand gestures due to obstruction caused by the robot itself[5].
[bookmark: _Toc229141859]1.3.Research Aim and Objectives
The aim is to create, deploy, and evaluate a real-time hand gesture detection system for the Boston Dynamics Spot robot that allows for simple, hardware-free operator control during search operations in hazardous environments.
The following objectives will be targeted to achieve this aim:
• To carry out a comprehensive examination of current robotic control interfaces, human-robot interaction paradigms, and gesture recognition techniques that are relevant to hazardous environments.
• To create a gesture vocabulary with a minimum of six distinct commands that are mapped to the operational needs of dangerous search situations.
• To create and execute a deep learning-based gesture recognition pipeline that can handle image data in real time and accurately identify motions.
• To integrate the Boston Dynamics Spot SDK with the gesture recognition pipeline so that recognised gestures may be interpreted into sensor commands and robot motion.
• To evaluate how well the system performs in simulated hazardous environments, such as low light, smoke occlusion, and PPE gloved uses.
• To evaluate operator usability, robustness, and system latency using organised user trials and quantitative benchmarks.

[bookmark: _Toc229141860]1.4.Significance of the research
This research addresses a real operational requirement in the fields of industrial inspection, emergency services, and search and rescue. In addition to reducing cognitive effort during high-stress operations and enabling more natural directional orders, hand gesture-based control of search robots would release rescuers from reliance on potentially damaged or unavailable controller gear. There are direct life-safety concerns if a robotic scout can be intuitively guided into collapsed structures, alpine conditions, nuclear sites, or chemical contamination zones without taking off gloves or using a controller.
From a technical perspective, this research will supply an open integration framework for gesture-driven Spot control, a dataset of gestures recorded under simulated dangerous settings, and a novel deep learning architecture optimised for gloved-hand gesture recognition. The larger communities studying computer vision and human-robot interaction will find value in these contributions. Additionally, the approach improves knowledge of edge-deployed inference for real-time gesture recognition on robot hardware with limited resources.


[bookmark: _Toc229141861]2. Literature review

Literature review's objective is to establish the state-of-the-art knowledge in a particular topic by offering a comprehensive, critical synthesis of previous scholarly work. It is a fundamental task that places in this research within a larger academic perspective rather than just summarising other findings.
It is becoming more difficult for researchers to find articles worth reading from a huge amount of material for a quick review or to stay up to date with the newest advancements due to the rise in the number of scientific papers. If a user is unfamiliar with a study topic, they might try reading some survey papers about it and consulting the surveys' reference lists to learn more. However, there aren't always high-quality, current surveys accessible for each particular research area. To identify relevant papers to read, a user can also use academic search engines. Current academic search engines often obtain a list of articles by determining the semantic similarity between the user's query and each item independently, disregarding the necessary relationship between search results. In order to provide users with a reading path, it will be extremely helpful if they can obtain a list of core articles with reading order for a specific question. In this manner, a user can quickly familiarise themselves with a new research field by reading the produced reading path[6].
[bookmark: _Toc229141862]2.1. Thematic Structure
A technical project such as a Hand Gesture Controlled Spot Robot is much better organised thematically than chronologically. Sensing, processing, and movement are three separate engineering difficulties in robotics that frequently develop together.
[bookmark: _Toc229141863]2.1.1.Vision‑based hand‑gesture recognition for quadruped teleoperation
Recent research has been centred on identifying rich, dynamic hand gestures and mapping them to quadruped robot behaviours utilising monocular or depth cameras in conjunction with keypoint extraction. In order to simultaneously regulate quadruped movement, arm end-effector tracking, and command switching, Xie et al. present a Depth–MediaPipe framework that gathers 3D coordinates of 21 hand keypoints and feeds them into a Semantic–Pose to Motion (SPM) model.
The contribution primarily focuses on the perception and mapping pipeline, which includes real-time translation into robot motion, comprehensive 3D hand tracking, and the merging of position and semantic information. This idea guides the design of the perception stack (camera location, keypoint extraction, gesture vocabulary, and motion mapping) for a Spot-style robot[7].
[bookmark: _Toc229141864]2.1.2. Deep learning–based gesture control on Spot quadrupeds
Here, the emphasis is on resilience for high-stakes situations like search and rescue and temporal modelling (Bi-LSTM). The stacked Conv+Bi-LSTM design improves recognition accuracy and responsiveness by capturing both spatial features and temporal evolution of gestures, in contrast to more traditional classifiers. This theme influences the model selection (e.g., CNN-LSTM vs. transformer), dataset design, and simulation evaluation prior to hardware deployment for a hand-gesture driven Spot robot[8].
[bookmark: _Toc229141865]2.1.3. Non‑verbal interaction design and user experience with quadruped robots

Keypoint-based gesture categorisation on CPU-only hardware is made possible by Google's real-time hand landmark detection system, MediaPipe Hands (Zhang et al., 2020). In order to lessen the reliance on GPU inference, some studies have constructed gesture classifiers atop MediaPipe landmarks. However, when hands are partially obscured or when unusual gloves change landmark visibility, the framework's accuracy significantly deteriorates—a directly relevant issue for our study[9].
This theme highlights that gesture design for a Spot-type robot is not only a technical mapping challenge but also a user experience (UX) problem: which gestures feel natural, how many commands users can recall, and how context (e.g., construction vs. healthcare) or weariness affects preference. It implies that broader body movements or multimodal indications (speech, tablet, safety stop button) could be added to a purely hand-gesture interface to enhance usability and safety[10].
[bookmark: _Toc229141866]2.2. Key contributions in hand‑gesture controlled Spot‑type robots
[bookmark: _Toc229141867]2.2.1. Perception and gesture recognition

· Contribution: Robust 3D dynamic hand‑gesture pipelines

In order to teleoperate a quadruped with an arm in real time, Xie et al. combine depth sensing with 3D hand keypoints (such as MediaPipe-style 21-point skeletons) and a semantic pose-to-motion model. This demonstrates that non-contact teleoperation can be accurate enough for both locomotion and manipulation, going beyond static gestures to continuous, dynamic gestures that express more complex commands and destinations[11].

· Contribution: Deep sequence models for real‑time control

Zafar et al. identify dynamic hand movements and translate them to quadruped commands (Spot-like robot) in real time using a layered Conv + Bi-LSTM network. Temporal modelling of gestures, rather than just frame-wise classification, is a significant advancement that enhances robustness in real-world scenarios (e.g., lighting changes, partial occlusions, operator mobility)[12].

How this advances the field

Together these works improve gesture control from "toy demos" with a few static signs to continuous, high-depth of field, real-time teleoperation of complicated quadrupeds. They demonstrate that recent deep models combined with commodity cameras are sufficient for practical control, which reduces hardware costs and improves the usability of gesture interfaces.

[bookmark: _Toc229141868]2.2.2. Control mapping and interface design
 
· Contribution: Semantic mapping from gesture to complex robot behaviours
In addition to classifying gestures, Xie et al. create a mapping that connects coordinated whole-body actions of a quadruped with an arm to semantic purpose (e.g., move, grip, follow). This is significant because straightforward one-gesture-one-joint mappings are not practical for Spot-type robots because to their numerous degrees of freedom[11].

· Contribution: Real‑time teleoperation architecture for Spot‑like robots
Zafar et al. demonstrate end-to-end control of a quadruped in simulation and (in some forms) on hardware by integrating their recogniser into a ROS/Gazebo pipeline. The contribution is an architecture template that may be reused for Spot or Unitree platforms: camera → deep recogniser → ROS node → locomotion controller[12].
How this advances the field
These research progress from "recognising gestures in isolation" to whole HRI pipelines including co-designed robot control, mapping, and recognition. For commercial quadrupeds like Spot in particular, that is a significant step toward deployable systems.
[bookmark: _Toc229141869]2.2.3. User experience and non‑verbal interaction

· Contribution: Empirical comparison of hand vs. body gestures
Shin et al. use a Unitree Go1 Pro to assess nonverbal interfaces (hand and body movements) in tasks related to construction and healthcare. Despite the fact that most technological work focuses on hands, they demonstrate that users frequently perform better and feel more at ease using body movements than with hand-only gestures[10].


· Contribution: UX‑driven design guidelines

Their research provides design advice, such as limiting the amount of the gesture vocabulary, favouring broad, easily identifiable gestures, and taking context (PPE, gloves, weariness) into account. This changes the topic of discussion from "can we recognise this gesture?" to "should we use this gesture at all for this user and task[10]?"
How this advances the field
It grounds gesture-controlled quadrupeds in human-centred design, emphasising that interfaces need to be safe, comfortable, and learnable in real-life scenarios.
[bookmark: _Toc229141870]2.2.4. Key gaps and open problems

[bookmark: _Toc229141871]2.2.4.1. Limited focus on real Spot deployments and long‑term use

Gap: Few studies on real Boston Dynamics Spot in the wild
Simulations, generic quadrupeds, or brief laboratory experiments are used in several studies. The long-term, field-deployed hand-gesture control of real Spot robots in dirty conditions (rain, dust, crowds, PPE, etc.) is rarely studied.
[bookmark: _Toc229141872]2.2.4.2. Robustness, safety, and error handling

Gap: Under‑explored failure modes
The majority of articles describe identification accuracy, but they don't discuss ambiguous movements, false positives or negatives, or how the system reacts when the camera view is blocked or the lighting changes significantly.


Gap: Safety‑critical behaviours

Safety layers, such as e-stop gestures, confirmation gestures for risky behaviours, or shared control where the robot rejects risky commands, are little discussed.
Misunderstood gestures might be deadly for a heavy quadruped such as Spot. A gesture interface with explicit safety design confirmation procedures, backup modes, and clear user feedback would be a powerful addition.
[bookmark: _Toc229141873]2.2.4.3. Limited multimodal and adaptive interfaces

Gap: Mostly gesture‑only control
The majority of current systems use only hand gestures, making them unimodal. Few integrate gestures with speech, eyes, wearable IMUs, or tablets to establish redundant, more reliable control channels.

Gap: No adaptation to user or context

Typically, interfaces are one-size-fits-all, using the same set of gestures for all users, tasks, and settings. Adaptive gesture vocabularies that simplify or modify according to user expertise, task type, or weariness are not well developed.

A multimodal, adaptive interface could significantly lower cognitive strain and errors for real operators (e.g., inspection, SAR, construction). 
[bookmark: _Toc229141874]2.2.4.4. Dataset, benchmarking, and reproducibility gaps
Gap: Small, bespoke datasets
Numerous research use tiny, proprietary hand gesture datasets with various gesture sets, camera configurations, and assessment measures for training.

Gap: No standard benchmarks for quadruped gesture control

It is challenging to objectively compare models or architectures since there is no well recognised standard for hand-gesture control of quadrupeds or Spot.
A publicly available dataset or benchmark methodology specifically designed for Spot-like robots (with realistic backdrops, PPE, and occlusions) or at the very least a carefully recorded assessment that is replicable by others could be a contribution in this regard.
[bookmark: _Toc229141875]2.3. Theoretical and Technical Frameworks
The theoretical frameworks and technical techniques supporting current hand-gesture operated quadruped/Spot-type robots are explained in this section.

[bookmark: _Toc229141876]2.3.1. Theoretical Frameworks Underpinning Gesture‑Controlled Quadrupeds

[bookmark: _Toc229141877]2.3.1.1. Human–Robot Interaction (HRI) Theory
Nonverbal communication theory, which views gestures as deliberate signals for robot action, is the foundation for present gesture-controlled quadrupeds.
According to Shin et al., human preference for gesture-based communication with quadrupeds is consistent with theories of embodied interaction and natural user interfaces[10].
[bookmark: _Toc229141878]2.3.1.2. Embodied Cognition and Natural User Interfaces (NUI)
Gesture interface design is based on the notion that people communicate through their bodies.
Research supports NUI principles by demonstrating that body gestures frequently perform better than hand gestures in terms of intuitiveness and task completion speed[10].
2.3.1.3. Teleoperation and Shared Control Theory
Spot and other quadruped robots need to link human intent to multi-DOF movement.
A Semantic-Pose-to-Motion (SPM) paradigm, which reflects shared-control principles where human purpose directs autonomous stabilisation, is proposed by Xie et al. to generate coordinated robot motion by interpreting gesture semantics and pose information[11].
2.3.1.4. Cognitive Load Theory in Interface Design
Compared to joysticks or keyboards, gesture interfaces are designed to reduce the cognitive load on operators. In high-stress situations like SAR missions, Zafar et al. specifically contend that gesture control lowers the learning curve and enhances response[12].
[bookmark: _Toc229141879]2.3.2. Technical Frameworks, Tools, and Algorithms
2.3.2.1. Computer Vision–Based Gesture Recognition

· Depth–MediaPipe 3D keypoint extraction 
Xie et al. use a depth camera + MediaPipe to extract 21 3D hand keypoints, enabling dynamic gesture tracking in real time[11]
· Human pose recognition for quadruped control
The significance of full-body motion cues in HRI is demonstrated by Donghao et al. publication that suggests real-time human pose identification for quadruped robot control[13].

[bookmark: _Toc229141880]2.3.3. Deep Learning Models for Gesture Classification
· Convolutional + Bi‑LSTM networks
In order to control a Spot-like robot, Zafar et al. employ a stacked CNN + Bi-LSTM architecture to record spatial and temporal gesture features[12].
For dynamic gesture recognition, this architecture is now considered standard.
· DNN‑based 3D gesture interface (HyperPalm)
Nazarova et al. present HyperPalm, a DNN-based system for quadruped control in three dimensions that can identify five static gestures and anticipate six degrees of freedom hand movements with a high degree of accuracy (96.5%)[14].
· Reinforcement learning (Deep Q‑Network)
Although not quadruped-specific, a 2023 Scientific Reports article shows RL's potential for adaptive gesture interfaces by using a DQN-based classifier for EMG-IMU gesture identification[15].

[bookmark: _Toc229141881]2.3.4. Teleoperation and Robotics Middleware
ROS + Gazebo integration
Zafar et al. create a full teleoperation pipeline for quadruped robots by combining gesture recognition with ROS and Gazebo[12].

Semantic‑Pose‑to‑Motion (SPM) model

Xie et al. enable multi-function teleoperation by translating gesture semantics and position into robot locomotion and arm control[11].
[bookmark: _Toc229141882]2.4. This Study Advances, Broadens, or Contradicts Earlier Findings
[bookmark: _Toc229141883]2.4.1. Advancement: Real‑World Deployment
This study places more emphasis on practical viability than previous research on technical viability. By demonstrating whether gesture control is truly usable on Spot under realistic circumstances, this advances the field.
[bookmark: _Toc229141884]2.4.2. Broadening: Multimodal and Safety‑Aware Interaction
Multimodal robustness and safety layers are missing from the majority of current systems.
This research expands the field by incorporating:
· safety gestures
· confirmation gestures
· multimodal cues (e.g., visual feedback on Spot’s tablet)

This makes the HRI framework more comprehensive.

[bookmark: _Toc229141885]2.5. Contradiction: Re‑evaluating Gesture Preferences
According to Shin et al., body movements perform better than hand gestures[10].
This study may support or contradict this by showing:	
· whether hand gestures are sufficient for Spot.
· whether hybrid gesture sets outperform hand‑only sets..
· whether professional users prefer different gestures than novices.

This provides new experimental evidence that may challenge existing assumptions.
[bookmark: _Toc229141886]2.6. What Makes This Study Unique
This study is special because it offers the first comprehensive assessment of hand-gesture control on an actual Boston Dynamics Spot robot (no such study has been found in the literature recent years).

· Spot deployment in the real world as compared to simulation or clones.
· A bulky commercial robot's gesture design is crucial for safety.
· Testing in practical settings (lighting, occlusion, operator mobility).
· Human-centred examination of weariness and gesture intuitiveness.
· An enhanced recognition pipeline that goes beyond CNN-LSTM methods
· Useful recommendations for next Spot gesture control systems.

[bookmark: _Toc229141887]2.7. Literature Summary
Overall, the literature demonstrates significant advancements in gesture recognition and teleoperation frameworks; however, real-world validation, safety-critical design, and human-centred evaluation on commercial quadrupeds such as Spot are lacking.
These deficiencies present a clear chance for this study to provide novel viewpoints, methods, and useful assessments that take the field beyond controlled laboratory prototypes.
[bookmark: _Toc229141888]3. Research Design and Methodology
[bookmark: _Toc229141889]3.1 Research Design
This research’s overall approach: Design‑science + experimental evaluation.
With an experimental evaluation on a real robot, this research is best described as Design Science Research (DSR):
Design-science: A hand-gesture control system for a Boston Dynamics Spot robot will be designed, implemented, and iteratively improved (gesture recogniser + mapping + safety + UX).
Similar design-focused work may be seen in robot arms and gesture-based teleoperation systems for quadrupeds[11][12].
Experimental: As in previous gesture-controlled robot investigations, this study uses controlled experiments (task performance, recognition accuracy, user performance) to empirically evaluate the system[15][12][11].
Why this is appropriate
· By creating a material and evaluating it, DSR directly addresses the lack of workable, deployable solutions on actual Spot robots in the field.

· This decision is supported by previous research on gesture-controlled manipulators and quadruped teleoperation, which employs comparable design + experiment methodologies.

[bookmark: _Toc229141890]3.2 Research methods and materials
[bookmark: _Toc229141891]3.2.1. Methods
A. Overall research methods: Mixed methods

Quantitative:

· Task parameters: task completion time, number of errors, number of safety interventions, path    efficiency.
· Gesture recognition accuracy, precision/recall, confusion matrix.
· These are standard in gesture‑based robot control and teleoperation studies [15][12][11].

Qualitative:

· Short post-task questionnaires (e.g., perceived workload, intuitiveness, trust).
· Similar to HRI UX work with quadrupeds, semi-structured interviews took place on gesture comfort, weariness, and perceived safety[10].
[bookmark: _Toc229141892]3.2.1.1 Justification
Both technical and human-interaction issues surround gesture control. As suggested by recent HRI studies, mixed techniques allow this research to assess both system performance and user experience.

B. Research strategy: Experiment + software development
Software development:

· A gesture-controlled teleoperation system for Spot (vision pipeline, recognition model, ROS integration, safety layer) will be created as part of this project.
· This is similar to earlier software-focused research on robot arms and gesture-controlled quadrupeds[12][11].

Experimental strategy:

· Within-subject experiment: each participant uses the gesture interface to complete a series of tasks (such as navigation, approach, and basic inspection).

Optionally compare:

· Gesture control vs. baseline (tablet/joystick), or
· Two gesture sets (simple vs. extended).

Why appropriate:
In order to address this research questions, this study requires functional software, as well as controlled trials to measure its usefulness and efficacy.

C.  Architecture / system design

Inspired by previous quadruped teleoperation research, the proposed hand-gesture operated Spot robot's general system architecture follows a four-stage pipeline. The perception layer uses an RGB-D camera facing the operator to record depth-enhanced visual input. A MediaPipe-style model is then used to extract a 21-point 3D hand-keypoint skeleton, allowing for reliable tracking in a variety of lighting and distance scenarios. In accordance with methods verified in quadruped control research, the gesture recognition layer processes these keypoints using a deep temporal architecture, usually a CNN-BiLSTM or transformer-based network, to classify dynamic motions and output both gesture labels and confidence scores[15][12][11].

D. Data analysis and evaluation methods

Technical and human-centered metrics are integrated in system evaluation: In accordance with HRI evaluation procedures like those employed by Shin et al., gesture-recognition performance is evaluated using accuracy, precision, recall, F1-score, confusion matrices, and inference time per frame or temporal window; task-level performance is evaluated using completion time, number of collisions or near-collisions, safety-override counts, and path efficiency; and user-experience outcomes are recorded using Likert-scale measures of intuitiveness, trust, comfort, and workload. A thorough and multifaceted evaluation of system performance and user interaction quality is ensured by statistical analysis, which includes descriptive summaries, paired inferential tests (such as the paired t-test or Wilcoxon), and effect-size computations to quantify practical importance[15][10][12].

[bookmark: _Toc229141893]3.2.2. Materials
Research data, software, and hardware components supporting the creation and assessment of a gesture-controlled Spot system comprise the study's materials. In addition to experimental logs that record robot telemetry, recognised gestures, timestamps, task metrics, and questionnaire replies, the data includes a bespoke gesture dataset that was recorded from people completing the specified gesture set in front of an RGB-D camera. RGB-D video capture, ROS-based automatic logging, and online survey tools are used in data gathering, which reflects techniques frequently employed in gesture-control research. Informed permission, anonymisation, safe storage, withdrawal rights, and HRI-compliant safety precautions suitable for a moving robot are all examples of ethical practices. Python, C++ ROS nodes, OpenCV, MediaPipe, PyTorch/TensorFlow, and analysis libraries like NumPy and SciPy are examples of software. The hardware includes a GPU-enabled workstation, an RGB-D camera, and the Boston Dynamics Spot robot. It is backed by reliable networking and optional safety gear[15][12][11].
[bookmark: _Toc229141894]4. Expected outcome

With the suggested deep-learning pipeline probably surpassing previous CNN-LSTM algorithms published in recent quadruped-control research the work is anticipated to deliver a functional hand gesture-controlled Spot interface that enables dependable real-time recognition and safe teleoperation. In addition to offering fresh insights into HRI theory and useful recommendations for gesture-based teleoperation, the system should show increased non-contact control capabilities, decreased operator burden, and greater intuitiveness. 

[bookmark: _Toc229141895]5. Timeline
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[bookmark: _Toc229141896]6. Overall presentation of the proposal

Based on current developments in hand gesture recognition, quadruped teleoperation, and human-robot interaction, this proposal offers a clear, cohesive method for creating and testing a hand-gesture driven Spot robot system. A structured literature analysis that highlights important contributions and gaps in hand gesture recognition, deep learning control pipelines, and UX-focused HRI studies supports the well-defined research challenge. The approach, which combines design-science development, experimental assessment, and mixed-methods analysis to guarantee both technical and human-centered insights, makes sense in light of the project's objectives. The timeline shows attainable progress from June to August, and the suggested architecture, data strategy, and evaluation criteria are practical and technically solid. All things considered, the idea is coherent, workable, and well-positioned to make significant contributions to the field of hand gesture-based quadruped control research.
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