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Abstract: Developing patients’ ability to recognize hand gestures is one of the benefits of deep learning generation. Intending
to develop a stroke rehabilitation device that is low-cost, non-invasive, and environmentally friendly, this study intends to
provide stroke patients with a mechanism that allows them to operate assistive devices via hand gestures. When bringing hand
motions to life, superior photographs and preprocessing have been crucial in teaching a deep MediaPipe and OpenCV
architecture. With the ability to enable patients to use assistive devices by applying hand gestures, the recommended machine
shows promise as a valuable instrument for stroke rehabilitation. This is because the utilization of the recommended machine
results in caution. Additional motions might be made to materialize on the device, which would assist stroke patients
experiencing various limits. The fact that this is the case demonstrates how much knowledge of the past can improve the
accuracy and efficiency of hand gesture popularity systems for stroke victims.
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1. Introduction

Within artificial intelligence (Al), machine learning is a subfield whose definition is generally that of a machine’s capacity to
replicate intelligent human behaviour. Particularly in the context of healthcare applications, where it has the potential to
transform patient care and rehabilitation processes [1], this branch of artificial intelligence has recently attracted a lot of interest
[2]. Machine learning aims to create algorithms capable of learning from data, spotting trends, and generating predictions or
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judgments without explicit programming for every task [3]. In machine learning, historical data provides input to algorithms
generating models reflecting the information using patterns [4]. Fundamentally, machine learning combines computational and
statistical ideas from several fields, including biology [5], cognitive science, and statistics [6]. Leveraging these ideas helps
machine learning algorithms anticipate based on fresh, unprocessed data, improving their accuracy over time [7]. Machine
learning is used in many different disciplines, including medicine, where it is applied for patient monitoring, tailored treatment
plans, and diagnosis predictions [8]. Among medical fields, rehabilitation for stroke victims is one of the most exciting uses.
Particularly in the hands, stroke frequently causes decreased motor skills, greatly restricting a patient’s capacity to engage in
daily tasks [9]. Conventional rehabilitation techniques might not always produce the best results and might be resource-
intensive [49]. This emphasizes the need for creative ideas for patients that are non-invasive, reasonably priced, and more
interesting [44].

1.1. Value of Gesture Recognition for Rehabilitation

Technology for hand gesture recognition presents a revolutionary method of stroke rehabilitation [12]. Encouragement of
patients to use hand gestures to communicate with assistive technologies can help to create a more interesting and motivating
rehabilitation process [13]. Controlling smart home devices, interacting, and engaging in virtual reality settings designed for
rehabilitation activities [14], among other uses, can be made easier by gesture recognition. This improves stroke survivors’
quality of life and promotes independence, essential for psychological rehabilitation [41]. With recent computer vision and
machine learning developments, especially with MediaPipe, real-time hand gesture recognition is now possible [16]. Designed
by Google, MediaPipe is an open-source framework providing a complete pipeline for creating multimedia apps incorporating
hand tracking and pose estimation [17]. MediaPipe’s capacity to instantly identify hand landmarks offers a strong basis for
creating interactive systems capable of precisely and responsively interpreting patient motions [48].

1.2. Synopsis of MediaPipe

MediaPipe comprises pre-trained algorithms capable of tracking and identifying hand landmarks, generating 21 critical points
for every hand [19]. These sites let one fully grasp hand motions since they include the fingers, palm centre, and knuckles. The
framework's architecture offers hardware acceleration, improving its performance and efficiency and making it fit for real-time
applications [20]. MediaPipe’s versatility lets builders design tailored gesture detection systems that are fit for more general
rehabilitation initiatives [21]. Furthermore, MediaPipe’s simplicity of integration lets researchers and developers quickly
prototype and test new concepts, facilitating fast development cycles [22]. In the framework of stroke rehabilitation, where
patient needs might vary greatly and solutions must be flexible to fit various degrees of motor functioning impairment [23],
this is especially crucial.

1.3. Problems and Future Directions

Even though gesture recognition and machine learning hold great potential for stroke rehabilitation, some difficulties still exist
[24]. The variety of motions patients may need to do presents one major challenge, varying depending on personal ability and
inclination [25]. Maximizing the value of gesture recognition technology in rehabilitation depends on a system that can
precisely identify a broad spectrum of gestures and adjust to user-specific needs [26]. Furthermore, patient involvement is very
important for rehabilitation success. Thus, any gesture detection system must be accurate but also interesting and pleasant to
operate [28]. Including gamification, feedback systems, and personalization in the rehabilitation process can help patients to be
much more motivated and follow therapeutic recommendations [27]. Furthermore, how well current healthcare systems
incorporate machine learning models is considered [29]. Working with software developers, doctors, and healthcare managers
will help guarantee that the solutions are user-friendly, clinically appropriate, and in line with healthcare practices [30].

Ultimately, study and application have an interesting horizon at the junction of machine learning, gesture detection, and stroke
rehabilitation [45]. The suggested approach seeks to create a low-cost, non-invasive mechanism allowing stroke victims to
operate assistive devices via hand gestures, improving their rehabilitation experience [15]. This initiative aims to provide
insightful analysis and tools for enhancing the quality of life for stroke survivors by using deep learning methods and MediaPipe
frameworks. Expanding the gesture recognition capacities of the system, improving user involvement, and investigating the
integration of these technologies into more general rehabilitation frameworks will be the main priorities of the next work.
Maintaining the patient’s demands first in development will help us ensure our solutions are technologically advanced but also
useful and practical for end users.

2. Related Work

Superior deep-learning skeleton collection techniques have allowed researchers to extract skeleton points from the body more
recently than they could have using expensive gear like motion capture devices or depth cameras [50]. Scholars can gather
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RGB datasets and deduce 3D skeletons [4] or 3D skeleton [3] information using common cameras such as online, CCTV, or
mobile. Sometimes, the skeleton data is produced by other channels, such as WiFi signals [46]. Researchers are more interested
in creating skeleton-based action and hand gesture recognition systems due to this portable, less costly system and device,
which also helps generate large datasets connected to resources [11]. We can often discriminate between two separate portions
from the existing skeleton-based hand gesture recognition research effort. One can employ machine learning algorithms [47]
to extract new features from the skeleton sequence [42]. In order to improve temporal and spatial contextual information and
the generated feature and classification [3], the second kind is capable of designing and developing a deep neural network
model [9].

The viewpoint-invariant global motion characteristics are often found in the skeleton-based dataset, which is generally regarded
as a good representation [23]. Too little effectiveness in a feature is the primary flaw of research projects focused solely on
features. Without considering global motion characteristics, many other researchers concentrated on the perspective invariant
frame-based feature [43]. Zhang et al. [19] have suggested using the DD-Net CNN network in conjunction with global motion
and non-global motion variables to identify gestures [51]. Their model’s primary flaw is its lack of potential and duplicated
features, which result in subpar performance. To identify hand movements, several researchers employed 1D CNN, CNN [23],
RNN [28], and the Graph attention model [3]. Here, we suggest using a chosen skeleton point-based feature and attention-based
temporal feature extraction approach to increase the model’s performance accuracy while speeding up its speed.

Particularly for uses in rehabilitation, recent developments in deep learning and computer vision have greatly improved the
discipline of gesture detection. Particularly for stroke patients, who typically need customized rehabilitation solutions, several
research studies have investigated several approaches to increase the accuracy and efficiency of gesture-detecting systems. One
interesting method uses convolutional neural networks (CNNs) for gesture recognition. CNNs have been shown by several
studies to be rather good at identifying dynamic and stationary hand movements from pictures and video streams. For human-
computer interaction, Zhang et al. [19], for example, used CNN architecture to attain great accuracy in identifying gestures,
hence underlining the possibilities of deep learning in real-time applications [32]. In order to improve gesture categorization
from sequential video data, Ranjith et al. [33] also included a hybrid model combining CNNs and recurrent neural networks
(RNNs), therefore producing better results in recognition accuracy.

There is great interest in the use of gesture recognition in stroke recovery. Studies by Gnanaguru et al. [34] have concentrated
on developing interactive rehabilitation activities utilizing motion capture and gesture recognition technologies to improve
patient involvement and motivation. Their results imply that encouraging active engagement, including gesture-based
technologies in rehabilitation, will help stroke victims achieve better recovery results. Moreover, for real-time hand tracking
and gesture identification, the combination of frameworks such as MediaPipe has revolutionized the remarkable detecting
powers of MediaPipe and made it possible for scientists to create real-time, precise tracking of hand motion devices. For
instance, Gowthami and Priscila [35] investigated MediaPipe’s efficacy in giving patients real-time feedback during exercises
through hand gesture detection in rehabilitation settings. Their research highlights how responsive systems could inspire
patients and improve their rehabilitation experience [36].

Furthermore, gamification techniques have boosted patient adherence to rehabilitation guidelines and motivation. Chen et al.
[18] presented a gamified gesture recognition system that motivates stroke survivors to interact with rehabilitation activities
through interactive games, improving patient outcomes and therapy session adherence. This strategy is consistent with the idea
that improved rehabilitation experiences might result from user-friendly and interesting interfaces.

3. Dataset

Using eleven skeleton-based hand-gesture datasets, including SHREC’17 [15], DHGD [14], JHMBD [10], MSRA [3], ICVL,
NV Gesture, NYU, NTU, UCF-Kinetic, UTKinetic, Florence 3-D action [3] we assessed the model. These datasets are primarily
regarded as benchmarks for hand gesture recognition. Our goal was most closely resembled by the two datasets we selected.
Based on the following equations (1), we viewed the Skeleton dataset as a 3D dataset that may be represented.

D=(Q1, Q2,Q3, ..., Qn)’ (1)

Where D stands for the dataset sequence and Q;

Qj(t) = (X(1), Y (1),Z(1)) @

Qi=(Xi,Y, Zi) € B3, Vie 3)
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3.1. SHREC’17 Dataset

One of the best benchmark datasets for skeleton-based hand motions is SHREC’17 [15]. This collection has fourteen right-
hand gestures, finger configuration, and metadata. Two distinct approaches to class label setup were considered when recording
this dataset from 27 individuals using an Intel RealSense Camera [37]. They gathered 2800 video sequence datasets, with 20—
70 frames each. There are 22 skeletal points in each of the 32 frames from each film that we took into consideration for this
project. They use two methods, coarse gesture and fine gesture, to customize the class label setting. Both methods primarily
rely on finger spelling. The dataset’s 22 hand skeleton points are shown in Fig. 2.

3.2. DHGD Dataset

With 14 rig hand motions and finger spelling types, this freely accessible dataset employs a skeleton-based dynamic hand
gesture dataset [29]. This dataset contains 2800 films that were gathered from 20 different sources. Each of the 32 frames in
each film we examined in our study comprises 22 hand key points, including 3D coordinates [38]. Moreover, this dataset is
fine and coarse according to finger spelling. The dataset’s label setup also adhered to the coarse and fine methods. The dataset’s
22 essential points are displayed in Fig. 2.

3.3. JHMBD Dataset

The JHMBD (Joint Hand and Motion Body Dataset) is a complete skeleton-based hand gesture dataset designed to facilitate
the development and assessment of gesture recognition algorithms [39]. It captures thorough skeleton representations of hand
and body movements by including several hand gestures executed by several people. Joint locations and motion data are tagged
with every gesture in the collection, thereby enabling an in-depth study of hand movements' spatial and temporal dynamics
[40]. Particularly helpful for human-computer interaction, animation, and robotics, the JHMBD dataset attempts to close the
distance between hand and total body motions. The collection is a vital source of high-quality skeletal data for academics and
developers working on gesture detection and associated technologies.

3.4. MSRA Dataset

Designed to forward gesture detection and interpretation, the MSRA (Microsoft Research Asia) skeleton-based hand gesture
collection is a great tool. This dataset consists of a comprehensive collection of hand gestures carried out by several individuals,
each gesture shown by thorough skeletal data recording the positions of important joints in the hand and arm. The MSRA
dataset guarantees variation in both performance and context by including a wide spectrum of gestures, enabling the training
of strong machine-learning models from both sides. Every gesture is painstakingly documented and provides necessary data
for hand movement dynamics analysis. This dataset provides researchers with a strong basis for building and testing creative
gesture detection algorithms, benefiting human-computer interaction, virtual reality, and robotics applications.

3.5. ICVL Dataset

Comprising a complete collection intended to support hand gesture detection and analysis, the ICVL (Imperial College Visual
Computing Lab) skeleton-based hand gesture dataset is It consists of several participants doing a variety of hand gestures, each
of which is shown using thorough skeleton data that precisely positions and moves important joints in the hands and arms. The
dataset offers a strong basis for training and assessing machine learning models since it comprises several gestures in several
situations and illumination conditions. Every gesture is painstakingly documented with pertinent metadata so that academics
may investigate hand movement dynamics’ subtleties. Serving as a fundamental instrument for improving the discipline of
gesture recognition technology, the ICVL dataset is especially important for applications in human-computer interaction,
robotics, and sign language recognition.

3.6. NV Gesture Dataset

Designed to further studies in gesture identification and human-computer interaction, the skeleton-based hand gesture collection
NV Gesture consists of various hand motions carried out by participants, each shown using thorough skeleton data reflecting
the spatial locations of important joints in the hands and arms. Comprehensive analysis and model training are made possible
by the variety of gestures in the dataset across many settings and conditions. Every movement is labelled with joint information
and class labels, enabling the creation of strong machine-learning algorithms. Particularly useful for virtual reality, augmented
reality, and assistive technologies, the NV Gesture dataset gives researchers a strong basis to progress the state of the art in
gesture recognition systems.
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3.7. NYU Dataset

A prominent skeleton-based collection meant to support gesture detection and computer vision research is the NYU hand
gesture dataset. It captures thorough skeletal data that shows the locations of important joints in the hands and arms by featuring
a variety of hand movements executed by several individuals. The dataset offers a useful background for building strong
recognition models since it consists of many motions in many contexts and surroundings. Every gesture is painstakingly
documented with joint coordinates and labels so that researchers can precisely examine hand motions' dynamics and subtleties.
Applications in human-computer interaction, robotics, and augmented reality especially benefit from the NYU dataset, which
is also a necessary tool for expanding the knowledge and acceptance of hand gestures in real-time applications.

3.8. NTU Dataset

Comprising a complete resource meant to further human action detection and gesture analysis, the NTU (Nanyang
Technological University) skeleton-based hand gesture collection consists of a varied set of hand movements executed by
several people, recorded with meticulous skeletal data tracking of important hand and body joints. Robust model training and
evaluation are made possible by the large range of gestures in the dataset in many contexts and configurations. Every gesture
is exactly marked with joint coordinates and action labels, allowing scientists to investigate hand motion spatial and temporal
dynamics. The development of sophisticated gesture recognition systems depends on the NTU dataset since it is especially
useful for human-computer interaction, robotics, and sign language recognition applications.

3.9. UCF-Kinetic Dataset

Designed to support study in gesture identification and motion analysis, the UCF-Kinetic dataset is a specific skeleton-based
hand gesture dataset. It consists of a great range of hand movements executed by several people, each shown by comprehensive
skeletal data capturing the positions of important joints in the hands and arms. The dataset offers a rich background for building
strong machine-learning models since it comprises many motions in many contexts. Every gesture is painstakingly documented
with joint coordinates and action labels so that the dynamics and subtleties of hand motions may be closely examined.
Particularly useful for applications in human-computer interaction, sports analytics, and virtual reality, UCF-Kinetic is a vital
tool for developing the area of gesture detection and thereby facilitating the creation of more interactive and intuitive systems.

3.10. UTKinetic Dataset

Comprising a complete skeleton-based hand gesture dataset used to improve studies in gesture detection and human motion
analysis, the UTKinetic dataset shows a great range of hand movements carried out by several participants, recorded with
meticulous skeletal data tracking of important hand and upper body joints. The dataset lets one explore gesture dynamics and
interactions extensively by including a variety of motions in several contexts. Every movement is meticulously labelled with
joint coordinates and action labels so that researchers may create and assess strong machine-learning models. Applications in
human-computer interaction, robotics, and virtual reality especially benefit from UTKinetic, which is also a necessary tool for
enhancing user involvement in interactive applications, thereby augmenting gesture detection systems' capabilities.

3.11. Florence 3-D Action Dataset

Aiming to further research in movement detection and gesture analysis, the comprehensive skeleton-based hand gesture
collection Florence 3-D movement consists of a wide spectrum of motions carried out by several people, each shown by
thorough skeletal data capturing the positions of important joints in the body and hands. The dataset offers important new
perspectives on human motion dynamics by including several gestures and motions in three-dimensional space. Every motion
is painstakingly documented with joint coordinates and action labels so that researchers may examine the subtleties of hand
gestures in connection to complete-body movements. Particularly helpful for human-computer interaction, animation, and
robotics applications, the Florence 3-D Action dataset is a vital tool for creating advanced gesture detection systems and
enhancing knowledge of intricate human motions.

4. Proposed Methodology

In the proposed system, there may be numerous steps for hand gesture detection and recognition utilizing deep learning of
MediaPipe. Hand gesture photos would first be gathered, labelled, and preprocessed into a dataset. Resizing, normalization,
and augmentation are a few preprocessing techniques that could increase the dataset’s quality and diversity. The choice of a
MediaPipe architecture would then be made based on the conditions and limitations of the application. For instance, a
lightweight MediaPipe architecture could be selected if the system is meant to be used on mobile devices. Alternatively, a
MediaPipe architecture could be selected if the system is designed for high accuracy. The proposed system may have numerous
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hand gesture detection and recognition steps utilizing MediaPipe and OpenCV. Hand gesture photos would first be gathered,
labelled, and preprocessed into a dataset. Resizing, normalization, and augmentation are a few preprocessing techniques that
could increase the dataset’s quality and diversity.
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Figure 1: Proposed Working Flow Architecture [67]

4.1. Feature Extraction

Feature extraction is building informative features from a given dataset, enabling the subsequent learning and generalization
steps in various machine learning domains. It converts raw data into numerical features that can be processed while maintaining
the information in the original data set.

Selected Joint-Coordinate Distance (SJCD): We are considering the hand’s tip and palm points to compute the distance and
angle characteristics. For further clarification, each of the 32 frames of a movie may be characterized as a T, with N joints per
frame in this example, N=22 in each frame. 3D coordinates for a certain frame.

V4
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Figure 2: Selected Joint-Coordinate Distance (SJICD)

Here IIW’II (j # ) represents the distance between J7 4)
i 6 2 j

Because of the selection process, the final feature vector of the SJICD is formed as a dimension vector, which has a modest size.
Equation 1 was used to determine the distance feature. We obtained the nine distances in the first raw by demonstrating the
distance between each point and the palm or centre of the hand. After that, we determined the separation between each joint
and every other point.

Global motion scales can differ throughout gestures, but they can also differ inside a single move. The temporal difference can

have a quicker or slower scale [12]. Therefore, studying the global motion characteristics of slower and faster motion can be
more beneficial. Here, we addressed both to address this problem, T.
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Figure 4: Temporal Context Enhancing CNN Module

The dynamic character of joint positions makes hand movements in stroke therapy difficult [51]. The individual gesture will
affect the joint locations, which can vary greatly and provide difficulty in precisely identifying and characterizing these motions
[52]. Although this is not always the case, particularly in rehabilitation situations where patients may have different degrees of
mobility and coordination, traditional deep learning designs sometimes presume that all joints are connected [53]. We
considered the dynamic interdependencies among joint locations [54]. We used a Spatial Convolutional Neural Network (CNN)
model meant to improve the frame-wise representation of hand motions to address these problems efficiently [55]. The
architecture is designed to automatically find correlations among joints through convolutional layers, allowing the model to fit

individual patient variances [56].

Preparing and Augmenting Data: We extensively pre-processed our input data to guarantee its quality and consistency before
model training. To improve the variety of the training set, this included standardizing the joint coordinates and using rotation,
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scaling, and flipping [57]. This augmentation is essential in rehabilitation environments since it enables the model to generalize
more over several patient motions and compensatory techniques. Skeleton Representation & Noise Reduction: Noise, which
can come from several sources, including differences in camera quality and lighting conditions, presents a major obstacle in
gesture detection [58]. Our Spatial-CNN uses a skeleton-based representation of hand motions, which emphasizes the relative
positions of joints instead of the raw pixel data from images, to help reduce these problems [59]. The model may efficiently
lower noise by leveraging skeletal data while preserving important characteristics required for precise gesture classification
[60]. Derived from the skeleton model, the final feature vector catches the spatial interactions among joints, enabling a strong
description of gestures. Mathematically, we represent the concatenation of features over several frames as follows:

Feature Vector=Joint;@PJoint,P...PJointy @)
Where @ represents the concatenation operation, and N represents the total number of joints considered.

Attention Mechanism-Based Temporal Feature Learning: We proposed an attention strategy to learn the temporal aspects
inherent in gesture sequences following building the spatial feature representation [61]. Attention processes let the model
concentrate on particular joints and time steps, most likely to enable the recognition of a gesture. This is especially helpful in
stroke therapy since patients’ gestures’ execution could differ in speed and fluidity [62]. Including attention in our model raises
the interpretability and increases the recognition accuracy. Therapists can learn which elements of a patient’s gesture
performance could call for more attention during rehabilitation by examining the attention weights given to various joints and
frames [63].

Model Assessment and Training: The model was trained on a large collection, including several hand movements by stroke
victims. To reduce the loss function during training, we combined cross-entropy loss with an optimizer such as Adam [64]. We
used k-fold cross-valuation to validate our method, guaranteeing that our model's performance was strong throughout several
data subsets [65]. We assessed the model’s performance using conventional criteria like accuracy, precision, recall, and F1-
score. These measures give a whole picture of the accuracy with which the model can classify gestures and their dependability
in a clinical environment [66]. Implementation for Real-Time Gesture Identification: Our model is included in an application
allowing real-time gesture recognition once trained and certified. Stroke sufferers can use this program as a user-friendly
interface to operate assistive tools with hand gestures. The system uses a trained Spatial-CNN model to read motions and
camera input to gather joint data instantly.

Customer Comments and Ongoing Enhancement: The iterative development of the system depends on user feedback,
including that of stroke victims and rehabilitation experts. We intend to extend the repertoire of gestures the system
acknowledges by including user feedback systems to improve gesture recognition. We can improve the adaptability and
efficiency of the model in assisting stroke recovery by always updating it with fresh data acquired from actual interactions. Our
suggested approach emphasizes using cutting-edge deep learning methods, especially a spatial CNN paired with attention
mechanisms, to improve hand gesture recognition for stroke recovery. We want to create a low-cost, efficient, non-invasive
instrument that can greatly help stroke patient’s rehabilitation by tackling the difficulties of dynamic joint placements and noise
reduction using skeleton representations. This paper stresses the need for user-centred design in creating assistive technology
and the possibilities of deep learning technologies in healthcare.

4.3. Multi-Head Attention Architecture

The query, key, and value of the input feature are the three completely linked layers utilized in tandem to generate the
corresponding mapping information value. Moreover, represents the weight matrix of these mappings.
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Figure S: Proposed Attention Module [67]
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Each stage operation is shown in detail in Fig. 5, where the dot product is operated using a query and key, followed by applying
an activation function. Creating a value matrix and multiplying it by the attention map [3];[10];[28];[30];[31]. U represent the
scale dot product between the query and key matrix, the inner matrix is indicated by (., ), and the dimension of the key vector
is represented by d. The four output matrices were created similarly, and after concatenating the four features, we obtained the
final feature. We propose a Multi-Head Attention design, as shown in Fig. 5. Effective capture of the complicated interactions
among several joints during hand motion identification depends on this design. Especially in stroke rehabilitation, we may
greatly increase the model’s capacity to detect little variations in gestures by boosting the conventional attention mechanisms.

Multi-Head Attention’s Conceptual Framework: The three basic components, the query, key, and value vectors, form the
basis of the Multi-Head Attention method. We approach our concatenated feature vector as the first input feature for the attention
model for every joint. Every head in the attention model independently analyzes these inputs to acquire unique representations,
enabling the network to capture various facets of the input information.

Key, Query, and Value Computation: The three different representations, the query (Q), the key (K), and the value (V), are
produced from the input feature. Whole connected layers help to accomplish these changes. Understanding how the position of
one joint relates to the others during gesture execution depends on the interactions between several vectors.

Attractive Dot-Product Attention: Calculating the scaled dot-product attention, described numerically as follows, is the core
of the attention mechanism:

_ . QK
Attention(@, K, V) — softmax ( v 2 ) 1%

A o Iz

®)

Here, the softmax function normalizes the scores to guarantee they are total to one, enabling us to understand them as
probabilities. d is the dimension of the key vector.

Attention Weight Calculation: The dot product of the query and key vectors produces attention scores emphasizing the
relevance of each joint’s attributes about the others. This helps one to know which joints, most importantly, support a given
gesture.

Generation of Output: Every head’s output is formed from the weighted sum of the value vectors. Based on previous
computed attention scores, this output catches the pertinent aspects. Concatenating the outputs from every head and then
running a linear transformation yields the multi-head attention layer’s final output. We use skip connections to concatenate the
output of the attention model with the original feature input, hence strengthening the resilience of our model. This method
stabilizes the learning process in addition to helping possibly lost data during attention processing be recovered. Retaining the
original characteristics helps the model to learn the fundamental data from the input, and the subtle changes caught my attention.

Model Development and Instruction: The architecture integrates the Spatial-CNN mentioned with the Multi-Head Attention.
Every attention layer inputs into a sequence of convolutional layers, which further handles the characteristics to identify the
motions properly. The training approach aims to maximize a loss function that strikes a compromise between the computing
efficiency needed for real-time applications and gesture recognition’s accuracy.

Preparing a Dataset: To guarantee a broad range of motion and variety in execution speed, we compiled various hand motions
executed by stroke patients. This dataset was extended to incorporate several environmental situations, strengthening the
model's resilience.

Training Strategy: Using labelled data to reduce classification mistakes, the model was trained by combining many supervised
learning methods. Given the model’s complexity, we used early halting and dropout strategies to prevent overfitting.

Evaluation Tools: We used several criteria, including accuracy, precision, recall, and F1-score, to evaluate the success of our
method. These measures revealed how well the model identified motions, especially for patients with different degrees of
ability.

User Interface and Real-Time Implementation: The real-time application for stroke sufferers after training included the
model. This useful tool for rehabilitation lets people operate assistive gadgets with hand gestures, therefore enabling control.
Designed with accessibility in mind to serve people with perhaps restricted mobility or technological experience, the user
interface is simple.
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User Interaction: The program gathers video input constantly, runs it through the trained model, and converts identified
movements into commands for the assistive tool. Users can witness the identified gesture and inspire participation using real-
time feedback.

Continuous Learning: We created a feedback loop whereby users could comment on the accuracy of gesture detection,
enhancing the model. Retraining and model fine-tuning will employ this information to guarantee the model adjusts to personal
user needs and tastes.

Development of Gesture Recognition: The present approach emphasizes certain movements. Future research will broaden
this repertory to incorporate more complicated movements, enabling a greater spectrum of interactions with assistive
technologies.

Customization: Individual user customizing of the model could greatly increase accuracy. Among other methods, transfer
learning might help modify the model depending on user-specific input.

Integration with Alternative Rehabilitation Strategies: Future system versions could interact with various rehabilitation
modalities, such as gamified workouts or virtual reality, to improve patient involvement and recovery results. Finally,
combining spatial-CNN characteristics with Multi-Head Attention architecture offers a strong basis for hand motion recognition
in stroke rehabilitation. This method solves the complexity of combined interactions and improves system adaptability and
efficiency. Our approach seeks to empower stroke victims by providing a non-invasive, effective tool for interacting with
assistive equipment, aiding their recovery path.

4.4. Classification Module

Following the Multi-Head Attention network’s generation of temporal features, we proceed to the classification module, which
is essential in assuring correct gesture classification and improving the final feature representation. The module for
categorization is meant to convert the output of the attention mechanism into definite class labels corresponding with certain
hand gestures.
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Figure 6: Classification Module

4.5. Structure of the Classification Module
As Fig. 6 shows, the classification module consists of several key components:

Temporal Feature Refinement: The categorization module receives temporal characteristics generated by the attention
network. We use an average filter to guarantee these features are ready for classification. By helping to smooth out the temporal
noise and fluctuations resulting from different gesture executions, this filter offers a more constant representation for
classification.

CNN Layers (Convolutional Neural Network): The foundation of the classification module consists of a sequence of
convolutional layers. Different spatial hierarchies and patterns in the feature maps are captured by variable filter sizes built into
these layers. Several convolutional layers let the machine learn even more intricate hand gesture representations. Usually, ReLU
(Rectified Linear Unit), an activation function, follows each convolutional layer to provide non-linearity in the model. This is
crucial to let the network learn intricate mappings from the input features to the output classes.
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Pooling Layers: Pooling layers, especially max pooling or average pooling, are scattered amongst the coevolutionary layers.
Downsampling the feature maps depends on these layers, lowering the dimensionality and computational load while preserving
the most salient characteristics. Applying pooling will help us concentrate on the most important features of the gesture data,
facilitating more effective classification.

Completely Connected Layer: The output is flattened and processed through one or more fully connected layers following
the series of convolutional and pooling layers. These layers do the last categorization and further combine the learnt
characteristics. Designed with a softmax activation function, the last fully connected layer generates probability matching to
every gesture type.

Loss Function and Optimization: Usually employing a suitable loss function, typically categorical cross-entropy, which
measures the discrepancy between the predicted probability and the actual class labels, the classification module is trained.
Based on the computed loss during backpropagation, an optimizer such as Adam or SGD (Stochastic Gradient Descent) is used
to modify the network’s weights.

Integration with the Attention Mechanism: Improving the model's performance depends mostly on integrating the Multi-
Head Attention method with the classification module. While the classification module reduces this data into useful insights,
the attention layer helps the model concentrate on the most relevant joints and frames. In stroke rehabilitation, where exact
gesture recognition can greatly affect the efficacy of assistive equipment, this synergy is especially crucial.

4.6. Training the Classification Module

Dataset Preparation: Stroke patient’s range of hand gestures makes up the training ground for the categorization module. This
dataset is painstakingly annotated to guarantee that every gesture matches a given class. We use data augmentation methods
like rotation, translation, and scaling to replicate real-world variances in gesture execution, strengthening the model.

Training Procedure: Through iteratively changing its parameters, the model learns to reduce the loss function throughout the
training phase. We stabilize and speed up the training process using batch normalization, among other methods. Dropout layers
can also be included to reduce overfitting and guarantee that the model generalizes to unprocessed input.

Test and Validation: We use a hold-out validation technique whereby a subset of the data is set aside to assess the model's
performance during training. We compute accuracy, precision, recall, and F1-score metrics to evaluate gesture classification
performance. Validation results help to fine-tune the model to maximize performance.

Real-Time Gesture Recognition Implementation: The categorization module is included in a real-time gesture recognition
system once the training procedure is over. This system processes video frames to identify and classify hand motions on
demand, so it functions well with the input from a camera or depth sensor.

User Interaction: Stroke patients use the system by making specific motions recorded in real-time. These gestures are handled
by the categorization module, which also offers instantaneous visual or aural feedback. The engagement of patients in their
rehabilitation activities depends on this interactive feedback loop.

Assistive Device Control: The identified gestures correspond to particular commands used to operate assistive tools. For
instance, a “grab” gesture might be connected to turning on a robotic arm, while a “swipe” motion might be used to negotiate
a user interface. A responsive user experience depends on this mapping.

Ongoing Learning and Improvement: We introduce a continuous learning framework to improve the model's adaptability.
User comments help to pinpoint any misclassifications or difficulties they have. Retraining and model refinement depend much
on this feedback, which guarantees that the model develops in line with user preferences and demands.

Gesture Expansion: Future versions of the classification module will seek to increase the gesture library to include more
sophisticated gestures. Capture finer features in hand motions, and this will entail gathering more data and maybe including
more sophisticated modelling approaches.

User-Centric Customization: Customizing on a personal level will be investigated to let the system fit particular consumers.

Using transfer learning methods allows the model to be adjusted depending on a user's particular gesture patterns, enhancing
accuracy and user satisfaction.
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Integration with Multiple Modalities: We will look into combining our gesture detection technology with various therapeutic
approaches, such as augmented reality or virtual reality. Such integration might improve patient involvement and help
rehabilitation activities to be more fun and efficient. In essence, we concluded that the crucially important part of our proposed
system is the classification module, which converts Multi-Head Attention network temporal data into useful insights for gesture
detection. We seck great accuracy in identifying hand motions essential for stroke rehabilitation using convolutional layers,
pooling techniques, and fully connected networks. This approach solves the technical problems of gesture detection and
underlines the need for user involvement and adaptability in creating assistive devices for stroke patients.

5. Experimental Evaluation

The MediaPipe framework was trained with two classifiers, namely model 0 and model 1. Classifier 1 has produced the highest
accuracy of 94 percent.

Figure 7: Performance Accuracy with Shrec’17 Dataset

Summary of Experimental Evaluation: We investigated real-time hand gesture detection for stroke rehabilitation using the
MediaPipe framework and two classifiers, Model 0 and Model 1. Model 1 produced the best performance with a noteworthy
94% accuracy rate. Emphasizing performance measures across two separate datasets, the DHGD dataset and the SHREC’17
dataset, this part offers a comprehensive summary of our experimental evaluations.

5.1. Performance Evaluation with DHGD Dataset

We benchmarked our model against many current state-of-the-art techniques using a thorough evaluation leveraging the DHGD
dataset. Figure 7 summarizes the data; using our suggested model, the accuracy is 92.21%. This outcome is a major development
above many previous models.

Comparative Performance: Different models revealed different accuracy rates; many used skeletal and depth data and
obtained an average performance of roughly 8.00%. Other approaches using joint similarities struggled to identify hand motions
in real time properly and obtained a maximum accuracy of 83.35%.

Models Using RNNs: A small improvement was shown by some models using RNNs, reaching up to 84.68% correctness. Still,
the performance of our suggested model exceeds these numbers, suggesting a more efficient recognition method.

High-Performing Models: While the Hif3d model virtually followed with 90.48%, the DG-STA model achieved 91.00%
accuracy. Emphasizing the need for our model’s exceptional accuracy, these findings show the competitive scene of gesture
recognition systems. Our results imply that, especially for applications aiming at stroke rehabilitation, integrating advanced
deep learning methods and the MediaPipe architecture greatly improves the accuracy of hand gesture recognition.

5.2. Performance Evaluation with SHREC’17 Dataset

We tested our model using the SHREC’17 dataset to confirm its resilience further and summarizes the outcomes and shows
how our model performs very well, with an accuracy rate of 95.00%. This success emphasizes how well our method performs
in several scenarios of gesture recognition.
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Benchmarking Against Other Models: Our suggested approach differs from other models. The DG-STA model reported
94.40%; the STA-RES-TCN model attained an accuracy of 93.60%. Furthermore, as observed by Jiang et al., performance
accuracy was 94.60%. These comparisons highlight how well our method beats current technology.

Significance of Results: Our model’s high accuracy in both datasets shows its possible use in practical rehabilitation
environments. The improved accuracy helps ensure more consistent interactions between stroke patients and assistive
equipment, enhancing patient involvement and rehabilitation results.

6. Conclusion

MediaPipe and OpenCV, taken together, provide a potent hand gesture recognition solution with real-time detection and
tracking of hand motions. This technology gives developers the tools and frameworks to include hand gesture detection features
in their products. MediaPipe and OpenCV offer a strong framework for creating hand gesture recognition apps; this technology
can transform human-computer interaction and enable consumers with fresh approaches to connect with digital systems. The
experimental evaluation validates that our suggested gesture recognition model performs better than current state-of-the-art
models. The outstanding accuracy measures achieved in the DHGD and SHREC’17 datasets emphasize the possibility of our
method to enhance stroke rehabilitation procedures. We have created a solution that not only satisfies real-time gesture
recognition but also tackles the particular difficulties experienced by stroke survivors by using deep learning approaches and
MediaPipe framework features.

Deep learning, especially MediaPipe with OpenCV, showcases great promise for improving hand gesture detection in stroke
therapy. We want to empower stroke victims by using a low-cost, non-invasive solution so they may communicate with assistive
gadgets using natural hand motions. The great accuracy attained in our classification models underlines the efficiency of our
suggested approach, which combines a strong attention-based architecture with sophisticated feature extraction methods.
Expanding the gesture detection capabilities to fit a wider variety of motions and improving user engagement through gamified
interfaces will be essential as we look ahead to allow for these developments, which will not only enhance the rehabilitation
process but also enable stroke survivors more freedom. Our results imply that including these technologies in current healthcare
systems might help to enable a more customized and successful rehabilitation procedure. Realizing the full possibilities of this
creative approach in stroke recovery will depend on ongoing research and cooperation between technologists and healthcare
professionals, enhancing the quality of life for patients and opening the path for more easily available rehabilitation solutions.
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