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Abstract 

Title: A Human-Centered Design Approach to Enhance Children’s collaboration and 

Facilitate Learning Using Tangible User Interface  

Author: Wafa Almukadi 

Advisor: Guy A. Boy, Ph. D. 

Mark Weiser’s 1988 vision of ubiquitous computing was the source of many research 

efforts, which contributed to incorporate computers into our current everyday life. One of 

the research topics is “Tangible User Interface” (TUI) that provides physical 

representation and control of underlying digital information.  

This dissertation describes how TUI can support children’s learning and enhance the 

classroom environment, in which children can interact and engage in language and math 

exercises using digital augmented physical blocks. This TUI environment enables children 

to learn, either individually or cooperatively, how to assemble letters and form words, as 

well as calculate using numbers and simple math operators. 

The TUI environment prototype was human-centered designed. It was incrementally 

developed through several iterations that involved formative evaluations in a real 

classroom context with 5 to 8 years old children. We found out that this 

TUI environment supported and improved learning through collaboration, as well as 

children engagement and interaction involving positive modes. In conclusion, the current 

prototype can serve as an effective learning aid based on a collaborative playful model.   
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Chapter 1 
Introduction 

What is Tangibility? 

Tangibility can be defined as anything and everything that is real and capable to being 

touched and felt with hands (Cambridge English Dictionary) perceptible by the sense, 

especially the sense of touch (see Figure 1). 

 

 
Figure 1: Examples of Tangible Objects. 

Many people find it difficult to learn abstract concepts like in mathematics, chemistry, 

physics or philosophy because their mind typically prefers to deal with things that are 

tangible. Tangible user interfaces (TUIs) are defined as “Interfaces that are concerned with 

providing tangible representations to digital information and controls, allowing users to 

quite literally grasp data with their hand and effect functionality by physical manipulations 

of these representations.” (Shaer O, Hornecker E, 2010). In general, TUIs provide 
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usability benefits, learning benefits, and fun benefits (Zaman, Vanden, Markopoulos, 

Marshall, 2012) that can enhance the education and provide efficient learning.   

Why we should consider tangibility? Merleau-Ponty wrote, “Insofar as I have hands, feet; 

a body, I sustain around me intentions which are not dependent on my decisions and which 

affect my surroundings in a way that I do not choose” (In Phenomenology of Perception, 

1962, p. 440). 

Nowadays, we can use information technology anywhere at anytime. The number of 

computers is constantly increasing. Computers are now embedded in everyday objects and 

environments, enabling the need for tangible interaction.  TUIs enable us to move beyond 

conventional input devices, such as a mouse and keyboard (Ishii, Ullmer, 1997).  At the 

same time, TUIs provide physical forms to digital information, making it directly 

manipulatable with human hands, while physical forms can serve as both representations 

and controls for their digital counterparts (Ishii, Ullmer, 1997) (see Figure 2).  

 

Figure 2: Tangible User Interface (TUI) (Ishii, Ullmer, 1997). 

TUIs and embedded technologies provide an answer to the integration of computational 

media into the real world: “From the isolation of our workstations we try to interact with 
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our surrounding environment, but the two worlds have little in common. How can we 

escape from the computer screen and bring these worlds together?” (Wellner, Mackay and 

Gold, 1993). Furthermore, TUIs enable people to interact with their environment using 

their haptic skills. In addition, TUIs benefit from natural physical affordances (Norman, 

1988) that also need to be discovered through human-centered tests. To do this (i.e., 

achieve high usability of complex technology), we of course need to boost curiosity, 

increase enjoyment, and focus on task.  

Tangible User Interfaces 

The concept of Tangible User Interface (TUI) generated an emerging field in the Human-

Computer Interaction (HCI) research community. It is gaining attention, especially in 

children learning for the last two decades (Zaman, 2012). Young children have great 

interest in manipulating physical objects with their hands while they develop thinking 

through playing (Inhelder, 2013). Interactive digital technologies become part of our daily 

lives and children enjoy using them intuitively. TUIs are an important part of the emerging 

technology in children learning, since they bridge the gap between physical action and 

digital representation that can keep children engaged in playful learning (Xu, 2005). 

Playing is essential in a child’s learning and development, supporting physical, motor, and 

cognitive development. Furthermore, it contributes to the child’s social and emotional 

development (Vygotsky, 1978). While children play, they can also think, explore, express 

and enjoy themselves, establish relationships, develop behavioral control, and learn. 

However, it is difficult to keep children engaged with a curiosity to learn at school (Gray, 

2013) (Ostroff, 2012). 

Thus, TUIs can contribute to increase child engagement and curiosity by providing 

effective and pleasurable designs that stimulate children’s attention and emotion (Xu, 

2005). TUIs enable children to learn by offering natural interaction, requiring minimal 

cognitive effort and enabling them to focus more on task and underlying domain (Marshall 

2007). Furthermore, TUIs offer a computing environment with a variety of embodied 
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interactions and different types of feedback that match different learning styles (Ishii, 

Ullmer, 1997). In addition, TUIs enable children to collaborate with their friends face-to-

face (Starcic, Zajc 2011), and provide authentic pleasurable experience that facilitates 

learning. For children, collaborative learning increases productivity levels (Vygotsky, 

1978), boosting confidence and self-esteem. 

This dissertation is about a new modeling approach and a human-in-the-loop simulation 

environment that provides children with an enjoyable learning experience while they 

intuitively acquire the understanding of basic mathematical concepts of addition and 

subtraction up to number 10, and at the same time motivate them to learn new words of 3-

letters and their spelling. This Human-Centered Design (HCD) research is strongly based 

on the shift from single-agent models of cognition to multi-agent models of socio-cognitive 

interactions (Boy, 2014). Furthermore, in contrast with classical approaches where tools 

are engineered from the inside-out (i.e., from means to purpose), in our HCD approach 

tools are designed from the outside-in (i.e., from purpose to means) (Boy, 2014 – Figure 

3).  

 

Figure 3: The outside-in approach. 

This dissertation presents the Math-Vocab system, a tangible tool that enables basic 

addition and subtraction mathematical operations and composition of 3-letter words. Math-

Vocab is a set of wooden blocks with embedded computing that simulate letters and 

numbers that enable children to learn basic additions and subtractions, as well as how to 

compose 3-letter words. Math-Vocab has been designed on a reacTIVsion platform 
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(Kaltenbrunner, Bencina 2007), where objects are equipped with fiducial markers (see 

Figure 4) that enable tracking them. 

 

Figure 4: Fiducial marker example 

This unique design of Math-Vocab was inspired by Weiser's vision of the future, where 

ubiquitous computing would eventually become so embedded in the world that it would 

naturally be used without noticing (Weiser 1991). Following up, Zuckerman developed  

“Conceptual Manipulation” educational toys (Zuckerman 2007) based on concepts 

provided by Friedrich Froebel and Maria Montessori, great 19th and 20th centuries 

designers of Learning Objects. 

Research Contributions 

Four research questions were defined for the evaluation of Math-Vocab effectiveness as a 

learning aid. 

Question 1: Can Math-Vocab support collaborative learning for children, helping 

them progress from single-agent models of cognition to multi-agent models of socio-

cognitive interactions?  

A collaborative experiment was carried out with nine first and second grade students who 

had no prior instruction in Math-Vocab concepts and usage. Participants were requested to 

fill in an evaluation sheet using a Fun ToolKit, which is an instrument designed to measure 
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children’s opinion of technology (Read, 2008). In addition, “Participant observation” was 

performed to collect data on naturally occurring behaviors in situ. Subsequent analysis 

clearly showed participants’ progress throughout learning 3-letter words at the group level. 

This observational analysis revealed that children were much more active in terms of 

moving their bodies, guessing solutions and expressing themselves. 

Question 2: Does Math-Vocab support game-based learning efficiency for the 

student?  

A comparative experiment between Math-Vocab (Method 1) and wooden toy blocks 

(Method 2) was conducted with eighteen first to third grade students. Students were 

divided into two groups, while each group used one of the methods. The effect of learning 

language and math topics between the two methods based on dependent variables 

(satisfaction, motivation, learning, perceived usability, and system preferences) was 

evaluated. We measured the number of 3-letter words that children achieved, and the time 

spent in each exercise. In addition, we explored TUI’s impact on child learning. Results 

were close between the two groups. However, children who used Math-Vocab were much 

more excited and motivated. 

Question 3: Does Math-Vocab support game-based learning efficiency for the students 

with mild learning difficulties? 

A workshop was organized at Morgan’s Place multi-sensory wonderland with six children 

with special needs, aged between 6 and 8. Children were free to choose between the 

spelling game and the math game. They were requested to perform the same exercise using 

pencil and paper first, and then they had the chance to play with the Math-Vocab system. 

Children who used paper and pencil were very distracted and unengaged, while children 

who used Math-Vocab were more focused and curious to learn. 
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Question 4: Can a Human-Centered Design approach support children learning?  

Human-Centered Design approach and guidelines offer a broad approach that includes 

designing interactive products to support the way humans communicate and interact in 

their everyday context (Kurniawan 2004). More specifically, HCD is based on the 

acquisition of stakeholders’ needs and requirements. We conducted such knowledge 

acquisition to collect teachers’ and students’ needs as well as various learning and teaching 

styles. In addition, Math-Vocab has been evaluated by HCD experts, education experts, 

and behavior analysts to fulfill HCD guidelines and principles (Gee 2006). We went 

through three iterative designs following HCD principles of cognitive effectiveness, social 

support, emotional functioning, and physical function. 

Overall, we found that Math-Vocab can be an effective learning aid to introduce to first 

and second grade children to language and math concepts of a hands-on collaborative  and 

playful process.  
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Chapter 2 
Background and Related Work 

What is Embedded Technology? 

Mark Weiser (Weiser 1991) proposed a vision for Ubiquitous Computing where the digital 

world blends into the physical world in a transparent way. His vision was to make the 

digital world fully embedded into the physical world, where the user uses physical objects 

without noticing the digital part. The goal is that the user cannot distinguish between 

physical and digital parts. Lots of examples that exist in our everyday routine life represent 

Weiser’s vision, for instance washing machines, dish washers, refrigerators, air 

conditioning, heaters, remote controls, lighting, alarm systems, sensors, smart phones and 

much more. All these devices have embedded controlling microcomputers. For example, 

cars have lots of embedded computers, such as vehicle speed control and self-parking. 

Today, many things around us have embedded technology. Embedded Technology is 

defined as “a computer system with dedicated function within a large mechanical or 

electronic system often with a real-time computing constrain” (Heath, 2003). A big number 

and a large variety of embedded systems are currently produced. They share functionalities 

across a variety of environments and applications. Tangible technologies are based on 

Ubiquitous Computing, which enables computing technology to be more embedded into 

our world. 

Augmented Reality 

Augmented Reality (AR), also called Computer-Augmented Environments, offers new 

ways of interacting with the real world by presenting it as a virtual world whose elements 
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are augmented by computerized features (Feiner, Macintyre, Seligmann 1993). AR 

provides live direct or indirect physical real-world environment visualization, which 

enables users to digitally interact with it and manipulated it (Van Krevelen, Poelman 

2010). A good example that illustrates the AR concept is the GPS application, which 

provides virtual maps of real streets and roads to the user that can also provide additional 

information about the surrounding real world. 

Therefore, AR includes two types of elements: visualization of real-world and overlaid 

information. Among other things, AR mainly involves display devices, computer vision, 

and object recognition.  

TUIs focus on graspable physical objects as input devices (Ishii, Ullmer 1997). Ulbricht 

and Schmalstieg carried out a project that used tangible augmented reality for a computer 

game, which has both techniques at the same time (Ulbricht, Schmalstieg 2003). The white 

markers that appear on the green circles represent tangible objects, which are physical 

objects, used as an input device. They represent and control the virtual model, while the 

three-dimensional graphics embody the AR concept that adds computer generated 

information to the simulated real world (see Figure 5). 

 
Figure 5: A project uses both techniques AR and TUI 



 
 

 

10 

What is Tangible Interaction? 

Tangible Interaction brought different perspectives under one umbrella: tangibility and 

materiality, physical embodiment of data, bodily interaction, and embeddedness in real 

spaces and contexts (Hornecker, Buur 2006). Since the late 90’s, human computer 

interaction (HCI) scientists become more concentrated on interaction design that frees 

users from sitting in front of a screen struggling to pointing and positioning using mouse, 

keyboards, and menus (Konrad 2012). One of the provided solutions regarding the 

interaction approaches is called Tangible Interaction proposed by Hiroshi Ishii and Brygg 

Ullmer in 1997 (Ullmer, Ishii 1997). The concept behind tangible technology is to invent 

new HCI opportunities that combine the physical world with the digital world by getting 

rid of monitor screens with abstract windows, icons, menus and pointers “WIMP 

interfaces” (O'Malley, Fraser 2004). The idea is to move from a graphical user interface 

(GUI) to a tangible user interface (TUI) that would bring some of the richness of the 

interaction we have with physical devices. TUIs enable “physical” interaction with digital 

content where there is no distinction between input and output (see Figure 6). 

Let’s clarify the TUI concept. O'Malley and Fraser (2004) provided a good example by 

describing the use of the mouse to select a menu item in a word processing application and 

the presentation of the result on a computer screen.  It is clear that the input is physical 

while the output is digital. Using TUI minimizes the gap between input and output by 

augmenting the real physical world with coupling digital information (Ishii, Ullmer 1997). 

 
Figure 6: A Tangible User Interface uses objects of the natural environment as an interface to 

the computer. 
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We develop TUIs to empower collaboration, enhance learning, and improve design by 

giving physical forms to digital information, thus taking advantage of human abilities to 

grasp and manipulate physical objects and materials. Fitzmaurice was the first to 

distinguish TUIs from other interfaces, though he called them graspable user interfaces 

(Fitzmaurice 1996). Fitzmaurice defined a graspable user interface as a physical handle to a 

virtual function where the physical handle serves as a dedicated functional manipulator. 

Ullmer and Ishii defined TUIs as “devices that give physical form to digital information, 

employing physical artifacts as representations and controls of the computational data”. 

According to (Ishii, Ullmer 1997), there are several characteristics that describe the 

concept of TUI as follows:  

1. Physical representations are computationally coupled to underlying digital 
information; 

2. Physical representations embody mechanisms for interactive control; 

3. Physical representations are perceptually coupled to actively mediated digital 
representations; 

4. Physical state of tangibles embodies key aspects of the digital state of a system. 
 

Examples 

TUIs enable users to have a direct link between the system and the way they control it 

through intuitive physical manipulations. The computer mouse is a good example of a TUI. 

Dragging a mouse on a flat surface and having a pointer move on a screen accordingly is a 

straightforward way of interacting with a digital data through physical manipulation 

(Shaer, Hornecker, 2010). However, moving a “physical” mouse as an input device to 

select an item from a menu is represented on a computer screen as a graphical pointer, or a 

“curser”, which is the digital twin of the real mouse. In a sense, there is a physical input 

and a digital output where there is a sense of decoupling of input and output (O'Malley, 

Fraser 2004). 
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Urp is one of the first examples developed by MIT's Tangible Media Group (Underkoffler, 

Ishii 1999). Urp is a luminous-tangible workbench system that supports urban planning and 

design. Urp integrates a physical model with an interactive simulation of the effects of real-

time building placement on sunlight and wind flow. The tangible models of buildings cast 

(digital) shadows that are projected onto the workbench surface. Simulated wind flow is 

projected as lines onto the surface. Another example is the Marble Answering Machine 

introduced by Durrell Bishop (Bishop 1992). It is a system aimed to create a phone-

answering machine that interacts with the user by dropping off marbles. A colored marble 

represents a message on the answering machine. By dropping the marble, the user can play 

the message or call back the caller of the message. 

Bricks, is a graspable user interface that allows direct control of virtual objects through 

physical objects (Fitzmaurice, Ishii, Buxton, 1995). It demonstrated a direct input 

mechanism for interacting with graphical representations.  

Reactable (2003) is a musical instrument with a tabletop TUI designed to allow users to 

experiment with sounds and create unique music in an entirely different way. The system is 

based on a transparent luminous round table where a set of pucks can be placed. By placing 

them on the surface user can connect them to each other with the visual display and create 

different music or sound effects (see Figure 7). 
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Figure 7: Reactable, a musical instrument with a tabletop tangible user interface 

Another work done by Kubicki et al. used the TangiSense table and tangible objects as a 

new kind of simulator that helps design complex systems and decision making (Kubicki, 

Lebrun, Lepreux, Adam, Kolski, Mandiau 2013). A case study of road traffic management 

was proposed and results prove that TUIs help in the analysis of system complexity and 

illustrate what context-awareness is about. 

An experiment carried out by Costanza et al. enabled users to download a TUI for music 

and try it in their everyday environments (Costanza, Giaccone, Kueng, Shelley, Huang 

2010). The goal was to observe the impact of a TUI and evaluate how people react to the 

system. The experiment concluded that people accept the TUI concept, which is mature 

enough to be offered to the public.  

Elena et al. developed another system that takes TUI’s advantages to enhance and stimulate 

cognitive abilities of people suffering from Alzheimer’s disease (Elena, María, Victor 

2013). 

Microsoft Surface (2008) is a table that enables several users to interact by moving objects 
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placed on top of it and trigger related behaviors (Freeman, Benko, Morris, Wigdor, 2009).     

In the above section, we illustrate different examples of the use of TUIs as an emerging 

phenomenon serving different domains such as modeling and simulation, systems 

management, health, architecture, music, and pleasant interaction between machine and 

users. In the next section, we will provide several research efforts and projects that show 

TUI’s benefit in the learning domain. 

Tangible User Interfaces Benefit Learning 

Numerous studies have attempted to explain the benefits of using TUIs in learning. 

Investigating the role of TUI in learning, Marshall highlighted several points that could 

lead to improving learning (Marshall 2007):  

1. Use physical material in learning rather than virtual interaction to change the 
nature of knowledge being gained. Physical material and activity help learners to 
build representational mapping and use their mental mapping.  

2. Promote expressive and exploratory activities. Expressive activity exists when the 
tangible represents learner’s behavior (physically or digitally), and exploratory 
activity exists when the learner explores the model embodied in the tangible 
interface provided by the designer.  

3. Facilitate intuitive interaction to support effective and natural learning. 
4. Provide a playful learning environment. 
5. Increase engagement and reflection. 
6. Provide more accessibility especially to young children, people with learning 

disabilities, or novices. 
7. Decrease participation threshold. 
8. Foster effective collaboration. 
9. Increase visibility of other members’ activity,  which improves communication, 

observation, and follow up, as well as encouragement and motivation.  
10. Improve cognitive development, especially for children. TUIs support Piagetian 

stage of concrete operations that benefits from using concrete physical objects.  
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In addition, Marshall provides an analytic framework that explains six perspectives and 
factors that might influence tangible interfaces for learning (see Figure 8).   

 
Figure 8: Analytic Framework on Tangible Learning (Marshall, 2007) 

In addition, TUIs can improve learning thanks to its usability and usefulness, which allow 

users to focus more on the task rather than the usage of the tool or system (Marshall 2007) 

(Zaman, Vanden, Markopoulos, Marshall 2012).  

Several empirical research studies have been carried out to prove TUI’s benefits in 

learning. For example, Tinker Lamp is a tabletop logistic application that was designed for 

16 year old students to enable them to build a small-scale warehouse (Schneider, Jermann, 

Zufferey, Dillenbourg 2011). A comparative study was conducted to compare usages of 

Tinker Lamp with tangible objects and a multi-touch surface. Results showed that usage of 

Tinker Lamp with tangible objects helped students perform the task better while achieving 
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a higher learning gain. Another example is Augmented Chemistry (AC) (Fjeld, 

Fredriksson, Ejdestig, Duca, Bötschi, Voegtli, Juchli, 2007), which is an application with a 

TUI for organic chemistry education. A comparison between the AC system and the 

traditional system, known as the “ball and stick model” (BSM), was performed to show the 

effect of the learning methods. Results indicated that AC provides more visualization, 

enjoyability and effectiveness.  

TUI’s benefits in learning can go to complex domains, such as learning about brain signals 

using Teegi, a tangible EEG Interface that allows novice users to visualize and analyze 

their own brain activity in real-time in an easy, engaging and informative way (Frey, 

Gervais, Fleck, Lotte, Hachet 2014). Learning object-oriented programming (OOP) is 

another difficult area where TUIs can be very effective. As an example, Corral et al. 

carried out an experiment, teaching C# using tangible technology (Corral, Balcells, 

Estévez, Moreno, Ramos 2014). Two groups with sufficient knowledge about 

programming participated in the study. One group had a standard introductory C# course, 

whereas the second one had an experimental C# course that included using TUI features. 

Results showed that the group using TUI had a higher interest level with better marks than 

the standard group. Furthermore, Lucignano et al. carried out another comparison to 

examine the effect of TUI and GUI on the user experience of carpenter apprentices 

(Lucignano, Cuendet, Schwendimann, Shirvani Boroujeni, Dehler, Dillenbourg 2014). 

According to the findings, TUIs have a significant impact on training skills with cognitive 

benefits. 

Next, we focus on the empirical evidence for usability benefits of TUIs with children, 

followed by a focus on learning benefits.  

The Empirical Basis for Children Learning Benefits of 
Tangibility 

Generally, children, either individually or collaboratively, love playing with physical items 

such as building blocks, solving puzzles, magnetics, papers, play-doh, and rocks 
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(O'Malley, Fraser 2004). While children play, they develop socially, cognitively, and 

physically (Fails, Druin, Guha, Chipman, Simms, Churaman 2005). Piaget (Piaget, 

Inhelder, Lunzer, 2000), Froebel (2001) and Montessori (1912) emphasize the 

importance of interaction with physical objects for children’s cognitive development. 

Physical movement can enhance thinking and learning that help children solve problems 

when given concrete materials to work with rather than symbolic version.  

In addition, TUI supports a playful learning environment. Today, researcher scientists say 

that cognition and emotion are effectively integrated in information, which takes place in 

processes such as memory, attention, language, problem-solving and planning (Ostroff 

2012) (Pessoa, 2008). Sometimes, children’s education systems can be a source of negative 

feelings with lots of fear, stress, shame, threats and frustration. According to scientists 

(Ostroff, 2012), negative feelings and moods affect knowledge and result in lower 

performance and effort. Indeed, when a learner’s brain is busy thinking about something 

irrelevant, it cannot keep a sufficient level of attention, and even ends up in a bad mood 

(Brand, Reimer, Opwis, 2007). Conversely, positive emotions and feelings influence 

motivation, attention and perception, and lead to more creative and flexible learning. 

Wendy illustrates numerous examples about children who experience positive emotions 

that provide better answers on memory tests, classification tasks, creativity in solving 

problems, flexibility, and quick responses (Ostroff, 2012). Consequently, it is clear that 

emotions are fundamental to learning. TUIs aim to decrease stress and enhance learning by 

providing a positive playful learning environment.  

Furthermore, TUIs support collaborative activities and social interaction. Vygotsky 

(Vygotsky 1978), emphasizes the importance of social interaction between children, as 

well as how it can boost learning.  Next, we will describe a variety of empirical studies that 

confirm how TUIs influence children learning.  

MagiPlanet, developed for five year old children, aimed to help them understand the 

planetary motion (Billinghurst, Kato, 2002). Children have to place cards which represent 
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the physical objects depicting each of the planets in their correct orbit, at the same time 

they can rotate the objects for more details of the planet surface. Results found that TUIs 

support collaborative learning and rounds up the understanding by providing visual 

information rather than an abstract one. Another example is drawing input devices, 

developed by Ryokai et al., called “I/O Brush” (Ryokai, Marti, Ishii, 2004). I/O Brush 

enables four year old children to explore colors, textures, and drawing movements. Ryokai 

et al. found that children produced complex pieces of art using the I/O Brush, while 

expressively transforming their ideas and information about patterns and features available 

in their environment. Children enjoyed exploring objects and materials in their classroom 

and learned from them. The I/O Brush makes children more interactive with the 

surrounding environment and with each other using full body movement to learn the 

concept of color (see Figure 9).  

 

Figure 9: I/O Brush. Student exploring different objects from classroom 

 Starcic and Zajc used TUI to teach mathematical addition concepts to elementary students 

aged eight to nine years old (Starcic, Zajc 2011). The system engaged the students in 

playful activities adding numbers and performing calculations while they start challenging 

each other and compete for the fastest result. PageCraft is a tangible interactive storytelling 

system that associates physical objects with text and visuals displayed on the screen (Budd, 
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Madej, Stephens-Wells, de Jong, Katzur, Mulligan 2007).  Storytelling is a TUI designed 

for children to learn new vocabulary (Sylla 2013). The system provides a pleasant 

interaction experience allowing children to collaborate, discuss, negotiate, and share 

cultural knowledge. Results illustrate collaboration and the playful atmosphere that the 

system brings into the children’s classroom. 

Siftables is a platform with a hybrid tangible graphical user interface made of tiny 

intelligent bricks with a display on them (Merrill, Kalanithi, Maes 2007). Bricks are able to 

communicate and interact with each other depending on their position. Two different 

applications “Make a Riddle” and “TeleStory” were developed based on the Siftables 

platform targeting preschooler children (Hunter, Kalanithi, Merrill 2010). Both systems are 

language-learning applications aiming to teach basic sentence-construction skills, 

vocabulary, and reading. Outcomes show that the children were actively engaged in the 

learning language process. However, the system has some issues related to focus 

dispersion between displayed images on Siftables. In another study, Crease developed a 

system that illustrates computer hardware components using a TUI (Crease 2006). The 

study showed significant improvements in understanding and engagement. TangiSense is 

an interactive table that was applied for color recognition and learning, and evaluated by 

children and teachers in a nursery school (Kubicki, Lepreux, Kolski 2011). Results showed 

positive acceptance that increased interactions and verbal exchanges even in individual 

work. Another study examined the effect of child play in learning (Fails, Druin, Guha, 

Chipman, Simms, Churaman, 2005). This study compared how children learned using a 

computer desktop and a physical environment. The analysis proved that physical 

environments have empirical advantages over a computer desktop. Also, results show that 

embedded technology in the environment is more effective than having children carry a 

hands-on device.  

From the above research efforts and others that are still ongoing, we can say that TUIs are 

natural interfaces that are more exploratory, expressive, and collaborative technology 



 
 

 

20 

compared to others.  In many ways, TUIs can be beneficial to children’s learning and have 

great potential for children’s learning outcomes.   

Significance/Implications 

Nowadays, information and communication technology becomes essential for learning and 

teaching (Simon 1987). In addition, technology is now increasingly embedded in our 

everyday lives. People (adults and children) use it intuitively in different context. While we 

commonly use such advanced technology, schools are still equipped with conventional 

computers. We aim to go beyond computers currently used at school, and increase 

advanced technology at school to enhance teaching and learning.  TUIs provide children 

the freedom of moving and interacting. They do not have to sit down on a chair in front of 

a monitor struggling to use the mouse and pointing on the screen (Ullmer, Ishii 2000). 

“Children will be able to control the system and navigate through information by selecting 

and positioning physical objects not just representations” (Xu 2005). As highlighted by 

Druin, children’s needs in technology are control, social experience, and expressivity 

(Druin 1999). By reviewing TUI benefits, we will see that they provide what children need.    

Math-Vocab offers a very competitive solution for using technology in pre-school 

classrooms. Its benefits come from very low costs of both system acquisition/buildup and 

maintenance, since components are easily replaceable compared to advanced technology 

such as computers, laptops or tablets that are easy to break by young children. Available 

technologies, such as Reactable1 and Microsoft Surface2, cannot be adopted because they 

are not portable enough and very expensive. We didn’t consider Siftables3 because its 

small size blocks may cause focus problem to children, and may prevent whole body 

                                                
1 http://reactable.com/ 
2 Microsoft Surface 1.0 technical specifications: http://technet.microsoft.com/en-us/library/ 
ee692114(v=surface.10).aspx 
3 http://sifteo.com/ 
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interaction and movements. Math-Vocab provides enactment, movements and multi-modal 

feedback. It enables children to both develop spatial skills and relate to the physical world 

with virtual/software representations, bridging the gap between both worlds. 

In addition, Math-Vocab is the first research project at FIT’s Human-Centered Design 

Institute (HCDi)4 related to advanced interaction media in the education domain.  At the 

same time, HCDi has never experienced the use of TUIs and their effects on children 

learning. My research project adds valuable knowledge to HCDi and the school that may 

open future opportunities to other students.  

 

                                                
4 HCDi is an institute of the Scholl of Human-Centered Design, Innovation and Art of Florida 

Institute of Technology. 
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Chapter 3 
Background 

In this chapter, two essential theoretical frameworks are presented. Theoretical framework 

1 is Human- Centered Design (HCD), and theoretical framework 2 is Tangibility & 

Learning (see Figure 10).   

 

Figure 10: Theoretical frameworks that underlie this research work. 

Theoretical Framework 1: Human-Centered Design 

Human-Centered Design (HCD) (Boy, 2011) promotes involving potential future users into 

the design process. It typically consists of iterative loops that include ideation, prototype 

development, formative evaluation and validation. At a higher level of abstraction, HCD 

dictates looking for emerging properties of technology being developed, as well as 

organizational and human factors (Boy, 2011) (Norman, 1993).  

In this section, useful HCD characteristic and principles are reviewed.  
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HCD attempts to rationalize four main principles in design: safety, performance, comfort, 

and esthetics (Boy, 2011). At the same time while designing, we need to focus on four 

human factors: physical, cognitive, social, and emotional (Boy, 2011).  My research 

proposes a tool based on HCD approach and principles at design and development time 

that takes into account the following concepts: 

Cognitive Function: A cognitive function is defined as “a cognitive process that enables 

the transformation of a task (i.e., what is prescribed and should be done) into an activity 

(i.e., what is effective and really done)” (Boy, 1998) (see Figure 11). 

 

  

 

 

Figure 11: A cognitive function as a transformation from task into activity. 

The main research objective is to facilitate children learning by using the proposed tool as 

an advanced interaction media. For example, one of the tasks requested from children is to 

use tangible blocks to compose a three-letter word. Children are allowed to collaborate 

with colleagues and try as many possibilities as they want to complete the task. Results 

(will be discussed in Chapter 5) showed that children have the ability to change their 

behaviors and adapt with new technology. I mainly focus on children activity (How do 

they learn? What do they learn?). Clearly, children formed groups, teaching each other and 

processing information without control rules. Obviously, children can learn by themselves 

using technology without central control, even without previous training. Emergence is 

defined as the appearance of new properties that were not previously observed as a 

functional characteristic of the system (Mitra, 2013). Following this definition, we can say 
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that what we observed when children were using our tool was an emergent phenomena 

where learning emerged while they were actively playing and friendly cooperating.  

Modeling and Simulation (M&S): 

One of the main components of the HCD approach is Modeling and Simulation (M&S). 

M&S enables people to interact with prototypes, as well as share ideas and concepts. A 

model is a simplification of the reality, while simulation brings model to life (Boy, 2013). 

M&S enables understating purposeful elements of a system being designed and improve 

understanding of interaction among these elements (Boy, 2013). At the same time, they 

attempt to provide natural sensation (Boy, 2013). The M&S design cycle describes the 

process of producing a model that can be brought to life by running it on a simulator, 

which enables the gathering of experimental data and compares them to analogous real-

world data to identify emerging properties, which themselves contribute to improve the 

model (see Figure 12). 

 

 Figure 12: The M&S design cycle. 
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Before applying M&S in the learning domain, we need to clarify the difference between 

learning and understanding. To clarify the difference, I met with two people from the 

school of HCDi, one worked as teacher for 15 years and the other is a retired pilot with 20 

years experience, and I asked them the following questions: 

• What is learning? 

• Tell me about a skill or topic that you are an expert in. When did you know that 

you were truly an expert on this topic? 

• If you had to draw the learning process, what would it look like? (See Appendix A) 

We can distinguish the difference between learning and understanding by defining 

learning as a knowledge acquisition process that brings a person from novice to expert, 

while understanding is being able to think with what a person knows and learns (David, 

2016). The goal of education is teaching for understanding. Then, we need to have an 

effective conceptual tool that enables us to ease understanding and enhance learning. 

Therefore, effective education technology needs to be designed on what we know about 

how humans learn. 

We claim that M&S is beneficial for students and teachers. It enriches the learning process 

by enabling students to do simulated experiments and generate realistic data that helps 

them to explore facts, develop an understanding, and change their mental models. M&S 

enables students to investigate the effect of different parameters by looking at behaviors 

provided by the simulation. In brief, M&S enables students to practice learning, 

especially science learning, where they use reasoning from models, do experiments, 

analyze data, and see visual representation and feedback (Paul, 2016). For example, 

Geniverse5 is an online simulation environment that enables the learning of high school 

                                                
5 https://geniverse-lab.concord.org/ 
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biology genetics, where students are able to discover genetics and uncover its mysteries for 

themselves in a new and fun way. It results with deep understanding and critical thinking. 

It enables students to develop a mental model. It is more engaging, fosters commitment of 

class attendees, induces higher grades, and keeps attention longer. 

In my research, the Math-Vocab tool with its tangible objects is a new kind of simulator 

that helps children to build 3-letter words, practice spelling, and experience different 

possibilities of words with the same letters.  At the same time, Math-Vocab enables 

children to practice basic mathematical addition and subtraction by offering two different 

exercises that make children think what numbers are and what the different number 

combinations are.  

Iterative Design: 

Iterative design is “a design methodology based on a cyclic process of prototyping, testing, 

analyzing, and refining a product or process” (Nielsen, 1993). Iterative design is essential 

in the HCD field that intended to ultimately improve the quality and functionality of a 

design.  The HCD approach includes several steps (see Figure 13): 

1. Prepare and plan 

2. Specify the context of use 

3. Specify user and organization requirements 

4. Design prototypes and solutions 

5. Evaluate design solutions 
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Figure 13: Iterative design based on HCD approach, according to ISO 13407 (UCD, 2016). 

At the same time, the HCD approach encourages applying human-in-the-loop simulations 

(HITLS), where humans interact with designers and developers from the early stage of the 

design process (Boy, 2013). The design process starts with people who we are designing 

for in order to understand their needs. The objective is to ensure human satisfaction and 

effectively identify their functions, roles, and responsibilities.  

The HCD approach focuses on people, which include consideration of human, social and 

technology factors. These three types of factors are represented by the TOP model (see 

Figure 14), which presents three points where P is for people’s needs, roles and jobs, T is 

for technology (i.e., the product being designed and developed), and O is for social and 

organizational aspects. 
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Figure 14: TOP Model (Boy, 2014). 

Research presented in this dissertation acknowledges the iterative design principle taking 

into account human-in-the-loop-simulations and the TOP model. Very early, we 

interviewed teachers and education experts to determine appropriate requirements. The 

design process had several iterations to ensure user satisfaction and have a usable efficient 

tool. The iterative design process will be discussed in detail in Chapter 4.   

Advanced Interaction Media (AIM): 

Advanced Interaction Media (AIM) is a great technology that provides support to various 

practices in design (Boy, 2013). It enables people to communicate, share information, and 

coordinate activities at the same location or remotely.  AIM is essential in the HCD field 

since it is part of our current life (e.g., using smart phones, tablets and Internet). AIM 

enables us to interact easily while it enables mobility, flexibility, and increases usability 

(Boy, 2013). An example of AIM is Ubiquitous Computing, which is gracefully 

embedded and invisibly integrated in many objects of our everyday life (Boy, 2013). 

Another example of AIM is Tangible Interaction, which provides dual use of physical 

and virtual interaction, meaningful manipulation, and embodiment (Boy, 2016). 
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In my research, Math-Vocab is a simple type of AIM where objects used by children are 

embedded tangible blocks that support physical interaction. Children can meaningfully 

manipulate blocks that represent letters, numbers or operators.  

Complexity Analysis: 

The education system has many challenges that need to be addressed, especially for young 

children. Given the nature of children, all of them love to learn and enjoy discovering new 

things (Sutton-Smith 1986) (Gray, 2013). Gray called children "little learning machines" 

who, pushed by curiosity and motivation to discover the world around them, teach 

themselves how to laugh, talk, think and play (Gray, 2013). Unfortunately, for most 

children, their education nature changes when they are five or six years old (i.e., when they 

start to go to school) (Gray, 2013). They become less motivated to learn, read and discover 

(Boy, 1996). This is because of the education system structure, which introduces lots of 

procedures and complexity, may put the children behind education objectives. We then 

need to adopt an orchestra model where everyone plays a role to reach goals, and consider 

tangible interaction that supports meaningful manipulation, dual use of physical and 

virtual, as well as embodiment (Boy, 2016). The following section describes the current 

education system and tries to illustrate its issues. 

Current Education System 

Current education structures have lots of procedures and obstacles leading to some 

difficulties and complexities. For example, some education system features are: 

• Teacher-centered classroom 

• Pre curriculum  

• Pre schedule  

• Age groups  

• Independent style  
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• Test evaluation 

Gray (2013) criticized the education system saying that it is resulting in unhappy children 

who cannot be self-reliant and are not ready for life. Scientists consider exams as types of 

threats and punishments imposed upon children causing barriers and fears that can prevent 

children from learning (Mitra, 2013). At the same time, neuroscientists proved that the 

reptilian part of the brain is shutting down everything else when it is threatened, including 

the prefrontal cortex that is responsible for thinking (Mitra, 2013). Exam style enhances 

short-term memory, not understanding, and prevents errors with no room for failure (Boy, 

1996). 

In addition, physical experiences are frequently used to demonstrate mathematics to 

children (Cramer, Antle, 2015). However, children sometimes struggle to transfer 

performance to symbolic representations of problems (McNeil, Uttal, Jarvin, Sternberg, 

2009). Emphasizing that mathematics derives from physical experience, Nunez and Lakoff 

proposed that teachers should introduce mathematics via tangible objects or gestures 

(Lakoff, Nunez, 2000). Choosing a suitable representation will help children to understand 

mathematical concepts (Ullmer and Ishii, 2000), as well as enable them to use knowledge 

that they already have, without downplaying concepts’ essential features (Goldin-Meadow, 

Alibali, Church, 1993) (Manches, O’Malley, Benford, 2010). 

Current State of Technology in Children Classrooms  

Technologies in children classrooms are limited to using computers, laptops, projectors and 

recently, smart-boards (O'Malley, Fraser 2004). However, many schools are technology-

rich, trying to move forward toward “smart schools”, where each student is provided with a 

computer (Kubicki, Lepreux, Kolski, 2011). “Smart schools” are not ensured by increasing 

computer numbers only, but mainly by creating smart ways of interaction that enhance 

understanding and support natural movement and interaction, even with the environment 

that contributes to boost motivation and curiosity toward exploration. The researcher 

conducted an interview at University Park Elementary school located in Melbourne, 
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Florida to investigate the current state of technology in children’s classrooms. It showed 

that the technology they were using are limited to computers and projectors only. Teachers 

complained about the limited number of computers, blocking most students from using 

them. Computers were very old and missing the latest software versions. In addition, 

computers were not periodically maintained. Teachers confirmed that technology in their 

school did not exceed computers, projectors, and TV. 

Boy believes that technology should be used to augment children’s learning (Boy, 2013). 

We then need to take advantage of technology maturity and affordance to enrich the 

teaching and learning experience, and transform the classroom from “traditional 

classrooms” to “human-centered design classrooms” equipped with technology that 

enhances education by improving understanding and foster children’s involvement in 

collaborative environments. The HCD approach can strongly contribute to the education 

domain:  “HCD not only provides us with tools and techniques to build useful and usable 

things, it also provides an integrated approach to learning by doing, exploring possible 

futures, and understanding complex systems” (Boy, 2013). 

Emotion and Cognition Processes 

In the past, emotion and cognition have been viewed as separate entities (Pessoa 2008). 

However, today researchers say that cognition and emotion are effectively integrated in the 

information that takes place in processes such as memory, attention, language, problem 

solving, and planning (Ostroff, 2012) (Pessoa 2008). Sometimes children’s education 

system is a source of negative feelings with lots of fear, stress, shame, threats and 

frustration. Scientists proved also that negative feelings and moods affect knowledge and 

result in lower performance and effort (Ostroff, 2012). This is because the brain is busy 

thinking about something irrelevant to the work that causes their bad mood (Brand, 

Reimer, Opwis 2007). On the other hand, positive emotion and feelings influence 

motivation, attention, perception, and show more creative and flexible learning (Ostroff, 

2012). Wendy (Ostroff, 2012), in her book, illustrates several examples of children 
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experiencing positive emotions and provide better answers on memory tests, classification 

tasks, creativity in solving problem, flexibility, and quick responses. Proceeding from this 

principle, it is clear that emotions are fundamental to learning. We aim to decrease stress 

and enhance learning by providing a secure learning classroom environment. Using TUI 

could be one of the solutions that assist to provide a secure environment that promote 

school success, children involvement, and effective learning. 

Stephane draws attention to emotions that may lead to differences between the described 

task and effective activity (Stephane, 2007). He identified four different domains where 

emotions need to be taken into account as follows: Relationship User – System, Graphical 

User Interface Design, Training, and Team collaboration. All of these topics are 

educational factors that should be applied in the classroom. From this perspective, we need 

to consider children’s emotions to enhance education. TUIs can assist in providing positive 

emotions and decreasing pressure and negative feelings that may affect performance. 

Theoretical Framework 2: Tangibility & Learning 

Learning is defined as a process that brings together personal and environmental 

experience to acquire or modify knowledge, behavior, skills, values, attitudes and world 

views (Schön,1987) (UNESCO, 2016). Throughout human history, learning theories and 

hypotheses developed to investigate how people learn. Throughout human history, people 

learned by interacting with their peers and their surrounding physical environment 

(Zuckerman, 2007). Children are able to naturally learn, explore and discover (Fails, Druin, 

Guha, Chipman, Simms, Churaman, 2005) (Ostroff, 2012). Direct physical interaction 

between children and the world has a large impact in the development of their cognitive 

and motor skills. 

In this section of the dissertation, the researcher reviews learning theories that deal with 

learning potential situated in physical interaction with tangible objects. 
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Constructivism (Jean Piaget, 1896-1980) 

Piaget’s theory provides a solid framework for understanding children's ways of doing and 

thinking at different development stages. His theory of learning specifies that knowledge is 

created through genuine experience to contextualize knowledge. He described learning as a 

dynamic process that requires collecting, recognizing and constructing information in the 

brain. This is called a mental model, or mental map, that can grow and change over time. 

Constructivism describes learning as an active construction of knowledge rooted in 

practical interaction with the environment and through reorganization of mental structures. 

Constructivism is the root of experiential learning, hands-on-learning, and project-based 

learning (Piaget, Inhelder, Lunzer, 2000) that consists of engaging children and creating 

meaning from their own experience (see Figure 15).  

Implications of the Piaget theory for education are (Ackermann, 2001):  

1. Teaching is always indirect. Kids are not passive learners. They acquire 

information and reorganize it based on their own knowledge, experience and 

mental model.  

2. Knowledge is experience that is acquired through interaction with the world, 

people and things. 

3. Context, uses, and media have an important effect on the learning process as well 

as the importance of individual preferences or styles, in human learning and 

development. 
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Figure 15: Demonstrates the process in which knowledge is constructed. (Eggan and Kauchak, 
2006). 

Constructionism (Seymour Papert, 1928-2016) 

Papert’s approach of learning is based upon Piaget’s constructivism. His theory, called 

constructionism, is based on the claim that learning is best when learners construct objects 

in the real world. He believes that knowledge is acquired through making things rather than 

overall cognitive potentials. He believes that experience and knowledge take place through 

building things that are tangible and sharable. Effective learning occurs when people are 

active in making tangible objects in the real world. Constructionism advocates student-

centered activity where students should involve themselves in doing projects, participation, 

and active discussions where they share ideas and information to build up their experience 

and learning (Papert, 1980) (see Figure 16). 
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Figure 16: Visual of constructivist design for learning. 

Social Development Theory (Vygotsky, 1896-1934) 

In his socio-constructivist theory, Vygotsky argues that social interaction precedes learning 

and plays a fundamental role in the cognitive development process. He states, “Every 

function in the child’s cultural development appears twice: first, on the social level, and 

later, on the individual level; first, between people (inter-psychological) and then inside the 

child (intra-psychological).” (Vygotsky, 1978). He believes that children learn better when 

they socially interact with others, who are more knowledgeable and have a higher 

understanding such as their peers, younger persons, or technology. Collaboration is 

essential in Vygostky’s approach. He argues that a level of development is attained when 

children engage in social behavior. 

At this point, three learning development theories can be summarized as follows: 

1. Interaction with tangible objects (constructionism) 
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2. Active learning involving more practice using modeling and simulation  

(constructivism) 

3. Social Interaction (socio-constructivism) 

These three elements are the base of this research. Math-vocab system depends on 

manipulating physical objects, social interaction with peers and exercise practice. At the 

same time, Math-vocab supports positive emotion (i.e., having fun and informal learning 

through game learning for example. Positive emotion affects cognitive development and 

enhances memory test by providing more flexible learning and creative memory problem-

solving (Nadler, Rabi, & Minda, 2010).   

 In addition, this research effort followed the new classification for educational toys and 

tangible objects designed by Zuckerman (2007) that was inspired by Froebel’s 

“Construction & Design” category and Montessori’s “Conceptual Manipulation” category 

(see Figure 17). 

Educational philosophies from Froebel, Montessori, and Dewey have clear similarities and 

differences in their approaches. They all share the belief that learning is a result of 

experience, as well as active interaction with objects and people. Montessori, Froebel, and 

Dewey believed that learning relies on context and environment by providing hands-on 

learning rather than direct guidance of information.   
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Figure 17: The Learning Objects Classification (Zuckerman, 2010). 

Froebel’s class: construction and design 

Froebel’s artifacts are construction kits and building materials that enable stimulation with 

activities involved in design and model building. His artifacts help children understand the 

physical world by making models of physical things engaging for children in motor 

expression, social participation and creativity. While children manipulate objects using 

their hands, they can discover how things work and explore principle of movement, 

mathematics and construction.  Froebel’s artifacts are the forefathers of today’s building 

toys category that enable children to build models of physical things. They enable children 

to construct their mental models visually using 2D and 3D construction sets. This category 

includes toys like LEGO bricks, Tinkertoys, K’nex, woodwork, clay work, drawing and 

cutting. 
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Montessori’s class: Conceptual manipulation  

Montessori’s artifacts are about abstract concepts, not design or construction material. She 

designed her artifacts carefully to represent abstract concepts. While children play with her 

toys, they should not construct or build anything. Instead, they should absorb abstract 

concepts.  Montessori’s artifacts are the forefathers of toys such as shapes puzzles, sorting 

toys and stacking toys, blocks and numbering. 

Dewey’s class: Reality Role Play 

Dewey believes that a good learning artifact should help children feel a part of the real 

world. Dewey believes that children effectively learn when they play with artifacts that 

enable them to freely and indecently interact with the world, and they pretend that they are 

part of the world. For example, Dewey’s artifacts are Kitchen appliances, baby dolls, and 

pretend food.  

Summary 

In this chapter the researcher reviewed the HCD principles that influence the research. 

Iterative design cycle was explained which is the based structure of this research. In 

addition, the researcher reviewed the current education system at school and it’s 

complexity. Furthermore, the researcher selected three educational theories 

(constructivism, constructionism, and socio-constructivism) that emphasis manipulation 

and physical interaction, environmental interaction, and social interaction. At the end, the 

research illustrated classification for educational toys and tangible objects designed based 

on  Froebel’s, Montessori’s  and Dewey’s philosophies of designing educational tool kit.  
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Chapter 4 
Designing Math-Vocab: A Tangible Learning Tool   

Math-Vocab is a new learning tool designed for children aged 5 to 8 that augments 

traditional wooden toy blocks with sensors detecting movement, location and alignment as 

well as providing visual and aural positive feedback when a good result is attained. Two 

primary learning models were developed: 1) language learning with 3-letter words 2) basic 

mathematical addition and subtraction up to number 10. This chapter introduces my 

iterative design approach.  

Design Rationale 

Effective education technologies need to be designed using what we know about how 

humans learn. We have seen that there are several educational theories that encourage 

interaction and collaboration. Constructivism argues that learning and knowledge are 

generated through interactivity where humans interact using their experience and ideas 

(Wadsworth, 1996). Constructionism states that learning and knowledge are generated 

while humans are interacting with things that are tangible and shareable (Papert, Harel, 

1991). Social constructivist proposes that cognitive development emerges through practical 

activity in a social environment (Vygotsky, 1980). In addition, playing is essential in 

children’s lives, where they can develop abstract meanings separate from the world’s 

objects (Vygotsky, 1980). Furthermore, positive emotion is fundamental in children 

learning (Ostroff, 2012). Positive emotion can increase children engagement, creativity, 

curiosity, motivation and interest in learning (Jablon, Wilkinson, 2006). Consequently, 

designing an effective education technology that facilitates learning needs is a matter of 

simulation where learners can develop mental models, which can be tested through social 
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interaction with objects. These could be done within a playful atmosphere where children 

can learn intuitively with pleasurable moods. 

Serious game can be defined as a game that is designed for a primary purpose rather than 

fun and entertainment (Breuer, & Bente 2010).  According to (Susi, Johannesson, 

Backlund 2007) serious game is the game that is design to “engage the user and contribute 

to the achievement of predefined objectives”. From that we can conclude that the main 

objective of a serious game is education and training. Math-Vocab learning tool design 

includes the features of a serious game6 to provide optimal learning environments.  It has a 

clear learning goal (language and mathematics), practice opportunities, monitoring of 

progress, encouragement, and contextual bridging that can close the gap between what is 

learn and what its use.  

The Math-Vocab interactive tool was designed as an effective education technology where 

children are involved cognitively, physically and emotionally. This tool is based on the 

TUI concept that supports digital-tangible interactivity with people and its environment. As 

a case study, we have chosen two main skills that children need to learn (i.e. reading and 

very basic mathematics). The system is designed as a tool where children can practice 

reading and spelling 3-letter words, as well as basic addition and subtraction. Practice in 

spelling helps children build their language discoveries of letters and words to become 

conventional readers and writers (Koralek, Collins, 1997). At the same time, language 

skills are supported by cognitive, social, and emotional development (Koralek, Collins, 

1997). For mathematics learning, the ELPS approach (Liebeck, 1984) suggests that 

children go through four phases when learning: E stands for experience and practical 

activities; L stands for language of mathematics; P stands for pictures to represent 

                                                
6 “Summit on Educational Games: Harnessing the Power of Video Games for Learning.” 
Washington, D.C. Federation of American Scientist, 2006. 
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mathematical ideas; and S stands for the use of symbols. The system implements the ELPS 

approach with multisensory practical activities.  

Overview of TUI Implementation 

The implemented TUI prototype has three distinct and related components. The first is the 

system architecture that describes how the interactive surface and workstation interact with 

one another (see Figure 18).  The second is hardware selection (i.e., how a system’s 

architecture is implemented using low cost off-the-shelf physical devices). The third is 

platform selection that provides fiducial markers and the input devices protocol. Also, it 

includes the programming language for coding the application that was iteratively 

developed to satisfy user needs.   

 

Figure 18: Implemented TUI prototype schema. 

Initial Ideas 

The initial idea for this work came with the introduction of a tangible user interface that 

would be powerful enough to blend digital and physical worlds. An interview was 

conducted at University Park Elementary school with teachers, where we discussed how 

we could improve the learning style for students in grades one and two (Appendix B). In 
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addition, a discussion session involving 17 children aged 5 to 8 (11 girls and 6 boys) and 4 

teachers was conducted at University Park Elementary school to explore what children like 

and do not like in their classroom. Findings are summarized as follows: 

• Children do not like sitting at their desks; they prefer booths or round tables that 

can fit groups and provide more freedom to move;  

• Children do not like to be tested;  

• Children like to be rewarded;  

• Children like to use interactive tools to learn, such as a tablet and iPad;  

• Children like to have fun while learning supported by games and stories;  

• Children like working together.   

Furthermore, teachers involved endorsed the benefit of serious games designed for learning 

and problem-solving purposes, which can replace traditional exercises and entertain 

children. Children like to play, and playing facilitates learning. We conclude that children’s 

classrooms needs to be filled with technology that is consistent with their everyday lives. 

At the same time, they need to have a playful atmosphere and hands-on activities. TUIs 

already exist on the market, such as the Reactable Experience7, Reactable Live! 8 or 

Microsoft Surface 1.0 9 that cannot be adopted, because they are either not portable 

enough, do not have an (inbuilt) battery power supply, large size that needs more space, or 

are simply too expensive (Konrad, 2012). The proposed medium size and lightweight 

                                                
7 Reactable Experience technical specifications: http://www.reactable.com/products/reactable_ 
experience/ 
8 Reactable Live! technical specifications: http://www.reactable.com/products/live/ tech-specs/ 
9 Microsoft Surface 1.0 technical specifications: http://technet.microsoft.com/en-us/library/ 
ee692114(v=surface.10).aspx 
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prototype is easily portable and has a low cost. Consequently, it can be adopted by the 

school.  

System Architecture 

The system consists of a transparent box that has a transparent surface on top where objects 

with markers can be placed and moved. A web-camera (Logitech HD webcam C615) 

enabling optical marker recognition is placed at the bottom of the box. A laptop is used to 

run the system framework, applications, and display output. The system uses the 

reacTIVision platform, which sends TUIO10 messages via UDP port 3333 to any TUIO 

enabled client application. The TUIO protocol was initially designed for encoding the state 

of tangible objects and multi-touch events from an interactive table surface, such as the 

Reactable (see Figure 19) (Kaltenbrunner, Bovermann, Bencina, Costanza, 2005).  

TUIO protocol is able to detect an object’s information such as position, orientation, and 

other recognized state like ADD object, REMOVE object, and UPDATE object. 

 

Figure 19: TUIO a protocol Table-Top Tangible User Interfaces 
                                                
10 http://www.tuio.org/ 
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Hardware Selection  

Wooden blocks were selected as the tangible objects, since children are familiar with 

wooden blocks that are used in most schools and home playrooms for a long time. We 

claimed that wooden blocks could help children to explore the world around them by 

learning letters, size, color, shapes, weight, patterns, creative building, cooperation and 

much more. Wooden blocks are a good example of artifacts described by Montessori’s 

philosophy of learning, where learning occurs by interacting with physical objects that 

provide concrete representation of abstract concepts (Montessori, 1912). In addition, 

researchers already found out affordances of cube “blocks” as a 3D objects that can suggest 

appropriate manipulations and gestures (Sheridan, Short, Van Laerhoven, Villar, & 

Kortuem, 2003) (Goh, Kasun, Tan, & Shou, 2012). Besides, blocks offer reliability and 

flexibility in user hands (Sharlin, Itoh, Watson, Kitamura, Sutphen, & Liu, 2002). 

The transparent box was selected based on its size and dimensions. It is a 6 inch x 10 inch 

area that can fit 6 blocks next to each other at the same time (each block is 1inch x 1inch).  

It is 10-inches in height, which is good enough to calibrate the camera and capture fiducial 

markers to track them. 

A Logitech HD webcam C615 was selected. This selection has been based on the basis of 

camera reviews, quality, price, lens and features. Calibration needs to be done to adjust the 

grid points. Calibration allows for camera selection (if you have more than one camera), 

camera configuration, TUIO attributes, threshold gradient, distortion, and many other 

functions (see Figure 20). 
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Figure 20: reacTIVision running on calibration mode with fiducial marker to recognize. 

Platform Selection  

Trackmate is one of the most popular TUI platforms that implements tag-based computer 

vision (Kumpf, A., 2009). Trackmate11 is the product of an open-source project started by 

MIT Media Lab’s Tangible Media Group, and is available online for free. Trackmate was 

selected for the first development stage.  

Based on a conducted preliminary usability study, we elicited some problems regarding the 

platform. For example:  

                                                
11 http://trackmate.sourceforge.net/. 
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• System’s recognition rate and stability are very sensitive to illumination. The 

system needs light next to the camera, so the fiducial recognition can be performed 

correctly. A Led light bar was hung on the sides of the box to solve this problem. 

This light helps recognizing IDs and tracking objects. However, this was an 

insufficient solution, because the light fell down four times during the test and 

caused user interruption and tension. 

• There is no specific ID assigned to each object. That means that assigning IDs is 

based on the first object that jumps to the pool. For example, if the user puts a red 

block on the top of the surface first then the red block gets ID = 1, yet if the red 

block is the second one on the surface then it gets ID = 2. This increases difficulty 

and may prevent users from tracking the letters. 

For efficiency purposes, the researcher decided to change the platform. The researcher 

selected the reacTIVision platform that is designed as a toolkit for the rapid development 

of TUIs and multi-touch interactive surfaces. “ReacTIVision is an open source, cross-

platform computer vision framework for the fast and robust tracking of fiducial markers 

attached onto physical objects, as well as for multi-touch finger tracking.” (Kaltenbrunner, 

M., Bencina, R., 2007)    

A second series of preliminary usability studies using the reacTIVision platform based on a 

Likert scale uses six points recorded to 1 (for strongly disagree) until 6 (for strongly agree) 

(Appendix G). It also includes some questions for open answers to collect user feedback 

and comments. Table 1 displays a summary of preliminary studies.  
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Table 1: Summary of Preliminary Studies 

Title Location Platform Participant(s) 

HCDi Experts HCDi lab 
Trackemate 8 
reacTIVision 4 

Teachers University Park 
Elementry School 

Trackemate 2 

reacTIVision 1 
Education Experts 
(NASA & Brevard 
County) 

HCDi lab reacTIVision 2 

Behavior Analysts HCDi lab & FIT 
campus reacTIVision 2 

Children My house reacTIVision 3 
 

For both different platforms, users have to answers he same questionnaire, and speed of 

performance were counted.  Figure 21 shows different results between the two platforms, 

Trackmate and reacTIVision, with respect to usability factors (efficiency, ease of use, and 

performance speed). For both platforms, users valued the system between six and five 

points for questions that measured efficiency, effectiveness,  and satisfaction. However, the 

difference was in the performance. While users used Trackmate, they faced some problems 

in tracking objects and light falling. On the other hand, the users who used reacTIVision 

platform did not face any problem regarding performance. The system can recognize and 

track objects smoothly with no user interruption or confusing.  
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Figure 21: Usability testing results compared between Trackmate and reacTIVision 
frameworks. 

Based on the positive feedback of reacTIVision platform and users satisfaction, the 

researcher selected reacTIVision as a framework of the proposed prototype.  

The reacTIVision platform provides fiducial symbols (see Figure 22) that can be printed 

and attached to the objects in order to track them. The researcher chose amoeba symbols 

for the proposed prototype. The researcher also used the default one and decreased the 

sized by 42%, so it can cover the whole area of the blocks (sized 1inch x 1inch). 

 

Figure 22: reacTIVision Fiducial Symbols a) amoeba b) classic c) d-touch d) finger. 
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For the coding parts, the researcher chose Processing12 software language. The decision 

was based on the researcher’s familiarity with Processing’s syntax, flexible software, free 

to download and open-source, well documented, and supported for the reacTIVision 

platform.  

Iterative Design Cycles 

The system went through several design cycles that emerged iteratively through repeated 

design-evaluation-redesign cycles involving users in the loop. Think aloud technique, 

design rationale, brainstorming and participatory design are used during the design process.   

First Design Iteration 

In this cycle, the prototype had only three blocks as input tangible objects. Blocks were 

designed with Autodesk 3ds Max and 3D printed on a Maker Gear M2. The system had 

only three letters “A”, “C”, and “T” (see Figure 23). The system could produce only two 

words, “CAT” and “ACT”. Users had to put the blocks on the tabletop surface while each 

block had different letters. The camera tracked the objects and displayed each letter on the 

screen.  If the user got the letters A, C, and T in order, then a picture of children acting on a 

stage displayed on a screen. If the user got the letters C, A, and T in order then a picture of 

cat was displayed on the screen (see Figure 24).  NOTE: during this cycle the system used 

Trackmate platform. 

                                                
12 https://processing.org/ 
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Figure 23: System output a) Cat word b) Act word. 

 

Figure 24: Proposed prototype first design cycle. 
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Second Design Iteration 

In this cycle, the system was enhanced by adding an output text of the achieved word. In 

addition, the place of the output picture has been fixed and steady in one place. In the first 

cycle, the picture could be displayed anywhere on the screen which may annoy the user, 

especially when it was displayed on top of the word itself. Moreover, the system had 

improved by supporting the Arabic language.  The system has three letters “لل” ٬،”طط“ ٬، ”بب”, 

which compose two words: (1) ” ططبل  ” means drums in English; and (2) “  means 

hero in English (see Figure 25). NOTE: during this cycle, the system used Trackmate 

platform. 

 

Figure 25: System Output 2nd Design Cycle a) Cat word b) Act word c) ططبل  d) ببططلل. 

 للططب“
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Third Design Iteration 

In this cycle, the goal was to add more letters, which led to having more 3-letter words. 

Fiducial markers with unique IDs representing different letters were attached to the four 

sides of each block. Thus, Block 1 has the letters: C, F, H, and B. Block 2 has the letters: 

A, U, O, and E. And Block 3 has the letters: T, G, N, and X. Arranging the blocks enabled 

the composition of 23 different meaningful 3-letter words: cat, fat, hat, bat, act, hug, hut, 

hot, cut, tab, fun, hen, fan, can, tub, bag, bug, hog, bog, cot, fox, fog, box. These words 

were recommended by teachers that were interviewed as the most common words to be 

learned by 5-8 year old children. We changed the system name to “Build Word”, and the 

system used the reacTIVision platform. 

At this stage, a scenario was designed to support learning alphabets, vocabulary, and 

spelling only. The output screen was enhanced as follows: 

• Enlarge the output screen, text size, and picture size. 

• Add a line in the middle of the screen so letters could be aligned on it. In the 

pervious cycles, the system was designed to provide users with more freedom in 

composing 3-letter words, only the order of letters was necessary, not their 

alignment. However, based on user feedback, with more possible words, having 

the letters in order on the screen was not enough and alignment became necessary 

to compose a word.  

• Add a sound feedback. When obtaining a meaningful word such as “Hen”, the 

message “You got the word HEN” is provided, augmented with feedback with 

both visual (e.g., an image corresponding to the word), and oral (e.g., playing 

clapping sounds) (see Figure 26). 

• Focus more on the English language, and abandon Arabic language for evaluating 

the purpose. 
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Figure 26: Aligning up 3 blocks building up “HEN” word. 

Fourth Design Iteration 

The system has been evaluated by FIT educational specialists Dr. Kastro, Dr. Park, and Dr. 

Fowler, who suggested the introduction of a mathematics exercise into the system. Indeed, 

assessing comprehension in mathematics is easier than assessing language and 

vocabularies. In addition, in the previous design cycle, the system has a game impression 

with novelty interaction. The novelty of game interaction may have an effect on improving 

learning and engagement. This is the reason why they suggested to provide the system with 

a more academic nature to test the effect of the TUI itself during the learning process.  

Wooden blocks were considered as tangible objects. They were ordered from Amazon.com  

and used for the system design. A fiducial marker was attached at the bottom of each block 

and a letter, number, or symbol appeared on the top. Blocks have been covered on all sides 

with black tape to avoid multiple letters, numbers, and pictures. The intended letter or 

number has been sanded and colored in black. The main idea behind the unique black color 
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is to avoid interferences in learning, since children may associate letters or numbers with 

other colors in a non-systematic way (see Figure 27).  

 

Figure 27: Transforming colored wooden blocks to augmented black blocks. 

At this stage, the system was called BlackBloks. It consisted of 25 graspable objects as 

follows: 12 letters: “ A, B, C, E, F, G, H, N, O, T, U, X”; 10 numbers: “ 0, 1, 2, 3, 4, 5, 6, 

7, 8, 9”; and 3 symbols: “ +, -, =” (see Figure 28 ).  

In addition to the system’s design changes, there were changes in the software also. 

Mathematical concepts of basic addition and subtraction up to number 10 were introduced 

with two different exercises. The first exercise was called “Forward exercise”. In this 

scenario, two random numbers between 1 and 5 appear on the screen. The children have to 

pick the corresponding blocks and also an operator, either “+” or “-”, and place it between 

the two number cells disp after the equal symbol. If the children get the right solution, a 

“good job sound” is played together with a message showing “good addition/subtraction”  
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Figure 28: BlackBlocks system components with a running example of 3-letter word “BAT”. 

accordingly. Children then have to remove all of the blocks from the surface and another 

pair of random numbers will appear. If they place a minus sign between two numbers so 

that the first number is less than the second number such as “1-5”, then the system will 

display a message saying “sorry, can’t solve this problem”. According with the Florida 

Common Core State Standards13, children at that age are not yet introduced to negative 

numbers. The goal of this scenario is to enhance children’s creativity, allowing them to 

                                                
13 http://www.flstandards.org/sites/www/Uploads/G1_Mathematics _Florida_Standards-1.pdf 
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build and discover the mathematical problem, and go from components to results (see 

Figure 29). 

The second exercise was called “Backward Exercise”. In this scenario, a single random 

number between 1 and 10 appears on the screen. Children have to pick an operator either 

“+” or “-” and place it between the two number cells. Then they have to select two number 

blocks that, through the operator, that should lead to the result number appearing on the 

screen, and align them before and after the operator. If children successfully solve the 

problem, a “good job” audio message is played together with a message displaying “good 

addition/subtraction” accordingly. The goal of this scenario is to help children build the 

mathematical problem, and allow them to move from results to components. It enhances 

children’s flexibility in learning and thinking by figuring out what makes the number, and 

informs children that numbers can have several components, for example: the number 

seven can be 4+3, or 5+2, or 6+1, or 9-2, or 8-1 and so on (see Figure 30). 
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Figure 29: Forward Exercise. At the top, two random numbers displayed on the screen 5 and 
4. At the middle, the user placed “-“ operation to practice subtraction. At the bottom, block 1 

is placed as an answer to the problem. 
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Figure 30: Backward Exercise. At the top, a random number displayed on the screen is 9. At 
the middle, the user placed “+” operator to practice addition. At the bottom, block 4 and block 

5 placed as an answer to the problem. 
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Fifth Design Iteration 

At this stage, pair of numbers were added to the system components. Six more objects 

were added with numbers 1, 2, 3, 4, 5, and 10. The need of these objects appeared while 

children used the system and would like to solve problems with the same numbers. For 

example: 3 + 3 = 6, so children need to align object 3 + object 3 on the surface to get a 

result of six. 

Summary 

The previous section describes the implementation process of the proposed TUI prototype. 

It illustrated the system architecture, the hardware selection, and the platform selection. In 

addition, it reviewed the implementation and design phases that the system experienced by. 

Math-Vocab has five design iterations based on users feedback and comments. Math-

Vocab TUI system was designed based on the following principles: 

1. Create an educational tool (language and computational construction). 

2. Benefit from TUI advantages. 

3. Engage through embedded interaction. 

4. Promote collaboration. 

5. Endorse experience rather than abstraction. 
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Chapter 5 
Evaluation 

Math-Vocab is a rich environment for research. It can be used to assist different types of 

studies in many domains, including but not limited to: children’s collaboration, search for 

interaction patterns using a TUI, enhancement of children’s engagement and learning, 

assessment of game-based learning, improvement of engagement and learning for children 

with disabilities, improvement of feedback and visualization of children’s concepts, and 

testing meaningful manipulation and cognitive analysis. 

Within the scope of this dissertation, the researcher focused on the domain of children’s 

learning, engagment and collaboration. More specifically, the researcher focused on the 

following questions:  

Question 1: Can Math-Vocab support collaborative learning for children, help them make 

progress from single-agent models of cognition to multi-agent models of socio-cognitive 

interactions?  

Question 2: Does Math-Vocab support game-based learning efficiency for the students?  

Question 3: Does Math-Vocab support game-based learning efficiency for the students 

with mild learning difficulties? 

Question 4: Can a Human-Centered Design approach support children learning?  

Before running evaluation experiments that involve human subjects, we need to get an 

approval. First, the researcher applied for the “Office of Accountability, Testing and 
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Evaluation” at the School Board of Brevard County. The researcher received an approval 

of our research application (see Appendix C). Consequently, the researcher applied for an 

IRB (Institutional Review Board for Human Subjects) at the Florida Tech Institutional 

Review Board. The researcher received an IRB acceptance number 14-139 (see Appendix 

D). Then, the researcher contacted the University Park Elementry school principal to get 

permission to demonstrate the research experiments at the school (see Appendix E). 

Moreover, all participants needed to sign a parental consent form (see Appendix F) before 

participating in the study.   

The researcher used mixed methods of quantitative and qualitative data collection. 

Quantitative data method that used in this research is paper-pencil questionnaires for users 

including teachers, children, and other users. The questionnaires used Likert scale to 

scaling responses based on numerical value to measure the investigated attitude. For 

children, I used two tools from the Fun Toolkit (Read, 2008 ), the Smileyometer that 

measures reported fun and the Again – Again table that measures engagement. Qualitative 

data method is very important to this research since it provides useful information to 

understand the process behind observed results and assess changes in user’s behavior. 

Furthermore, it helps to evaluate and analyze activity not task which reflects more about 

the real environment of role, context, and resources. Since the data gathered from this 

research is related to the social activities and the concepts and behaviors of users within it, 

so qualitative methods are beneficial. Qualitative methods used in evaluation for this 

research can be classified as an interview, observation, video recording, photographs, and 

document (evaluation sheet) review.  
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In this chapter the researcher illustrates the process of formative evaluation that the 

research went through: 

 

1. General Evaluation: 

1.A. System General Evaluation 1: 

Before testing the system with children in classroom, we carried out a usability test with 22 

users. The main reason behind that was to have the system evaluated by various users that 

have different backgrounds in order to get more feedback to improve the tool. The system 

was evaluated by three children all girls (aged 5, 6, and 7 years old), four educational 

experts including teachers, three behavior analysts, and twelve HCD experts. Children 

have to answer Again-Again table (Appendix H) to measure engagement and acceptability 

of the system based on nine questions (see Figure 31). From the figure we can see that all 

the children (n = 3) reported being satisfied with using the system in classroom, learn new 

words, help in spelling, help in understand the meaning, and use in group.  One child (n=1) 

greed to use the system again, while  two children (n=2) responded by Maybe to use the 

system again. Two children (n=2) agreed to use the system for another subject, for higher 

grades, and use the system alone, while one child (n=1) disagreed. Figure 32 illustrates 

children answers for system’s evaluation sheet based on Smileyometer (Appendix H). The 

Smileyometer is based on a 5-point Likert scale and uses five smileys recorded to 1 (for 

awful) until 5 (for brilliant). All of the children (n=3) selected “Brilliant” for like the 
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system, easy to use, system control, enjoy the system. Two children (n=2) selected 

“Brilliant” for pleasant, and one child (n=1) selected “Really good” for pleasant.  

 

Figure 31: Children results for system evaluation based on Again-Again table. 
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Figure 32: Children results of Smileyometer for system evaluation. 

For general system evaluation, 94.7% (n=18) reported being satisfied with using the 

system for other subjects, while 5.3% (n=1) reported by “maybe”.  73.7% (n=14) agreed to 

use the system for higher grades, while 26.3% (n=5) disagreed. 57.9% (n=11) reported by 

“yes” to use the system within group of children, 26.3% (n=5) reported by “no” to use the 

system within group of children, and 15.8% (n=3) reported by “maybe”. 94.7% (n = 18) of 

the users reported being satisfied that the system provide natural action or children while 

5.3 (n=1) disagreed with that (see Figure 33). Figure 34 shows the results of the general 

evaluation sheet (Appendix G) based on a 6-point on a Likert recorded to 1 (for Strongly 

Disagree) until 6 (for Strongly Agree).   
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Figure 33: User's system evaluation results-1. 

 

Figure 34: User's system evaluation results-2. 
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1.B. System General Evaluation 2: 

On November 16, 2015, the researcher gave a demo of the Math-Vocab system at ITS 

2015 (Interactive Tabletops and Surface conference) located in Madeira, Portugal. During 

the demo session, the researcher gave a description of the research goal and let participants 

use the system and explore its features. After each participant has used the system, the 

researcher asked him or her to fill in a questionnaire using a system usability scale. The 

questionnaire included ten items based on Brook, 1996. It was used to assess system 

usability based on effectiveness, efficiency, and satisfaction (see Appendix J).   

Participants were encouraged to play all of the three scenarios that the system provided, as 

long as they wanted. Twenty-three users played the three different scenarios and completed 

the questionnaire. Three children, all boys aged 9, 10, and 12 years old, in addition to 20 

adults (7 female, 13 male). Based on already known research results, a SUS (System 

Usability Scale) score above 68 would be considered above average, and anything below 

68 is below average (Brook, 1996) (Affairs, 2016). Based on the results (see Figure 35), 

participants rated the Math-Vocab system with a high SUS score, which means that the 

system ranks with high usability.    

 

Figure 35: Average of SUS score of usability test at ITS’2015. 
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1.C. Interview: 

To collect teacher’s opinions, the researcher conducted an interview with two teachers 

from University Park Elementary school who used the system and observed some children 

while using the system. The questions revolved around:  

• System size, image, and type of feedback; 

• System applications of spelling and mathematics; 

• System’s target age; 

• System concept (blend digital world with physical world). 

Both teachers liked the TUI concept and believed that it should enhance children’s 

learning. They emphasized that, based on their knowledge as well as their observation, the 

system concept boosts children engagement, cognitive awareness, active learning, 

discussion, and collaboration. Teachers liked the system size, images, and feedback with 

some suggestions to change some pictures and enlarge others. Teachers really like the 

application and indicate that it boosts the children’s learning and engagement. Teachers 

really appreciated the mathematics applications, especially operator signs of addition ”+”, 

subtraction “-“, and equality “=”. They said that it would positively support children in 

understanding mathematical concepts, especially the ones who are struggling in math, 

while they had to interact with the system by moving blocks and getting feedback. They 

believed that it is much better than a silent worksheet. One teacher suggested to add 

another application for the vocabulary and spelling part by displaying an image and let 

children spell the word suggested by the image.   

Teachers agreed that the system’s target age should range between five and eight years old. 

However, one teacher suggested using only the spelling word part of the system with four 

year olds, who are new with the concept of letters and words to see if they can learn how to 

write or spell. 
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Both teachers indicated that the system, considered as an interactive play system, improves 

and encourages interactions, and is a positive support to children’s behavior and emotion.    

2. Empirical Studies:   

Study 1:  

An experiment was conducted at University Park Elementary school to address the first 

question. This experiment was conducted during a 60-minute play session using the Math-

vocab system and an evaluation sheet with nine first and second grade students. During the 

session, data was collected using observation from video recordings, photographs, and an 

evaluation forms from the Fun toolKit  (Read, 2008) (see Appendix K). The findings show 

that with the Math-Vocab system, students were able to collaborate smoothly and 

efficiently with better achievements. Students moved from single-agent models of 

cognition to multi-agent models of socio-cognition by exchanging views and information. 

Study 2: 

The comparative study between the Math-Vocab system and the traditional wooden blocks 

addressed the second question. Two groups of nine children first to second grade students 

had an hour session for the three system’s scenarios. Students’ performance was evaluated 

based on the average timing of completion of tasks, average scores per exercise, and 

intrinsic motivation inventory (McAuley, Duncan, & Tammen, 1989). Fifteen criteria 

distributed over four subscales: Enjoyment, Perceived Competence, Effort/Importance, and 

Pressure/Tension were used to assess intrinsic motivation for each group (see Appendix L). 

The analysis clearly shows that students had best results using the Math-Vocab system 

rather than traditional wooden blocks.   

Study 3: 

Morgan’s Place multi-sensory wonderland study with 6-to-8 years old children with 

learning disabilities addressed the third question. Each student had to use both paper and 
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pencil, and the Math-Vocab system for the same designed exercises. Students’ 

performance was evaluated based on the average timing of task completion, average scores 

per exercise, and behavior analysis of interaction. My analysis indicates that students had 

best results using the Math-Vocab system rather than paper and pencil, providing a more 

engaged atmosphere.   

Combining the results of questions 1, 2, and 3 can answer question 4. Based on how 

students learn (National Research Council, 2005), the HCD approach supports community-

centered classroom that encourages discussion and collaboration, conceptual change, 

hands-on activity, support trial-and-error activity, and pleasure (Boy, 1996). 

2.A. Study 1 (University Park Elementary School): 

The study was conducted in 2014 at University Park Elementary school with after school 

children’s program. Results from this study were published at the International Conference 

in Learning and Collaboration Technologies (Almukadi, Boy, 2016). 

Study 1 Methodology 

Design: 

I conducted an exploratory study focused on children’s ability to collaborate and practice 

with hands-on activity rather than instruction using tangible technology with a novel 

exercise. 

Participants: 

First and second grade students (n = 9), represented by four girls and five boys from 

University Park Elementary school located in Melbourne, Florida participated in the study. 

These students received no formal exposure to the tangible concept or system exercise.  
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Procedure: 

The researcher adapted Hanna’s guidelines for usability testing with children14 (Hanna, 

Risden, Alexander, 1997). Furthermore, the researcher chose the co-discovery evaluation 

approach for the observation of children’s activities. This approach consists of letting 

children collaborate with each other to learn how to interact with the proposed system 

(Mazzone, Xu, Read, 2007). Also, the researcher used the Peer Tutoring method 

(Hoysniemi, Hamalainen, Turkki, 2003) where children who used the system can teach 

their friends what to do. After completing requested tasks, children were requested to 

complete a questionnaire and evaluation sheet using a Fun toolkit (Appendix I). 

Children were brought into the classroom and asked to individually write 3-letter words 

that they knew. They had 20 minutes to complete the task. Our main goal was to observe 

children’s behavior and interactivity, and build a basis for comparison with equivalent 

behavior using the TUI system. Another goal of this first task was to know children’s 

knowledge level. After that, they were asked to play together using the TUI system for 30 

minutes. Following the session, they were asked to fill in an evaluation sheet consisting of 

a questionnaire with a Smileyometer for 10 minutes (Appendix I). 

Children were introduced to the system as a new game consisting in learning 3-letter 

words. They had to explore various ways of combining blocks. In practice, children stood 

around the TUI system and tried to play with it. A six year old child began to align the 

                                                
14 Establish a relationship with children, Explain confidentiality agreements, Have a script for 
introducing children to the testing situation that clarify they are not on a test for their skills or 
abilities but they are  in task of providing help to improve the system design and concept, Motivate 
older children by emphasizing the importance of their role, Tester have to be in the room with 
children to provide reassurance and encouragement when needed, break down the tasks into smaller 
segments, Do not ask children if they want to play the game or do a task, Read words or numbers 
for children who are struggling to read, Keep children feeling encouraged by offering generic 
positive feedback, After testing, reward children by commenting on how helpful they were. 
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blocks and turned them on different sides until he achieved a meaningful word. With no 

request, this child, who tried the system first, started to guide other children and taught 

them how to build successful words, using a Peer Tutoring approach implicitly. After a 

while, three children were leading the group, showing the others how to use the TUI 

system. They expressed their thoughts loudly and discussed about various possibilities of 

building words. After the session, children sat at a table to complete a paper evaluation 

sheet. Figure 36 shows children at the study procedure. 

 

Figure 36: Children at University Park Elementary school study. 

Coding and Analysis: 

The researcher who conducted the study mainly focused on observing children’s activities, 

taking notes, taking pictures, and video recording the session. A volunteer teacher provided 
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help with children interaction and organizing the sessions. Notes and videotapes were 

coded independently for statements that indicated a focus on collaboration, interaction and 

children’s behavior. 

Study 1 Finding and Discussion 

During the first session (paper-pencil activity), children were first very quiet, staring at 

each other and at the ceiling. Some children put their heads on the table pretending they 

were tired and needed to sleep. Others complained that they didn’t know any words. Then 

the volunteer teacher provided some examples orally. Consequently, children started to fill 

in their sheets. A few children tried to talk with others silently, asking about some words. 

Two children exchanged their sheets to help each other. 

When children started using the TUI system, they were very active and curious. They 

wanted to know how the system worked and how these objects could represent letters. 

They started by grasping the blocks and examined them by looking at them and touching 

them. Children interacted with the system smoothly by discovering how to use it without 

asking for help. Children collaborated very well while they thought aloud about 3-letter 

words, continuously spelling. They explained the meaning of some words to their peers 

such as “cot and bog”, pointing to the pictures displayed on the screen. The room was full 

of children giggling and laughing, which proved their happiness and fun. After 

completing the evaluation form, children asked us when they could use the system again. 

They also asked if it was possible to leave the system and suggested visiting them in their 

classroom at least once a week. 

Regarding performance results, since we could not guarantee task completeness, we 

counted the number of words that children were able to “build” in 20 minutes. During the 

first session, children were able to successfully build an average of 10 words (min = 2, max 

= 23). During the second session, they were able to build an average of 13 words (min = 5, 

max = 20). In addition, during the first session, none of them learned new vocabulary, 

while during the second session three children, aged 5, 6, and 7, learned two new words 
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“cot” and “bog”. Learning happened when other children built these words, so they started 

asking about their meaning and pointed to the image displayed in the screen to show the 

meaning (i.e., using a connotation cognitive process). Some children used the words “cot” 

and “bog” in a sentence to explain their meaning. 

Since this study focuses on children activity and collaboration, we need to evaluate 

children engagement as an important factor of children’s playful learning experiences. 

Engagement is defined as a kind of mindfulness and awareness requiring cognitive effort 

and deep processing of new information (Africano, Berg, Lindbergh, Lundholm, Nilbrink, 

Persson, 2004). Engagement can be examined by assessing the amount of time spent on 

and off a particular task (Africano, Berg, Lindbergh, Lundholm, Nilbrink, Persson, 2004). 

In our case, it was difficult to assess the time spent for building words. However, it was 

suggested that observing children behaviors such as smiles, laughs, frowns, and yawns are 

more reliable indicators of engagement or lack of engagement (Hanna, Neapolitan, Risden, 

2004) (Read, MacFarlane, Casey, 2002). Based on previous suggested principles that 

support the assessment of engagement, we deduced that children in the first session 

showed lack of engagement. This was clearly visible from their behaviors, such as staring 

at the ceiling, putting their heads down on the desks, verbalizing negative expressions, 

such as, “I feel tired, I want to sleep, and I don’t know any 3-letter words”. In the second 

session, we observed that children were very much engaged, based on their facial 

expressions, laughs and giggling sounds, letters and words screaming, and positive 

expressions such as “yes, yeah, easy, cool, and nice”. Children like feedback presenting 

their success whether audio, text, or image. We noticed that such feedback keeps them 

more engaged. 

In addition, comparing hand-written paper with the system, many participants repeated 3 or 

4 times the same word on paper while with system children didn’t repeat any words and 

looked to figure out new words. For example, some participant wrote “dog” 3 times, 

another one wrote the word “and” 7 times (see Table 2).  Many other participants wrote 

with inversed letters such as “d” instead of “b” and “ᖷ” instead of “F” (see Figure 37).  
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Table 2: Number of words and repetitions for each child at paper-pencil activity. 

Student Age Number of 
words 

Number of 
words with 
inversed 
letters 

Number of 
repetitions 

Student 1 8	   23	   0 2 
Student 2 8	   13	   2 2 
Student 3 8	   5	   0 0 
Student 4 7 7 1 1 
Student 5 7	   2	   0 14 
Student 6 7	   5 0 0 
Student 7 6	   14	   5 3 
Student 8 6	   10	   0 0 
Student 9 6	   9	   1 2 

 

 

Figure 37: Some of children’s handwriting at the 1st activity. 

An important factor that emerged during the experiment is collaboration. Not only does 

the TUI system supports collaboration among children, but it also affords collaboration 

(i.e., it naturally suggests collaboration). Children collaborated also by giving turns to their 
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peers and taught each other how to use the system. Observational analysis revealed that 

children were much more active in terms of moving their bodies, guessing and expressing 

themselves. Figures 38 and Figure 39 show the results of the children’s questionnaire.  

 
Figure 38: Results of evaluation sheet of Again-Again table. 

0	  
1	  
2	  
3	  
4	  
5	  
6	  
7	  
8	  
9	  
10	  

Yes	  

No	  

Maybe	  



 
 

 

76 

 
Figure 39: Results of Smileyometer. 

2.B. Study 2 (Math-Vocab vs. Traditional Wooden Blocks): 

The comparison study was conducted in 2015 in the Crawford building at the Florida 

Institute of Technology (FIT) with 18 children (8 boys and 10 girls) aged between 5 and 8. 

Children were selected in cooperation with personnel from the University Park Elementary 

School (Melbourne, FL) and the Saudi Students Union at the Florida Institute of 

Technology. Results from this study were published at the International Conference on 

Interactive Tabletops & Surface (Almukadi, Staphane, 2015). 

Study 2 Methodology 

Design:  

A comparative evaluation was carried out to determine whether the BlackBlocks  (BBs) 

interactive system could be successfully used in language and mathematics topics for 

children’s classrooms. The evaluation compared learning effectiveness and user acceptance 

of BBs versus the Traditional Wooden Blocks (TBs). The study set to compare advantages 

and weaknesses between TUI and the traditional user interface of the same system, called 
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BalckBlocks. While developing the two versions, the researcher aimed to make them as 

similar as possible to ensure an accurate comparison.   

Participants: 

Eighteen children aged between 5 and 8 years old participated in the study. Children were 

divided into two different groups of equal size (9 children in each group) taking into 

account the diversity of their ages. Group 1 is the group who used the traditional wooden 

blocks, while Group 2 is the group who used the tangible interactive system.  

Procedures: 

The two groups were separated into two different rooms to avoid distraction, noise and 

interferences between the two groups. There were two assistants in each room, one was 

managing time and tasks, and the other was observing, as well as taking notes and pictures. 

The experiment started with greeting the children and emphasizing that they were not the 

objects of the test. We then started by showing the entire system, and explaining how 

children could interact with it. The study was divided into 4 sessions: Introduction, Build 

word activity, Forward activity, Backward activity, and Evaluation sheet. Table 3 

illustrates the protocol of the study.  

Table 3: The protocol of study 2. 

Minutes Activity Title Activity Description 

0-3 Introduction Assistant introduces the system and how the game works.  

0-2 Build Word Assistant explain the exercise and play a running example  

12 Build Word Children play with the system. 3 children at a time.  

0-2 Forward Exercise Assistant explains the exercise and plays a running 
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example  

9 Forward Exercise Children play with the system. 3 children at a time. 

-‐ Generate two random numbers, Num1 and Num2 
-‐ Children pick an operator “+” or “-“ and place it 

on the surface 
-‐ Children pick an answer and place it on the 

surface 
-‐ The system will generate a feed back, if correct 
-‐ Remove the operator and the result 
-‐ Go to first step for new problem 

 

0-2  Backward 

Exercise 

Assistant explains the exercise and plays a running 

example 

9 Backward 

Exercise 

Children play with the system. 3 children at a time. 

-‐ Generate random number1 
-‐ The children pick an operator “+” or “-“and place 

it on the surface 
-‐ Children pick the components of the random 

number (number1 and number2) and place it on 
the surface 

-‐ The system will generate a feed back, if correct 
-‐ Remove operator, number 1, and number 2 
-‐ Go to first step for new problem 
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10 Evaluation sheet Children fill in the evaluation sheet. 

 

In each group, three of the children manipulated the system at once while the other children 

cooperated verbally. As soon as a correct word was found or a mathematical problem was 

solved, or the timer ran out, a new group of three children started to manipulate the system 

for their next task. 

The same protocol was used in both groups. Group 1 used the traditional wooden blocks, 

and random blocks with numbers were manually blind-picked from a bag. Figure 40 shows 

children in Study 2. 

Coding and Analysis: 

Two adults observed and managed the study sessions in each room. Observers took notes, 

photographed, and recorded video. In addition, the researcher reviewed the evaluation 

sheet and the answers for an open question: “what do you think about the system?”  

Looking for the most learning-focused terminology and more behavior-focused 

terminology. The researcher compared the answers and evaluation of the two groups. 
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Figure 40: Children while participating at study 2 with some of their feedback. 

Study 2 Finding and Discussion 

The study evaluated both actual performance using TUI and traditional interface versions 

of the Math-Vocab system and perceived usability (ease of use, intrinsic motivation, 

affective experiences, motivation, and system preferences).  Results showed that the 

children who used the BlackBlocks system (BBs) solved the problems more effectively 

than those using Traditional Wooden Blocks (TBs) (see Table 4). 
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Table 4: Children performance in TBs vs. BBs groups.  

Activity Title Time Group 1 (TBs) Group 2 (BBs) 

Build words 12 min. 12 words 18 words 

Forward math 9 min. 15 problem solved 17 problem solved 

Backward math 9 min. 22 problem solved 22 problem solved 

 

Children developed positive and responsible attitudes in the interaction and engaged in 

playful activities. Experimental scenarios require children to perform 3-letter words, as 

well as addition and subtraction operations on the set of positive integers up to 10. In both 

groups, children completed the three scenarios. In the first scenario where we asked 

children to build words of 3 letters, Group 1 (TBs) built 12 words, while Group 2 (BBs) 

built 18 words. We can see an improvement in the performance, which may be due to the 

feedback of sounds and images that the system produces. Feedback encourages children to 

play faster and perform more words while they compete to get the feedback. On the other 

hand, some children in Group 1 (TBs) built a meaningful 3-letter word such as “bog” in the 

first place. Then they changed the order of the letters to get a new word because they did 

not get any feedback. In other words, they were not sure if the word spelling was correct or 

not. In the forward math activity, Group 2 (BBs) had a slight difference in the performance 

than Group 1 (TBs). In both groups, children successfully added up and subtracted 

numbers and eagerly performed calculations. However, Group 1 (TBs) performed nine 

addition problems and six subtraction problems, while Group 2 (BBs) performed ten 

addition problems and seven subtraction problems. In the backward math activity, in both 

groups children solved the same number of problems. While in Group 1 (TBs), children 

solved fifteen addition problems and seven subtraction problems, while in Group 2 (BBs) 

children solved seventeen addition problem and five subtraction problems. In both groups, 
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the backward math activity was the favorite. However, in Group 2 (BBs), children were 

excited to solve problems involving numbers greater than the upper limit. However, while 

in Group 1 (TBs), children did not prefer to participate in this activity again saying it was 

for small children.  

In Group 2 (BBs), children positively shared space and control with oral collaboration. 

They challenged each other with calculations and spelling while competing to see who 

would be the fastest to get the result correctly. One child started to think about 4-letter 

words such as “goat”, while another child suggested having harder problems and 

introduced multiplication and division.   

In order to compare participant’s subjective experiences while using the TBs and BBs, we 

compared the intrinsic motivation of learning between tangible user interfaces and 

traditional interfaces. Fifteen items were measured using a Smileyometer to evaluate 

enjoyment, perceived competence, effort/importance, and pressure/tension (see Figure 41).   

 

Figure 41: Intrinsic motivation mean and standard deviation scores average. 
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In addition to the quantitative scales, we conducted a semi-structured interview to let 

participants express their subjective experiences. Three children of each group participated 

in the interview. During the interview, children were requested to provide their overall 

impressions, advantages and disadvantages, and possible improvements of the tool. 

Interviews were transcribed and further analyzed by the researcher, who reviewed 

transcriptions and identified emerging common themes. Results are presented below, 

including participants' quotes.  

Overall impression:  

First, children were requested to provide their overall impressions about each version of 

the tool, mainly focusing on collaboration and ease of learning. Most participants described 

the interaction with both TUI and Traditional interface of the Math-Vocab system as a 

positive experience, with a fun and enjoyable atmosphere as well as strong interest.  

BBs: “It was fun to play with the system, and collaborate with my friends to solve 

problems. Great tool to learn with” 

TBs: “It was interesting to learn while I was playing with my friends”  

Advantages and disadvantages 

Children were requested to provide advantages and disadvantages of each version of the 

tool. The most commonly mentioned advantage of the TUI version was the ability to 

manipulate blocks with their hands and receive feedback. 

“It was great to play with blocks and see the output on the screen. It was nice when I saw 

the images and hear the clap sounds.” 

“ I like that I can play with my friends and solve the problems without the teacher telling 

me it’s wrong answer” 
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Technical problems were identified as disadvantages of the TUI version. Sometimes the 

camera could not read fiducial tags due to room lighting. Consequently, when children 

aligned blocks on the surface, no number or letter appeared on the screen. We then needed 

to move the tabletop away from light. Appearance of random numbers on the screen was 

another technical issue that children mentioned. These random numbers appeared on the 

screen for 30 seconds. During that time, children had to align blocks on the surface, 

otherwise random numbers kept appearing on the screen. What happened was that two 

random numbers appeared on the screen, and in a moment the children decide which 

operator would want to do the task and aligned it on the table, but then they had two new 

different numbers appear on the screen (the system displayed two random numbers).  

“ It was confusing for me when I saw on the screen 5 ___ 4 = ____, so I decided to subtract 

the numbers from each other. When I put minus operator on the table I got two different 

numbers on the screen 7 ___ 2 = ___.”  

Providing error feedback would be useful. Some participants would have liked to have 

feedback, such as sounds to keep their attention, when they give a wrong answer to a 

problem.   

The most commonly mentioned advantage of the traditional wooden blocks was expressed 

as “playful.” 

“It was nice using blocks and games in the classroom.” 

The most commonly mentioned disadvantage of the traditional wooden blocks was 

expressed as “tedious.” 

“It was boring to play with these blocks for an easy exercise. It’s for kids under my age.” 

Another mentioned a disadvantage was “lack of feedback.” 
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“I was playing with my friends but I don’t know if I did it right or wrong. Some of the 

answers I’m sure were right but some others I don’t know.” 

In sum, TUI’s BBs enable physical manipulation with digital feedback as well as 

collaboration with peers, but they were handicapped by a few problems that confused 

children and made them less reliable.   

How the used tool could be improved 

Lastly, children were asked what do they suggest to improve the tool for each version. 

Children who used BBs system suggested having a harder problem not limited by number 

10. Also they suggested having words more than 3-letters long and maybe have a game of 

complete the missing letter.    

“I’d like to see harder problems. This was easy for me. I’d like to play with the system 

for longer time.” 

Children who used TBs suggested having digital version that provides feedback. 

“I’d like to use the wooden block with computer with lots of sounds, images, and 

animation.” 

To conclude, children prefer learning while playing and collaborating with friends rather 

than sitting in a classroom and working alone. At the same time they prefer to use 

technology that provides feedback and enables them to control and use their hands at the 

same time.  

Children who used BBs were asked if they preferred to use wooden blocks without 

technology, and children who used TBs were asked if they preferred to use wooden blocks 

with computer and software technology. Preference ratings are shown in Table 5.  



 
 

 

86 

Table 5: Children preference rating. 

 Prefer TUI (BBs) Prefer TBs No Preference 

Interact with BBs 100% 0.0 0.0 

Interact with TBs 77.77% 0.0 22.22% 

 

2.C. Study 3 (Morgan’s Place Multi Sensory Wonderland): 

We conducted an exploratory study focused on children’s ability to interact with physical 

components and digital data. This study was conducted in 2015 at Morgan’s Place Multi-

Sensory Wonderland center, located in Melbourne, FL.  

Study 3 Methodology 

Design 

I conducted a study with children who have learning disabilities in an effort to practice 

basic math of addition and subtraction as well as the basic spelling of 3-letter words 

through a hands-on activity rather than instruction.  The researcher wanted to explore 

children behavior while interacting with a TUI system with a corresponding effect on the 

learning process. 

Participants 

Six students (4 boys and 2 girls) aged between 6 and 8 years old from Rising Stars 

Academy came to the Morgan’s Place to participate in the study. 

Procedure 

Individually, each child entered a room and was requested to choose between the math 

game and the spelling game. Four children chose the math game, one child chose the 
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spelling game, and one child chose both games. Children were asked to do the same 

exercise on paper first. After completing the paper exercise, children were introduced to 

the TUI Math-Vocab system and given instructions on how to play the game. An example 

was provided by the researcher to each child. There was no time limitation for both paper 

and system usage. Using paper, students had five problems (see Appendix M) and were 

encouraged to solve all of them regardless of time (time of completing the task was 

recorded by the researcher). While students were playing with the system, there was no 

time limitation and they were encouraged to play as much as they wanted. However, they 

were encouraged to solve at least five problems. Performance was video recorded and 

observed by the researcher and an assistant. Children filled in a questionnaire based on the 

Smilyometer (with a value scale from 0 to 5) after tasks were completed (see Appendix N). 

Some children want the researcher to read the questions for them. Figure 42 shows children 

participating at the Morgan’s place study. 

 

Figure 42: Children participating at Morgan's Place study. 
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Coding and Analysis 

Students’ performance was video recorded, observation notes were taken, and 

questionnaires were administrated. These materials were the source of our analysis. 

Student’s answers were classified as correct or incorrect taking into account response time 

(see Table 6). Note: any fraction of a second is considered as a minute; for example, 2 min. 

and 20 sec. is counted as 3 min. 

Table 6: Summary of children response. 

 Paper Activity Time  

  

Math-Vocab Activity Time 

 Activity Correct Incorrect Activity Correct Incorrect 

S 1 FW. 5 0 5 min. FW. 4 1 4 min. 

BW. 3 2 5 min. BW. 3 2 5 min. 

Buildword N/A Buildword N/A 

S 2 FW. 3 1 4 min. FW. 5 2 3 min. 

BW. 4 0 2 min. BW. 5 0 2 min. 

Buildword N/A Buildword N/A 

S 3 FW. 0 0 3 min. FW. 2 0 2 min. 

BW. 0 0 3 min. BW. 5 0 3 min. 

Buildword N/A Buildword N/A 

S 4 FW. 2 3 3 min. FW. 2 0 2 min. 

BW. 2 1 2 min. BW. 3 2 3 min. 
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In order to examine learning performance, we can compare pretest results (manual 

activity) with posttest results (TUI system use) (see Figure 43, 44). Clearly, we can say that 

children solved problems faster and provided more correct answers using the TUI system.   

 

Figure 43: Math Activities counts: maximum, minimum, mean, and standard deviation with 
an average time of 6.2 min. for manual activity and 5.8 min. for TUI activity. 
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Buildword N/A Buildword N/A 

S 5 FW. 4 1 2 min. FW. 5 1 3 min. 

BW. 2 3 2 min. BW. 5 0 2 min. 

Buildword 3 0 3 min. Buildword 5 0 3 min. 

S 6 FW. N/A FW. N/A 

BW. N/A BW. N/A 

Buildword 4 words  5 min. Buildword  7 0 4 min. 
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Figure 44: Buildword Activity counts: maximum, minimum, mean, and standard deviation 
with an average time of 6.2 min. for manual activity and 5.8 min. for TUI activity. 

However, children’s attitudes were observed and analyzed to examine TUI’s effect and 

their interactions on their behavior. During the manual activity, children were distracted by 

looking around the room, staring at the paper, staring at me, playing with their hands, and 

putting their heads down on the table (see Figure 45). Two children did not write anything 

on the paper. One child withdrew from the study after holding the pencil in his hand and 

staring at the paper for 3 minutes. 

Children that were properly introduced to the system were more engaged. They were less 

distracted and looked around less. They look at the screen most of the time, holding the 

objects in their hands. Four children used their fingers to count while solving problems. 

Two children were curious to know how the system works. They asked me questions on 

the camera and fiducial markers. Two other children were feeling cues of the texture and 

commented that they like it. Children who played the Buildword activity were laughing 

when they got correct 3-letter words. In general, children were more open to learn and 

much more curious while they were using the TUI system.  Figure 46 and Figure 47 show 

the result of the questionnaire.    
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Figure 45: Some of children attitude at the paper & pencil activity. 

 

Figure 46: Summary of questionnaire results. 
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Figure 47: Summary of children preferences. 
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Discussion 

The goal for this research was to highlight the HCD approach contribution, and more 

specifically the use of TUIs to support young children learning, collaboration and 

contextual aids.  

Results from this research indicate that a TUI attracts the interest of children and teachers, 

who took part in the experiments. This interest is characterized by more interactions, 

manipulation of objects, collaboration and enjoyment. During the University Park study, 

children were able to use the system successfully without receiving structured instruction. 

Children began to cooperate with others; some of them taught the others how to use the 

system; they led others, they participated in-group activities, and they were proud of their 

accomplishments. Results confirmed that using the Peer-touring and co-discovery 

methodologies are very effective learning methods with children (Mazzone, Xu, Read, 

2007) (Hoysniemi, Hamalainen, Turkki, 2003).  

During these studies, the researcher observed that children tended to interact and verbalize 

more. They also concentrated more than with the traditional media (i.e., paper and pencil, 

traditional wooden blocks). Using these types of interaction media tends to improve 

human-human collaborative interactions (Kubicki, Wolff, Lepreux, & Kolski, 2015) 

(Marshall, 2009) (Brederode, Markopoulos, Gielen, Vermeere, de Ridder, 2005). In 

addition, children were more involved in such TUI environment, which allowed for 

embedded interactions, facilitating social interaction, and contributed to knowledge 

development.   

Regarding performance parameters, while the researcher expected high performance and 

better problem solving when students used TUI blocks compared to traditional wooden 
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blocks, child performance was not significantly higher when they used the TUI version. 

However, children using the TUI version built 3-letter words and solved math problems, 

and participated collaboratively while thinking aloud and asking for harder math problems 

and more challenging words, whereas children using the traditional blocks version only 

solved problems that they were given. Indeed, the TUI version was preferred over the 

traditional version and was found to be more stimulating and enjoyable compared to the 

traditional blocks version. 

Even though a study, carried out at Morgan place, involved relatively few children (6) with 

special education needs, and was exploratory, it highlighted a number of potential 

emotional, cognitive, and motor control learning benefits. This was also demonstrated in a 

recent study on groups with special education needs (Farr, Yuill, Raffle, 2010) and autistic 

children (Battocchi, Gal, Ben Sasson, Pianesi, Venuti, Zancanaro, Weiss, Kessler, 2008). 

The use of TUIs, which blend the digital world with physical world, provides undeniable 

learning enhancement. It stimulates motivation, exploration of concept related to materials, 

cognitive function and more specifically, computation. However, the small sample size in 

these studies cannot provide conclusive evidence of learning benefits. At the same time, 

our data analysis indicates promising results in facilitating learning and provides a great 

context for hands-on activity (Bakker, Antle, & Van Den Hoven, 2009) (Price, 2008) 

(Wyeth, 2008).   

Extending beyond HCD and TUIs learning benefits, during the observation of the three 

studies, the researcher found that interacting with a TUI system enhances children’s 

positive mood, enjoyment, and playfulness. Children are willing to spend more time on 

activities and more time problem solving. Children seem to be more confident in solving 

problems and less hesitant of providing wrong answers compared to the use of the 

traditional tool. The results are compatible with several studies that prove the fun benefits 

of TUI (Jordan, 2002) (Bianchi-Berthouze, Kim, & Patel, 2007).  
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When children use their hands to move tangible objects such as blocks (i.e., interacting 

with a TUI system), interaction is more natural than current interaction using a mouse, 

which freezes their movement facing a screen. We observed that using TUIs based on 

HCD improved usability because it is more natural to manipulate physical objects and 

move them on a tabletop using their hands, expressing themselves through gestures and 

learning (Xu, 2005) (Ullmer and Ishii, 2000). In addition, using TUIs doesn’t require 

learning and allows the opportunity to focus on the required task, despite the mouse and 

keyboard, which keeps children more focused on how to use the tool and click the mouse, 

move the cursor, and search for the letter, which increases focus on the required task 

(Sharlin, and Watson, 2004). 

Providing different types of feedback (text, image, sound) increases child engagement and 

motivation to learn, and provides adaptation to different learning styles, unlike the use of 

paper and pencil or traditional wooden blocks. Without feedback, children seek frequent 

adult approval, which may prevent them from asking questions and continue the required 

task (Dekel, Yavne, Ben-Tov, & Roschak, 2007). On the other hand, feedback boosts 

children’s confidence of having the right answer and being on track with the task (Ostroff, 

2012).  

Research execution based on HCD principles and techniques enhances system usability, 

usefulness, and user acceptance (Boy, 2013). While users (children and teachers) 

participated in this research from the beginning, they were excited about the final product 

and felt that they designed the system by themselves.  Furthermore, the iterative design 

cycle that our research effort went through facilitated in improvement and refinement of 

the prototype, resulting in a more robust prototype and reliable feedback.   

It is difficult to assess learning outcomes (Zaman, Vanden Abeele, Markopoulos, & 

Marshall, 2012). This is the reason why we used HCD principles that focus on activity 

analysis instead of focusing on task analysis only (Boy, 2013). Based on this approach, 

even with a small number of learning outcomes, we observed that children have 
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significantly increased their motivation to learn, engagement to be more active, social 

interaction, collaboration and enjoyment.  

Several aspects that include motivation, engagement, collaboration and fun can define 

learning. Enhancing one or more of these aspects will boost learning regardless of whether 

quantitative performance outcomes are enhanced or not. 

It would be interesting to set up other studies that would contribute to evaluate 

performance outcomes over a longer time period. For example, the system could be used 

for weekly exercises and outcome evaluations could be carried out at the end of the 

semester. This will also generate the emergence of more aspects to test and discover. In 

addition, such studies could contribute to the evolution of very young children who are not 

able to read and compare the effect of TUIs on learning. Future possibility work will be 

described in Chapter 7. 

Activity Theory as An Analytical Tool 

Vygotski and his student Leont’ev developed the activity theory in their work on cultural-

historical psychology in the 1920s (Verenikina, 2001). “Activity theory is a conceptual 

framework based on the idea that activity is primary, that doing precedes thinking, that 

goals, images, cognitive models, intentions, and abstract notions like “definition” and 

“determinant” grow out of people doing things” (Morf & Weber, 2000). This theory 

conceptualizes learning as an activity cognitive process, and uses the whole activity as the 

unit of analysis, where the activity is broken into the analytical components of subject, tool 

and object, where the subject stands for the person being studied, the object stands for the 

intended activity, and the tool is the mediating device by which the action is executed 

(Hasan, 1998). According to activity theory, human learning is fundamentally grounded in 

activity (Hewitt, 2004). Engestrom’s (1987) has modified activity theory by adding two 

additional units of analysis, which have an implicit effect on work activity. The first one 

consists of rules, and the second one is division of labor, where actions are mediated by the 
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rules of the community and the division of labor within the community that influences the 

ways in which humans behave (see Figure 48).   

 

 

Figure 48: Engeström’s Expended Activity Theory Model. 

Activity Theory is a theoretical framework that can support the understanding and analysis 

of human-systems interaction, on multiple dimensions of individual and group activities 

(Carwford & Hasan, 2006; Kuutti, 1996). Several research efforts used activity theory as a 

focus of analysis in domains such as education (Orland-Barak & Becher, 2011), 

information systems (Wartofsky, 1979), and human-computer interaction (Bodker, 1990). 

The purpose of this dissertation is to examine what happens when a TUI game, designed to 

support children learning, is brought into elementary school classrooms. What social 

practices emerge when students are engaged in collaborative and cooperative games? What 

is the impact of learning with Math-Vocab on students’ learning of math concepts, English 

language and spelling skills? We have seen that human activity and interaction with the 

tool are essential in our research work. This is the reason why the researcher chose the 

activity theory as an analytical framework to support interpretation of research results. 
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Enacting the Framework: Activity Theory in Current 
Research  

The first step in activity theory analysis is to describe each component, then consider the 

relationships between the components and interrelated activity systems. The study 

underpinning the research investigated children learning an activity in a classroom. In 

particular, how does adopting the HCD approach change children’s learning activity in the 

classroom?  The decision to focus the analytical lens on the English language and 

mathematics domain was driven both by teachers, as well as by my advisor and committee 

members. The recorded video, interviews, and evaluation sheets serve as the primary 

observed data set. 

Subject 

In my study, the focus is on the students, specifically children, i.e., individual or group of 

actors engaged in the activity (Hardman, 2007). 

Tools 

In my research, the tool is the Math-Vocab tangible interactive system, i.e., something used 

in the transformation process that shapes the way people think and act (Hardman, 2007).  

Math-Vocab is a tool used to practice building 3-letter words as well as addition and 

subtraction to support directed learning of simple words and simple arithmetic. 

Object  

In my research, the objects are solving math problems and building 3-letter words, i.e., 

based on activity theory and stands for the physical or mental product that is transformed 

(Hardman, 2007).  My research analysis shows that children share this object. When 

children work together, discuss information, and negotiate the answer they are sharing the 

objects and making set of actions to develop it, such as verbal engagement, embodied 

interaction, objects alignment, and thinking. The use of the tool coupled with the feedback 

representations (images, sounds, and text) serves to mediate student’s engagement with the 
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solving problems. Children appear to engage in learning, as evidenced by asking to have 

harder problems, building words of four letters, and asking to come again and leave the 

system in the classroom.    

Rules 

While some rules in the game scenarios are overt such as “build a word that consists of 

three letters only, solve math problems limited to number 10, and can’t solve problems 

results on negative numbers such as (5-9 = -4).” Other rules are taught to children such as 

aligning the objects on the tabletop surface. 

Division of labor 

In the research, children can be classified with respect to children’s basic knowledge of 

building 3-letter words and math knowledge of addition and subtraction that we gathered 

during the pre-test children performed before using the tool. Also, the researcher and 

assistants play the role of observers and note takers. However, since this tool was designed 

to be used in children’s classroom, the teacher’s role will change from the direct behavior 

of an instructor who teaches children in a didactic way to a mediator who will manage 

children’s time to use the tool and evaluate student’s responses (Hardman, 2007). 

Community  

Community stands for group of people who share an object (Hardman, 2007). In my study, 

the community comprises of the students and the teacher. I focus my analysis on only those 

participants who are obviously involved in this research (see Figure 49).  
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Figure 49: Graphic representation of an activity system for setting involving the use of TUI in 
children elementary school. 

Knowledge 

The central concepts being investigated in this research are building 3-letter words by 

practice spelling and learning vocabulary by aligning three letters to get meaningful words, 

and practicing the mathematical concepts of addition and subtraction by illustrating 

components of numbers and knowing what makes a number. Students elaborated on these 

concepts by using familiar objects of mostly everyday use “blocks” supported by digital 

representation and embodied interaction. Children were not initially familiar with TUIs and 

introduced to the system as a new game. By connecting subject matter knowledge to 

children’s empirical experience (TUI concept), children had more meaning to the language 

concept (vocabulary) and motivation to learn.    

To conclude, we can say that applying the HCD approach in a children classroom focusing 

on student’s needs and behaviors can enhance children learning and motivation to learn.  

A new classroom design and simulation environment must be created, one that is easy to 

learn, representing learning domain concepts, enabling collaborative work, developing 
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pedagogies of play that are emotionally supportive, promoting embodied interaction, and 

learning by doing. 

Original goals of this research effort were to answer the following research questions:  

Question 1: Can Math-Vocab support collaborative learning for children, helping 

them progress from single-agent models of cognition to multi-agent models of socio-

cognitive interactions?  

The researcher conducted the University Park Elementary school study, where children 

were encouraged to discover the tool and play with it. Results show that the Math-Vocab 

tangible interactive system supports exploratory learning, collaboration, engagement and 

enjoyment. In addition, we can conclude that engagement involves activity and is context-

sensitive, while we changed the rules of the classroom environment based on student’s 

behavior of their engagement with the learning activity is increased.    

Question 2: Does Math-Vocab support game-based learning efficiency for students?  

The researcher conducted a comparative study between the use of traditional wooden 

blocks and the Math-Vocab interactive system. The results show an improvement in child 

performance and motivation to learn. However, the results were not significant regarding 

the discussed issues in chapter 7. A longer-term assessment is likely to show better results 

regarding performance and efficiency. So we can say that, to some extent, Math-Vocab 

provides efficient learning compared to a traditional learning tool.     

Question 3: Does Math-Vocab support game-based learning efficiency for the 

students with mild learning difficulties? 

Students who participated in the Morgan’s place experiment were observed. From the 

observation and gathered data, we can say that Math-Vocab has an effect on children’s 

behavior, motivation, and curiosity to learn. However, to prove that with significant 

numbers, we need a longer-term evaluation period.    
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Question 4: Can a human-Centered Design approach support children learning?  

We can say that the HCD approach, which aims to creatively solve problems by focusing 

on human behavior and needs, can enhance and support learning. The investigation of 

learning cannot be reduced to a one-factor question that can be answered by yes or no. 

Learning can be defined with several factors, such as cognitive, physical, emotional, social, 

psychological, and environmental that causes change in human behavior and knowledge.  

We can say that the HCD approach used in my research can be supported by using TUIs, 

which increases child interest, motivation, intrinsic motivation, and the development of a 

learning strongly rooted in tangible children capabilities. The HCD approach improves 

children’s social and emotional interaction through the use of TUIs that offers feedback 

and a playful atmosphere. Figure 50 represents a diagram of the HCD approach that 

contributes to enhance children learning. 

 

Figure 50: HCD approach to enhance children learning. 
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Chapter 6 Contribution 

The Math-Vocab research project contribution was presented at several levels. 

I have shown that elementary school aged students, with no prior instruction in TUI 

learning systems, can successfully solve basic mathematical problems and build words 

using Math-Vocab as a learning aid. I have shown how the collaboration factor can affect 

the classroom-learning environment by motivating children to solve problems and 

exchange knowledge. I have shown that children can teach each other and successfully lead 

a group to solve problems within a playful atmosphere.  

I have designed, developed, tested and used the Math-Vocab system in classrooms, 

showing that students using it can better compose words, solve basic mathematical 

problems while playing and cooperating with others. Math-Vocab’s unique design and in-

depth hands-on activity method provides a unique opportunity for learning, making system 

concepts visible and accessible, and linking physical activity and cognition while through 

motor, cognitive, emotional, and social channels.    

Math-Vocab has a unique design and has been inspired by the great Learning Objects 

designers of the 19th and 20th centuries, Friedrich Froebel & Maria Montessori. I have 

covered some of their design principles by developing interactive learning technologies. I 

followed the new design classification defined by Zuckerman for educational toys and 

tangible objects. I indicated that this classification is valid also for contemporary toys 

across different domains, including language and computational toy domains.  

I expanded my knowledge in Education and more specifically, in child learning. I 

improved my own knowledge in this field by taking two online courses with verified 
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certificates of achievements from edX MITX15: “Design and Development of Games for 

Learning”, and “Design and Development for Educational Technology.”  In addition, I 

attended other classes such as “Essential of Educational Research” (EDS 5095) provided 

by Dr. Samantha Fowler. 

In my research, I have used several Human-Centered Design principles and techniques 

such as iterative design, formative evaluation and validation, human-in-the loop 

simulation, advanced interaction media, and organization design and management. I have 

shown how focusing on activity, and not only tasks, can support learning and satisfy user 

needs.  

 I involved users from the early beginnings of this research effort. I identified user needs 

and requirements. I investigated the field and examined available technologies and tools 

that were likely to provide a satisfactory solution fulfilling user requirements.  I developed 

a prototype and collected user feedback on several occasions. I ended up with an 

implementation of the Math-Vocab system.  I conducted experiments in the real field 

(schools) not in the lab (i.e., I adopted an ecological approach). I observed and filmed all 

the experiments.  I analyzed data and summed up the results. Here, we can say that I 

covered the HCD phases (see Figure 51) of observation, where the goal was to understand 

the user that I designed for and determined their needs and requirements.  Ideation, were I 

started brainstorming ideas and searched for the proper tool. Prototype, were I started 

designing and implementing a tangible interactive system that I could test with users. User 

feedback, were I evaluated the system with HCD experts, education experts, behavior 

analyst experts, teachers, and children. Those feedbacks were inputs that fueled the 

changes for updating my design. Iterations, where I integrated user feedback and came up 

with new designs. In my research, the system went through five design iterations.  

                                                
15 https://www.edx.org/ 
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Implementation, where the final product came to live and was ready to be examined by 

real users. Evaluation, where I observed users’ behavior and performance to finalize my 

research product.   

 

Figure 51: HCD phases 

I have implemented the Math-Vocab interactive system with a unique design using an 

open-source framework toolkit for a tangible surface and kid-familiar toys, using low-cost 

materials. Also, I used a 3D printer and Autodesk 3ds Max to create tangible objects that 

were used from the beginning of the iterative design cycle. 
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I have designed the Math-Vocab modeling language, the underlying language behind the 

Math-Vocab, from writing the code from scratch and the game scenarios using Processing-

programming language.    

Committee members assisted me in the design of the experiment protocols. I conducted all 

experiments, observations, data gathering, and evaluations by myself.   

I presented and published three papers in three conferences:  
 

1. Almukadi, W., & Stephane, A. L. (2015, November). BlackBlocks: tangible 
interactive system for children to learn 3-letter words and basic math. 
In Proceedings of the 2015 International Conference on Interactive Tabletops & 
Surfaces (pp. 421-424). ACM. 
 

2. Almukadi, W., & Boy, G. A. (2016, July). Enhancing Collaboration and 
Facilitating Children’s Learning Using TUIs: A Human-Centered Design 
Approach. In International Conference on Learning and Collaboration 
Technologies (pp. 105-114). Springer International Publishing. 

 
3. Almukadi, W., & Stephane, L. (2017). Interactive System Supporting Children 

Pleasurable Learning. In Advances in Affective and Pleasurable Design (pp. 67-
78). Springer International Publishing. 
 

The Math-Vocab research project does not end here. Future work and research potentials 

will be discussed in chapter 7.   
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Chapter 7 Limitation and Future work 

In this chapter, I will discuss the limitations that I faced during my research. In addition, 

many extensions of this research deserve further consideration and potential research will 

be discussed also.   

Limitations of The Current Work 

Sample size: The most important limitation of my research that affects the result is the 

sample size. I only had access to a small sample size of children: nine children during the 

first study, 18 children during the second study, and six children during the third study, 

which ended up with 33 children participating in the overall study (ignoring the children 

who participated in the usability study). We should have a larger number of children to 

obtain significant results. However, in the first study, based on the Brevard county 

approval, I had to test my research out of school time. When I discussed that with the 

University Park Elementary School Principal, she advised me to work with children during 

the after school program.  Counting the number of children who participated in that 

program and were of the same age range was only nine students. In the second study, I sent 

an email invitation to parents to have children participate in the comparative study. I sent 

180 emails, but I only received 18 approvals.  

Dealing with parents: The comparative study (study 2) was designed to have another 

follow up study that enabled me to switch the groups, and allow each group to use each 

method in order to be able to compare results. However, most of the parents did not 

respond to my emails and calls. Some of them responded by saying that they had time 

scheduling difficulties. 
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Access to the schools: A new study was designed for a longer time evaluation. The study 

was designed to pick 3 students of special learning needs (children from Public school who 

participated in Morgan’s study) and apply a single case design study for one month. The 

study was designed to have two to three sessions per week to end up with 12 sessions. At 

the same time, three normal learning students were picked to apply the single case design 

study and evaluate children’s performance. At the end, we compare performance among 

the two groups. The design of the study was discussed with the school principal and the 

children’s classroom teacher. I got an approval to start the study and the teacher decided 

which children would participate. We had to decide the starting time. I contacted the school 

at the end of October 2015 and they scheduled me for November 2015. I contacted the 

school in November with no response. I spent two weeks sending emails, calling the 

school, leaving voice messages and never heard back from them. Consequently, the plan 

was cancelled.  

Another study was designed using the ABAB style (see Figure 52). In November 2015, I 

contacted another public school and discussed the experiment protocol with the principal 

and teachers. After a while, I got the approval and schedule to start the experiments in 

January 2016. In January 2016, I contacted the school and they asked me to postpone the 

experiment to February 2016. In February 2016, I called the school, and they informed me 

that the principal had changed and the new principal asked me to pay for renting the school 

to carry out the study.  For that reason, the study was denied.   

Lack of Funds: To avoid difficulties when dealing with children and parents, it was better 

to do the experiments in a Children Computer Interaction lab that already has a number of 

registered children ready to do experiments. At the same time, the lab was already 

equipped with appropriate devices that support the experiments such as cameras, 

computers, space, and assistants. Since we did not have that lab at Florida Institute of 
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Technology, Dr. Read invited me to do the experiment at her lab at the University of 

Central Lancashire 16. Unfortunately, lack of funds constrained me to cancel the plan. 

 

Figure 52: Experiment design of ABAB style. 

                                                
16 http://www.uclan.ac.uk/research/explore/groups/child_computer_interaction_group_chici.php 
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For more accurate results in the future, studies should be done with the author and at least 

two assistants with a background in the same field for observation, analysis, and 

interviews.  

Future Work 

While this thesis has demonstrated the potential of efficiently creating portable low-cost 

tangible tabletop that enhances the children’s classroom environment and support learning, 

many opportunities for extending the scope of this thesis remain. 

In game scenario: Math activity can be greatly improved by representing numbers with 

symbols that influence the understanding of the meaning and allow moving from abstract 

thinking to concrete. At the same time, it can illustrate a whole math problem with its 

scenario (see Figure 53). By doing this, users should align all objects constructing up math 

problems with all its elements by him/her self. Besides, a score of correct problem solving 

is represented by the winner who gets a large score. This can motivate children to play fast 

and solve more problems. 

In addition, based on some feedback from children who want harder math problems, we 

can extend the numbers to 50, allowing children to practice math activity up to the number 

100. Moreover, more operations of division and multiplication can be added.  
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Figure 53: Future work to represent numbers with objects. At right, the displayed screen, at 
left the tabletop surface with aligned objects. 

In system design: I suggest making the system smaller and easier for children’s hands, so 

they can use it anywhere anytime. A sketch for the system design is shown below (see 

Figure 54). Achieving this design will let us dispose of the computer, platform, and the 

tabletop. To develop the proposed design, we will need sensors, controllers, Raspberry Pi, 

and electrical network knowledge.  

 

Figure 54: A design sketch for Math-Vocab system as a future work. 
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In domain: This approach can be greatly improved by developing and using the same tool 

for different domains, such as chemistry and music. It also could increase children’s age up 

to elementary school or above, based on the scenario level and applications.  

Further research opportunities can be made by comparing the effects between TUIs and the 

GUIs on usability and children learning. The same applications of Math-Vocab should be 

developed on a touch screen. Another opportunity is to add an augmented reality 

technology to the system. For example, when children achieve a successful meaningful 

word such as “cat”, the picture will display a cat in a visual reality atmosphere and the 

system will produce some actions, such as the “cat” “eating” and “sleeping” while the user 

should anticipate the action “verbs” and spell them by building the correct verbs, and so 

on. This way, the system will combine two advanced interaction media with tangible user 

interfaces and augmented reality in a story telling scenario that influences children’s 

curiosity and motivation to learn.   
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Chapter 8 Conclusion 

Human-Centered Design (HCD) is an approach that aims to design and develop interactive 

systems, usable, and useful by taking into accounts user’s needs and requirements from the 

beginning of the design process and along the life cycle of systems. The main objective is 

to enhance efficiency and effectiveness to fulfill user satisfaction and ensure accessibility 

and sustainability (ISO 9241-210:2010(E)17).   

The goal of my dissertation was to use HCD principles and techniques to enhance the 

children’s classroom environment and facilitate learning. Improving education quality 

leads to: 

• Increasing children productivity 

• Improving children’s learning experience 

• Reducing children’s discomfort and stress 

• Providing competitive advantage 

Fitzmaurice distinguished tangible user interfaces from other user interfaces. He called 

them “graspable” user interfaces that he defined as, “a physical handle to a virtual function 

where the physical handle serves as a dedicated functional manipulator” (Fitzmaurice, 

                                                
17 ISO 9241-210:2010 Ergonomics of human-system interaction -- Part 210: Human-centered design 
for interactive systems 
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1996). Ullmer and Ishii further defined TUIs as devices that give physical form to digital 

information, employing physical artifacts as representations and controls of the 

computational data” (Ullmer and Ishii, 2000). 

TUIs are used to assist learning using many applications that were presented in chapter 2 

with their benefits to the field.  Subsequently, we developed a TUI that was used for this 

research to provide investigated potential benefits in a children’s classroom environment 

and learning. Results showed that applying the HCD approach has a positive effect on 

children’s learning and classroom environment by promoting usability benefits of an 

interactive system, collaboration benefits, positive emotions and fun benefits, that lead to 

enhanced overall learning. I believe that my dissertation has achieved a set of satisfactory 

results, however we still need to reach a larger and more diverse audience to achieve more 

significant results.  

Playing with an interactive tabletop can help children learn and recognize and order letters 

to build 3-letter words. Furthermore, it helps children learn basic mathematical operations 

of addition and subtraction up to number 10. At the same time, it helps children in 

recognizing the operator “+” for addition, “-“ for subtraction, and “=” for equal. In 

addition, new communication and interactive technologies stimulate exchange between 

individuals, and motivate teachers.  

Math-Vocab was designed based on the reacTIVison platform with three different 

exercises written in Processing and used for an exploratory field study in first grade school. 

Several groups of children aged 6-8 years were involved in these studies. They were asked 

to participate in the tasks in a collective context, except the students who had special 

education needs – these participated individually, based on their teacher’s requirements. 

Children performed the tasks on paper and pencil as well as on a non-interactive tool. 

Experiments were filmed and photographed. Children completed a questionnaire to 

evaluate the system. Teachers participated in interviews. Observations and subsequent data 

analysis indicate promising futures for this kind of human-centered technology.     
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Children and teachers were more curious to use the interactive tabletop and found it more 

effective in learning because it (1) enables physical interaction, (2) provides rich feedback, 

and (3) offers collaborative context. These findings highlight the importance of using HCD 

principles and techniques to enhance learning.   
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Appendix A: 
The difference between Learning and Understanding  

What is Learning? 

N. Taking new information and being able to use it in a proper way 

D. Accumulated knowledge 

Tell me about a skill or topic that you are an expert in. When did you know that you 

were truly an expert? 

N. Expert in aviation. I knew that when I started teaching aviation to other pilots especially 

when they start to asking me and pointing to me that I’m the one who administrated 

aviation. 

D. I’m expert in teaching. I knew that from the feedback and outcomes 

If you had to draw the learning process, what would it look like? (See Figure 52) 

N. Described the learning process by hard working, keep trying, and encouragement 

D. Learning as open endedness. She mostly focus on feedback and said that “testing” is so 

wrong to evaluate learning because everyone has different feedback and we should open 

the endedness fro everyone to move to new level or new information. However, testing is 

closing this opportunity. After that D. added that the classroom belongs to the children and 

the teacher should provide instructions and guidance whenever needed. 
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Figure 55: Above N. Learning view, bottom D. learning view. 
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Appendix B: 
1st Interview with teachers at University Park 

Elementary School (Nov 20,2013) 

Dear Dr. Boy: 

As you indicated during our meeting, it is almost the end of the year and I will be 

done with my Ph.D. classes so I have to take a step that assists me with my 

dissertation. Regarding to my interest in technology, education and human 

centered design I aim to redesign the classroom taken in to account the students 

and how do they get benefit from that. The first step that I decided to take is an 

interview with teachers trying to find out the gaps and problems in education 

system. I connected University Park Elementary school which located in 

Melbourne, FL and I have scheduled for an interview on Friday November 15th, 

2013 at 10: am. The goal of the interview is to broad my knowledge and 

background about the education system especially in grade 1 and 2, ages between 6 

and 7 years old. The results of the interview will assist me to decide my PhD thesis 

topic in Human-Centered Design. The interview was recorded using iPhone 5 with 

iOS 7.0.4 and also some taking hand notes. Two teachers have been interviewed: 

1. Mrs. Sally: Teaching English language for 15 years long                  

2. Mrs. Theresa Nicolette: 19 years in teaching Math, Science, Social, 

and English language for foreign students.  

 OBJECTIVE 

Figure out what are the facing problems in education system. From expert persons 

how could they evaluate the understanding level of the student in general? What is 
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the technology impact on education? And how could we handle and use the 

technology in education? Moreover, I need to know what makes children 

motivated in learning.   

Methodology 

The following questions have been discussed with the interviews, also discussion 

led to other questions that are not listed below but are available in the recorder.  

1. What grade are you teaching? 

2. For how long have you been in the field? 

3. How many students are in your class? 

4. What subjects are you teaching? 

5. Is there any class assistance work with? 

6. How could you describe exactly your role in class?  

7. What is the most likely subject for you to teach? Why? 

8. What is the most likely subject for the student? Why? 

9. What is the least likely subject for you to teach? Why? 

10. What is the least likely subject for the student? Why? 

11. What are the using methods in teaching? 

a. Do you like it? Why? 

b. Do you have any comments about it? 

c. Would you like to change it? 

12. Is there any technology used in the class? 

a. What are they? 

b. What are they for? "Reasons for having it"  

c. Is using this technology mandatory or not? 

13. Do you think that technology can help in enhance learning level? 

14. What is your opinion about dynamic learning? 

15. Do you believe in learning by doing? 

16. What do you think about using tablet in classroom? 
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Analysis 

Reviewing the questions, answers, and discussion there are big issues in the education 

system. First, miss communication between the School and the Brevard School district. 

The district released a new software system asking the school to use it without planning. 

Such a problem led to stop using computers and machine which causing lots of postponing 

work. Another issue is financial problem.  The school has old machines and not enough for 

all students. Using old machine causing delay that may cause boring and reduces the 

enthusiasm and interest of using technology. Also regarding to the time limit and small 

number of computers not all the children have the chance to use the computer, as it should 

be. Moreover, the classrooms become more tough and concentrating on indoctrination, not 

education. The education process transformed to the process of stuffing the children's 

brains with information without caring of getting concepts and understanding. This 

problem appears because of the huge quantity of information that has to be teaching. Again 

students feel boring and not motivated even if they get good grade in exams. High grades 

could be refers to hard study and good memory but it doesn't proof understanding. 

Furthermore, regarding to the students and parents criticism about repeating same concepts 

of math and science every year with different ways, the school district law decided not to 

focus on young children about studying math and science, that is just to have something 

new need to be provided in 3rd grade.  

" Knowledge which is acquired under compulsion has no hold on the mind. 

Therefore do not use compulsion, but let early education be rather a sort of amusement." - 

Plato 

 

To sum up, students "especially children" are missing fun and motivation in class so they 

become boring and gradually their curiosity to ask and discover disappeared.  

 

Proposed Solution 
 
The goal is to raise the understanding level of students and trained them to be more 

problem solving and dynamic thinking. Dynamic thinking is the right skill that we need for 
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our future. To achieve those skills we need to get out the children's curiosity. To get that I 

proposed the following solution: 

First, we have to make the classroom more fun. Technology is the right way to bring 

motivation in class by offering games, sounds, songs, animation, and curiosity. It is not just 

the technology; it is also the way of teaching. Kids love to play and discover things around 

them, so we need to depend more on doing things and feel things. We need a combination 

of: 

• Physical activities,   

• Dynamic learning 

• Technology  

• Breaking rules and standards 

I think we need to change the way of how we teach no need to set up classes for specific 

topics. Teacher can handle the class by any way. Let the children decide what to learn 

today. For example: teacher can take the students out to the playground asking them to 

play and have fun, when they get tired and active with high heart beams teacher can start 

explain what's going on by asking the student about the symptoms they notes. Then each 

child can look to the computer what the reasons of his/her symptoms. After that, each 

student has to explain to rest of the class what she found and why. The teacher will put it 

all together and explain the blood circulation and how its work. I believe that, teaching by 

this way will: 

• Raise up the understanding level 

• Keep students more motivated 

• Encourage curiosity 

• Raise memory level 

"The whole art of teaching is only the art of awakening the natural 

curiosity of young minds for the purpose of satisfying it afterwards." - Anatole 

France 

My scope is to redesign the classroom in human centered design approach.  
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Appendix C: Office of Accountability, Testing & 
Evaluation Research Approval 
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Appendix D: Florida Institute of Technology, 
Institutional Review Board Approval 
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Appendix E: University Park Elementary School 
Principal Approval 
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Appendix F: Parental or Guardian Permission Form 
for Research Involving a Minor 

Title of Project: Tangible Interactive Object (TIO) to Enhance Children Learning 
and Classroom Environment 
 Researcher(s): Wafa Almukadi, Ph.D student 
Your permission is being sought to have your child participate in this study. Please 
read the following information carefully before you decide whether or not to give 
your permission.  
Purpose of the research: The reason for the research is to investigate how 
students and teachers use Tangible Interactive Object in the teaching 
and learning process. And does TIO enhance classroom environment by 
increasing motivation, curiosity and happiness. 
Procedure to be followed: During testing, your child will asked to write 3-letter 
words using paper and pencil, than s/he will asked to using the proposed system to 
play a game that allow building 3-letters words. Also, there will be an application 
to practice basic math of addition and subtraction up to 10.Your child will interact 
with the system using cubes that represent letters and try to arrange the cubes in the 
orders to get a meaningful word. Your child will be observed, pictured, and 
videotaped. The videotaping and pictures is for the sole purpose of examining the 
interaction with the system, the motivation, curiosity, understanding, and 
happiness.  
Discomforts/risks: The study will not go beyond the activity in daily life or the 
performance of routine physical using toys, cubes, and computer. There are no 
foreseeable discomforts or dangers to either you or your child in this study.  
Incentives/benefits for participation: There are no direct benefits to your child, 
but your child will receive a small gift for participating. The results of this study, 
however, will increase our knowledge of the various learning techniques and 
strategies used to design classroom activity.   
Time duration of participation: Participation in the study will not exceed 1 hour.  
 
 
 
Statement of confidentiality: All records are kept confidential and will be 
available only to professional researchers and staff. If the results of this study are 
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published, the data will be presented in-group form and individual children will not 
be identified.  
The records will store in my laptop that has a password to prevent random access to 
the data. The data will kept for almost 3 years until the study is done and the result 
analysis is published. However, the images may still be used for official reports and 
analysis with blur and not recognized faces.  
Termination of participation: If at any point during the study you or your child 
wishes to terminate the session, we will do so.  
Questions regarding the research should be directed to:  
Wafa Almukadi: (321) 394-6790 
Questions or concerns regarding participation in this research should be 
directed to:  
Wafa Almukadi  (321) 394-6790  
This research has been reviewed and approved by Brevard Public School County 
and by Florida Institute of Technology Institutional Review Board. If at any time 
before, during or after the experiment your child experiences any physical or 
emotional discomfort that is a result of his/her participation, or if you have any 
questions about the study or its outcomes, please feel free to contact us.  
SIGNING THE FORM BELOW WILL ALLOW YOUR CHILD TO PARTICIPATE IN 
THE STUDY AFTER SCHOOL HOURS WITHOUT YOUR PRESENCE. Please return 
by (date before experiment). If you do not sign and return this form, the researchers will 
understand that you do not wish to allow your child to participate. 
Please sign both copies of this form. Keep one and return the other to the 
investigators.  
 
 
 

Parent Signature Box  

I, the parent or guardian of _______________________________, a minor 
______ years of age, permit his/her participation in a program of research named 
above and being conducted by Wafa Almukadi.  

_________________________________ _____________ Signature of Parent or 
Guardian Date  

________________________________________________  

Please print your name here.  
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Student Signature Box  

I, _______________________________, agree to participate in the program of 
research named above and understand that my participation is voluntary.  

Signature of Student _________________________________ Date 
_____________  

________________________________________________  

Please print your name here.  

 
 
Signature of Investigator _________________________________  Date  
_________  
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Appendix G: System general evaluation 

Dear participant, 

Thank you for accepting to contribute to this usability test.  
My research aims to enhance children education immersing them in a human-
centered design environment. For this purpose, I designed a tangible system for 
supporting children’s ability to create 3-letter words by enabling them to move 
letters around and align them. Your cooperation and feedback will be useful for 
fine-tuning/refining the prototype.  
 
 
Your participation involves tangible interaction and manual manipulation of the 
prototype. 

Task 
Arrange blocks to build all possible 3-letter words 

 
 
After performing the task, please answer all the questions:   
1. Are you able to get the word “cat”? 

   
 

2. Are you able to get the word “act”? 

   
If you play the Arabic version: 
3. Are you able to get the word “بطل”? 

   
 

4. Are you able to get the word “ططبل”? 

   
 

Yes No

Yes No

Yes No

Yes No
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5. What are the main relevant cues for completing the task? 

___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
_ 
6. Do you think the system should be used for other teaching subjects (e.g. math, 

shapes, colors, music…etc)? 

   
 

7. Do you think the system should be used also for higher-grade levels? 

   
 

8. Are the available actions natural for forming the words for 4 to 7 years old 
children? 

   
 
Please, rate the following questions from 1 to 6 (1 = lowest, 6 = highest): 

 
9. Is the system size good for classroom environment? 

 

          
10. How easy would be for 4 to 7 years old children to perform the task? 

 
11. Are the pictures helpful for associating the word(s) with the concept(s)?  

 
12. Are the pictures helpful for memorizing the word spelling?  

 
 

Yes No

Yes No

Yes No



 
 

 

143 

13. Is it easy to associate the blocks movement(s) with their representation on the 
display?  

 
 
 
 

14. Would using the blocks enhance children learning of other input devices (e.g. 
mouse, computer use)?  

 
15. Would the system encourage children to learn new vocabulary easily? 

 
16. Would the system be fun and engaging for children? 

 
17. Would the system be better for one child or several children (maximum of 3 

with 3 blocks)? 

___________________________________________________________________
_________________________________________ 
18. Other remarks for aesthetic aspects (i.e. picture size, font size, colors, etc.) 

___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
______________________________________________ 
19. Please write down any comments you have or suggestions for future work: 

________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________ 
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Appendix H: System general evaluation for children 

Dear participant, 

Thank you for accepting to contribute to this usability test. 
Task 

Arrange blocks to build all possible 3-letter words. Letters need to be aligned 
 

After performing the task please “ ✓” the correct answer, either yes, 
maybe, or no:   

 
 Yes Maybe  No 
1. Would you like to 

play with the 
system again? 

   
2. Would you like to 

have the system in 
your classroom? 

   

3. Would you like to 
learn another 
subject using the 
system such as 
math, color, or 
music? 

   

4. Would you like to 
learn new 
vocabulary using 
the system?  

   

5. Are the pictures 
helpful for 
memorizing the 
word spelling? 

   

6. Are the pictures 
helpful to    
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understand the 
word meaning?  

7. Would you like 
use the system 
with your friends? 

   

8. Would you like 
use the system by 
your self? 

   

 
 
Please, chose the best smiley icon that match your answer: 

 
9. How do you like the system? 

 
 

10. Is the system easy to use? 

 
 

11. Do you like the system size? 

 
12. What do you think about the system appearance?  
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13. Is the system fun to learn with?  

 
 
 
 
 

14. How many words did you got? 
________________________________________________________________
_______________________________ 
 

15. Did you learn new vocabulary? 
________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
_____________________________ 
 

16. In the future, what do you want to see in the system? 
________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
_______________________________________________________________ 
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Appendix I: Children Evaluation Sheet based on Fun 
tool kit- Study 1 

Dear participant, 

Thank you for accepting to contribute to this usability test. 
Task 

Arrange blocks to build all possible 3-letter words. Letters need to be aligned 
 

After performing the task please “ ✓” the correct answer, either yes, 
maybe, or no:   

 
 Yes Maybe  No 
1. Would you like to 

play with the 
system again? 

   
2. Would you like to 

have the system in 
your classroom? 

   

3. Would you like to 
learn another 
subject using the 
system such as 
math, color, or 
music? 

   

4. Would you like to 
learn new 
vocabulary using 
the system?  

   

5. Are the pictures 
helpful for 
memorizing the 
word spelling? 

   



 
 

 

148 

6. Are the pictures 
helpful to 
understand the 
word meaning?  

   

7. Would you like 
use the system 
with your friends? 

   

8. Would you like 
use the system by 
your self? 

   

 
 
Please, chose the best smiley icon that match your answer: 

 
9. How do you like the system? 

 
 

10. Is the system easy to use? 

 
 

11. Do you like the system size? 

 
12. What do you think about the system appearance?  
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13. Is the system fun to learn with?  

 
 
 
 
 

14. How many words did you got? 
________________________________________________________________
_______________________________ 
 

15. Did you learn new vocabulary? 
________________________________________________________________
________________________________________________________________
_______________________________________________________________ 
 

16. In the future, what do you want to see in the system? 
________________________________________________________________
________________________________________________________________
________________________________________________________________ 

17. Would you like to do it Again? 
 

 Yes Maybe No 
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Appendix J: System Usability Questionnaire at 
ITS2015 

 
1. I think that I would like to use this system frequently 

Strongly disagree                                                                                              Strongly agree 
     
         0    1       2            3   4 
       

2. I found the system unnecessarily complex 
 

Strongly disagree                                                                                  Strongly agree 
     
         0    1       2            3   4 
    
3. I thought the system was easy to use                        
 
Strongly disagree                                                                                              Strongly agree 
     
         0    1       2            3   4 
 
4. I think that I would need the support of a technical person to be able to use this system  
 
Strongly disagree                                                                                              Strongly agree 
     
         0    1       2            3   4 
 

5. I found the various functions in this system were well integrated 
Strongly disagree                                                                                              Strongly agree 
     

        0    1       2            3   4 
 

1. I thought there was too much inconsistency in this system 
Strongly disagree                                                                                              Strongly agree 
     
        0    1       2            3   4 
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2. I would imagine that most people would learn to use this system very quickly  
Strongly disagree                                                                                              Strongly agree 
     
       0    1       2            3   4 
 

3. I found the system very cumbersome to use 
Strongly disagree                                                                                              Strongly agree 
     
        0    1       2            3   4 
 

4. I felt very confident using the system 
Strongly disagree                                                                                              Strongly agree 
     
     0    1       2            3   4 
 

5. I needed to learn a lot of things before I could get going with this system   
Strongly disagree                                                                                              Strongly agree 
     
       0    1       2            3   4 
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Appendix K: Children Evaluation Sheet based on Fun 
tool kit- Study 2  

Group 1, wooden blocks                                                                    
   Name: 

                                                                                                                                       
Age: 

 
1. Is it fun to use wooden blocks? 

                                              

 
2. Do you like learning with wooden blocks? 

                                             

 
3. Do you like to learn math with wooden blocks? 

 

                             
4. Do you like to learn words and spelling with wooden blocks? 
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5. Do you like to use the wooden blocks by yourself?  
 

                                          
  

                                          
6. Do you like to use the wooden blocks with friends? 

                                       
 

7. How many words did you get? 
  
________________________________________________________________
_______________________________ 
 
8. Did you learn new vocabulary? 
 
¢ Yes                                     ¢ No 
 
9. How many math problems did you solve? 
   
________________________________________________________________
_______________________________ 
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10. Which exercises do you like most? 
 

¢ Vocabulary                               ¢ Math, Ex 1 (forward)   ¢  
Math, Ex2 (backward)  
 
11. Do you prefer to use the wooden blocks with computer software?  

 
¢ Yes                                     ¢ No  

 
12. In the future, what do you want to see in the wooden blocks? 

___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
______________________________ 

 

Group 2, Tangible Interactive System             
  
 Name: 

                                                                                                                                             
Age: 

 
6. Is it fun to use the system? 
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7. Do you like learning with the system? 

                                         

 
8. Do you like to learn math with system? 

 

                             
9. Do you like to learn words and spelling with the system? 

                                      

      
 

 
4. Do you like to use the system by yourself?  
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6. Do you like to use the system with friends? 

                                               

 
 

7. How many words did you get? 
  
________________________________________________________________
_______________________________ 
 
8. Did you learn new vocabulary? 
 
¢ Yes                                     ¢ No 
 
9. How many math problems did you solve? 
   
________________________________________________________________
_______________________________ 
 
10. Which exercises do you like most? 

 
¢ Vocabulary                               ¢ Math, Ex 1 (forward)   ¢  
Math, Ex2 (backward) 
 
11. Do you prefer to use the wooden blocks instead of the system?  

 
¢ Yes                                     ¢ No  
 
12. In the future, what do you want to see in the system? 
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Appendix L: Post-experimental Intrinsic Motivation 
Inventory (IMI) 

For each of the following statements, please indicate how true it is for you, using the 

Smileyometer scale: 

 

 
 
Enjoyment 

I enjoyed doing this activity very much 

This activity was fun to do 

I thought this was a boring activity. (R) 

I would describe this activity as very interesting. 

Perceived Competence 

I think I am pretty good at this activity. 

I think I did pretty well at this activity, compared to other students. 

After working at this activity for a while, I felt pretty competent. 

I am satisfied with my performance at this task. 
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This was an activity that I couldn’t do very well. (R) 

Effort/Importance 

I put a lot of effort into this. 

I tried very hard on this activity. 

It was important to me to do well at this task. 

Pressure/Tension 

I felt very tense while doing this activity. 

I was very relaxed in doing these. (R) 

I felt pressured while doing these. 

Note: Scoring information for the IMI. To score this instrument, you must first reverse 

score the items for which an (R) is shown after them. To do that, subtract the item response 

from 5, and use the resulting number as the item score. Then, calculate subscale scores by 

averaging across all of the items on that subscale. The subscale scores are then used in the 

analyses of relevant questions. 

 

 

 

 

 

 



 
 

 

159 

Appendix M: Paper Activity for Morgan Study 

Name: 
Age: 
 

Forward Exercise 
 

Select operator “+” or “-“ , then answer the problem: 
 

1)    2     (  +   ,    - )     3 =   ________ 

2)    6     (  +   ,    - )     4 =   ________ 

3)    7     (  +   ,    - )     2 =   ________ 

4)    4     (  +   ,    - )     1 =   ________ 

5)    5     (  +   ,    - )     3 =   ________ 

 

BackWard Exercise 
 
Select operator “+” or “-“ , then answer the problem: 
 

1)    ________     (  +   ,    - )     ________ =   7 

2)    ________     (  +   ,    - )     ________ =   3 
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3)    ________     (  +   ,    - )     ________ =   5 

4)    ________     (  +   ,    - )     ________ =   2 

5)    ________     (  +   ,    - )     ________ =   8 

 
Build 3-letter words 

 
Write down 3-letters words that you know: 
 

1) _______________________________ 

2) _______________________________ 

3) _______________________________ 

4) _______________________________ 

5) _______________________________ 
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Appendix N: Children Questionnaire for Morgan 
Study 

1- Is the system easy to use? 
 

 
 

2- Is the system fun to use? 
 

 
 
 

3- Is the system good to learn with? 
 

  
 
 
 

4- Do you like to use the system frequently? 
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5- Would you like to do it Again? 

 
 Yes Maybe No 

 

   

 

   

 
 


