
  

 
 
 

A TOOLSET FOR PHYSICAL INTERACTION IN AUGMENTED REALITY 
ENVIRONMENTS 

 
 

by 
 
 

ILIAS LOGOTHETIS 
 
 
 
 
 

A THESIS 
 
 

submitted in partial fulfillment of the requirements for the degree 
 

MASTER OF SCIENCE 
 
 
 
 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 
 

SCHOOL OF ENGINEERING 
 

HELLENIC MEDITERRANEAN UNIVERSITY 
 
 

2021 
 

Approved by: 
 

Dr. Papadourakis George 
  



  

Abstract 

Augmented reality nowadays is constantly expanding, and its applications become widely known. 

This technology combines the real world with the virtual, allowing virtual content to be placed on 

top of the real world in real time, enhancing or even altering the real world. As this technology 

evolves, new methods of interaction are currently researched to provide a better and more organic 

behavior in such environments. One of these methods is the ability to track and identify the pose 

of the hands of the user in the environment. Using such techniques allows to simulate the hand 

behavior which describes the interaction with real objects into the virtual world. As the research 

on these technologies progresses, tools are required to provide the means for building applications 

taking advantage of such technologies. Most of these of tools are targeted towards a specific device 

or method and therefore cannot work if those are changed. Another limitation of these tools is that 

it is hard to expand their functionality if it is required. In this master thesis a toolset is developed 

to enable the interaction between the physical hand and virtual objects in augmented reality 

environments using the Unity game engine. This toolset provides basic functionalities of 

interactions and it is made in such a way that allows for the developers to expand the capabilities 

and the range of interactions as they see fit. Furthermore, the toolset has the ability to adapt to 

different technologies for hand tracking, making it more flexible on what methods will be used 

each time. It is also important to mention that given the technology is always moving forward, the 

ability to continuous integrate the latest methods into this toolset is a significant feature. The 

resulting toolset enables the development of applications using the aforementioned technologies 

with a few basic steps. 
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Chapter 1 - Introduction 

Augmented reality is a technology vastly growing nowadays. It is a fascinating technology 

as it allows for such possibilities that years before people believed was only applied on science 

fiction movies. Some of those possibilities are the ability to display information on top of real-

world objects, or 3D representations of objects with the ability to be processed in real-time [1]–

[4]. The appliance on mobile phones has helped on the growth of this technology as many 

applications were introduced to users and new possibilities for companies to get advantage on.   

The advantage that the mobile phones have on augmented reality applications are that they 

are not bound on external hardware and are a device that every person owns. The only requirement 

from a mobile phone to be able to run augmented reality applications are a camera. There can be 

a depth camera to provide the maximum capabilities that augmented reality can offer, or a simple 

camera that can also display limited information on screen in a similar way.  

Not limited on mobile phones, augmented reality is a technology available in a variety of 

devices such as computers using a web camera, head mounted devices and more. Those devices 

have their own advancements in augmented reality as well. An example of such advancements 

constitutes the Microsoft HoloLens [5] that is a head mounted device, that allows the users to 

augment their environment with variety of virtual components as to control the light switches in 

the house or display the temperature. 

Although the technology in augmented reality is improving rapidly, the focus leans towards 

advancements on technologies to track the environment, a better understanding of depth and light 

factors. Focus as well has been put on the display of such environments on the devices screen in 

addition on the way that the augmentations such as virtual objects will be displayed on top of the 

captured image, and how those objects will affect the displayed environment and vice versa. With 

the focus on display and tracking the interaction in such environments is neglected.  

The interaction between user and virtual objects is a complicated topic leaving this task on 

the usual ways of interaction between human and a digital device (touchscreen, mouse, keyboard, 

controllers, etc.) that also are studied to provide a better experience[6]–[8]. There is a need to 

provide new ways of interaction in augmented and virtual reality that will allow a more natural 

interaction between the user and the environment. Such ways of interaction could be by using the 

user’s hand as on the physical environment. Also, external wearables can be invoked such as a 
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glove that can contain sensors and actuators that will allow for haptic feedback and provide a 

complete experience to the user. 

Research has been made for better ways of interaction in augmented reality environments 

allowing the users to interact using their hands [9], [10]. This way of interaction is the best for the 

user as it is the most natural way of interaction that humans are used to, interacting with objects 

with their hands. Hands is a complicated mechanism that allows for many flexible and precise 

movements, that renders it difficult to be adapted and transferred on a virtual scene. There are 

many studies that tries to precisely track the hand and extract the pose of it and on the later years 

the results are extremely positive.  

Still, despite the accurate results there are limitations on the usage of these techniques, as 

most of them are computational heavy or require the invocation of special sensors. Mobile devices 

do not possess that powerful hardware to handle the processing of such techniques in real-time 

effectively at present time. In the near future the hardware on mobile devices has the potential to 

reach the computational power required to run such techniques in real-time, so in the next few 

years the execution of such techniques in real-time should be a standard.  

Until the upgrade of hardware on devices, other methods have been invoked for the hand 

tracking task. One famous method is to build a web service that will be hosted on a powerful 

enough machine to handle the computational heavy processes. In this way mobile devices would 

be able to connect to this service and use it to process the data required and send back the results 

to be utilized. The drawback of such methods is the requirement of an internet connection and in 

most cases a good one, as the streaming of video is not a light process for the internet connection. 

  

 1.1 Augmented reality applications 
 Augmented reality has appliances to a variety of fields as it has present potential to solve 

some big problems and facilitate many  functionalities. Next, will be described some of the fields 

that augmented reality is applied and has contribute on the evolution of each field [11]. 

• Medicine & Healthcare 

The possibilities on medical applications are many. It has been suggested from 

universities that the students learn topics such as anatomy using augmented reality headsets 

so that they will be able to interact with a 3D model of the human body. It will allow doctors 
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to study the patients in a holographic view acquiring data from CT, MRI and ultrasound 

[11], [12]. One more use could be the assistance on doctors with providing all the needed 

data when performing a surgery so that doctors will not have to turn around to access those 

data from other machines. An extra functionality of augmented reality systems is the ability 

to integrate haptic devices so that will allow doctors and surgeons to have feedback such 

as feeling a tumor without the need to perform an open surgery [13]. 

• Retail & Marketing 

In the field of marketing augmented reality has possibly the most uses from every 

other field. That is because companies have found a way to be presenting their products in 

3D and in real-world and all that from the display screen of a device. This allows customers 

to have a precise understanding of how the product looks in real-world. Augmented reality 

also provides the opportunity for the customers to “try on” the product they are interested 

in before they purchase it [14]. Many companies have adapted this model of advertisement 

and promotion of their products as customers have started to ask to use augmented reality 

when they shop. This is observed mainly on the furniture market, that the customers want 

to check how the furniture looks in their place. 

• Construction & Maintenance 

On construction and maintenance field augmented reality has to offer also great 

visualization techniques allowing plans and facilities to be visualized in a real-world place 

[15]. It also allows for representations of underground constructions and help with the 

planning and further development. Another great way that augmented reality is used in this 

field is using glasses or some other device that provide assistance on workers on repairing 

a damage or on maintenance of a system, providing extra information about the system 

such as where the damage is, what procedure should be followed for a successful result etc. 

Designers can easily have their models on real world and be able to have it next to their 

workstation machines so every design change can be visualized in 3D and not on a 

computer screen. This ability to have always a model representing the final product to 

inspect is a great asset on the creative process. 

• Travel & Navigation 

The ability to navigate on a different place in the world using an application is mind 

blowing. Travel agencies taking advantage on augmented reality to present places from 
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locations around the world to their customers before they book a ticket to visit the actual 

destination. Except of that, when traveling augmented reality can provide nice interfaces 

that will be used as tourist guides providing information about the visiting places [16]. This 

can be achieved using the GPS of the smart phone that it constitutes a basic device of daily 

use. Augmented reality applications can be used on cars to provide additional information 

about the real-world locations such as nearby gas stations guide directions for a place and 

more. Augmented reality is used also on route-optimization showing for example the 

shortest route to locate and reach items stored on a warehouse. 

• Entertainment 

Many of the classic board games have started to be developed on augmented reality 

such as Monopoly. Books also that incorporate animated images and sound can create a 

deeper bond between the reader and the characters in the book [17]. Video games also 

making substantial progress using augmented reality creating content that can interact with 

real-world objects. Also, through mobile devices it is possible to control drones which are 

equipped with a camera, that enables augmented reality games to be created like avoiding 

obstacles appearing on the screen etc. 

• Education 

On education augmented reality promises many of beneficial activities and 

functionalities for teaching  [18], [19]. It can offer the ability to simulate real-world 

environments and situations that it would be hard for students to experience otherwise  [20], 

that alone consist an extra motivation for students to explore [21]. The collaboration 

between students and instructors can be increased [22] as well as the imagination and 

creativity of students for the subject [23]. Studies have been conducted on many fields that 

uses AR applications related to education. Such fields are on medical applications [24], on 

mechanical engineering [25], architecture [26] and more [27][28].  

A great application on education is the augmented reality Books that allows for 

interactive experiences with the students helping to make the subject of study more 

appealing. Another way to apply augmented reality on education is through games as a 

large of educators using video games to assist on the teaching of a subject. This way makes 

easier for students to understand the concepts of the class as allows teachers to better show 

and explain the subject. Using mobile devices enables the interactions with virtual objects 
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placed on real world on specific locations that players will be able to interact when they 

are within reach.  

Other ways to utilize augmented reality is by making virtual scavenger hunts that 

encourage students to search and find clues on an area assigned by the educator. This 

application is great for educators as they can prepare content for a place that a field trip 

will take place, in this way student education will become more interactive and interesting. 

Augmented reality applications could become a basic tool for students to build skills on a 

topic, as many scenarios can be simulated on an augmented environment that will give the 

opportunity to the learner to practice skills on a topic, providing on the same time 

instructions on how to perform the tasks in the right way. The ability to simulate tasks and 

guide through solution even if haptic feedback will not be possible is a great opportunity 

to enhance muscle memory for specific tasks. Such skill building techniques could be of 

great use on mechanics, engineers, architects.  

 

 1.2 Objective 
Many frameworks that are addressed in augmented reality does not provide a means for 

interaction in such environments or focuses only on the interaction. In both cases, it is hard to 

expand the functionality of such frameworks if needed, having to wait for an update. Also, it is 

commonly hard to use a set of the functionalities provided by a framework combined with a 

different one, and in this case, it will result on almost writing a completely new framework. 

In this thesis a toolset developed for the Unity game engine will be presented, that supports 

physical hand interaction with virtual objects in an augmented reality environment. This toolset 

aims to facilitate the production of augmented reality applications with physical hand interaction 

providing tools for the developers to use for this purpose. Developers can also expand the 

functionality of those tools in a clean and easy way, creating their own behavior of a tool by 

extending its basic interface. The hand tracking functionality is implemented as a different 

component of the toolset as it would had limited the options for the hand tracking techniques and 

the ability of the user to choose between those techniques.  

This toolset has been created with the concept to provide basic tools, that can be used 

together to create an augmented reality application with basic interaction fast. Also, the toolset 

will be open for expansion and able to be used in single units with other available tools and 
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frameworks. The provided tools of this toolset for Unity game engine are the following: 

communication with the external part for the hand tracking, hand visualization on the augmented 

environment, ways to retrieve each finger or part of the finger of the recognized hand. It also offers 

a number of predefined gestures such as grab, point and more. Also, there is an implementation of 

actions that describes what the virtual objects will do upon interaction. Actions mostly serve as a 

guide for the developers to code their own actions that will correspond to the needs of their 

application. The interaction between the hand and the virtual objects is performed by ray casting, 

as it is a lightweight method to identify intersecting objects, so it does not affect performance, 

while it allows to reach the goals that are primarily this toolset is focused. 

The hand tracking part of the toolset acts as a standalone application that can be installed 

on a mobile device or run as a web service. It is written in python as most of the hand tracking 

open-source projects use python as their programming language. It provides a module that receives 

the images from the mobile device, then the images are processed and then it passes through the 

hand tracking algorithms. Those algorithms constitute a separate module that can be changed at 

any time. The reason for this is to offer the opportunity for experimentation with new algorithms 

in a way that will not break the application, or the necessity for the development of a new one will 

occur.  

 

 1.3 Outline 
The thesis is structured as follows: In Chapter 2 the background of the literature for the 

corresponding technologies is outlined. In Chapter 3 an overview of state of the art of hand 

interaction in augmented reality is reported. In Chapter 4 the design and the main goals of the 

toolset is described. In Chapter 5 the implementation of the toolset is explained. In Chapter 6 the 

results of this thesis are addressed. In Chapter7 conclusions, the final thoughts and directions for 

future work are reflected. 
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Chapter 2 - Literature review 

 2.1 Augmented Reality 

Augmented reality can be defined as a technology that enhances the real world with virtual 

information [29]. This information can be images, sounds, 3D virtual objects and more. An 

Augmented reality system as stated [30] should provide the following characteristics: 1) combine 

real and virtual imagery, 2) be interactive in real-time, 3) register the virtual imagery with the real 

world in 3 dimensions. The above statements are extracted from previous works [1]–[4]. 

Augmented reality has mostly adapted for visual augmentations, but it is not limited to the vision 

sense. Augmented reality can be applied to other senses as well, like hearing or touching [31]. 

A key feature of Augmented reality is the ability of feature tracking in the environment. 

This feature is important because based on this tracking ability of the environment, virtual objects 

can be placed in the real world [29].  Tracking has been separated into three categories [32]–[34] 

as listed ahead: 

• Sensor-based tracking 
            This approach is based on the usage of sensors for tracking and localization. 

The core advantage of these techniques is that offer high processing speed, but they 

require plenteous calibration and matching. The types of sensors commonly used 

are the following: 

o Optical tracking 
It is a technique that utilizes at least two cameras placed to an 

environment with known dimensions and can track many objects 

simultaneously [35]. 

o Magnetic tracking 
Magnetic tracking is used in augmented reality by incorporating a 

transmitter and a receiver. The transmitter acts as the origin point and the 

receiver is placed to the viewer. A coordinate system can be defined for the 

points of the transmitter and the receiver, to assist on the extraction of the 

position and orientation of the device [36]. 
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o Acoustic tracking 
The acoustic method acts similarly as the magnetic, in a sense that 

requires a transmitter that is the source of a sound and the receivers that are 

the entities the sounds reach to. The time that the sound takes to reach those 

receivers is measured to extract information about the position [36]. 

o Inertial tracking 
This type of tracking utilizes an accelerometer to measure the 

acceleration and a gyroscope to measure the angular velocity [36]. 

• Vision-based 
Vision based techniques utilizes optical sensors to extract the position. 

These optical sensors can be either infrared sensors, visible light sensors or 3D 

structure sensors [29].  The two main categories of vision-based tracking are the 

marker-based tracking and the markerless tracking. The first was used in earlier 

days but recently the markerless techniques are becoming more popular. Both 

methods have a similar workflow that is to capture an image of the real-world using 

a device with camera, then it processes this image to identify feature points or 

markers that helps in the understanding of the environment. After this step a virtual 

object can be placed in the points detected, finally the image is displayed on the 

device as background and the virtual objects are displayed on top. 

 
o Marker-based tracking 

Marker-based tracking is based on markers in an environment that 

has to be recognized through certain algorithms and possibly match it with 

a product. These markers act as reference points on the world to allow for 

display desired information on screen. Marker-based approaches offers high 

position accuracy but has shown low stability in terms of camera movement 

that might hide the marker [37]. 

o Markerless tracking 
Markerless tracking is achieved by tracking features without 

artificial markers as on marker-based techniques [38]. Markerless 

approaches uses algorithms for feature detection and representation to 

acquire the understanding of the scene. Such algorithms are SIFT [39], 
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SURF [40], FAST [41], ORB [42] and more [29]. Another technique is the 

simultaneous localization and mapping (SLAM) [43], that constructs an 

understanding of the environment by tracking the location of recognized 

features as the device moves in this environment, this is extremely effective 

on small areas. By detecting and recognizing features on the environment 

markerless approaches has the advantage of the ability to extract 

information as lighting changes, overlapping objects, rotation and other 

useful information about the environment. The computational power 

required to perform these tasks are extremely high to guarantee real-time 

performance on devices that have inadequate computational power. 

• Hybrid   
Hybrid approaches for tracking exist that combine sensors of the device and 

the images captured to build a more robust result. These methods surpass the 

limitations of each technique faces alone but it is more complex to implement. An 

example of such techniques is the usage of GPS [44] and gyroscope with 

markerless-based tracking that can build a better understanding of the environment 

based on the world coordinates and the rotation of the device resulting to better 

localization. 

 
The hardware used for an augmented reality experience include a computer with a web 

camera, smartphones, glasses, head mounted devices and more. Mostly the smartphones are used 

because of their portability that makes it appealing for developers to create applications to. Another 

commonly used device is the computer, as the processing power and the fixed position that makes 

it perfect for a marker based augmented environment with high accuracy. However, the drawback 

of a desktop computer is that it requires many external hardware components to enable some 

functionalities. An example is the sensor-based techniques most desktop computers do not poses 

and should be obtained from an external device. 

Interaction in augmented reality environments can be performed in many ways. Depending 

on the device that is used, these ways can be from standard controllers to touch screens, using bare 

hands or the device itself as means of interaction. The focus in this thesis is on mobile devices thus 

smartphones mostly. On smartphones the leading means of interaction in augmented reality 
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environments is through the touchscreen. The other most used means are using the device itself 

and by using bare hands. Each of these techniques comes with advantages and disadvantages that 

will briefly described in the following paragraphs.  

• Touch-based interaction 

Touch-based interaction is highly used technique of interaction in augmented 

reality applications. Thou it is easy for the users to interact through the touch screen, the 

touch screen allows for 2D manipulation of the object while 3D manipulation is required 

in augmented reality. To address this problem researches proposed a two-finger interaction 

to calculate the translation or rotation that the virtual object will take on the z-axis [8]. 

• Bare hands interaction 

Bare hands interaction enables the user to interact in a natural way with the objects 

in the augmented reality environment. Research has been conducted for this technique that 

will be described later. Usually on these techniques there is an interaction with one hand 

rather than both hands [45]–[47]. This interaction is achieved by tracking the hand on the 

scene and estimating its pose, or by recognizing predefined postures. These techniques 

usually require a huge amount of computational power that is hard to be found on a mobile 

device and the battery life is drained fast through those computations. 

• Device-based interaction 

Device-based interaction provides the advantage of using the mobile device like the 

smartphone as the means of interaction, utilizing the inertial sensors it possesses. An 

example is to start moving an object as the smartphone moves in the environment, or to 

rotate the smartphone while the virtual object  rotates by the same degrees [48], [49]. This 

type of interaction was used to enable the 3D object manipulation [50]–[52]. Device-based 

interaction is presented as the most stable way of 3D interaction as it is free from occlusions 

and many studies have been conducted exploring how to take advantage of this method.   

 

More interaction techniques exist in addition to the previously presented as the real object-

based interaction [53], [54]. In this technique a virtual object is bound to the translation and rotation 

of a real object that acts as a controller for the virtual object. In this technique attention should be 

paid to the range of the trackable real objects to successfully operate. For the previously mentioned 

interaction techniques certain issues has been observed. Namely these issues include occlusion 
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problems, fatigue phenomenon, prior knowledge needed, intuitiveness/ naturality, low precision, 

position mismatch in 3D, position and orientation in 3D object manipulation, large-range 

translation and rotation and the degrees of freedom allowed for 3D rotation and translation.  

The issues mentioned previously constitutes the main problems that are encountered upon 

interaction in augmented reality applications. Each technique has a different approach on every 

issue and some of those issues are not addressed in certain techniques. Future directions on 

improving those issues include also realistic augmented reality experience and wireless 

networking.  

 

 2.2 Hand Tracking & Pose Estimation 
Hand tracking and pose estimation of the hand are the keys for a natural interaction between 

human and computer in augmented or virtual environments. This brings substantial challenges as 

the hand has a complicated anatomy that supports a variety of movements, enabling the completion 

of accurate and precise tasks with speed. Techniques to track and retrieve the pose of the hand 

have been tested, like the invocation of a variety of sensor types as colored sensors or markers on 

the hand or fingers.  

However, these techniques required plenteous calibration and measurements to be precise, 

so the efforts to solve this problem were set on vision-based techniques that would allow for a 

more natural way of interaction. The vision-based techniques use computer vision algorithms 

which aim to reproduce in a digital way the ability of human vision to sense moving objects [55]. 

These techniques acquire an image from one or more RGB cameras, stereo cameras, or RGB-D 

cameras. RGB-D cameras have shown the best results on the retrieval of the hand pose estimation. 

There are many challenges in the ability to successfully track the hand, both technical and 

general. Low-quality cameras and low computational power are two bottlenecks in capturing and 

processing the hand data [55]. Depth ambiguities, occlusions, complicated backgrounds, different 

shapes of hands are just some of the general difficulties in the field. In the sense of the pose 

estimation there are also problems that need to be addressed, such as the unrealistic collision with 

the virtual objects and gimbal lock that is met when two rotational axes are aligned. As far as the 

interaction is concerned, two basic problems arise: the hand-object interpenetration and the object 

sticking. 
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Figure 1. Representation of the hand keypoints [55]. 

 

The hand can be modeled in a vast variety of ways. The most used way of representation 

of the hand is as a kinematic tree with each finger represented as a kinematic chain [55]. Each 

finger chain has three segments which are connected hierarchically with one degree of rotational 

freedom (this means that it can perform rotations only on one axis) (Figure 1). The overall 

movement of the hand is managed from the wrist that is commonly modeled as a part of the hand 

and possesses complete freedom of movement (positional and rotational). In such models, the 

rotation is represented by a quaternion to handle the possible problem of gimbal lock when using 

Euler anglers. 

Each constraint on the fingers is local, leaving the global state of the hand to the wrist, thus 

minimizing the risk of gimbal lock mentioned as stated earlier. Except for the positional and 

rotational constraints, more constraints are applied on the hand, including the maximum range of 

an angle the hand can rotate. Finally, this representation is displayed on the screen by simple shapes 

like spheres, lines and cylinders [56]–[58]. This is due to the performance issues that would occur 

if a more synthetic model of the hand were to be displayed. 

Tracking of the hand can be separated into two categories based on the process followed 

to track the hand in the environment. These categories are the following: 
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• Discriminative 

    These methods are commonly treated as a pattern recognition problem that tries 

to extract visual features to make a prediction. Discriminative methods provide the 

probability of a target being of a certain class, thus it may present multiple valid 

outcomes for the target. Among models of discriminative techniques are the Decision 

Trees, Support Vector Machines, and Neural networks. 

• Generative 

    Generative methods use a priori shapes and kinematics of the hand commonly 

combined with information from previous frames that describe the pose estimated. In 

these methods, the recognized points of the hand are checked against the predefined 

model as well as the poses from previous frames and through minimization techniques 

the best fitting pose is extracted. In generative models the probability of an observation 

to match a target is modeled. Generative models include Hidden Markov models, 

Gaussian mixture models, Bayesian networks and more. 

• Hybrid 

    As on many areas the combination of two techniques helps to overcome the 

difficulties that each technique might pose. This is also the case here, the discriminative 

and model-based techniques combine to take advantage of the discriminative power of 

the first and the explanatory power of the second [55]. 

 

When interacting with objects in a virtual or mixed environment, a large number of 

misconceptions can be introduced to the user, as the adopted interaction behavior is in real world 

environment. Those misconceptions triggered by a variety of reasons such as the pose of the hand 

in the virtual environment can look a little unnatural, or the hand will overlap with an object that 

normally should not happen. Other reasons are the latency and the delay of a machine, that will 

result on distortion on the user’s hand movement. Except from the visual difficulties there are the 

physical, for example the weight of an object or the friction. These concepts cannot be solved 

without external hardware such as force gloves. 
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Chapter 3 - Related Work 

As the physical interaction with virtual objects in Augmented and Virtual reality 

environments has become an interesting topic in the field and the world has shown that would like 

that capability, several studies have been conducted. 

Handytool [59] is a method that tries to simulate tools with hand gestures and aims for a 

better interaction with virtual objects in this way. Inspired by the interaction of hand on a musical 

instrument called theremin [60], a method is suggested to use the hands in a way that will minimize 

the possible errors that occur when the hands occlude (one top of the other/ near etc.). They have 

developed a gesture-based interaction system which have implemented interactions such as menu 

selection, object manipulation (position, rotation), deformations that can be combined as well.  

Aiming for a realistic grasp gesture [61], simulations of grasp actions of the hand have 

been modeled to predefined rules to overcome the difficulties of a pure physics simulation. For an 

object to be considered as grasped, the particles of a virtual hand (simulating the real hand) are 

checked, if two or more are interacting with the same object from opposite directions, then the 

object can be moved as together with the hand. A similar method is proposed [62] by using a glove-

based system, that will enable the user to experience haptic feedback as well. 

A virtual grasping algorithm using machine learning and particle swarm optimization is 

proposed [63] to automatically pre-compute stable grasp configurations. This method invokes a 

hidden virtual hand that performs the interactions with the virtual objects by checking if it overlaps 

with them. A visible hand is also implemented that will perform the realistic representation of the 

grasp action. This is achieved by tracking when the hand is near an object to start generating pre 

grasp postures, then searching from the learned grasp space the physically plausible grasps to 

match the pose of the hand. 

Using Convolutional Neural networks and Convolutional pose machines to recognize hand 

gestures and hand tracking techniques, [64] a method is proposed for controlling TV functionality. 

It provides 19 gestures than consists of numbers 0-9, menu, direction (up, down, left, right), go 

back, mute/unmute and nothing. To better filter the random movements, two states are provided 

(active & inactive) and the outcome of the predicted gesture type must be the same for a prefixed 

number of frames to be considered as correct.  
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A method for collaborating remotely on an augmented reality scene [65] is described 

enabling users to have shared workspaces. The method obtains coordinates from one camera by 

simultaneous localization and mapping method that are shared and adjusted between the devices. 

Users can select the initial points of the scene in their environment to help for a better fit of the 

shared workspace.  For hand tracking Convolutional Neural Networks and extra sensors are used 

and for the pose estimation Inverse Kinematics optimizers or particle swarm optimization are 

applied.  

Other studies [66] tries to improve user’s immersion in the production process of virtual 

reality content for mobiles using a gaze-based method. An augmented reality hand interaction 

method is proposed [67] for the interaction with objects in museum. Both those methods use the 

Leap Motion for the hand tracking. 

Different methods for the hand tracking have been proposed in the literature, from image 

processing and computer vision algorithms that extract features to recognize the hand and the 

fingertips [10], to external devices such as Kinect or Leap Motion that uses sensors to track the 

pose of the hand. Other methods are gloves with sensors that also gives the ability to provide haptic 

feedback. Recently with the rise of artificial intelligence and machine learning, many studies use 

artificial neural networks to recognize and track the hand. 
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Chapter 4 - Software Design 

In this chapter the software design of the toolset will be described. Requirements of the toolset 

will be discussed as well as the actions needs to be taken to fulfill them. The overall architecture 

of the toolset will be presented indicating the key components and functionality. Furthermore, the 

structure and design decisions of the proposed toolset will be analyzed. 

 

 4.1 Problem Description 
  Most frameworks and toolsets focus to cover a certain problem on user interaction with 

virtual objects or provide the tools to build applications using specific already implemented 

functionalities. Such a framework or toolset most often might cover just the interaction part, or the 

hand tracking part, or a scenario of usage of hand tracking and interaction with virtual objects. 

While those frameworks are good to exist and helps many people and developers to create content, 

there are some throwbacks that occur from the usage of a different framework for every task. Such 

bottlenecks can be the compatibility between frameworks, the inability to add further functionality 

or extend its functionality without needing to implement everything from the beginning. 

Furthermore, usually it is not possible to change a part of the code or workflow with another that 

better suit the needs of the desired application.  

 With that in mind, a toolset is proposed that is free enough to let the developer to change 

or add functionality providing the tools to make this easy and without breaking or spending much 

time trying to make the new code to be compatible with the toolset. It also provides enough 

functionality that makes it easy for a designer or creator to implement such an environment without 

the need of coding knowledge. 

 

 4.2 Software Analysis 
 In this chapter the overall process of creating the toolset will be described. How the goals 

and main functionality was set, as well as how it decomposed into several tasks to facilitate the 

implementation. Requirements of the toolset will be discussed also concerning the performance, 

maintainability, and more. Design decisions will be explained, and diagrams of the overall toolset 

will be presented. 
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 4.2.1 User Stories 
To better understand the goals of the toolset and organize the tasks needed to be achieved 

user stories were created. User stories are separated to three categories as the persons that will 

likely use the toolset. These persons are the end-user that will use an application created with the 

toolset, the developer that will create an application and probably will want to add or customize 

existing functionality and finally the designer that will want to create an application without 

writing code.  

Tables 1-3 present the fundamental functionality that each person category require from 

the toolset.  

 

Table 1. Developer User-stories 

 Developer 

As a developer I want to detect the pose of the hand so I can know when an interaction might 

occur. 

As a developer I want to display a virtual hand on screen to let the end-user know how the 

tracking is performed. 

As a developer I want to check if an interaction is possible so I can perform an action. 

As a developer I want to capture the image from the device’s camera so I can perform a hand 

tracking algorithm. 

As a developer I want a hand tracking service to recognize the hand pose. 

As a developer I want to add new functionality on the toolset so I can cope with the needs of 

a project. 

 

Table 1 lists the developer user-stories. These six user-stories describe the core 

functionality that a developer will need from the toolset to implement desired applications. Each 

user-story will lead to the creation of one or more components for the toolset to satisfy the needs 

of the guidelines set. The most important as the most difficult to implement from these user stories 

is the last one that asks for expendability of the toolset from the developer at the time. From this 

final user-story the implementation techniques of the toolset will be decided. 
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Table 2. End-user User-stories 

 End-User 

As an end-user I want to be able to interact with virtual objects so I can perform tasks with 

these objects 

As an end-user I want to perform different gestures so I can interact with virtual objects 

As an end-user I wat to perform different actions so I can interact with various ways 

As an end-user I want to know if I am about to interact with an object so I can focus on that 

action 

 

 In Table 2 the end-user stories are listed, reporting the needs of the person that will use 

applications created by this toolset. There, four stories were extracted as those were enough to 

describe the basic functionality required by the end-user. The satisfaction of these user-stories is 

crucial as it involves the end-user and the overall experience that the application will provide. As 

so, the features in these user-stories comprise the focus of the toolset. It must be mentioned also 

that taking into consideration the further needs of the end-user the final task on the developer user-

stories exists. As to be able to cover future needs that might arise that has not yet been exposed.  

 

Table 3. Designer User-stories 

 Designer 

As a designer I want to create an environment without writing code so I can make an 

application on my own 

As a designer I want to configure basic information on tools so I can customize them to my 

needs 

 

The final user-stories are those that involves the designer as indicated in Table 3. As 

designer is described a person that wants to create an application with the toolset but does not have 

a good programming knowledge to use the toolset by code to create one. The designer is a person 

that have an idea of an application, can describe, and organize that idea in several steps, or levels 

for example, and visualize the entire flow of the application to be created. So as, two user-stories 
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are indicated for designers to allow them to create or structure an application in a way that suits 

them also.  

 4.2.2 Requirements 
 The user stories in section 4.2.1 can be decomposed into smaller tasks so the required 

functionality and specifications of the toolset will be exposed. In this way it makes clear what 

needs to be implemented and in what way so the desired functionality will be achieved. Breaking 

the project into smaller parts allows for better testing of the completed functionalities. 

Furthermore, those tasks can also categorize based of the importance of each one or the type of the 

task. For example, all the tasks that concerns the connection of the two modules should be of high 

importance in terms of the implementation order as it is required for the rest of the toolset to work. 

Both those tasks also can be included in a type named network connection as their role is to connect 

the two modules over a network. 

In Table 4 the two user-stories about the designer have been broken into smaller tasks as 

written on the right, and on the left the processes that needs to be done to fulfill the user-story. As 

shown, the user-stories has exposed specific tasks that each of those tasks reflects to a specific way 

that the components of the toolset must be implemented to allow the ease of usage to the designers. 

 

Table 4. Designer User-stories requirements 

 As a designer I want to create an environment without writing code so I can make an 

application on my own 

1. Create complete components to be used. 
2. Provide the components on a user-

friendly way. 

Make specific components available to “drag 
and drop” so no need of code required. 
Separate those components on folders that 
are easy to access.  

 As a designer I want to configure basic information on tools so I can customize them to my 

needs 

1. Give access to key variables and objects 
of the components. 

2. UI to edit the variables. 

Tag the variables and objects as serialized 
field or make them public. 
Display the variables on the editor with 
information on how to use them. 
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It is very helpful to expose those requirements in this way as it makes clear the way of the 

implementation process and it also helps to remember the goals to be reached.  

The developer user-stories Table 5.1 and Table 5.2 are the most demanding in terms of 

requirements as there is all the functionality of the toolset.  The six user-stories presented with the 

required tasks on the right and the processes to complete them on the left. As one can see the 

processes to complete the tasks are numerous, and from Table 5.1 and Table 5.2 the basic concept 

and functions to be implemented can be extracted. How those process will be implemented and 

organized inside the project will be discussed later in this chapter and will be further analyzed in 

components and classes that will make the toolset reusable and easy to understand. As said before 

the last task is the most important as it annotates the importance of complying to certain rules of 

implementation to allow expandability of the toolset without the risk of breaking the code 

dependencies or the need to write everything completely from the beginning. These methods of 

implementation will be mentioned in the next chapter. 

 

Table 5.1. Developer User-stories requirements 

 As a developer I want to detect the pose of the hand so I can know when an interaction 

might occur 

1. Capture the image. 
2. Send the image to the hand tracking 

service. 
3. Receive hand joint positions. 

Implement an image capture function. 
Implement a socket client to send captured 
images. 
Serialize image to be sent. 
Deserialize the received message. 

 As a developer I want to display a virtual hand on screen to let the end-user know how the 

tracking is performed 

1. Create materials for the virtual hand. 
2. Create starting pose of virtual hand. 
3. Implement update function to display 

the changes of hand position. 

  

Create materials and 3D shapes to represent 
the virtual hand and store them as prefabs. 
Define the starting points of the hand as a list 
of 3D points. 
Implement a function that will receive the 
new detected points of the hand and place the 
existing virtual hand on the new position. 
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 Table 5.2 Developer User-stories requirements (cont.) 

 As a developer I want to check if an interaction is possible so I can perform an action 

1. Check if the hand intersects with a 
virtual object. 

Implement ray casters on the hand. 
Check if ray casters hit an object. 

 As a developer I want to capture the image from the device’s camera so I can perform a 

hand tracking algorithm. 

1. Get the data from device’s camera. 
2. Process data to extract the image. 

 

Get the bytes from camera data. 
Convert obtained data to RGB format. 
Rescale the image. 
Encode image to minimize the size. 
Release engaged resources. 

 As a developer I want a hand tracking service to recognize the hand pose 

1. Create a socket server. 
2. Create function to receive streaming 

images. 
3. Hand tracking algorithm. 
4. Send detected points. 

Accept user packages. 
Deserialize messages. 
Process received images to make them 
compatible with the hand tracking algorithm 
input. 
Serialize detected points. 

 As a developer I want to add new functionality on the toolset so I can cope with the needs 

of a project 

1. Make code expandable. Export an interface from every basic class so 
a developer can use it to add new 
functionality. 

 

Finally, the end-user user-stories in Table 6. End-user User-stories requirements Table 6 

are broken down on the requirements on the right and the processes on the left again. From this 

analysis of the user-stories the processes to be implemented here concerns mostly the way that the 

end-user will interact in the scene with the virtual objects. Many of those processes describe visual 

representations, so that leads to the implementation of methods that will allow each time the 

manipulation of such visuals that will suit the needs of the application to be created. 
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Table 6. End-user User-stories requirements 

 As an end-user I want to be able to interact with virtual objects so I can perform tasks with 

these objects 

1. Check what gesture the hand has. 
2. Check if there is an available object. 
3. Select an action to perform. 

Implement a generic gesture interface. 
Implement method that returns the hand 
points of a selected gesture. 
Implement a method that checks if the hand 
points of the gesture hit an object. 
Implement Interfaces for hand points 
acquisition (points of each finger etc.). 
Implement a generic action interface. 

 As an end-user I want to perform different gestures so I can interact with virtual objects 

1. Implement gestures. 
2. Access different gestures. 

Implement gesture classes. 
Implement an Enumerated variable to set a 
type for each gesture. 
Implement a gesture manager to facilitate the 
access on the gestures. 

 As an end-user I wat to perform different actions so I can interact with various ways 

1. Implement actions. Implement action classes. 
Provide methods to customize a specific 
action if needed. 

 As an end-user I want to know if I am about to interact with an object so I can focus on 

that action 

1. Create UI to highlight the object. 
2. Get the interacting object. 

Create materials for the UI highlight. 
Create methods to apply and remove 
highlight on the object depending on whether 
the hand is interacting or not. 

  

The tasks from user-stories in Table 4 through Table 6 describe the core functionality of 

the toolset and a starting trail on how to implement it. From those tasks, certain specifications are 

implied for the successful execution of the resulting product. More specifications need to be 

included to ensure the maintainability, scalability, usability, portability, and compatibility of the 

toolset. Such specifications are namely the following: 
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• The application should be able to run in real-time. This means that at least 13 frames 

per second should be guaranteed. 

• A machine capable of running the hand tracking algorithm without delays (For example 

a desktop computer with at least a GTX1050 GPU).  

• Follow programming principles to ensure the maintainability and scalability of the 

toolset code. 

• It requires a good internet connection to achieve high rates of data transfer (at least 

10Mbps). 

• The toolset should be able support devices that are not augmented reality enabled also 

in the future. 

 

4.2.3 Architecture 
In Figure 2 the main architecture of the toolset is displayed. It is separated into two different 

applications. The left part describes a service responsible to recognize and provide the hand joints 

from an image received through a socket client. The right side describes the front-end of the toolset 

with the main functionality that is composed of. The main idea is to separate the hand tracking 

module to a web service and keep all the interaction functionality and representation on the toolset. 

This way the final application running on the device will be lighter to execute, so the overall 

performance of the application will be better. Adapting this approach of a web service both 

modules should have a component for communication between them as it shows in Figure 2. The 

other components that are needed in the hand tracking module are the hand tracking algorithm and 

an image processing component.  

The toolset on the other hand consists of several components most of them for the 

interaction of the hand with the virtual objects. Those are pictured in a sub package of the toolset 

named interaction. In this package the virtual representation of the hand as well as the virtual 

objects are included as they are the two objects that will interact with each other. Also, a gesture 

manager the desired actions are also included in the same package as those offer the means of the 

interaction of the previously mentioned objects. The Frame Capture as the name suggests is a 

functionality required to capture on each frame of the application the input of the device’s camera. 

Finally, the RayCast Selector describes the means of checking whether an interaction is available 

or not. 
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4.2.4 Components 
In this section are presented the components implemented to provide the required 

functionality. In these diagrams also is described the relationship between those components and 

how to use them to create an application. The Player and the Service components represents the 

main script that runs the application. From these diagrams is deduced the necessary creation and 

usage of these components for the application. This type of diagrams helps to break the system on 

its basic functionality, assist on the path of what it needs to be implemented and enhance the 

decision making about the system implementation. Both are color coded as reported in each of 

them, to better categorize the type of each component based on the task it is meant to perform. By 

coloring each functionality type allows the better understanding of the components and the 

connection between them.  

 

4.2.4.1 Toolset Components 

The diagram in Figure 3 presents the components of the Unity toolset. Those components 

are extracted from the requirements in the previous section and aims to the better usage of the 

toolset. The colors in each of the components describes a certain category of components in the 

Figure 2. Architecture Diagram 
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toolset. Those categories are assigned based on the purpose of the component in the toolset. For 

example, the components that are presented with blue color are responsible to provide functionality 

about the way that an interaction will be detected. The SocketClient and the ARFrameCapture are 

both in green color as they both act as helper components that are required for the implementation 

and the correct execution of the toolset on the desired device. 

 

 Figure 3. Toolset Components. 
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4.2.4.2 Service Components 

      Next, the components that compose the service for the hand tracking is presented in the 

form of a component diagram in Figure 4. To better understand the relation between those 

components, a color has assigned to each one based on the type of the task that it is assigned to 

perform. As shown the “Image Process” and the “Hand Tracking Algorithm” has the same color 

as they are thematically connected. The “Socket Server” with the “Message Receiver” also have 

the same color as the “Message Receiver” is connected to the “Socket Server”. The responsibilities 

of each component will be described in the next chapter. 

 

 

    From the component diagrams all the information about the interfaces, classes, and the 

overall functionality that the system will require is organized into components and ready for the 

next step that is the implementation of those components.  As it can be observed from the Figure 

3 and Figure 4 the toolset components have a more complex design as the components are more, 

for this reason more demanding techniques required to structure the system complying to the 

Figure 4. Hand tracking Components. 
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object-oriented practices. For the service module the components are less so it makes easier to 

organize. The components on the hand tracking service also, does not require extracting interfaces 

from them as the assigned tasks does not change. The only thing required is to ensure that on this 

module the hand tracking algorithm should be able to change at the will of the developer. In the 

next section those components will be further analyzed on class diagrams that will include a more 

detailed representation of the final system, Those diagrams will act as a guide on exactly how a 

specific class should be implemented including all the methods and fields each class require.  

 

4.2.5 Class Diagram 
 The packages and classes that were implemented on the Unity toolset is pictured in Figure 

5. Each package contains the classes required for the tasks to be performed from it as described in 

the previous sections. These packages are color coded as the previous figures, so it is easy to find 

the connection between those and how the implementation progress.  Later in this chapter an 

attempt to explicate each one of those packages and classes on design, implementation, and usage 

matters. There are six main packages and two sub packages under the Gestures package. There are 

also 2 classes that are outside of packages, these classes are thematically standalone therefore they 

are not categorized in a specific package. Also, the creation of a package to contain just one class 

would not be sufficient to justify it. In the future if more classes that fall under the same category 

will be created, they could be organized in a package. 

 As stated before, an object-oriented approach is followed by the toolset while the hand 

tracking module is structured in a different way engaging mostly functional programming. The 

hand tracking module has encapsulated some functionality into different files and folders to render 

some blocks easily removed from the module. One of those blocks is the hand tracking algorithm 

that should not in any way be directly connected in the rest of the module as this will make it 

difficult to replace it with a new one. This is the reason that a class diagram for the hand tracking 

module is not included here as the functionality of the components included will be described in 

the next chapter. 
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Figure 5. Unity toolset packages. 

 

4.2.5.1 Gesture Package 

The Gestures package is described from two sub packages an enumerated field and a manager 

class as shown in Figure 6.  

• The HandPoints package contains an interface to be implemented from every class that 

will describe the points of a finger or points from several fingers. The interface provides a 

method that the hand points specified on the class can be accessed. 

• The GestureDefinitions package has an interface for the implementation of gesture classes. 

Those classes as shown on the interface should have one field that describes the hand 
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fingers that the gesture interested in. The GestureType enumerated value indicates the type 

of the specific class. Finally, the Check method that the logic of the gesture will be 

implemented to check whether the gesture is performed on an object or not. This method 

takes as arguments the rays from the model of the hand as well as a type of ray cast 

selection. The return type of this method is a transform of object that the hand has triggered 

the gesture. If the hand does not trigger the specific gesture the method will return null. 

 

 
Figure 6. Gesture Package Class Diagram. 
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4.2.5.2 Hand Package 

In the hand package are located implementations for the hand as shown in Figure 7. There is a 

visual representation of the hand with core functionalities and a more action based. 

• The VisualizedHand contain all the functionality for the hand to be displayed on the screen 

and its position to be updated on every frame. Furthermore, there are implemented 

functionalities to allow for the retrieval of certain hand points from the model. For this 

class to work properly a Material and a GameObject object needed to be defined. There 

are predefined objects for this purpose, but the user can also create and use new customized 

objects.  

• The ActionHand class wraps the functionality of the VisualizedHand and it also provides 

an initialization of ray casters that will be used as the mean of the interaction with the 

virtual objects. 

 
Figure 7. Hand Package Class Diagram. 
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 4.2.5.3 Hand action Package 

The HandAction package in Figure 8 has been created to provide a starting point on how the 

actions can be implemented. The package provides some actions already implemented such as 

movement, but it is mainly up to the user to create new actions that will suit the needs of the 

application being created.  

• The first interface named IHandAction consists the base for all the other classes in this 

package. It offers the method PerformAction that requires a Transform as input, that 

describe the object that the action should be performed to, and a GameObject array that 

represents and points on the hand that will perform that action. An overload to this method 

is provided also with one more argument that is a generic type of <T> object. This is to 

give the opportunity for further control over the way that the action will be performed. For 

example, on the movement action implementation the third argument is implemented as an 

enumerated value to give the ability to move the object on one specific axis. This interface 

is not meant to be inherited directly from a class. 

• The second interface is the IHandAction<T> which inherits from the base interface, but 

this indicates that the class which will implement this interface have to define the type of 

<T> on the declaration of the class. This interface can be used from a class that needs to 

implement the generic type right away. 

• HandAction is an abstract class that its purpose is to be inherited from the action classes. It 

has a default implementation of the PerformAction method with the generic type of <T> 

argument. This allows the classes that inherit from that class to not implement the generic 

type of <T> method if it is not needed.  

The design of this package is created to allow the access to all actions through a common 

interface, but also be versatile enough for the needs of a new action that might be needed. The 

generic type of <T> interface is a problem to be accessed as is because the type should always be 

defined when accessing the object. This interface is not meant to be used as the main guide, but 

only on specific and individual cases. To create new functionality the common way to be 

implemented is through the abstract class from the package and if necessary, override the already 

implemented with the generic type of <T> method. 
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Figure 8. HandAction Package Class Diagram. 

 

4.2.5.4 Selector Package 
The selector package in Figure 9, is a package that determines the way of interaction 

between hand and virtual object. The ISelector interface provides the core functionality in an 

abstract way, and then the classes described as Selector will implement the necessary methods 

inherited from the ISelector interface. The logic of the decisions whether the hand has the ability 

to start interacting with an object or not is derived from this class. Each implementation of the 

ISelector interface can be different and as a user sees fit for the application under development. 

The new Selector classes have only to implement the Check method and comply to the 

requirements of input and return values of the same method. 
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Figure 9. Selector Package Class Diagram. 

 

 

4.2.5.5 Selection action Package 
The SelectionActions in Figure 10 package provides the means of representation of the 

object that an interaction is about to begin. Such representations might be described as a 

highlighted outline on an object or as the usually met blur as the mouse on a button when it passes 

above it. There are two methods for this interaction. The OnSelect and OnDeselect which 

implements what should happen when an object is valid for interaction and when the object will 

stop interacting, receive the transform of the interacting object and manipulates it accordingly. 

Each of those methods can be called from the main glow of the code of the application by the 

developer. 
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Figure 10. SelectionActions Package Class Diagram. 

  

4.2.5.6 Ray caster Package 
The RayCasters package in Figure 11 is the package that different types of ray casters are 

implemented. There is a basic interface with one method. This method is responsible for the 

creation of the ray caster that each class will implement. Raycasters already implemented on this 

toolset are the following: casting from a GameObject position and up, forward, and finally a 

RayCaster that convert the position of a GameObject to screen coordinates and create a ray from 

the screen to the scene. 
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Figure 11. Raycasters Package Class Diagram. 

 

 4.2.5.7 Socket client class 

In Figure 12 the SocketClient is outside of a package and it is responsible to provide the 

connection with the hand tracking part of the toolset. This class as the name suggests is the 

implementation of a socket client that allows the creation of a stream of data through the 

application on the mobile device to the hand tracking service. It is a singleton class, meaning that 

only an instance of this class can exist throughout the lifecycle of the application. This class 

connects to the hand tracking service and sends images obtained from the camera of the mobile 

device. As a response it receives the recognized points on the image so that they can be processed 

by the application and then displayed on the screen. As the only thing that this class is responsible 

to receive is hand points on a specific form (a list of float arrays) it has a deserialize method 

responsible for the conversion of the received data to the desired format. 
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Figure 12. SocketClient Class Diagram. 

 

 

 4.2.5.8 Frame capture class  

The ARFrameCapture class in Figure 13 is responsible to acquire the frames from the 

camera and convert them on a desired format so that it will be able to be send through the 

SocketClient class to the hand tracking service to be processed. This class receives frames directly 

from the augmented reality enabled camera device. Each frame is processed accordingly to be 

shaped on a common image format that can be used later by other programs and services, in this 

case the hand tracking service. This method as the name suggests needs a device that is compatible 

with the augmented reality technology, which means that it has to be equipped with an augmented 

reality camera. The implementation of such a method for devices that are not augmented reality 

enabled is under development for future versions of the tooolset. 

 

 
Figure 13. ARFrameCapture Class Diagram. 
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 4.2.6 Flow Diagram 

 4.2.6.1 Toolset usage Flow Diagram 

In Figure 14 the workflow of the program on Unity3D is represented. This workflow is just 

a demonstration of the logical order of functionalities to be executed. This workflow depending 

on the needs of the application to be created might change. Such a change could be the execution 

of an action right after the update position of hand.  

 

Figure 14. Toolset Flow Diagram. 
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 4.2.6.1 Hand tracking service Flow Diagram 

In Figure 15 the workflow of the hand tracking service is described. It starts when a 

connection is attempted, and the main responsibility of the service is to receive the message 

correctly and bring the received image in the desired format so it can be used by the hand tracking 

algorithm. Then the hand tracking algorithm extracts the hand joints and sends a response to the 

client with the recognized joints as a list of floating-point values 

Figure 15. Hand tracking service Flow Diagram. 
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Chapter 5 - System Implementation 

 5.1 Technologies and Frameworks 
Unity: 

Unity game engine is a “software framework” that facilitates the creation of 2D, 3D, virtual 

reality, and augmented reality applications. Provides built-in functionality to support features such 

as rendering and physics that are difficult concepts to be implemented by any user. The selection 

of this game engine for the implementation of this project was based on the reasons described next. 

Unity is easy to understand and start creating content with. This is because it offers a vast 

number of tutorials, from entry level to advanced. Unity also provides a good documentation about 

the functionalities, tools and components that it provides for development. In contrast with other 

game engines, Unity’s editor is more user friendly. Another great asset for beginners and non-

programmers is the drag and drop functionality that allows to create content without writing a line 

of code. Unity offers a free license and only bills the developers after a certain amount of revenue. 

Many developers use Unity for their applications, it is preferred by 45% of independent 

developers, making Unity the most popular among the other game engines. It makes easy to share 

projects with others, offering a store for unity projects and assets that can be downloaded and 

imported on other projects. The process to import and export a project is made simple by using the 

built-in tools for it.  

One of the assets Unity has to offer is that it supports build tools for different platforms 

including Android, Windows, Linux, Xbox and more. A key factor for the selection of Unity is the 

support on augmented reality and virtual reality technologies, providing tools, libraries, and 

frameworks to build such applications with many ways and a large number of those ways do not 

require a specific hardware device. 

 

AR Foundation: 

AR Foundation is a package in Unity for working with augmented reality concepts. It 

supports concepts such as world tracking, plane detection, light estimation, object tracking and 

more. AR Foundation is dealing with its functionality through subsystems. Each subsystem is 

responsible for a specific functionality, for example the plane detection is handled from its own 

subsystem. Because AR Foundation allows working in a multi-platform way, providing a common 
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API both for Android and iOS mobile phones it needs the installation of a platform specific 

augmented reality package (ARKit on iOS and ARCore on Android). Those platform specific 

packages gather the implementation of each subsystem (AR Foundation providing only the 

interfaces). AR Foundation wraps the platform specific implementation and provides it on the 

subsystem form that is a common API on Unity. 

 

ARCore: 

ARCore is a platform made by Google that enables the building of augmented reality 

applications on mobile phones. ARCore consists of three basic functionalities, these are the 

following [68]: 

• Motion Tracking: The ability to understand the device’s position in the real world. 

• Environmental Understanding: the ability to understand surfaces in the environment like 

the floor, walls etc. 

• Light estimation: The ability to understand the lighting on the environment. 

 

    ARCore uses a process called simultaneous localization and mapping (SLAM) to track the 

position and the orientation of the mobile device. This is achieved by using the device’s camera to 

identify interesting points in the environment and track them as they move, combined with the 

internal sensors (e.g. the accelerometer) of the device. In this way it can also build an 

understanding of the real-world environment and can detect flat surfaces which helps to estimate 

the lighting in the area.  

 

TensorFlow: 

TensorFlow is a machine learning software library created by Google and it is used by most 

of the developers for applications that require neural networks. It can run on many operating 

systems such as Windows, Linux and MacOS and it also provides versions for mobile operating 

systems as Android and iOS. TensorFlow offers its API on many programming languages, but 

mainly the Python library is used. TensorFlow can use the device’s CPU to run the required models 

or Nvidia GPUs [69]. 
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With TensorFlow problems as image recognition, natural language processing, 

handwritten digits classification and more can be easily addressed by training such models to 

running them. It offers a tool for model visualization called TensorBoard to provide information 

during the training process. TensorFlow releases new versions on a regular basis that always 

improving the library and fixing bugs that exists. Although is a good thing to always improve and 

update a library it comes with problems and these are the deprecation issues that occur. This means 

that each version might work completely differently from another so it should be treated carefully 

when updating to a new version or when a deployment ready model is going to be used.  

Finally, Tensorflow offers high-level APIs that are easy to be used without a deep 

knowledge of TensorFlow. It also has low-level APIs that can be used when already familiarized 

with the framework. 

 

OpenCV: 

OpenCV as its name suggests is an open-source computer vision software library. It offers 

more than 2500 optimized algorithms that can be used in many areas of computer vision 

applications, such as face detection, track camera movement and more. The main API is written 

and optimized in C/C++ but also offers interfaces in Java and Python despite C++ and C. Interfaces 

exist in other languages also such as Matlab and C# and can run on the widely known operating 

systems (Windows, Linux, Mac OS, Android, iOS). 

OpenCV aims on the real-time applications that is why it take advantage of multicore 

processing and has become very popular in the scientific community as it allows to quickly run 

demos or research projects [70]. It separates the functionalities it offers into two levels, one low-

level that contains the functionalities addressing image processing. Such functionalities are noise 

reduction, filtering, edge detection, color conversion and more. The second level contains 

computer vision modules that are addressed as high level. In this level modules for optical flow 

and camera calibration are included.  

 

Sockets: 

Sockets are software structures that serves as endpoints for sending and receiving data from 

the network. They are defined by an IP address and a port. There are types of sockets such as 
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connectionless sockets that uses the UDP where packets are sent without a specific order so many 

packages sent from one machine to other packages will arrive in a random order or maybe not 

arrive at all. There are sockets using TCP or other protocols which ensure that the packages will 

arrive in the correct order to their destination. Additionally, raw sockets exist that are not bound 

to specific transfer protocols and do not require mandatory headers for the packages to be sent. 

 Socket programming used in a client server model usually creates a socket on the listening 

state on the machine that describes the server and waiting for a client to request a service. For 

many clients, a server creates a socket for each client connection. The transportation of the data is 

through a stream of bytes. 

 

 5.2 Component Implementation 
 In this section the implementation of the main components and functionality of the toolset 

are presented in depth. It is separated into two sections, the first describing the Unity components 

and their functionality and the second section the service side that was implemented in python 

programming language. Code snippets will be presented for both modules to give an insight of 

how exactly those modules were implemented. 

 

 The implementation of the toolset was developed taking always into consideration the 

SOLID [71] principles. This was because those principles provide the means to keep the code clean 

and easy to maintain. Using those principles requires careful thought as on how a class or a set of 

classes will be implemented but when the core implementations are made, the addition of classes 

and functionality becomes quick and almost effortless. SOLID is the acronym of five principles 

that help on design and implementation of software applications. Those principles are used on 

agile development.  

The five principles of the SOLID acronym are the following: 

• Single-Responsibility Principle: “A class should have one, and only one, reason to 

change”. 

This principle describes that a class should have only one responsibility, meaning 

that a class should be responsible for one thing only. Following this principle is beneficial 

as it reduces unexpected side-effects, makes code easier to expand and maintain. It also 
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reduces the possibility of bugs due to a change and reduces the risk of a change to affect 

other parts of the code. Furthermore, if a bug arises it is easier to be found as each class 

has a clear task to perform and a malfunction on this task will be clear if it is not coupled 

together with other tasks. To summarize, Single Responsibility Principle advantages are 

on testing the code, lower coupling as classes will have less dependencies and better 

organization of the project as it is easier to search for classes responsible for a task rather 

than searching a specific task inside of a large class. 

• Open-Closed Principle: “Software entities (classes, modules, functions, etc.) should be 

able for extension, but closed for modification”. 

Aiming on the avoidance of making changes to an entity that will possibly change 

its behavior that will lead to the requirement of the depending entities to adapt to those 

changes. This principle uses interfaces to describe the general guidelines of the classes that 

will implement it, this way interfaces remain closed to modifications. The implementations 

of those interfaces are independent and the only code they might share is what is inherited 

from the interface. This principle introduces an extra level of abstraction on the code that 

offers loose coupling. Using this principle allows to provide a new implementation of the 

interface to an existing block of code and maybe the method that instantiates this 

implementation. This principle can be used with Dependency Injection or Reflection to 

replace the instantiation methods of the specified implementation. 

• Liskov Substitution Principle: “Derived classes must be substitutable for their base 

classes”. 

Based on the principle of substitutability in object-oriented programming that states 

that if S is a subtype of T, then the objects of type T can be replaced with objects of type S 

without altering any properties of the program. In code this means that each subclass that 

overrides methods of a superclass should have the same inputs and return types. This 

principle is difficult to be implemented as a lot of checks have to take place to ensure the 

correct functionality of the code and that the involved classes really comply to the principle. 

This principle has received a lot of criticism as it contradicts the case in object-oriented 

programming where a superclass is abstract without implementation. By that, the 

comparison of the implementations of supertype and subtype is introduced, which should 

not be a case. It has stated that the substitution terminology for this principle was used only 



46 

 

as an informal rule and not as a standard definition for the principle. Aside from the 

criticism of the strict definition of the principle, the advantage of practicing it is that offers 

consistency on using parent classes or its subclasses without any errors. 

• Interface Segregation Principle: “Make fine grained interfaces that are client specific”.  

The goal of this principle is to detach the dependencies that a class or a method 

does not use. It is similar to the Single Responsibility Principle as both try to reduce the 

required changes and unexpected bugs on the code.  The concept is to split interfaces and 

classes into smaller ones so a client will know about the methods they are interested in. It 

adds to the prevention of coupling and simplifies the code. It is easy to violate this rule as 

a program progresses and extra functionality is added so it needs attention when an extra 

feature is added so that it would be addressed accordingly. Each feature added should be 

implemented in a different interface if it is of a different responsibility to ensure that 

coupling dependencies will be avoided. 

• Dependency Inversion Principle: “Depend on abstractions, not on concretions”. 

This principle states that high-level modules (modules that execute an action with 

a tool) and low-level modules (the tool to execute an action) should depend on an 

abstraction and not be coupled with each other. High-level modules should be reusable and 

changes on the low-level modules should not affect them. Dependency inversion principle 

has two parts: 

1. High-level modules should not depend on low-level modules. Both should 

depend on abstraction. 

2. Abstractions should not depend on details. Details should depend on 

abstractions. 

This principle does not change the direction of the dependency, but it separates it 

between high-level and low-level modules by the abstraction between them. Also, both 

modules should not know how the abstraction between them works. However, modules 

should know the specifications of the abstractions and comply to them. This allows to 

change components without affecting other classes in the code as long as the abstraction 

remain the same. Adapting the Open/ Closed Principle and the Liskov Substitution 

Principle also leads to adapting the Dependency Inversion Principle. A way to implement 

the Dependency Inversion Principle is through the Dependency Injection technique. 
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 5.2.1 Unity 

• Frame Capture Algorithm 

To capture the image from the device’s camera and adjust it on a format that makes it 

capable to process certain actions should be made. Such actions are the attempt to capture the 

latest image from the camera, define the conversion parameters of that image to the desired 

ones, allocate a buffer with the size of the final desired image. Then using the conversion 

parameters load the captured image on the buffer created before and discard the captured 

image. Now the buffer can be loaded on a texture2D Unity class and encode it to JPG with a 

given quality. Finally dispose of the buffer that was holding the image data and return the 

encoded JPG image. This process is depicted in Figure 16. 

 

 
• Gesture Manager Implementation 

The GestureManager class allows to access the defined gestures in a more automated way. 

It contains two functions that compose the functionality of the class, a list that contain all the 

gesture types and a ray selector interface. On initialization, GestureManager will try to retrieve 

an ISelector component from the GameObject that is attached to. If there is no ISelector to be 

retrieved the GestureManager will create a default component to be set. 

The user can call one of those functions and enter as an argument an enumerated value that 

represents the gesture that the user wants to call. This value will get checked against the type 

of each gesture on the list and it will return the first gesture that matches with the specific type 

that the value contains. This function is presented in Figure 17. 

Figure 16. Frame capture process. 
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The second function will additionally perform a check for interaction. After the gesture is 

retrieved instead of returning it as is, it will call the check function of the retrieved gesture and it 

will return the object that an interaction will occur or the null value. This function is shown in 

detail in Figure 18. 

 

 

In Figure 19 the virtual hand is depicted interacting with a cube object. This interaction 

shows that the index finger is pointing at the cube object. The green line on the picture represents 

a ray cast from the index fingertip and in the forward direction. 

 

Figure 17. SelectGesture method code snippet. 

Figure 18. TryToPerformGesture method code snippet. 
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Figure 19. Virtual-hand interaction. 

 

 

• Virtual Hand implementation 

The hand is represented by a sphere GameObject and the bones are represented by 

LineRenderers. The hand contains a list with 21 Vector3 variables. When the program starts it 

initializes those sphere GameObjects in predefined starting points to place the hand in the 

middle of the screen. LineRenderers are also attached to the sphere GameObjects. Functions 

are implemented to create and update the position of the hand. The function to update the hand 

receives the recognized hand points as screen coordinates and converts them to Vector3 

objects, then those Vector3 objects are used to update the position of the hand by assigning 

those values on the corresponding sphere GameObject. In Figure 20 and Figure 21 is presented 

the virtual hand in two states. In Figure 21 the retrieved points from the service are presented 

in the scene as GameObjects and in Figure 20 those points are presented connected with the 

LineRenderers that form the complete visualized hand for the toolset.  
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Beside the visual part of the hand, there should be implemented features that will 

render the hand capable of interacting. For this purpose, on each GameObject representing 

a hand point a ray caster is assigned to provide the ability to check against it if there is an 

object that is capable of interaction. This functionality is implemented in a different class 

that also wraps all the functionality from the visual representation class of the hand.  

 

 

• Actions Implementation 

The actions are implemented to provide some basic interaction and ready to be 

expanded. For this functionality two interfaces were created. The first interface contains the 

definition functions that need to be implemented by the classes that inherit from it. The second 

interface inherit from the first, but it has a generic type of argument that needs to be defined 

on the class that will inherit from it. An abstract class is implemented so that every action 

would inherit from that class, except for the classes that require an explicit implementation of 

the generic type argument. The abstract class is shown in Figure 22, it provides a default 

implementation for the function that requires a generic type as argument so if one action does 

not require the usage of such a function it will not have to implement it. 

 

Figure 21. Hand keypoints. Figure 20. Virtual hand. 
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Figure 22. HandAction Abstract Class. 

 

There are two actions implemented on the toolset. The first is the move action that is 

responsible for moving an object based on the hand movement. To perform the action a function 

named PerformAction should be called. This function has as arguments the position of the object 

that is about to get moved and the array the contains hand points. On the move action the second 

function provided by the abstract class is also overridden. The generic type is defined as an 

enumerated value that will limit the movement of the object to a specific axis. An example is 

presented in Figure 23. 

 

 

Figure 23. MoveAction Class method code snippet. 
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An example of the second action process is presented in Figure 24, that shows the hand to 

hold a pencil. This happens through an action class named BindAction. With this action the pencil 

is bound to the hand on the base hand point of the index finger and the second to the base hand 

point of the thumb finger. Furthermore, the pick of the pencil is bound to always “look” at the 

fingertips of thumb and index fingers for movement and rotation. 

 

 
Figure 24. BindAction interaction. 

 

• Connection implementation 

 A simple socket client was created to send the captured image to the service. The instance 

is unique in the lifetime of the application, meaning that no other instance of the same client 

can be created. The header size is set to 1024 bytes as this is the largest amount of bytes that 

can be transferred in a single packet. On the first 1024 bytes there is information about the 

image that will be sent. The most important information transferred in this first packet is that 

the payload contains an image and the size in bytes of that image. To send the image a function 

was implemented called SendMessage, it takes as an argument the captured frame from the 

camera and sends it to the service. To use the client on the application is achieved through a 

single line of code presented in Figure 25. 
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Figure 25. SocketClient method call code snippet. 

 

 As a response to the images sent by the client, the service sends a list of floats formatted in 

a string. This string has to be deserialized and stored in a list of float arrays so that each item in 

the list represents the (x, y) coordinates of a hand point. The function responsible to deserialize the 

received message from the service performs the subsequent steps. Firstly, it makes a check that 

the values received are not null. After the check, using the text functionalities provided by C#, 

separation on the received string based on the defined characters is performed. Finally, it takes 

every separated string and converts it to a float number and stores its value on a new created list 

in the right format for the system to work. This is presented in Figure 26. 

 

 
Figure 26. Message deserializer code snippet. 

 

• Menu button implementation 

Every application is customary to provide a menu. The problem with augmented 

reality is that the provided UI on unity is working in a specific way that is not available for 

the augmented reality app we build. We made a button prefab that can be used by the virtual 

hand of the toolset. It consists of a cube object and a UI TEXT component to display the 

functionality the specific button will provide. A sample UI button is presented in Figure 27. 
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Figure 27. Sample Menu Button icon. 

 

The rotation of the button is constraint to the rotation of the main camera of the application. 

Usually, the menu buttons are on the top left corner of the screen. To keep the button in this place 

we add some lines of code that will help to achieve this task. There, the position of the button 

relative to the screen is given and converted in world coordinates, then this position is applied to 

the menu button object. Then, the direction of the device is computed and used to apply it on the 

object as a Quaternion rotation. This process is showed in Figure 28. 

 

 
Figure 28. UI components screen follow code snippet. 

 

• Ray casters 

Ray casters implementing the IRayProvider interface provide the means for the interaction 

with virtual objects. In the classes, a method is implemented that returns a ray pointing in a 

direction. Three rays were implemented so far for the toolset: rays pointing forward and up 

from the hand point into the world space and a ray that takes the hand point from the screen 

coordinates. Code snippet presenting the forward ray is shown in Figure 29. 

 

 
Figure 29. Creation Forward Ray code snippet. 
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In Figure 30 the ray from the screen points is presented, where it shows the conversion of 

the object’s conversion from world space coordinates to screen point and then into a ray. 

 

 
Figure 30. Create Screen point Ray code snippet. 

 

 5.2.2 Python 
On the service part of this toolset written in Python, a simple socket server was 

implemented. The server is responsible for the image acquisition from the Unity application. For 

this purpose, the standard scenario of how a message should be send is through sockets. Sending 

and receiving messages through sockets is in bytes format, so the incoming message that contains 

the image is in bytes format. Using the OpenCV and NumPy libraries the image is converted back 

from bytes to a standard image format that can be processed and manipulated.  

This image is further processed as of rotation, size, and aspect ratio. The image has to be 

flipped as it gets received in a reflected way. The aspect ratio of the image acquired directly from 

the camera of the mobile phone is not the same as the one on the displayed screen of the mobile 

phone, so the image should be matched on the mobile phones’ viewport to have the desired 

outcome. Finally, the size of the image is processed to match the required size that the neural 

network requires as input. Then the image is sent to the hand tracking module to detect the hand 

points and store them on a list. The points of this list are resized on the size of the mobile device’s 

viewport. This list will be sent back as a response to the mobile device. 

The initialization of the socket server is done by the lines of code presented in Figure 31. 

There are declarations of the socket type and the address family on the first line. Then the socket 

layer is given and allowing to reuse a local socket before timeout. This prevents errors that may 

occur if there is not enough delay between calls. On the third line there is a bind to the IP of the 

machine with a predefined port to act as the endpoint for the clients. Finally, the server is put on 

listening state waiting for clients to request services. 
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Figure 31. Server Initialization code snippet. 

 

 In Figure 32 is presented the process of receiving a message from a client. Firstly, the 

header is retrieved to get the overall length in bytes of the message. Then in a while loop it starts 

receiving the payload until it has received the same number of bytes as specified in the header. 

After this, the image should have been received correctly and an attempt to convert from bytes 

back to a JPG image is initialized. In the end, when the image has been successfully converted to 

a desired format, it is returned to the main flow of the program to further be processed. 

 

 
Figure 32. Message receive Flow Diagram. 

 

In Figure 33 is presented a code snippet that describes how the points recognized from the 

hand tracking model are resized to the size of the mobile phone screen. The coords array contains 

the (X, Y) coordinates of each hand point. For each hand point the recognized pixel from the 

processed image is converted back to the actual pixel that needs to be displayed on the mobile 

phone. 

 

 
Figure 33. Hand keypoints resize code snippet. 
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The hand tracking algorithm should be slightly modified to be used with the rest of the 

toolset. This means that a method should be used to retrieve the recognized points. There is no 

need to change the implementation of the already existing code. The creation of a function to wrap 

the main functionality of the algorithm with a return value of the outcome is enough. The reason 

for the need of this addition is to allow the service to easily call the functionality of the hand 

tracking algorithm while keeping the different functionalities separated that results in a more clean 

and readable code. 
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Chapter 6 - Results 

 The outcome of the toolset has shown potential on future development and expansion of it. 

To prove that the toolset can be used as a development tool for the interaction on augmented reality 

applications some simple applications were created to test how the toolset can be used, how it 

performs, the behavior of the toolset at runtime and the overall impression of the toolset throughout 

the development, test, maintenance, and usage processes.  

 

 6.1 Case studies 
• Puzzle application 

To test the toolset the first application that was created was a kind of a puzzle game 

that consists of two pieces that have to be placed in the right place. The terrain of the puzzle is 

as shown in Figure 34, the cube has to be placed on the square on the floor and the sphere on 

the circle.  

 

 
Figure 34. Puzzle example Terrain. 
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The detection of the cube and sphere, whether they are placed correctly or not, is achieved 

with ray casters on the square and circle objects on the terrain as shown in Figure 35.  

Through this demo application the result revealed that it is not that easy to move an object 

to a specific location with high accuracy. The action to place the object on the right place was 

harder than with physical objects. Another difficulty on this application was on the usage of the 

plane detection provided by ARCore library. The difficulty was on the delay of the plane detection 

and in some cases the height of the detected plane was not as it should be. 

 

 
Figure 35. Puzzle example completion 

 

• Keyboard application. 

     A second application was created representing a virtual keyboard. There is only one 

octave as presented in Figure 36, but it was enough to prove that despite the performance on a 

virtual piano mid-air is a hard task to be achieved it was possible to be accomplished in a 

fundamental level. It is hard to play the piano on a high level of performance, but this 

application was created just to show that this concept can be achieved if more details are 

considered from the development team of the application. 
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• Painting application 

    A third application has to do with arts also. Here providing a pencil and a canvas a user 

can draw shapes on the canvas using the virtual pencil. The pencil is bound on the virtual hand 

and moving with it. When the pencil is within the borders of the canvas it starts to paint with 

a predefined color. To stop painting there is a gesture that allows the user to move the pencil 

freely without painting. This application is just a demo again but there are many simple 

additions that can transform it to a full-scale painting application. In Figure 37 is shown the 

painting demo in the early stages. It has great potential and also a possible 3D painting in the 

environment of the end-user. 

 

Figure 36. Keyboard example. 
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Figure 37. Painting example. 

 

• Sample application 

The last application in Figure 38 can be described as the standard application that is 

commonly used as a sample application in this field of study. Here the task is to grab and freely 

move a cube in the scene. This task can be achieved with ease as it is not a task that requires 

high accuracy on the movement.  

• Word Hangman Game 

    A game was developed also using this toolset as a more motivational way for students 

to learn a foreign language [72].  This work has been accepted for presentation at the 23rd 

Human Computer Interaction International Conference (HCII 2021) a virtual event to be held 

July 24-29, 2021 and the full paper is reported in the Appendix. 

 

From the applications tested, observations were made as on how the interaction 

happens. One observation is that the absence of haptic feedback creates a misconception 
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regarding the positioning and the force that will be put on the hand. Another observation is that 

because of hardware restrictions resulting on short delays of the application the virtual hand or 

the interacting objects will not move alongside the real hand and that is another reason for thew 

user to be confused. The tasks that required high accuracy were found hard to complete and 

further research is required on this topic so a better result will be accomplished in the future. 

 
Figure 38. Basic movement example. 

 

 Other tests for the toolset were conducted on the service side. There, the ability to change 

the hand tracking algorithm with a simple and easy way was tested as this feature is one of the 

core features that this toolset provides. Various hand tracking algorithms checked how the service 

corresponds to the changes and what actions it requires to be taken to ensure that such algorithms 

will be able to change in a simple way. 

 Most of the algorithms that were tested were using a neural network to provide the detected 

hand points. Some of the neural network models tested were just for the hand tracking without the 

ability to retrieve the pose of the hand. These neural network models were used to improve the 
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performance of the models that could retrieve the pose of the hand, or alongside computer vision 

techniques that retrieves hand points. Some of the models tested are the following: 

  

 

 

• Convolutional pose machines [73]. 

This was the most used model as this project offered a great implementation and 

with many extra functionalities as the Kalman filters that helps for a better prediction of 

the movement of the hand. The drawback of the model is that it is computationally heavy 

to run. Running this model in real time requires a desktop computer or a laptop with at least 

a mid-range gaming graphics card.  

• Accurate Hand Keypoint Localization on Mobile Devices [74]. 

This model was light enough and could be executed on a mid-range laptop with a 

good performance. The drawback of this model was that extra functionality had to be 

implemented to achieve better results as it would easily be influenced from the 

environment. 

• HandTrack [75]. 

This model was used to assist the other models to perform better but numerous 

computations were required, and a large amount of delay was introduced. This model was 

also used alongside computer vision algorithms to provide a square indicator on the 

complete image that the hand is located in it, to make the algorithms easier to recognize 

and subtract the hand from the background. 

 

 Some of the computer vision algorithms that used together with the models aforementioned 

are as already stated the Kalman filters that use measurements obtained over time to produce 

estimates of unknown variables. With this technique the outcome of the hand points was more 

accurate than running the neural networks without it. Other algorithms used for the extraction of 

hand points given a sub image containing the hand only provided using the Handtrack model 

described previously. One of such algorithms was the Optical flow that tries to observe the motion 

of objects in a scene. This technique required a static background and many configurations that 

made it hard to be adapted for this toolset. Another technique tested was subtracting the remaining 
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background from the image provided by the Handtrack model and then calculating distances from 

a center point to the farthest points of the resulting image that contains only the hand. In this way 

the fingertips of the hand were extracted and can be used to perform tasks. This method also was 

not very stable and as it did not offer better optimization on the computational power required for 

the hand tracking, this algorithm was also not preferred. 

 6.2 Performance 
The overall performance of the application as fathomed, was linked to the performance of 

the hand tracking algorithms. So, the performance of the toolset is highly related to the selection 

of the hand tracking algorithms. This performance restriction can be surpassed by using a desktop 

computer with more computational power to support such models or even more demanding ones. 

A second performance issue is this of the network connection, it requires a good network 

connection that in most cases everyone has access to nowadays. Of course, there are still some 

cases where a network connection is not available and from the mobile phone network access there 

is usually a limitation on the data a user can spend, or an extra payment for the data is required. 

This problem is also going to be solved by the adaptation of 5G networks that promises even faster 

and more accessible internet from everywhere. 

Another performance limitation occurs from the ARCore library. This does not cause an 

actual delay on the application, but some tasks such as the plane detection that requires several 

resources and some extra actions to be taken, can detune the user from the starting goal. Most of 

these limitations occur due to the real-time understanding of the environment from the augmented 

reality libraries that run those tasks in parallel with the rest of the tasks of the application.  

All tests were performed on a laptop with an Intel 9th Gen i7 CPU, Nvidia GTX 1050 4GB 

GPU, and 32 GB RAM and on Xiaomi Pocophone F1 smartphone. The requirements of those 

devices do not consist of the best hardware available in the market but rather a standard 

specifications of a common desktop computer and a mobile phone. The above specifications shows 

that the toolset does not require high-end hardware to run and can be applied in the majority of the 

devices available in the market. 
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Chapter 7 - Future Work 

The aim of this thesis was to provide a toolset that facilitates the process of interaction in 

augmented reality applications while the toolset remains open to expand and be versatile on the 

selection of which components will be used. A great deal for the toolset was to provide the ability 

to the user to change the hand tracking algorithm without breaking the rest of the toolset. This task 

was important because such algorithms everyday become better and require less resources to run. 

So, the opportunity given to the user to change such algorithms provides a great advantage as the 

user can update the toolset without relying on an update of the toolset for a new hand tracking 

algorithm.  

 The way that the toolset designed is addressed to a variety of users and with a variety of 

skills. It is not a necessity to be a professional programmer to use the toolset, but a little bit of 

programming knowledge is required at this stage. A designer can use the components provided to 

create an application, but it will be limited to some default functionality. Furthermore, it is a nice 

way for hand tracking researchers to test the models they develop on a real-world application. 

 As the outcome suggests, the toolset does not require extreme equipment and hardware 

devices to be able to run in a satisfying rate. This makes it accessible to a variety of users as the 

required hardware can be easily found.    

 

 Further development of the toolset is required so that it may become a more complete 

development tool able to perform in the most demanding situations. The toolset can expand even 

more to provide extra functionalities beyond the aim of this thesis. Additions and improvements 

of the toolset are listed next, presenting simple modifications to the already implemented 

functionalities but also new functionalities that will enhance this toolset. 

• Support many users simultaneously on the service. 

   Provide the means to allow many users to connect to the service and use it in many 

devices at the same time. This will require the implementation of registering each device that 

registers to the service so that the service will know where to send the corresponding data. It 

also needs a better handling of the processes running to optimize the performance when used 

heavily. The support of many users will lead to the need for a better hardware to host the 

service as the computations will be increased. 
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• Support remote collaboration of two or more players. 

    A great expansion of this toolset will be the ability to allow two or more players to 

collaborate in the same scene. To achieve this, the support of many users from the service is 

required, but also extra data must be exchanged, such as what action each player does and how 

it affects the scene. Those extra data must also be organized in classes to be clear each time 

what data is retrieved. 

• Support more hardware devices and software libraries. 

    Right now, the toolset supports mobile devices that are augmented reality enabled. The 

goal is to provide the means for more mobile devices to use the toolset as well as newly 

emerged augmented reality glasses, simple cameras and more. 

• Create a better interface for users without any knowledge of code. 

    It is a very important step to provide a better user interface for the creation of a game or 

an application with the toolset without the need for righting code. This needs a well thought 

out design to be practical for the user and expose the right variables on checkboxes, sliders, 

and other user interface components. Also, attention is required on the implementation of such 

components to guarantee that the values available on those components will not lead to a 

conflict with the acceptable values on the code. 

• Expand the actions that the toolset provides. 

    The toolset provides some basic actions in its current state, such as the grab action. In 

the future more actions are about to be implemented to give more options on the interaction 

means. 

• Create a better-looking hand model for the virtual hand. 

    The model of the hand can be described as a very basic model just to act as a guide on 

where the application has detected the real hand. A better model for the hand, possibly a 3D 

model, is about to be introduced in next versions of this toolset. The improvement of the hand 

model will help the user to understand better how the hand moves and will be more pleasing 

to the eye. 

• Implement an inverse kinematic movement on the virtual hand to be more realistic. 

    With the improvement of the hand model, the movement of that model also has to be 

improved. This can be achieved by applying inverse kinematics for the movement of that 

model. In this way, some computations can be relieved from the service and introduced on the 
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device. For the implementation of this technique attention must be focused on not over-loading 

the device with heavy tasks. 

• Implement extension methods to directly access functionality from components. 

    Using extension methods is a way of structuring functionality for a class type without 

modifying that class specifically. In this way of implementation, the extra functionality will 

benefit the programmers to access the methods in a more natural way and also allow them to 

expand functionality without directly modifying the class but rather just by introducing a new 

method of their liking.  

• Use inversion of control. 

    Inversion of control is a design principle in software engineering that allows the 

separation of the functionality of the program into independent modules and the extension of 

the programming language. By inversion of control, abstractions can be created that allow to 

control how a class will act by injecting the dependencies of that class and not initializing those 

dependencies inside the class.  
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Abstract. Augmented Reality in combination with playful learning is used toAQ1

enhance students’ engagement in blended learning environments. This paper
presents an AR game with hand tracking & hand interaction that transforms the
classic Hangman word game. The thematic word areas of the game are recycling
and Covid 19, two areas that are of great interest today.AQ2

The game offers alternative interaction through a 3D hand model and 3D
objects/letters. The player moves the 3D letters to complete words and collect paper
cards with the words’ image. These paper cards are then placed, in any order, by the
student to create a picture story and a virtual maquette with AR objects is generated.
This maquette allows player to create different picture-stories by shuffling the order
of found words’ paper cards. A field study has been contacted with two groups of
students, one group used classic learning techniques and the other group used our
AR game. Preliminary results of the study show that all students improved their
language skills but only the group with the AR game evolve into being more active,
involved, participative and engaged in the educational process and developed their
creativity skills.

Keywords: AR game-based learning · NUI · Gamification · Blended learning ·
Creativity development

1 Introduction

Technological advancements in software and hardware and specifically the major
improvements of the performance of smart devices have diversified our everyday life.
One of the areas in which these technological changes are gradually becoming appar-
ent is that of education. Augmented Reality (AR) is expected to diversify teaching in
the coming years as AR applications blend physical and virtual worlds through a touch
screen, a camera, or a head-mounted device [1]. AR technology is compatible and can be
used in conjunction with the Game Based Learning (GBL) methods to boost educational
processes. It can also help students both in the cognitive part and in gaining motivation
for learning, but also in developing basic 21st century skills [2, 3].
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Traditional teaching methods do not make much use of new technologies with the
result that students often lose interest in education due to the way they learn. While in
their daily lives, students are accustomed to function and interact within environments
with multiple stimuli, the traditional school remains a place with limited options [4].
The change to a new model is imperative to make learning more creative and interactive
by introducing new visual forms of learning [5].

Through play students can develop their thinking and concentration [6] around a topic
via a fun and entertaining way of achieving specific learning goals [7]. Students’ engage-
ment helps to achieve multiple goals outside of learning, such as in-depth understanding
of the topic and greater awareness of the topic [8].

Augmented reality allows information and 3D virtual objects to be displayed on top
of real-world objects. Furthermore, AR offers the ability on such objects and information
to be processed in real-time [9, 10]. As smart mobile devices become more powerful
(computationally) they can support augmented reality applications and thus make AR
reachable to more people.

In addition, software libraries and frameworks such as ARCore and ARToolkit have
helped the software development community to have effortless access to AR technology
and include it in their applications. Research about the interaction in such environments
with bare hands are also evolving along with the improvements on the hand tracking
field of study making possible, for mobile devices, to run such algorithms [11].

1.1 Game Based Learning

The educational community is shifting the goals, that had been set in previous decades,
related to the acquisition of knowledge and the traditional model of teaching to a new
approach. One of the main goals of this new approach is the utilization of knowledge but
also the development of a pleasant environment for enhanced creativity in the classroom
[4]. Discussion, research, and experimentation can help students activate their interest
and make learning more interactive.

GBL creates a framework where students have additional motivation compared to the
traditional teaching method. Their participation because of games is greater, while the
willingness they show towards the lesson in general increases [2]. According to Fotaris
et al. [12] learning using digital games in education reported significant improvements
in subject understanding, diligence, and motivation. In this way the game becomes an
educational tool to achieve the goals set by the teacher. In addition, as Sitzmann states
[13], through play, students’ performance can be improved and relationships between
them can be strengthened.

According to Prensky [14] an educational game is designed not only to develop
players’ skills but also to maintain and apply this object in the real world. Thus, it is
important to connect education with everyday life as in this way it will be possible to
develop students’ metacognitive skills and their awareness of important issues.

1.2 Augmented Reality in Education

AR is a relatively new technology that combines the physical with the virtual world
through the addition and integration of virtual information [15]. In terms of education, it
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Transforming Classic Learning Games with the Use of AR 3

is important to connect the two worlds namely the physical and the virtual as opposed to
VR where the user is completely immersed in a virtual environment [16]. The use of AR
enables students to diversify and enrich the physical world through new technology and
the use of smart devices rather than completely replace it [9]. The additional information,
images and objects provided help students to effectively understand abstract concepts,
thus helping to improve knowledge and learning [17, 18].

Mobile AR is considered one of the most up-to-date technologies in education for
the coming years as it is easily accessible due to the high penetration of smart devices
[19]. The reasons are that it is an inexpensive technology, easy to apply in the classroom
and safe. With AR, students can simultaneously interact with both the real and virtual
worlds in real time [20]. This turns AR into an exciting entertainment and learning tool
for kids. In addition, the new features it offers help to develop their imagination and
creativity [21] and at the same time helps to connect the game with learning.

AR can be used as a learning tool in the hands of the teacher to activate students’
interest and gain their attention, so that they can focus more on the lesson. According
to Oranç and Küntay [22], through AR applications, students delve deeper with this
technology. In addition, they believe that to be effective there must be utilization of the
knowledge and skills that students acquire in their daily lives. According to Hirsh [23], the
principles that should guide the use of AR in education are essential: (a) to encourage
students to be actively involved in the process, (b) to include additional material, (c)
to provide important new experiences with which they can relate, and (d) to offer an
environment of socialization and cooperation.

Moreover, the combination of AR with game-based learning (ARGBL) has gained
momentum in the field of education as it creates a playful and enriching learning expe-
rience [24]. Utilization of this technology leads to the creation of new interactive visual
learning environments [5] that allow new approaches to teaching and learning experience
in various disciplines.

2 Background Work

Game Based Learning is an approach that is constantly gaining ground in the field of
education and teaching due to the opportunity it gives students to learn through enjoyable
and creative activities. The field of literature & language is no exception since this is
one of the most frequent courses in the typical school curricula. Through the electronic
or non-electronic games students can develop their vocabulary [50] both in their mother
tongue and in the second foreign language [51-53].

2.1 Alternative Educational Tools for Literature and Language Education

The field of literature & language as mentioned is one of the most important in education.
The pedagogical teaching methods used are many and range from traditional to modern
and innovative. From creative writing and the use of everyday objects to the use of
technology with computers, smart devices, applications, games, VR and AR, educational
robotics.

A
ut

ho
r 

Pr
oo

f



4 I. Logothetis et al.

Creative writing is a method that utilizes various techniques to spark students’ imag-
ination and help them create their own texts using language in a different way [28].
However, in addition to the classical methods, the use of technology is a new way to
encourage students to improve their language and vocabulary skills [28]. Mobile games
[54, 55] are increasingly being used in classrooms, presenting positive results in the
areas of knowledge and skills [26, 29]. In fact, studies have shown that mobile games
are an effective tool for both high school and younger ages as students developed their
knowledge in repeating/reviewing, using multiple modalities and means, and having
control over their own learning [30].

According to Hwang, W. et al. [31] game-based learning activities can significantly
improve students’ speaking skills if they work in combination with a mobile game-based
learning system. The WhatsApp Social Networking Tool (WSNT) seems to work for
older ages [25] as it helps students learn English interactively and collaboratively. Fur-
thermore, Ghazisaedy [27] argues that educational robotics can help in learning English
as a foreign language as the new way of learning helped them to develop additional
motivation and to learn more effectively in the long run.

In their research, Cai, S. et al. [17], on 38 students of the eighth grade of an AR and
motion-sensing learning technology that teaches magnetic fields in a junior high school
physics course observed the effects of using natural interaction on students can improve
students’ learning attitude and learning outcome.

2.2 AR in Literature and Language Education

A significant number of AR applications, related to education, have use cases from
language & literature education as shown by Parmaxi’s et.al. [41] systematic review
of 54 studies regarding language learning between the years 2014–2019. According
the review, most AR studies dealt with vocabulary (23.9%), reading (12.7%), speaking
(9.9%) writing (8.5%) or generic language skills (9.9%). However, the authors point
out that no special connection was found with learning theories during the application
of AR. This gap can be filled through the creation of applications in collaboration with
stakeholders in the educational community.

AR-related language applications and research have shown positive results in terms of
vocabulary and spelling development [4], improving student motivation and increasing
memory. Similar results appeared in a study on the improvement of vocabulary and
grammatical structures [42]. Also, positive results were found regarding the learning of
English as a second foreign language through the application of AR [43] in relation to
the traditional teaching methods.

The use of AR seems to help students significantly in the complex and demanding
field of language as they seem to achieve higher performance, to retrieve knowledge
from memory more easily [44], and also to improve their narrative ability, the size of
their stories as well as their creativity and imagination [45]. Another important fact is
that in most researches it seems that, at the same time with the cognitive objects increases
the motivation, social collaboration, and interest of the students for the lesson [38, 46].
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Transforming Classic Learning Games with the Use of AR 5

Collectively, we have researched more than 30 studies and the conclusions can be
summarized to: (a) naturalistic approaches applied to AR technology help to foster pos-
itive attitudes towards AR, (b) AR facilitate collaboration and (c) AR-related language
applications enhance the users’ social collaboration, personal development and skills.

2.3 Hand Interaction with AR

Research on hand interaction with the use of AR suggests that one should use the hands
like when interacting with the musical instrument called Theremin. In this way the errors
are minimized when hands block or confuse. A gesture-based interaction has been devel-
oped which includes functionalities as menu selection, object manipulation and more
[33]. A method for realistic grasp is proposed that uses predefined rules for the move-
ments of the hands as a physics simulation would be computationally heavy. The system
checks if an object is considered grabbed and if two or more points of the hand are
interacting with the object from opposite sides [34]. A similar method to the above is
proposed but with the use of a glove that will provide haptic feedback as well [35]. A
system to control the tv functionality is developed using Convolutional neural networks
and Convolutional pose machines for hand recognition [36]. Another system for interac-
tion with 3D objects in museum is proposed using the Leap Motion device for the hand
recognition [37]. Using the Leap Motion device, researchers developed an application
for learning geometry, that students can draw 2D and 3D shapes of geometrical shapes
on top of a marker [32].

Objectives
The purpose of our study is to raise awareness and develop students’ vocabulary and
creativity on the topics of recycling and Covid 19. The research utilized the approach of
game-based learning and AR hand interaction technology. Our goals were for students
to:

• Develop their vocabulary around the topics of recycling and Covid 19.
• Utilize AR hand interacting technology to become more active in class (motivation).
• Develop concentration, engagement, and enjoyment using an AR game.
• Develop their creativity by making a story of their own based on the objects they

found.
• Be aware of recycling and Covid issues 19.

3 Field Study Methodology

Our field study was carried out at the Elementary School of Plakia, Crete, Greece,
in October 2020. While further expansion of the research was originally planned, the
field study was stopped due to the mandatory quarantine in respect with covid-19. The
research sample was homogeneous in language and consisted of 36 students (16 boys, 20
girls). The age of the students was 10 years old. The requirements regarding information,
consent, confidentiality and use of data were met carefully, both orally and in writing,
by informing school staff, students, and parents about the purposes of the study and their
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6 I. Logothetis et al.

right to deny their participation. The students were divided into two groups based on
their classroom.

We also obtained the approval of the Primary School Directorate to conduct this
study in schools in its area. Then, in respect to the protocol of the institutional review
committee, we contacted the school principals to describe the study and ask for per-
mission to meet with primary school teachers, to explain the study and determine their
interest in participating.

The study was conducted in two levels, the first concerned the teachers and the
viewpoint they had about the lesson and the second had to do with the students. In this
way, the aim is for the study to capture a more comprehensive opinion of the process and
how to use an AR game in the learning practice. For the teachers, the semi-structured
interview [47] was used as a tool while for the students, the observation method [48]
was used. The interviews were conducted shortly after the end of the process, so that the
conclusions and thoughts of the teachers are fresh.

4 Our AR Hangman Game

In this section of our paper we present a game that we have implemented in Unity3D
Game Engine using (AR foundation and ARCore) a custom tool built to facilitate the
process of game development that requires interaction with physical hands in augmented
reality environments.

4.1 Constructing the Game

The design of our application is separated in two main modules (see Fig. 1), the first
module, namely the hand tracking module is a service that is implemented for hand
recognition and tracking and the second module, namely the Unity toolset, constitutes
the functionality and representation of the hand in the game. The separation in two
different modules allows for higher frame rates of the game as the device running the
game is relieved from the hand recognition process.

The main components of our application, in a high architectural level, are presented
in Fig. 1 while Fig. 2 shows the usage of these components described in a workflow
diagram of a common usage scenario created with our application.

The Unity toolset provide basic components such as a socket client for the commu-
nication with the hand tracking service and an image capture method that is required to
send a stream of images on the service. The rest components concern the game creation
and interaction process. These components are a virtual hand, hand actions, gestures,
selectors, and raycasters (see Fig. 1 right part & see Fig. 2(a)).

To better use the hand points, we have separated them on their corresponding fingers,
so when there is a need to retrieve specific hand points, they can be accessed by calling
the involved fingers. Predefined gestures also exist that can be used as is without the
need of accessing the finger classes or the hand points. To add on this and make it even
easier and simpler to use a gesture type enumerated value is assigned to each gesture
that is implemented and a gesture manager class has been created. Through the gesture
manager class all gestures can be accessed by using the interrelated gesture type name.
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Transforming Classic Learning Games with the Use of AR 7

The HandAction class (see Fig. 2(a)), is responsible for defining the behavior of
the virtual hand when interaction occurs with another virtual object in the application.
Such actions involve the movement of a virtual object. This class exists mostly to cover
additional behaviors or different implementations of already existing behaviors.

Selection Interfaces (see Fig. 2(a)) include Ray cast provider that is a component
that describes the type of a ray caster to be used. This ray caster is used on the selector
classes that their responsibility is to check if the hand is about to interact with a virtual
object or not. Finally, in this category of components the selection action classes are also
included, which are used to visually inform that a virtual object is about to or interacting
with the hand.

The hand is represented virtually within the visualHand class which is wrapped in
the actionHand class. In the actionHand class further information about the hand is given
such as the method to detect possible interactions.

Fig. 1. Architecture diagram

The service which connects the Image process module and Socket Server (see Fig. 1),
is responsible for receiving a stream of images from the device and processing the image
to a form that is compatible with the hand recognition algorithm. The hand recognition
algorithm can be changed easily as the rest of the service is not bound to a specific
algorithm. This allows each developer to use their desired algorithms. For this project
we use a modified version of for the handtracking [39].

The game was implemented following the Unity toolset flow Diagram (see while
Fig. 2(b)). When the game starts it initializes a connection to the service and the virtual
hand. After the connection is established it starts to update the position of the virtual
hand to the corresponding position of the real hand on the screen. Each frame we check
if a “grab” gesture is detected that is defined by the ray cast hits of the thumb and one
more finger at least to a virtual object. If the gesture is detected, then a “performAction”
method is fired that starts to move the grabbed object with the hand. To place the grabbed
object to the user desired position, the application calculates the distance between the
target position and the grabbed objects’ relative position. To help the player to put the
object easier we have set a “wider” area for the desired position.
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8 I. Logothetis et al.

(a) Unity Toolset Component Diagram 
(b) Unity Toolset flow diagram of 

main task 

Fig. 2. Component and flow diagrams

The game has taken advantage of ARCore augmented images to link the 2D images
that get acquired from the first part to their respective 3D objects.

4.2 Playing the Game: The Case of the Word Hangman

The game aims to (a) raise students’ awareness about recycling and Covid 19, (b) enable
students to develop their vocabulary in relation to the thematic areas and (c) develop
creativity skills by making their own virtual picture stories and telling their own stories
as stated previously at Sect. 2 where the objectives of our work were defined.

The game involves two main tasks, the first task is to support language learning and
the second is about enhancing creativity. In specific, the first task is based on the classic
word game of hangman and its goal is for the student to complete five words correctly
to progress to the second task of the game which is to present a short story involving the
previously completed five words.

The first task of the game has 5 levels, each of increasing difficulty. Each level
contains a word that the student needs to fill and a set of letters that represents possible
matches to the word’s letters that needs to be completed. Additionally, to make it more
challenging the student has five “lives” for each word. The given word is presented with
the first letter on spot and the rest letters are presented by empty dashes. The student
must grab a letter from the given set and place it on an empty dash. On a correct move
the letter will be fit on top of the dash and stay there until the word is complete. On a
wrong move the letter will change color as an indication of a wrong placement and after
that it will disappear, and one player life will be lost.
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Transforming Classic Learning Games with the Use of AR 9

For each level a pool of words has been created (see Table 1) for an indicative selection
of words per game level. The selection of the word on each level is done randomly by
the game. As levels advance the number of letters per word increases making it harder
for the student to complete the word.

Each time a word is completed the student receives a card representing this word,
then the game continues to the next level where the student must find a new word. The
game completes when the student wins all levels or when the student ends the game
earlier.

For every word the student has 5 wrong guesses. To help the student guess, if two
wrong guesses are made, a picture representing the word is shown as help. If the student
cannot find the word and loses all the guesses, then a “retry level” option is presented
offering a restart of the level again with a new random word. When this option is selected
the letters to choose from will be more straight forward as extra help to the student.

This help is given to the student as motivation and encouragement to not give up or
have an unpleasant experience. The goal of the game is for the student to complete all
the levels without skipping any. Also, it is important to increase students’ confidence
and thus not lose interest on the game and complete all levels. The completion of the
levels is also important for the next part of the game as it allows students to build on the
imagination and storytelling when more words are involved.

Table 1. Sample words per game level.

Level 1 Level 2 Level 3 Level 4 Level 5

Words concerning recycling

Soda can Waste Cardboard Efficiency Greenhouse compost

Metal Rubber Paper bag Glasshouse Conservatory

Glass Bucket Waste bin Garbage truck Regenerate

Oil Plastic Trash bag Disposable Biowaste

Bin Plant Recycle Ecosystem Biodegradation

Words concerning Covid-19

Flu Medical mask Hygiene Quarantine Social distancing

Virus Vaccine Anosmia Dispenser Stethoscope

Soap Gloves Pandemic Epidemic Asymptomatic

Nurse Hospital Sanitation Infection Contagiousness

As stated, before a word pool has been created for the needs of the game and an
indicative set of words is presented on the above table. The difficulty of each level is
based on the number of letters in each word. As the levels progress the student has
not only more compound words to find but also has to think and understand better the
thematic areas of the game.

In respect with the game-flow, players first choose the thematic area and then the
game begins by presenting as many dashes as necessary for the word of the first level.
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10 I. Logothetis et al.

Players use their hand to grasp and move letters that appear on the screen (Fig. 3(a and
b)). For each incorrect letter placement, the player loses one live. Player lives are denoted
with red hart images.

  
(a) Thematic area: Recycling                     (b) Thematic area: Covid 19 

Fig. 3. Virtual Hand Moving Letters

When all letters are placed in the correct position a 2D object representing the word
is displayed (Fig. 4). Consequently, in the classroom the teacher gives the student a
paper-card corresponding to the word completed in the AR game (Fig. 5). In this way
the game materializes Blended learning as students play in both virtual and real worlds.

(a) Thematic area: Recycling (b) Thematic area: Covid 19

Fig. 4. Completed word and 2D word object

Through storytelling students have the opportunity to develop both their vocabulary
and their imagination. They are able to consider new ideas and express them in words.

Once the last game level has been reached and the students have collected all their
paper cards, representing the artefacts that describe the words found, they can place
them on their desk in any order they want and create their picture story (Fig. 6). Once
the paper-cards are in the desired sequence, students can place the mobile device that
they use to play the game, e.g. a smart phone or a tablet, on top of the paper-cards to
generate the 3D virtual objects (Fig. 6). The story can be presented to and shared with
their classmates.

As explained at the Field study Methodology section above our students have been
seperated into two groups according to their classroom. The students of the first class-
room had at their disposal the teaching tools they use in their daily student life such as
the blackboard and the projector. These students played the traditional hangman game
and were then asked to write a story related to these words using as many as they could.
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Transforming Classic Learning Games with the Use of AR 11

Fig. 5. Paper-card icons

(a) Thematic area: Recycling (b) Thematic area: Covid 19

Fig. 6. AR based story

The students of the second classroom were given smartphones with the application.
During the use of the application they were given additional image paper cards after
the successful completion of a word to place them anywhere in the room they wanted.
Respectively, these students were asked to create a story. At the end of the process there
was a general awareness of students about the issues of recycling and Covid 19.

5 Discussion - Research Outcomes - Results

Research has shown that using GBL in conjunction with AR can help elementary school
students develop their vocabulary, become more active in class, and become more aware
of important areas such as the areas recycling and Covid 19 that were investigated in our
research. Both teachers and students converged in this direction and support the above
statement. The table below (Table 2) shows the questions by topic and some typical
answers of teachers.

5.1 Field Study Results’ Analysis

The following results emerged through participatory observation and interviews with
teachers. The students had a great interest and participation in the exploitation of the AR
game. It piqued their interest as a new and different teaching tool through which they
can learn by playing. At the same time, the teachers were positive with the use of this
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12 I. Logothetis et al.

Table 2. Questions & typical answers by topic.

Interdisciplinary unified
curriculum framework

Questions Typical answers

Vocabulary - learning tool
interdisciplinary learning

Did they develop their
vocabulary around the two
topics? And how?

“The students learned some new
words and understood them
through play.” “Through the
game they began to use in their
written word the words they
learned”

Has the spelling improved? “I saw a slight improvement in
their spelling.” “Some weak
students have significantly
improved their spelling on the
words in the game”

How did playing with QR codes
help them?

“Almost all students were
excited about the game and
would like it to be repeated”

Game based learning -
alternative motivational
training tool

Motivation “Almost all students wanted to
win the game to get the cards
with the QR codes”

Concentration “While playing the game, the
students were completely
focused on the screens of their
smartphones”

Engagement “I saw students with reduced
participation be interested and
play an important role in all
activities”

Enjoyment “Rarely do all students rejoice
and enjoy the lesson as with the
use of the AR game”

Connection with society
awareness

Have you noticed any changes
in their behavior regarding the
issue of recycling?

“I have noticed that most
students are now more actively
involved in recycling, either
inside or outside the school”
“They are much more careful
about where they put garbage,
and they have a lot of ideas for
improving recycling in their
school and in their area”

(continued)
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Table 2. (continued)

Interdisciplinary unified
curriculum framework

Questions Typical answers

Did you notice any changes in
their behavior regarding Covid
19?

“The students understood the
actions that are necessary to
protect themselves and the
means at their disposal.” “Now
they use the sanitary ware for
Covid 19 with great comfort and
ease”

technology as a teaching tool. They believe that with game involvement teaching goals
can be achieved as a result of a pleasant experience. More specifically, the results per
thematic unit were the following:

In the field of vocabulary, no significant differences were observed between the two
classes. Both in the class that the hangman game was played in the traditional way and
in the second class, students developed their vocabulary and their ability to spell. The
difference observed between the two classes has to do with the way the students behave.
In the first case the students had a similar behavior in relation to the daily lessons.
However, in the second case, they considered that they were participating in a game and
not that they were taking part in a school lesson.

Significant differences were observed in the part where they used the cards with
the QR codes and created their own stories. Students who attended the lesson in the
traditional way did not have many ideas as opposed to those who used AR game tech-
nology. The students became more active from the moment the teacher announced that
they would receive a card when they found a word and seemed to be more enthusiastic.
They liked to place the cards with the QR codes in different parts of the classroom,
“decorating” it with their own style. In this way they started to have more ideas and to
think differently about the stories that the teacher asked them to make. The collaboration
between the students increased and they started discussing and proposing thoughts and
ideas to each other.

In terms of awareness, in both cases an increase was observed with a slight difference
in the part using the AR game. Students in both classes learned about the possibilities
offered by recycling and how they can protect themselves and those around them from
Covid 19. After the end of the lesson, most of them started coming up with ideas for ways
that could improve the spirit of recycling both inside and outside the school. This showed
that through various activities within the school, students can become more aware and
acquire new habits in their daily lives. In addition, their activities helped them gain a
better knowledge and argument to propose changes in the local community. An example
is that the students suggested a meeting with the local mayor to raise their concerns and
suggest ideas about the recycling framework. This showed that there was a connection
between the school and the local community. About Covid 19 the activities helped the
students to better understand the dangers and to change some of their daily habits. In
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14 I. Logothetis et al.

addition, they learned to use disinfectants properly and to be vigilant so as not to be
exposed to the virus.

5.2 Conclusions

The use of new technologies can help significantly in the learning process if the tools used
to fulfill the goals are set by teachers. Using Augmented Reality games as an educational
tool can help students in a variety of ways. Students become more active throughout the
lesson and are more focused for longer. This helps them to gain more benefits from the
course than traditional teaching. In addition, the new way of learning and the different
stimuli help them to develop their thinking and their creativity. This was evident in the
present study as the stories they created had great diversity, strong signs of imagination
and new ideas that these students had not used in the past. This had showed that it is not
only the application that matters but the general educational approach that can highlight
the potential of technology and is in line with Juhee’s findings in paper “Problem-based
gaming via an augmented reality mobile game and a printed game in foreign language
education [40].AQ3

Using our AR game and the activities that followed, the students got to know better
and in depth the areas of recycling and Covid 19. The AR game did not make much
difference in terms of improving spelling, but students were more motivated for the
lesson and were more positive in continuing until the game was over. Finally, addressing
these two important issues of daily life helped students become more aware of recycling
and Covid 19, take initiatives and develop active social action.

6 Future Work

The research was carried out during the first semester in only two classes. According
to our original schedule, the goal was to expand to more students so that they could get
safer and clearer results regarding the relationship between an AR game and the classic
learning process. However, the field study was stopped due to the mandatory quarantine
that last three months and up to this day. The goal for the future is to continue and add
new modules to our AR game that can provide additional information such as the xAPI
library which can create data for learning analytics. Through XAPI, the AR game will
be able to note players’ actions in more detail, as well as the points that made it difficult
or aroused their interest to a greater extent. Another point that can be explored in the
future is the connection of AR games with the STEM teaching method. In other words,
students should combine their ideas with virtual models and then apply them in practice.
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