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Abstract

Online educational environments need to reform in order to support self-directed 
learners1 who are co-designers of  their own knowledge. Current online learning 
environments resemble the industrial age — an environment where the teacher 
controls the conversations and resources. This learning experience leaves a lot to  
be desired, especially in an era when non-traditional approaches to learning, such  
as games, augmented reality and virtual reality have become more common  
and more immersive.

New online educational environments need designs that use collaborative tools to 
support social engagement, mediation, and reflection in order to facilitate effective 
collaboration among students. Through empirical research, observations, case study 
comparisons, and visual explorations, the proposed designs in this document are 
alternative solutions that move online education toward an experience that is more 
relevant to the current educational settings than the existing online environments. 

The design solutions address issues stated previously with visualizations and 
interactions that support collaborative conversations and enhance learning outcomes. 
These solutions should increase engagement and participation by visualizing social 
progress of  group participation and helping the team identity its progress towards  
a goal. These designs use visualization of  learner feedback to trace the status of  
collaborative work, which will help learners detect communication pitfalls and mediate 
conflict. This strategy facilitates intellectual progress, organization of  ideas, decision-
making skills, and exploration of  alternative ideas. Finally, the alternative solutions 
foster reflection and understanding in a way that will help group learners organize 
their findings and concepts, while encouraging quality feedback and building on other 
students’ ideas. This process of  reflection and understanding results in intellectual 
synthesis, assimilation and accommodation of  new concepts, a deeper understanding 
of  target skills, and the application of  knowledge to broader conditions.  

These solutions will hopefully further the research and development of  online 
education toward an environment that is unbounded with unlimited resources and 
requires playful imagination (Thomas & Brown, 2011).

 1   Self-directed learning is 
teaching based on a degree 
of ‘Self-management’ and 
learning based on the personal 
interests and construction of 
knowledge (Kalantzis, 2012).

2  A way of tracing activity 
(Norman, 2013).
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Preface

This document is part of  a final project about facilitating collaboration in online 
learning among first year college students. It discusses the effects of  visualizing 
collaboration on group processes and student outcomes. It explores the design of   
a Project-based online learning environment (PBOL) that uses collaborative tools  
to support social engagement, mediation, and reflection.

Preceding enrollment in the Master of  Graphic Design program, I developed an 
interest in design education and learning theories. During the time in the program,  
I pursued that interest which led to research in implementation of  constructivist  
and design pedagogy theories outside of  design education. During my studio  
courses, I became very interested in collaborative interface design; many of  my  
projects integrated my passion for learning, collaboration, and digital solutions.

The research written and discovered in this document stemmed from those interests  
and experiences from a user experience internship where I worked with an online  
education platform. These interests and experiences inspired me to explore how to  
improve online learning with alternative pedagogical approaches and peer learning  
to create self-directed learners.





9INTRODUCTION

The introduction presents the current conditions and problems of  online education  
as they relate to the needs of  a new generation of  learners. Raising the issues of  learner 
motivation, conversation mediation and progression, and enduring understanding, 
which current environments struggle to overcome. With the reformation of  online 
learning, the development of  diverse learning ecosystems is a way to meet the demand 
for complex problem solvers and collaborators and support the essential skills needed 
of  the next century. 



10 Problem Statement

The old ways of  learning and education are unable to keep up with the rapidly 
changing world. Universities need to address the new generation of  learners and 
their various learning preferences, adapt to the continuous changing environment 
of  education, and prepare learners for those transformations. New media forms are 
making group learning and peer-to-peer learning3 easier (Thomas, 2011). While these 
new technologies create possibilities for borderless education4, they do introduce new 
challenges. Current online learning environments struggle to overcome the challenges 
of  asynchronous communication5. More specifically, current platforms fail to foster a 
learning culture of  reflective engagement6 and critical thinking.

Project-based online learning 7(PBOL) attempts to address some issues of  asynchronous 
learning by introducing the design process in the delivery of  curricular content and 
student assignments (Kalantzis, 2012). As online learning conforms to the requirements 
of  technological instruction, many scholars look for alternative approaches. “Many 
scholars consider Project-Based Learning (PBL) as an excellent form of  instruction to encourage 
the self-learning of  students” (Chang & Lee, 2010; Gerber, Cavallo, & Marek, 2001; Glover, 
1993; Green, 1998; Moursund, 1999; Scott, 1994 as cited in Hung, 2012, p. 368)Hung, 
2012, p. 368). A PBOL environment provides a real world, constructivist, cooperative 
learning environment that has advantages over the traditional PBL environment. 
These advantages, such as unlimited resources, advanced prototyping, and simulation 
tools, however, do present challenges in promoting students’ learning motivation, 
concentration on learning tasks, conversational progression, accommodation of  new 
concepts, and critical thinking skills (Hung, 2012). These challenges in PBOL can be 
eased with further research on diverse learning ecosystems8 and the need for supportive 
collaborative learning agents9. Communication is a key factor for group learning online 
— open communication and the ability for learners to work freely are two activities 
that make up this context. Students must have the ability to talk through problems 
and ideas in a collaborative conversation, which can be challenging in current online 
learning environments (Perkins, 2003).

3   Peer learning is an educational 
practice in which students 
interact with other students 
to attain educational goals 
(O’Donnell & King, 1999).

4  Borderless education is 
an environment that is 
unbounded with unlimited 
resources (Thomas &  
Brown, 2011).

5  Asynchronous communication 
is the exchange of messages 
by reading and responding as 
schedules permit rather than 
according to some clock that 
is synchronized for both the 
sender and receiver or in real 
time (LINFO, 2005).

6  Reflective engagement is a 
deep understanding where 
reasoning and conscious 
decision-making take place 
(Norman, 2013).

7  Project-based learning is 
an instructional strategy 
that learning occurs by way 
of problem solving, data 
collection, and discussion,  
as well as presentation of 
results (Markham, 2011).
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An underlying challenge throughout the entire learning process in online learning 
environments is keeping learners motivated and concentrated on the learning task. 
First year students already have issues regulating their motivation and emotions when 
it comes to controlling their study behaviors and making decisions about their learning 
environments (Nilson, 2013). The lack of  motivation and study skills reflect in the 
absence of  interaction and engagement, which result in the loss of  knowledge built 
through previous conversation. This loss requires extra-spent time to rebuild the 
context when there is a long period between exchanges (Roberts, 2004). This shortage 
of  engagement is possibly due to the isolation of  one-way communication and the 
impossibility of  overcoming the condition of  distance in asynchronous environments. 
The passing of  time between correspondences separates the learner from the 
conversation and they have no way of  knowing how much time will go by before  
the next correspondence (Roberts, 2004). Learners can feel isolated from not only 
other learners but the content as well.

It is easy to see how these conditions can reduce a sense of  urgency or obligation to 
respond to other learners or prompts. These behaviors demonstrate a need for online 
communication methods, other than the written word, that have a sense of  presence 
and personal features in an interaction. For example, agents like visual dashboards can 
use learning analytics to show recent activity and communicate progress of  a learner 
in relationship to the group. These agents can motivate students to manage their own 
learning and study behaviors.

Another challenge in online learning environments is the slow progression of  group 
conversations. Electronic dialogues can sometimes be an endless discussion due to the 
lack of  discussion transitions. Without these transitions, there is no distinguishable 
break or sense of  hierarchy in the conversation, which is necessary for constructive 
progress (Roberts, 2004). The progression of  the conversation allows for broader 
exploration of  a topic. Each learner has unique experiences and perspectives that 
contribute to the learning context, therefore the learning environment should foster 
conversations that allow students to share those experiences with the group to deepen 

8  Diverse learning ecosystems 
are where teaching and 
learning becoming unbundled 
from traditional education 
institutions, learners, families, 
and learning agents to be 
able to put together learning 
resources, supports, and 
experiences in the right 
combination for each young 
person (Prince, 2015).

9  Learning agents support 
learners to be able to move 
seamlessly across many kinds 
of learning experiences and 
providers (Prince, 2015).
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overall understanding (Kalantzis, 2012). The environment should also allow learners 
to go off  individually to work and come back together without conflict, thereby 
permitting the conversation to move forward (Perkins, 2003). In addition, learners 
should be encouraged to switch roles of  being a teacher or questioner, depending  
on what the need is in the moment of  conversation. 

Further research on methods of  transitions and establishing hierarchy, other 
than categorization, are needed to assist with group communication to support 
conversational progression and practices as community knowledge building (Roberts, 
2004). Agents such as visual prompts can use dialogue and language analytics to guide 
and mediate group conversations. These agents can also stimulate learners to share 
their expertise to help the groups’ overall understanding of  concepts and become 
better collaborators and self-directed learners. 

“ Collaborative learning, in sum, creates conditions for making social knowledge. Much more than the 
stuff  that is in your head, the key to this kind of  knowledge is in the social connections. The collaborative 
learner comes to value the experiences and expertise of  others. They rely upon knowledge sources that they 
know how to access effectively as and when needed” (Kalantzis, 2012, p. 295).

In addition to motivation and progress challenges, current online learning advocates 
for rigorous and hard stuff  of  traditional education that teaches the basics and does 
not promote critical or metacognitive thinking10 skills (Kalantzis, 2012). It is a difficult 
environment for students to demonstrate and verbalize connections between new 
concepts and prior knowledge (Hung, Hwang, & Huang, 2012). When learners work 
independently, they need assistance in building these skills to develop knowledge 
synthesis and collective intelligence among the group. An online environment with 
continuous feedback on the learning process would introduce benefits such as a 
concrete understanding of  the target skills and self-assessment of  individual and 
group progress. Personal performance feedback agents, such as digital data streams or 
dashboards, inform students’ learning and development, while advancing their learning 
experiences with the ability to evaluate available learning opportunities. For example, 

10   Metacognitive thinking is 
awareness and understanding 
of one’s own thought 
processes (Anderson, 2001).
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performance-based assessments and digital portfolios demonstrate mastery of  core 
knowledge and essential skills, like collaboration, global awareness, creativity, and 
critical thinking (Prince, 2015).

With the assistance of  digital collaborative agents and the transformation of   
education, there will be a new phase in the development of  modern education.  
Given the changes occurring today – globalization, community diversity, new 
technologies, and the formation of  new kinds of  learners and workers – this new, 
reimagined kind of  learning environment will become a necessity (Kalantzis, 2012). 
Creating, communicating, collaborating, and thinking critically are the essential skills  
of  the next century — skills that formal education must help students build in order  
to avoid the crisis of  becoming irrelevant for neglecting to teach learners what they 
need for the contemporary world.



14 Justification

With the reformation of  online learning, the development of  diverse learning 
ecosystems is a way to meet the demand for complex problem solvers and 
collaborators. There has already been much development in coordination and 
communication tools for collaborative environments, such as messaging, mind 
mapping, prototype simulations, and digital portfolios. The scope of  this investigation 
specifically concerns the communication happening around these activities and how 
a system can facilitate engagement, collaboration, decision-making, and reflection 
in order to shift the emphasis on knowledge through memorization to knowledge 
through understanding. This strategy closely aligns with the transformational designs 
for pedagogy described by Mary Kalantzis and Bill Cope in New Learning (2012): 

“ The technologies themselves are not the point. It is the social affordances of  these technologies that interest 
us. We can do the most predictable of  the ‘old basics’ in these spaces. In fact, the first generation of  
so-called ‘learning management’ systems often did just that; they drilled and killed. But we can also use 
these virtual learning spaces to make schools more congenial to learners, more manifestly contemporary and 
‘real’ in the media they use, and more sensitively differentiated to address different identity motivations and 
skills levels. They are also becoming cheap and accessible enough for every learner. We have an opportunity 
here to transform the social dynamics of  learning and the outcomes for all learners” (Kalantzis M. C.).

Although there has been much development in approaches to designing collaborative 
tools, learning groups are sometimes still ineffective – not because of  the lack of   
useful tools, but because learners do not have the skills necessary for effective 
collaboration. A key aspect is using visualizations to guide effective teamwork 
behaviors, which support team interaction process and stimulate reflection (Leshed, 
Hancock, Cosley, & Gay, 2009).

The goal of  the investigation is to move online learning from the lower order of  
critical thinking skills, which keeps student knowledge at the factual and conceptual 
level, to the higher order thinking skills, in which students can achieve metacognitive 
thinking skills (Clark, 2015). Wiggins and McTighe focus on teaching for understanding, 
which is to give students the tools needed to decipher and understand the ideas 
(Wiggins, 2005). This means understandings are not simply right or wrong like factual 
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knowledge (Wiggins & McTighe, 2005). These theories emphasize inquiry and deeper 
understanding of  new concepts and skills (Wiggins & McTighe, 2005).

By shifting the outcomes of  learning, learners will become better problem-solvers 
through the pedagogic approach Donald Schön calls, “learning by doing” (Schön, 
1990). The new environment allows students to take responsibility of  their own 
learning and become self-directed learners (Scardamalia, 2002). The constructivist  
and discovery learning theories developed by Dewey, Vygotsky, Piaget, and Bruner 
support the educational position of  Project-based online learning (PBOL). The 
intelligences shaped through experience and knowledge arises as a product of  
interaction between the person and his or her environment (Kolb, 1984). PBOL 
environments require communication and collaborative technologies to support 
group work (Leshed, Hancock, Cosley, & Gay, 2009). Assumptions about improving 
computer-mediated collaboration suggest it is simply sufficient to provide tools that 
allow collaborative activities. However, the tools are useless if  learners do not have 
the basics of  effective collaboration skills. For instance, giving a learning group a 
commenting tool in order to help them come up with a single design for a Water  
Rocket will not necessarily help them to develop the consensus-building skills  
needed to complete the assignment collaboratively (Leshed, 2009). 

Group learning and teamwork can be an important tool for accomplishing tasks and 
learning in online educational settings. Group learning allows each student to bring a 
different experience to learning, in which the group can build off  those differences and 
construct shared knowledge that no individual could have created alone (Shirky, 2010). 
For groups to succeed, they need tools to help them adopt appropriate interpersonal 
skills to overcome communication challenges in asynchronous conversations (Kalantzis 
M. , 2012). These skills can improve by providing feedback on the learner’s behavior, 
along with guidance on how to change it when necessary. The goal of  this investigation 
is to understand how collaborative technology11 can support social engagement, 
mediation, and reflection within learning groups, thereby allowing them to become 
better collaborators and develop a collaborative group dynamic (Leshed, 2009).

11  Technology is tools used for 
work and everyday living, 
including machines, physical 
structures, and information 
and communication systems 
(Kalantzis, 2012).
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An environment that supports a collaborative group dynamic and prompts 
communication helps students mange their learning processes effectively. They will  
feel comfortable in relying on the knowledge of  their peers and work collaboratively in 
groups with diverse experience and knowledge. Learners will be capable of  negotiation, 
collective problem solving, constructive criticism, and articulating opinions without 
conflict (Kalantzis, 2012) — thereby providing instructors with more time to focus on 
building knowledge-making capacities rather than facilitating group conversation. As 
a result, the student would define the terms, make the theories, and analyze solutions. 
The new environment provides a conceptual scaffold where students can work just 
beyond their current conceptual capacity, with the assistance of  teachers prompting  
the learners along the way to reflect on their thinking and knowledge process 
(Kalantzis, 2012). 

Future online learning environments need to support knowledge sources for learners 
to draw upon, which are as engaging as the new media they use regularly, because 
current environments seem boring and inadequate (Kalantzis, 2012). Such as physical 
and cognitive tools and other people with knowledge, learners can rely upon when 
they need them (Kalantzis, 2012). Digital learners entering the University system 
are used to sociable new media environments and a high level of  engagement in 
contemporary cultural forms and media, such as video games. Modern learners are 
similar to gamers in the sense that they like to experiment, play, and contribute in their 
virtual environments (Thomas & Brown, 2011). Education should strive to improve 
the levels of  engagement by allowing the learner to be a co-designer of  his or her own 
knowledge (Kalantzis, 2012).



17Conditions and Context 

Over the past century, American education has transformed. It has moved through 
didactic learning12– to spell things out explicitly – to authentic learning13– true to the 
interests and motivations of  the learner. Education will continue to transform into 
a ubiquitous and immersive learning14 environment in order to be relevant for the 
contemporary world and technologies. Educational reform began in the later part of  
the twentieth century as a result from schools trying to find a way to move past the 
assembly line learning style developed for the industrial age. For the later part of  this 
century, learners have experienced primary education focused on didactic learning in 
the early part of  their academic career with a shift toward authentic learning (Kalantzis, 
2012). Although considered tech-savvy, these learners’ educational experiences have 
not utilized these skills. While these learners do have experience using technology in 
education, their experience has been limited to personalized learning and use, which 
creates self-directed learners, but not experienced collaborators.

Now in the beginning of  the twenty-first century education reform focuses on freeing 
education of  any boundaries with the assistance of  new media (Kalantzis, 2012). 
The students of  the twenty-first century entering college are tech-savvy youth who 
will no longer stand for the traditional unengaged online learning methods typical 
in higher education today. It has become common to refer to these young adults as 
“digital natives” or “digital youth” because of  their assumed skill and fluency with 
digital technologies (Belk, 2013). Learners want more than personalized learning 
experiences as they move into an independent setting such as online education. They 
want to do more than browse and chat with the technology (Kalantzis M. , 2012). 
Looking at the history of  education reform, which was informed by learning theories 
such as constructivist and discovery-based learning, gives a better understanding of  
how to achieve a new age of  education. This reform, discussed by many scholars like 
Dewey (1938), Vygotsky (1962) (1978), Piaget, (1970), and Bruner (1964), focused on 
internalized understanding rather than memorization or formal correctness. 

12  Didactic learning is to spell 
things out explicitly or to 
present a view of what’s true, 
right or valued. The teacher’s 
mission is to transmit this 
knowledge to learners, 
and learners, it is hoped, 
will dutifully absorb the 
knowledge laid before them 
by the teacher (Kalantzis, 
2012).

13  Authentic learning sets out 
to be of relevance to the 
lives of learners and to have 
demonstrably practical uses. 
Such learning is authentic 
insofar as it is learner- or 
child-centered, true to the 
interests and motivations 
of the learner. It is also 
authentic for its focus on 
internalized understanding 
rather than memorized, formal 
correctness (Kalantzis, 2012).

14  Immersive learning 
environments (ILEs) are 
situations that are constructed 
using a variety of techniques 
and software tools, including 
game-based learning, 
simulation-based learning, 
and virtual 3D worlds. ILEs 
are distinguished from other 
learning methods by their 
ability to simulate realistic 
scenarios and environments 
that give learners the 
opportunity to practice 
skills and interact with other 
learners (Gartner, 2016).
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Currently there are a large number of  classrooms with the purpose of  introducing 
basic concepts of  a subject for large audiences, specifically in the math and science 
fields, which some educational scholars classify as didactic education (Kalantzis, 2012). 
This arrangement is to spell things out explicitly or present a view of  what is true, 
right, or valued by the teacher. This approach was the traditional educational setting 
in the twentieth century, where the teacher or book is the knowledge source, and the 
student listens and absorbs the knowledge. Experiential scholars have criticized this 
method for producing students trained to find the correct answer rather than equipped 
to solve complex problems (Kolb, 1984).

This criticism resulted in an education reform in the later part of  the twentieth  
century called authentic learning (Kalantzis, 2012). Concern with the motivations of  
the learners’ education approaches focus on personalized knowledge, which allows 
learners to work at their own pace (Kalantzis, 2012). In the history of  higher education, 
there are educators who believe experiential education is not only a way to revitalize the 
University curriculum,15 but also a path towards adjusting to the many changes facing 
higher education (Kolb, 1984). Dewey, Vygotsky, Piaget, and Bruner are four theorists 
well know for experiential learning and learning as a continuous process grounded in 
experience (Kolb, 1984).

Recently there has been criticism of  authentic learning to raise the standards, due  
to the fact that things such as standardized testing, and lack of  collaboration are 
reinforcing the unequal social order (Kalantzis, 2012). In order to raise the standards 
of  learning, education must address issues such as new technologies, globalization, 
and diverse classrooms. This new approach to learning, classified as transformative 
education16 was based on the kinds of  capacities for knowing children need to develop 
to be good workers in a ‘knowledge economy’ and participating citizens in a globalized 
and cosmopolitan society (Kalantzis, 2012).

“Transformative learning empowers individuals, as options and alternative ways of  seeing the world become 
available. Individuals focus on challenging their own assumptions and are reflecting an ever changing their 
process “ (Cranton, 1996, p. 30).

16   Transformative education 
is based on a reading of 
contemporary society and 
the kinds of capacities for 
knowing that children need 
to develop in order to be 
good workers in a ‘knowledge 
economy’, participating 
citizens in a globalized, 
cosmopolitan society, and 
balanced personalities in a 
society that affords a range of 
choices that at times, seems 
overwhelming (Kalantzis, 
2012). 
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In order for the current system to reach a transformative stage of  education there 
will need to be a reform of  online education to encourage conceptual knowledge and 
enduring understanding. Online education has become increasingly popular because 
of  its flexibility for learners to learn on their own schedule. The evaluation of  online 
education identifies new collaborative learning agents, which are necessary to facilitate 
diverse learning ecosystems. This reform is the next step to achieving ubiquitous 
learning17 (Kalantzis, 2012).

Many of  these learners are already participating in complex learning environments  
by playing highly intellectually demanding video games. James Gee (2003)18 

investigates why learners are excited to participate in these environments but will 
intentionally neglect homework. He concludes video games are simply more engaging 
than the formal learning setting. Learners in video games play on their own, play with 
others, and manage their own learning. “This is particularly the case for today’s learners who 
are used to more active forms of  engagement characteristics of  today’s media – being a character in 
the narrative, for instance, and not just a voyeur of  characters created by an author” (Kalantzis M., 
2012, p. 293). Learners have become used to the levels of  engagements and sociability 
inherent to the new media that makes classrooms and online assistance seem sterile, 
inadequate, and boring.

Most online education uses a didactic approach to learning, in which there are clear 
right or wrong answers and the teacher controls the environment. For this reason many 
science and math course have resorted to using this approach to offer the rigorous, 
hard facts of  traditional education, which will teach the ‘basics’ in order to succeed 
(Kalantzis, 2012). This knowledge easily transfers to online environments in the form 
of  multiple choice, true or false, and clear right or wrong answers. The approach is 
an easy way of  identifying knowledge acquired by an individual, but not how learning 
takes place (Cranton, 1996). These strategies tend to rely on lower order critical 
thinking skills, which place emphasis on memorization and recitation of  information 
and keeping the knowledge students acquire at the factual and conceptual level, which 
do not teach skills learners need for the contemporary world (Clark, 2015). 

17  Ubiquitous learning is a 
new educational paradigm 
made possible in part by the 
affordances of digital media. 
Ubiquitous Learning is a 
counterpart to the concept 
‘ubiquitous computing’, 
but one which seeks to put 
the needs and dynamics 
of learning ahead of the 
technologies that may support 
learning (Cope, Kalantzis, & 
Magee, 2011).

18  Gee looks at major cognitive 
activities including how 
individuals develop a sense 
of identity, how we grasp 
meaning, how we evaluate 
and follow a command, pick 
a role model, and perceive 
the world. Formal learning- 
Deliberate, conscious, 
systematic, and explicit 
learning; the kind of learning 
we call ‘education’ (Kalantzis, 
2012).
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“As the learning ecosystem expands and diversifies over the next decade, educator roles must also diversify in 
order to provide critical linkages across settings and strengthen the webs of  support surrounding learners. To 
create an equitable future of  learning, education stakeholders need to shift the focus from traditional school 
systems to community-level ecosystems that span many kinds of  learning environments and can flex around 
and with learners.” (Prince & Swanson, p. 2-3).

While learners naturally like to play with other learners, they are relatively inexperienced 
collaborators. Many young people are very comfortable sending text messages, playing 
online games, and browsing the Web, but this behavior does not necessarily make the 
learners fluent with new technologies. Digital fluency requires not just the ability to 
chat, browse, and interact, but also the ability to design, create, and invent with new 
media (Resnick, 2009).

Incoming freshmen have personal knowledge of  creating content and communicating 
within social networks. The skills of  collaborative communication, fluency with 
new technologies, and critical thinking, which are necessary for project-based online 
learning, however, are areas wherein this generation is inexperienced. This lack of  
experience is not the learners’ fault — their experience in educational settings is not  
of  the information age (Florida, 2012).

Collaborative communication leads to collaborative competence, which is a “capacity to 
contribute something of  your own experience and knowledge in a group learning context, where the sum 
of  group knowledge is greater than the sum of  the individual parts” (Kalantzis M. , 2012, p. 295). 

Learners make connections both inside and outside educational settings. They can 
solve problems collectively that could not be solved individually. Collaborative 
learning, in sum, creates conditions for making social knowledge, which is necessary in 
reformation of  learning (Kalantzis M. , 2012). When students are encouraged to bring 
or create new content, that action becomes part of  the learning process and the role of  
the student changes to co-designer of  their own knowledge and the teacher is there to 
support students and help them find appropriate criteria (Shirky, 2010).
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24 Limitations and Assumptions

This study investigates peer-to-peer learning in an online collaborative environment.  
It looks at the conversations happening around the activities in the design process  
in a Project-based Online Learning environment and how to facilitate better 
engagement, decision-making, and reflection to achieve higher order thinking skills  
like critical thinking. 

This study does not address the issues of  teaching objectives and planning curriculum, 
but uses basic procedures of  design pedagogy as a foundation for discovery learning. 
There is also limited discussion on the teacher’s use of  the online environment other 
than as a supporting element for learners in the environment.  

It does not address the dynamics of  different learners or the different roles in  
groups. The investigation bases its premise on the assumption group learning will 
foster development of  self-directed learners through peer-to-peer conversations.

Finally, this study does not address the quality of  outcomes from the proposed 
designed alternatives. Critics of  user-center content express concerns about the 
reliability of  information provided by students and the sources cited. 

“The Web contains a plethora of  unauthenticated, unfiltered information, and most students lack the 
critical skills to penetrate this mass of  undifferentiated material. In short, traditional notions of  quality in 
higher education seem to be abandoned in the move to Web 2.0 learning” (Rennie & Mason, 2008, p. 95).

The proposed designs in this document are alternative solutions that move online 
education toward an experience that is more relevant to the current educational settings 
than the existing online environments. The solutions are supported through empirical 
research, observations, case study comparisons, and visual explorations, but not 
through testing. 



25LITERATURE REVIEW

This literature review looks at the integration of  constructivist and discovery- 
based learning theories as they relate to design and project-based education in  
new media. Constructivist and discovery learning theories recognize the importance 
of  social interaction, individual experience, and scaffolding to construct knowledge 
and understanding. Project-based learning, student centered learning, and peer-
based learning theories are relevant approaches to develop a student’s applied 
understanding of  a subject. These understandings by design create self-directed  
and inquiry-lead learners allowing them to be active participants in their own 
knowledge. These approaches apply directly to the perceived future and the 
transformation in educational platforms and online learning as it relates to  
group learning.
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Figure 2 Constructivist learning cycle (Kolb, 1984)
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27Building Knowledge through Experience

Constructivist and discovery learning theories emphasize student learning is best 
conceived as a process, not as outcomes. The learning process needs grounded 
in personal experience through interactions within an environment of  learning. 
Constructivist learning theory argues individual development and understanding  
is dependent upon the social environment and social activity such as peer or  
group-based learning (Kolb, 1984).

One of  the most influential educationalist theorists of  the twentieth century was John 
Dewey. His work best describes the principles for programs of  experiential learning 
in higher education (Kolb, 1984). He believed learning is an individual growth, which 
arises through social experience and fostered through activities that connect real-
world problems. The main principle is that progressive education links experience and 
learning, in which individual development is dependent upon the social environment 
(Dewey, 1998). “In 1938, Dewey wrote Experience and Education in an attempt to bring some 
understanding to the growing conflict between “traditional” education and his “progressive” approach” 
(Kolb, 1984, p. 5). “The fundamental unity of  the newer philosophy is found in the idea that 
there is an intimate and necessary relation between the processes of  actual experience and education 
(Dewey, 1998, p. 7). In his writings, Dewey describes how experience does not simply 
take place inside a person, influencing his or her attitudes and desires, but it also has 
an active side. This active side changes the perspective on how these experiences 
happen. Curriculum should arise from students’ interest and taught as integrated topics 
to assist in building connections across disciplines and real life (Dewey, 1998). For 
example, building a Water Rocket gives students real life experiences about aerospace 
engineering, engineering design, space flight, and teamwork; while simultaneously, 
introducing physic, mathematic and scientific principles. 

Each learner’s background shapes how he or she learns and they work best 
when students get assistance from experts to help build on those experiences 
(Vygotsky, 1978). Lev Vygotsky was a Russian psychologist who lived during the 
Russian Revolution. His theory of  social development is part of  the foundation 
of  constructivism and encourages students’ involvement in their learning, but 
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supported by adults through scaffolding to help children build on what they already 
know (Vygotsky, 1962). He believed social interaction and scaffolding plays a 
fundamental role in the process of  cognitive development. Group learning helps less 
experienced children progress their potential development with help from their more 
knowledgeable peers or the instructor – within the zone of  proximal development20.

Vygotsky believed social learning informs individual development, which is in contrast 
to Jean Piaget’s understanding of  child development in which development precedes 
learning. Piaget was a French developmental psychologist and genetic epistemologist 
whose focus is on cognitive-development processes–on the nature of  intelligence and 
how it develops (Kolb, 1984). Piaget believed that knowledge results from the actions 
of  an individual through stages of  change (Piaget, 1970). 

“Stated most simply, Piaget’s theory describes how intelligence is shaped by experience. Intelligence is not an 
innate internal characteristic of  the individual but arises as a product of  the interaction between the person 
and his or her environment. And for Piaget, action is the key.” (Kolb, 1984, p. 12). 

He believed when confronted with unknown knowledge students  either assimilate or 
integrate knowledge, which reinforces students’ previous views, or accommodate the 
new knowledge and change their views. A Project-based online learning environment 
allows learners to interact with the environment and test hypothesis to reinforce what 
students already believed to be true or forces them to adapt understandings to draw 
new conclusions.

With the knowledge of  how students assimilate and accommodate knowledge, Jerome 
Bruner thought it was possible to design curricula for any subject matter for any age 
(Kolb, 1984). Bruner’s work paralleled Piaget’s and he believed personalize knowledge 
does more than link an experience to the familiar but it allows an experience to become 
a general case and makes the learner aware they can treat the task as a problem to solve 
rather than finding out the answer (Bruner, 1968, 1966). 

20  Zone of proximal development 
is the distance between the 
actual developmental level as 
determined by independent 
problem solving and the level 
of potential development as 
determined through problem 
solving under adult guidance, 
or in collaboration with more 
capable peers (Vygotsky, 
1978).
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“Jerome Bruner, in his influential book, Toward a Theory of  Instruction, makes the point that the purpose 
of  education is to stimulate inquiry and skill in the process of  knowledge getting, not to memorize a body 
of  knowledge: “knowing is a process, not a product”(1966, 72)” (Kolb, 1984, p. 27). 

Teachers should support discovery learning by providing opportunities to do 
experiments or projects and solve problems to help students understand and 
remember concepts. These processes foster students’ ability to reflect on and take 
responsibility of  their own learning. These same processes are used in PBOL to 
achieve higher order thinking skills and enduring understanding, and can be applied  
to any discipline or situation.
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Figure 3 Clarifying content priorities (Wiggins & McTighe, 2005)
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31Developing Enduring Understandings through Design Thinking 

Design education and project-based learning are instructional approaches that embody 
the constructivist learning theories. The educational methods stress collaborative 
activities that make connections to the real world. The unstructured exploration gives 
students opportunities to deepen their understanding of  new concepts.
 
Grant Wiggins and Jay McTighe define a framework for designing instruction that leads 
to a deep understanding of  the content referred to as “teaching for understanding.” 
This framework expands on “six facets of  understanding,” which includes students 
being able to explain, interpret, apply, have perspective, empathize, and have self-
knowledge about a given topic (Wiggins, 2005). Teachers choose activities and material 
that help the students learn and to build off  what they know allowing them to make 
a connection between the ideas and develop big ideas. These big ideas give students 
the core tasks and understandings, which they can transfer into unfamiliar situations 
(Wiggins, 2005). For example, at the core of  designing a rocket it introduces the design 
and scientific processes. These processes establish core ideas and tasks, which can be 
applied to solve problems in any discipline.

Donald Schön’s work in Educating the Reflective Practitioner discusses the core tasks and big 
ideas of  the design process. His work documents the process of  learning about design 
and analyzes the interaction between experts and students in desk critiques. Students 
learn to communicate design ideas and dialogue through the give-and-take relationship 
of  student’s personal experience with the observation of  a practitioner. Learners 
go through a process of  observing experiments, reflecting on feedback, developing 
next steps, and designing an idea based on the experience. Schön defines movements 
through learning and design intelligence, which are similar to Wiggins and McTighe 
model. Three of  which are knowing-in-action, reflection-in-action, and knowing-
in-practice. These intelligences describe the different levels of  knowing designers 
demonstrate. In education, designers demonstrate these levels of  knowledge through 
the design process of  research, iteration, and critique. This process allows the designers 
to share and demonstrate their knowledge, test the knowledge through application, and 
adjust knowledge based on results.
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Further expanding on knowledge gained through design, Nigel Cross identifies 
designers’ ways of  thinking and the process of  how they work. Cross is a British 
academic, a design researcher, and educator. His design research shows design as 
having its own culture and processes for education, which encourages exploration 
and self-discovery. In “Designerly Ways of  Knowing,” he explains how designers 
think, based on the idea that “There are things to know, ways of  knowing them and ways of  
finding out about them that are specific to the design area” (Cross, 2006, p. 22). Methods used 
by designers for finding things out are modeling, pattern formation, and synthesis. 
Designers measure outcomes of  these methods by practicality, ingenuity, empathy,  
and appropriateness (Cross, 2006).

Project-based learning (PBL) is one pedagogic approach that uses design thinking  
and methods. Thom Markham (2007–2013), a psychologist, educator, author, and 
speaker, explains his approach to educational transformation in his article “Project 
Based Learning a Bridge just far enough.” Markham uses PBL as a way to invite 
inquiry, innovation, creativity, and intellectual depth; it is an integration of  knowing 
and doing. Through solving problems and design, students learn knowledge and key 
concepts from curriculum, while understanding the relation back to the real world. 
Students focus on problems and work in teams to find a solution and then present  
their work while being able to articulate the process of  discovery. Increasingly, 
PBL students are taking advantage of  the digital tools to produce and facilitate the 
collaborative product. 

“This model aligns with a systematic redesign of  schools and learning environments by integrating PBL 
with a high performance culture, whole child principles, teacher discovery and empowerment, teaching and 
assessment of  21st century skills, an inquiry-based curriculum, and use of  digital resources for teacher and 
student collaboration” (Markham, 2007-2013). 

This type of  learning has an emphasis on social aspects of  learning in which dialogue 
and collaboration could facilitate deeper reflection and engagement.
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Figure 4 Community of inquiry model (Garrison, Anderson, & Archer, 2000)
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35Preparing Students for New Diverse Learning Environments 

New technologies and media allow for constructivist, discovery-based, and project-
based learning theories and pedagogical approaches to transform education into 
a flexible, playful, and innovative environment. This transformation requires a 
new definition of  what learners are expected to learn in school (Thomas, 2011). 
If  platforms for creating and sharing are at a low enough cost, then participation 
in activities that reward a basic motivation should rise (Shirky, 2010). As a result, 
information is globally available and combinable, but taking advantage of  it requires 
special conditions. These conditions include development of  learning communities. 
Essential elements in communities are recognition of  community membership, trust, 
interaction, and learning (Swan & Shea, 2005). Technology can support opportunities 
for collaboration and visual presentations, which support exploration activities for 
various stages of  learning and development. Young people will respond to learning 
incentives because they have much to gain and little to lose from experimentation 
(Shirky, 2010).

These communities of  inquiry require a shift in formal education environments to 
be collaborative as described by Mary Kalantzis and Bill Cope (2012), who explore the 
new challenges in education and social change. They also examine learners and their 
learning environments, consider how schools can prepare their students for the future, 
and discuss the significant possibilities and opportunities of  education. Where peers 
offer feedback to each other that is documented and transparent. Teachers are support 
systems for learners and designers of  learning activities for understanding. Knowledge 
building is open and resources are unlimited. These environments build skills of  
collaboration necessary for the diverse world that will need social activity in learning. 

Education in the twenty-first century will be every evolving and fluid. Douglas 
Thomas and John Seely Brown imagine the future of  learning in the constant changing 
conditions of  the world in their book “A New Culture of  Learning” (2011). They 
create visions of  the future of  learning, which are playful, innovative, and imaginative. 
The result is a new form of  learning culture in which knowledge is seen as a rich array 
of  information, the personal is both enhanced and refined in relation to the collective, 
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and the ability to manage, negotiate and participate in the world is governed by the play 
of  the imagination. This environment puts an emphasis on learners asking “what if ” 
rather than looking for existing answers. 

Clay Shirky, who argues that in the new digital age our unlimited talent and goodwill 
will be used as cognitive surplus, elaborates on participatory learning and collective 
culture. “Our technological tools for making information globally available and discoverable, by 
amateurs, at zero marginal cost, thus represent an enormous and positive shock to the combinability for 
knowledge” (Shirky, 2010, p. 142). He forecasts these new tools will create new cultures 
of  sharing and will return our society to forms of  collaboration, which were natural to 
us up through the early twentieth century. 

In addition to Shirky’s forecasts for participatory and collaborative culture, Henry 
Jenkins maps the fundamental shift from distribution of  media by corporations to 
circulations of  content by participants. This “signals a movement toward a more participatory 
model of  culture, one which sees the public not as simply consumers of  preconstructed messages but as 
people who are shaping, sharing, reframing, and remixing media content in ways which might have not 
been previously imagined” (Jenkins, 2013, p. 2).
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39METHODS APPLIED

The methods applied to inform this investigation and the framework that guides the 
visual studies and design solutions are scenarios, personas, and mental models. These 
methods identify user ‘pain points’ that the design solution addresses. In addition, 
observations of  studio critiques and collaborative workshops give perspective of  how 
students communicate synchronously and asynchronous, identify general ways of  
communicating, use tools and how design processes work in the real-world setting.



40 Conceptual Framework

The study investigated a structured approach to the design process to foster peer 
collaboration. The study focuses on how collaborative tools can support students in 
PBOL environments to learn from their projects. Specifically, how the design might 
foster reflective practice, leading to high order thinking skills in online education.

Online learning will need to adapt a different learning theory in order for learners to 
develop critical thinking skills. One approach uses project-based learning principles, 
which are formulated in three ways: cognitive learning21, collaborative learning,22 

and contents23 (Yusof, 2012). 

The investigation framework uses PBL approach to introduce students to the principles 
of  design through projects. A generalized representation of  the design process and 
principles used in the framework are informed by Hugh Dubberly’s model of  the 
creative process (Dubberly, Chung, Evenson, & Pangaro, 2009), Dewey’s model 
of  Experiential Learning (Kolb, 1984), Nigel Cross’s Engineering Design Methods 
(Cross, 2006) and Blumenfeld’s process of  PBL24 (Blumenfeld, Soloway, Marx, Krajcik, 
Guzdial, & Palincsar, 1991). The generalized design process supports the stages of  
learning and collaborative knowledge work necessary for group learning. 

Figure 6 A generalized representation of the design 
process (Dubberly, Chung, Evenson, & Pangaro, 2009)

21  The cognitive learning 
approach states that learning 
is organized around problems 
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others, asking new questions, 
and creating artifacts 
(Blumenfeld, et al., 1991).
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The first area of  investigation in the PBOL design process is “Research.” In this 
stage of  the design process, an online environment should foster participation of  
individuals, mediation of  conversation, and facilitate collaborative idea generation. 
Idea generation and the conversations happening in research draw on previous 
experience and metaphors. Groups generate ideas to verbalize their experiences  
and ideas. These factors assist in building a strong learning community in which  
each member is motivated to participate and engage with group discussions 
(Benbunan-Fich R. H., 2005). 

When learners are motivated to share their expertise, the whole group is developing 
a critical perspective. During activities of  sharing, conversations can often fall into 
a mundane pattern of  answer, comment, reply, and repeat (Schön, 1990), resulting 
in shallow discoveries and the disengagement of  reflective thinkers. By assisting 
learners in mediating conversations, routines can be broken up, which helps support 
meaningful conversations that allow members to push past initial responses and 
reactions. Activities that facilitate the verbalization of  ideas, such as brainstorming,  
can lead to conversations and conclusions that are more interesting than general 
statements or clichés (Benbunan-Fich, Hiltz, & Harasim, 2005).

The next area of  investigation is “Iteration.” In this stage, learners need an environment 
that facilitates the mediation of  complex conversation, the organizing and linking 
of  ideas, and constructing shared knowledge. During the convergence of  new ideas 
in learning groups, conflicts can arise and learners need to mediate agreements and 
disagreements. The debates that result from conflicts need to foster decision-making 
among the group and encourage the explanation and challenging of  ideas (Benbunan-
Fich, Hiltz, & Harasim, 2005).

The learning environment also needs to support learners in their attempts to clarify, 
identify, and categorize ideas. The organization and elaboration of  field notes, research, 
or arguments, for example, will help the group accurately evaluate findings. This part 
of  the process opens up the opportunity to reflect on different perspectives and 

Figure 7 Idea generation (Benbunan-Fich, Hiltz, & Harasim, 2005)

Learner

Idea

Learner

Idea

Learner

Idea

Learner

Idea

Learner

Idea

Learner

Idea

Figure 8 Idea organizations (Benbunan-Fich, Hiltz, & Harasim, 2005)



42

stimulates learners to see how different perspectives relate. This level of  reflective 
thinking helps the group form shared knowledge and understanding to move forward 
(Schön, 1990).

The last area of  investigation in the design process is “Critique.” In this phase, learning 
environments need to support the ability for learners to follow activities, engage in 
quality listening, form a consensus, and demonstrate understanding and learning from 
experience. At this stage, also referred to as intellectual convergence, groups need to 
develop shared understanding, including the ability to ‘agree to disagree.’ In order for 
this understanding to take place, the environment must be suited for active listening 
and encourage reflection of  discoveries and how these issues coincide in order to 
produce thoughtful responses. Through this process, group members need to come 
to a consensus on success, evaluate failures, and identify opportunities for further 
exploration. The environment should allow learners to look back at the process of  
discovery and support the articulation or demonstration of  what the group learned 
from the experience. For example, looking at what led to certain outcomes and how  
the understanding of  it now might restructure actions in the future (Schön, 1990).

Design thinking is the representation of  thinking processes employing both visual 
and conceptual knowledge (Schön, 1990). Design learning, problem-based learning, 
and project-based learning are a process of  knowledge development in which the 
knowledge is physically constructed. “The idea of  reflection on the problem in the medium of  
conceptual drawings, or sketching, introduces a cognitive orientation to design reasoning as a foundation 
of  design learning” (Oxman, 1999, p. 107). Studio work allows students to learn through 
a combination of  doing, interacting with fellow students, and working through design 
processes. Design thinkers who have an understanding of  the design process make it 
easier to collaborate across disciplines (Schön, 1990). 

While there are many advantages to using PBL, learners can become too focused on 
the project and have difficulty identifying and articulating what they have learned. 
Therefore, this framework introduces Schön’s notion of  cognitive structure, a reflective 

Figure 9 Intellectual convergence (Benbunan-Fich, 
Hiltz, & Harasim, 2005)

Learner

Idea

Learner

Idea

Learner

Idea



43

process of  knowledge development, to help students learn how to communicate design 
ideas and use design dialogue through interaction between instructors and students. 
This process offers a way to assist students in connecting their learning through 
engagement with the design process, resulting in metacognition  — the ability to use 
reflection to modify decision-making (Schön, 1990). 

The first type of  knowledge in Schön’s framework is “knowing-in-action,” which 
refers to the type of  knowing that can be described verbally and demonstrated through 
action. Knowing-in-action can be a systematic description or a general observation 
(Schön, 1990). For example, the knowledge gained using visual cues that give students a 
sense of  knowing when not to interrupt a person during a conversation is the knowing, 
but when the student is able to verbalize how he or she knows when not to interrupt, is 
knowing-in-action.

The next type of  knowing is “reflection-in-action” and refers to the moment when 
unexpected results disrupt the process of  knowing-in-action. This ability requires the 
designer to stop and think about the disruption and the how to proceed. It is also 
referred to as “trial and error,” except each trial has a relationship with the previous 
actions (Schön, 1990). For example, if  a student is trying to balance a scale with 
weights and it does not balance, the next weight they try would not be randomly 
selected; it would be based on observations of  the last test and if  the weight was  
too heavy, or light, and by what degree. 

The final type of  knowledge used in this framework is “knowing-in-practice” and 
refers to a shared understanding among communities of  practitioners. Using theories, 
facts, and operations learned from knowing-in-action and reflection-in-action, learners 
can create new experiments to put to the test new understandings that do not align 
with previous understandings. “Knowing-in-practice” allows a learner to construct his 
or her own knowledge and theories (Schön, 1990).



Figure 10 Framework uses a generalized design process as it relates to Schön’s reflective practice
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In conclusion, a generalized design process as it relates to Schön’s reflective practice is 
a good framework to investigate the opportunities and challenges of  communication 
methods in online learning environments. To create a diverse learning environment 
that is conducive for collaborative project-based online learning, the environment 
must foster the development of  learning cultures, engagement of  reflective thinkers, 
and metacognitive and critical thinking skills (Lock, 2007). While there has been much 
work done on the development of  tools for constructing knowledge through building 
and doing, designers must pay attention to the conversations happening around these 
activities. This investigation is pertinent to the future of  education and the design of  
diverse learning environments that will produce the critical thinkers and collaborative 
learners who will need to solve complex problems (Kalantzis, 2012).

 



46 Research Questions

How can the use of  visualization strategies in the design of  collaborative tools support 
social engagement, mediation, and reflection to facilitate effective collaboration among 
first year college students in a Project-based online learning environment (PBOL)?

How can an interactive display visualize the social process of  group participation 
to enhance conversations and engagement in online PBL environments?

How can visualization enhance personal identity and team awareness in 
collaborative processes by demonstrating learner presence?

How can the visualization of  learner feedback trace the status of  collaborative 
work by detecting pitfalls and meditating conflict in learner communications?

How can visual cues indicate what is being referenced in an PBOL environment?

How can connections and affiliations be visualized to help group learners organize 
their finding and concepts?

How can the design of  an online PBL environment encourage quality feedback 
and allow individual learners to build upon other member’s ideas?

Keywords: collaborative tools, social engagement, mediation, reflection, Project-based online learning
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The research on digital natives in the book The Routledge Companion to Digital 
Consumption informed the personas in this study (Belk & Llamas, 2013). The 
educational backgrounds were discovered as a by-product of  the previous investigation 
into online learning in Introductory Physic courses (see Appendix E). This course 
is a prerequisite for many science, technology, engineering, and mathematics 
(STEM) programs; therefore, students in the class have various backgrounds and 
expertise (Barrio-Perotti, Blanco-Marigorta, Fernández-Francos, & Galdo-Vega, 
2010). Observations of  group learning informed the generalized types of  roles and 
characteristics of  the learners represented in these personas. The names and personal 
details are fictional, but inspired by actual students that fit the audience of  young adult 
online learners. 
 
Sarah Pierce (Questioner/Lost)
Age: 18   Year: Freshman   Major: Biology   Goal: Get into Medical School
Sarah is full time student living in the dorms. She is on the university soccer team and 
does not have much free time. She is majoring in biology and hopes to get into Medical 
School after her undergrad. She stays busy with practice, traveling for games, and 
attending her other classes. She has a very rigid study pattern, which requires her to  
do homework and her online courses on weeknights.   
Strength – Problem solving
Weakness – Participation

Adam Thompson (Informer)
Age: 19   Year: Freshman   Major: Finance   Goal: Elective
Adam is a full time student living in a shared house off  campus. He works in retail to 
help pay for rent, tuition and his social life. He has a girlfriend who takes up much of  
his free time. He takes mostly night and online classes so he can work during the day. 
He tries to keep a regular, structured study pattern, but is not very strict about it and 
sometimes blows off  studying to go out or hang out with his friends or girlfriend.
Strength – Leadership
Weakness – Participation
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Miah Shaw (Facilitator)
Age: 18   Year: Freshman   Major: Engineering   Goal: Degree Requirement
Miah is a full time student and she lives on campus with a couple roommates. She 
works a couple times a week at a local coffee shop to help pay for tuition and spending 
money. She is single and enjoys going out with her friends. Her work schedule changes 
each week and she likes to attend social events, so her study schedule is inconsistent. 
She works on school in between classes and on her days off  work.
Strength – Participation
Weakness – Focus

Chris Land (Problem solver)
Age: 17   Year: HS Senior   Major: Undeclared   Goal: College credit 
Chris is a part-time student that is still in high school and living at home. He is 
unemployed and does not participate in many after school programs. He has an inactive 
social life and only really hangs out with friends at school. He likes to spend times alone 
working on personal projects and hobbies. He is in school all day and works on his 
college course in the evening. He is new to online courses and unfamiliar to group  
work, so he spends a lot of  his study time double checking his work before sharing.
Strength – Accuracy
Weakness – Efficiency
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The research framework explores a scenario of  an online Introduction to Physics 
course offered through an accredited University using PBOL. This course is available 
for undergraduates at the university level, mostly freshman, and advanced placement 
high school students. This course has no prerequisites but is a prerequisite for many 
science, technology, engineering, and mathematics (STEM) programs. The course 
runs for a sixteen-week semester and does not have scheduled meeting times, but it 
does have required check-ins and assigned deadlines. In this scenario, the students are 
working on a project to design a Water Rocket Model (see Appendix E). This project 
is the first assignment of  the semester and is an introduction to classical mechanics, 
which will last three weeks. Students work in groups and focus on one of  the three 
objectives that make up the entire project. There is one final deadline, but there are 
weekly check-ins for students to post their progress for feedback from other groups 
and the teacher.

The Water Rocket Model is a project traditionally used as an application of  the basic 
principles of  physics in the real world and commonly taught in the United States 
because of  its scalability (Barrio-Perotti, Blanco-Marigorta, Fernández-Francos, & 
Galdo-Vega, 2010). Typically, this project is conducted in a physical classroom or 
laboratory, but there are now opportunities for these PBL activities to take place  
online. As mentioned in the previous paragraph, Physics is a STEM foundation 
course, which is in high demand. Unfortunately, there are limited resources available 
for teachers to accomplish the learning outcomes, and in order for schools to meet 
demand, integration of  online education into existing programs like Physics is common 
(Kaifi, Mujtaba, & Williams, 2009). With the influx of  courses offered online and the 
rapid development of  personal devices and technology, it is no surprise learners are 
taking advantage. While these types of  classes can be convenient, it requires students  
to take ownership and responsibility of  their learning (Prince & Swanson, 2015). 
Online learning environments demand more maturity and discipline than traditional 
learning environments and often fail to provide learners with the support needed in 
order to interact collaboratively. 
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The following scenario is based on “Conditions that Make for Good Collaborative 
Tasks” as defined by Perkins (Perkins, 2003), in combination with four principles 
of  design that, according to Barron, can lead to doing with understanding rather 
than doing for the sake of  doing (Barron, et al., 1998). The assignment details were 
developed based on findings from a case study on Water Rocket assignments (Barrio-
Perotti, Blanco-Marigorta, Fernández-Francos, & Galdo-Vega, 2010). The dialog and 
activities are based on observations of  group conversation during assignments and 
critiques, and online forums about Water Rockets. 

The first condition for successful PBL collaborative tasks is the assignment lends 
itself  to PBL and collaborative conversations (Barron, et al., 1998) (Perkins, 2003). In 
this case, remotely located students will be working asynchronously in predetermined 
groups of  three to five students. This course is a prerequisite for many STEM programs; 
therefore, students in the class have various backgrounds and expertise. Learners are 
expected to participate and engage in-group conversations regarding idea generation, 
theory research, and data calculations (Barrio-Perotti, Blanco-Marigorta, Fernández-
Francos, & Galdo-Vega, 2010). In addition, groups will need to negotiate design 
decisions, build multiple iterations of  a prototype, and conduct simulated field tests. 
Finally, the learning group needs to communicate a shared understanding of  the 
successes or failures of  the project and display knowledge learned through the process 
and how it will affect future experiments (Barrio-Perotti, Blanco-Marigorta, Fernández-
Francos, & Galdo-Vega, 2010).

The second condition for successful PBL collaborative tasks is the assignment has 
well defined and learning-appropriate goals (Barron, et al., 1998) (Perkins, 2003). By 
allowing students to design and conduct experiments of  Water Rocket models, they 
are introduced to the design process and basic procedure used in aeronautics for larger 
rockets. The objective of  this project is to design a rocket and launching system that 
meets a predetermined target (Barrio-Perotti, Blanco-Marigorta, Fernández-Francos, 
& Galdo-Vega, 2010). Students learn about classical mechanics using three driving 
questions (Barron, et al., 1998): 
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1. Will the rockets go farther depending on the angle of  the launch pad?  
2. Will the number of  fins have any effect on the distance? 
3. Does the type of  nose on the rocket have an effect on the distance of   

the model rocket? 

For the purpose of  this research, the scenario only focuses on the process in which 
students are discussing the second question about fins. Wherein students learn how  
to research and discuss applicable theories, measure the height and distance of  a  
rocket launch, record results from each launch, notice and record sources of  variance 
in their measurement, and debate what features should be manipulated each trial. In 
this process, students cover theories and principles of  Newton’s Laws, kinematics, 
energy, and momentum (Barrio-Perotti, Blanco-Marigorta, Fernández-Francos, & 
Galdo-Vega, 2010).

The third condition for successful PBL collaborative tasks is good support for the 
practical requirements of  collaboration and scaffolding, which supports student and 
teacher learning (Barron, et al., 1998) (Perkins, 2003). The student will be using an 
online learning environment structured specifically for project collaboration and 
design. The learners share their research about fin design and equations on surface  
area by adding content from any resource and share using a variety of  medias, such  
as picture, links, comments, and videos. Students also use the communication features, 
such as reply and link, to share feedback. In order for students to reference previous 
iteration of  designs or concepts, they use archiving and categorization tools, such 
as screen shots. Learners are more likely to understand and remember concepts 
they discover in their interaction in the environment and with other learners, so it is 
important the technology supports the activities needed to allow for collaboration. 
Although students have the tools needed to execute the assignment activities, they find 
it difficult to keep all members of  the group motivated and engaged (Roberts, 2004). 
They also struggle to mediate disagreements and long conversations without disrupting 
the conversation progress and losing previously built context (Roberts, 2004). Finally, 
they find it difficult as a group to come to a common understanding about findings and 
a consensus on how to move forward (Prince & Swanson, 2015).
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Figure 11Learning activity designs and sequences
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In addition to the support of  the technology, the teacher’s role in this scenario is to 
support discovery learning by interjecting into the conversation and prompt learners 
with questions throughout the project to get students to think about their processes 
and discoveries to form new perspectives and schemas. 

The fourth condition for successful PBL collaborative tasks is the group has a 
good mix of  members and contrasting cases as scaffolds (Barron, et al., 1998) 
(Perkins, 2003). An advantage of  PBOL over traditional PBL classrooms is classes 
are typically more diverse with learners of  various backgrounds and experience 
(Kalantzis, 2012). Notably, this diversity often creates situations for disagreements and 
misunderstandings. In this scenario, the students are put into predetermined groups 
by the teacher, with the express intention of  exposing learners to new view points 
and are encouraged to share their own expertise. For example, a student with strong 
math skills might feel empowered to share the solutions of  an equation needed for 
the launching pad. The students in this group are the personas listed in the previous 
section (refer to page 43).

Working asynchronously gives the group the opportunity to have constant access to 
discussions, but it can be difficult to have engaging conversations when members 
are popping in and out of  the online environment (Hung, Hwang, & Huang, 2012). 
In this situation, the learners discuss research findings, solve equations, and develop 
a hypothesis. The challenge for the group is to keep all members motivated to stay 
engaged in the conversation and keep the discussion progressing towards a solution. 

Additionally, as the group moves on to prototyping the Water Rocket there are 
multiple iterations for the design combining different aspects of  the puzzle, such as 
the number of  fins, placement of  fins, and design of  fins. By providing the students 
with access to all the iterations, they are able to notice dimensions of  information they 
might have missed if  only looking at just one example at a time (Barron, et al., 1998). 
Learners are simultaneously navigating complex conversations, resolving agreements 
and disagreements, and making decisions to move forward. In this case, during many 
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discussions students remained on the same topic for long periods without making  
any progress, which resulted in a loss of  interest by group members. 

The fifth condition for successful PBL collaborative tasks is there is a reward for 
collective performance and frequent opportunities for self-assessment and revisions 
(Barron, et al., 1998) (Perkins, 2003). The online environment allows for constant 
documentation of  the group’s process, which lets learners look back on the entire 
project. This documentation encourages students to reflect on the group’s findings, 
calculations, field-tests, which can form connections to inform the critiques of  the 
design (Barrio-Perotti, Blanco-Marigorta, Fernández-Francos, & Galdo-Vega, 2010).  
In addition, students have the ability to look at group process and conversations 
in their entirety through a digital portfolio; this evaluation will foster a deeper 
understanding (Prince & Swanson, 2015). Despite these opportunities, the group 
struggles to come to a common understanding, which makes it difficult to implement 
changes or verbalize what they had learned.

Throughout the entire project, the group has the ability to view other groups’ findings 
posted at check-ins. They can find out how the different groups are doing and can 
revise their own group’s progression if  necessary. “ Without these assessment opportunities, 
the quality of  learning can be disappointing” (Barron, et al., 1998), so it is important the 
learning environment allow for reflection at any point in the process. 

At the end of  the project, students post their final project, which is evaluated for 
accuracy and consistency in how the rocket reaches the predetermined distance. 
Students use the rankings as ways to form conclusions about best practices  
(Barrio-Perotti, Blanco-Marigorta, Fernández-Francos, & Galdo-Vega, 2010).

The final condition for a successful PBL collaborative task is an established culture 
of  trust among learners in an environment that promotes participation and a sense 
of  agency (Barron, et al., 1998) (Perkins, 2003). The online learning environment not 
only needs to assist students in aspects of  collaborative activities, it must also help 
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establish norms of  accountability (Barron, et al., 1998). The teacher sets predetermined 
checkpoints, which all students in the group must reach before they can progress 
collectively. Another advantage of  PBOL is the ability to expand the social network 
outside the classroom. Students have the choice to share with other members of  the 
Water Rocket community, which makes their work meaningful to them.

In conclusion, while the technology advancements have resulted in many STEM 
courses, such as the Introduction to Physics course, integrated online it will not be 
without its challenges. Traditional projects, such as the Water Rocket, are not a transfer 
of  simple text like many current online courses. These project-based assignments 
require a lot of  support and tools to conduct the project, but they also need diverse 
learning agents to help learners facilitate the communication challenges, which happen 
around project activities. Technology has introduced opportunities for diverse learning 
environments to assist PBOL to exceed the learning outcomes set by the traditional 
project in the physical classroom. By visualizing the various collaborative processes, the 
environment can help students with their communication skills on a personalized level 
and can support the reflective process, which critical thinkers need in order to become 
better learners. 
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Figure 12 Research scenario map
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Figure 13 Iteration scenario map
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Figure 14 Critique scenario map
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Observation of  First Year Studio
The observations took place in a first year studio25 over two sessions where students 
were working on a project to design a lamp. One session was a formal class critique 
with invited professional guests. The second session was a working day with one on 
one-desk critiques.
      
Session 1
In this session, students were presenting a rough prototype of  their lamps. The 
purpose of  the observation was to note the use of  how designers communicate and 
share ideas in a critique while being in a shared space (see Appendix A). During the 
formal critique, there were three formal reviewers, the teacher, professional guest, and 
the teaching assistant. One student presented at a time while other student reviewers 
listened and participated in the critique. 

The student presenting would begin typically with stating the purpose of  the 
investigation, then demonstrating how the lamp worked, and giving justifications 
simultaneously for design choices. Reviewers and students would then ask questions 
allowing the presenter to answer, and usually respond with either a suggestion or 
further questioning. The critique would end with the presenter verbally recapping  
the questions, suggestions, and next steps.

It was observed that the type of  methods used to conduct the critique were 
questions, suggestions, constructive feedback, and scenarios. The use of  questions  
most often used for clarification purposes, but sometime reviewers would ask 
justification questions about design decisions or reasoning. Reviewers would 
commonly offer suggestions and references to look at, next steps, or even brainstorm 
possible alternatives. Student reviewers offered assistance, expertise, materials, and 
constructive feedback, although formal reviewers would also offer tips on materials  
and execution. Most of  the time when students or formal reviewers were trying to 
elaborate on an idea, they would use scenarios to talk through the story as a user. Figure 15 Prism lamp with prototypes

17  The first year experience 
emphasizes learning how 
to use the design process, 
establishing disciplined work 
habits, communicating about 
design, using studio design 
vocabulary, and working in 
collaboration with others, 
thus forming the foundation 
for all subsequent design 
activity in the college and 
later in the professions (NCSU 
Undergrad Catalog).
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During this process, both presenter and reviews consistently used physical gestures  
to show a description of  motion, to reference what specifically they were talking  
about by pointing, and using confirming gestures to communicate an understanding  
of  feedback. Often reviewers would even deconstruct or play with the design to get  
a better understanding of  how it worked to inform their feedback.

Throughout the process of  critique, it was common for reviewers to reference previous 
presenters work and discussions during the critique that had similar issues or ideas. 
Both formal and student reviewers would look to projects in near proximity to help 
give ideas or explain suggestions to the presenter. There was also use of  sketching  
and referencing of  photos on phones to support suggestions. 

In conclusion, it was clear that in a project-based critique, the use of  visual 
representation, referencing of  materials and gesturing was necessary to conduct  
the critique. Further exploration will need to be done to understand how these  
things can be communicated and enhanced in a digital environment.
     
Session 2
In this session, students were discussing changes made from the formal critique 
with the instructors at their desks. The purpose of  the observation was to note how 
students communicate with instructors and peers in order to problem solve and ideate 
(see Appendix A). During the desk critiques, students and teachers conversed one on 
one about the student’s lamp design. Typically, the student would demonstrate the 
revisions to the lamp based on the critique and then the teacher would ask questions 
and begin a conversation with the student based on the initial suggestions and feedback.

Students used several methods of  explanation to begin the critique. One method 
was to discuss what they had learned from the process of  trial and errors and how 
it informed their design. Another was a scenario, describing how it would work in 
a specific environment and how it would feel and the lamp effect on the scenario. 
Students would commonly refer back to their sketchbooks to reference alternative 

Figure 17 Hanging lamp final presentation

Figure 16 Camera aperture lamp with sketches and mock-ups
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ideas for the lamp or to explain design decisions. Most commonly, students relied on 
the demonstration of  the lamp and explanation of  how it worked systematically using 
gesturing movements to reinforce what they were saying.

Student’s receptivity to the feedback from the teacher varied on the student. Some 
students would question how to achieve the suggestion considering techniques, time, 
and process. Repeating the feedback for clarification was common to make sure they 
understood the teacher’s feedback correctly. When students were skeptical of  the 
suggestion, they would often justify their design solution based on the previous designs, 
experimentation, and position themselves as the expert based on their experiences. 
Students would sometimes engage the teacher in active experimentation with the 
design. They would move things around and take apart the prototypes to get an idea  
of  how the feedback might work. This feedback would sometimes lead to researching 
on computers how to possibly solve issues discovered while playing with the design.

As a result, there was a wide scope of  knowledge demonstrated by the students in 
the desk critiques. All students observed were able to give specific details of  how 
they achieved the design representing factual knowledge. Most students had a strong 
conceptual understanding of  the general knowledge of  the subject and the theories 
applied through testing and different methods to fixing design issues. In addition, 
students commonly demonstrated procedural knowledge by the appropriateness of  
the design and responding to the teacher’s feedback with justification of  why certain 
method will work or will not work. Finally, some students verbally communicated what 
they had learned through the process and used it as a reference of  how they were to 
move forward showing a skill of  metacognition. 

In conclusion, the observation supported the theory that PBL results in higher order 
thinking skills. Majority of  students demonstrated in their critique a procedural or 
metacognitive understanding of  their project.

Figure 18 Crystal lamps final presentation
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Observation of  SCRATCH Workshops
SCRATCH is a programming language that makes it possible to create interactive 
stories, animations, games, music, and art, which are easy to share on the web. As 
Scratchers program and share interactive projects, they learn important mathematical 
and computational concepts, as well as how to think creatively, reason systematically, 
and work collaboratively: all essential skills for the 21st century (Resnick, Maloney, 
Monroy-Hernandez, & al., 2009).

In this workshop, students created an interactive digital postcard from a place they 
wanted to visit. The emphasis of  this project was on designing an exciting animation 
or interactive story to entice the postcard recipient to interact with the postcard to 
learn about the location. Students used graphic design to communicate factual and 
interesting information about the location. The observation was focused on how 
groups communicate and collaborate both in a shared space and online while working 
through the design process (see Appendix D). 

The goal of  the project was to engage students in high- level critical and creative 
thinking skills using the design process (see Appendix B). The students worked in 
groups for a portion of  the time in each phase of  the design process — research, 
iteration, and critique. For a portion of  the research phase, students were put into  
small groups to help learn and teach each other the SCRACTH program. First students 
had to research the different capabilities of  the program. Next, they had to teach 
themselves and each other the language. They used each other and the SCRATCH 
community as support in learning something new. 

As groups worked on researching with some directed tasks (see Appendix B), group 
leaders naturally formed. They moved the group through the prompt reading them 
aloud and taking on the responsibility of  asking questions to involve other members. 
The group used physical gesture, such as point to reference what they were discuss-
ing and members that are more confident than their peers utilized eye contact when 
communicating. The excitement would rise as students discussed a common idea, but 
would still take turns talking, so not to talk over one another. The leader addressed 

Figure 19 Student example of London digital postcard

Figure 20 Student example of Oregon digital postcard

Figure 21 Group work on SCRATCH



63

Figure 22 Group ideation and brainstorm

Figure 21 Group work on SCRATCH

group members that seemed to not understand by asking question to get  
them involved and caught up.

When assigned a task, groups do not actively divide tasks, they just begin to work and 
glance at others to make sure they are not repeating each other. When asked to teach 
other students what they learned to incorporate in their project, the instructing student 
gave directions systematically and explained why and how it worked if  the learner asked 
questions. Overall, through the discovery and teaching process, the students seemed 
playful and referenced each other’s screens.

In the iteration phase, students rotated in pairs in their small groups to discuss different 
ideas for their postcards. This activity allowed students to push past their initial ideas 
and expanded their thinking process by brainstorming aloud with peers. Later, after 
students designed a postcard, they had the opportunity to remix each other’s work, 
which allowed students to borrow and adapt each other’s work and build off  one 
another’s ideas.

When asking students to expand thinking and work with another student to ideate, 
students’ natural response was to discuss one idea in detail, get feedback, and 
brainstorm with other students. Students shared experiences, such as games to 
reference, by pointing at images on screen, using gestures to help describe motion,  
or with descriptive words. 
 
Finally, in the critique stage, students took time to complete a rubric for each member’s 
project (see Appendix C). The rubric asked them to think about how things could be 
improved, alternative ways of  doing something, and what worked well in the project. 
Based on their reflections and discoveries while filling out the rubric, they then posted 
a comment on each member’s project with thoughtful and helpful feedback. The 
opportunity to put their projects in front of  an audience and receive feedback and 
advice was a strong motivation to continue to improve their project and processes.
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Figure 24 South Africa digital postcard remix

Figure 25 Los Angeles digital postcard remix

Finally, students picked one classmate’s project to remix (see Appendix B). This activity 
allowed students to build on others’ ideas and learn new approaches to design and 
coding while having fun playing around and borrowing elements from other designs. 
Students were instructed to change at least three major things in the design based on 
what they had learned in their own project. 

Figure 23 SCRATCH project online comments and critiques from peers
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The following responses from students provides support for the conclusions above:

Q: How were your ideas expanded by brainstorming with other peers in the  
     speed ideation? 
A: “improved ideas” 
A: “think more about your project” 
A: “take more risks” 
A: “think beyond the box”

Q: How did it feel to have your work remixed? 
A: “I was left inspired to change my version, combining ideas” 
A: “It was cool to see what other people changed about my work”

Q: How did it feel to remix others work? 
A: “Felt like I was contributing” 
A: “It feels good to be able to see how others did their project and then build on it” 
A: “It was fun and easier because you already had something to work with”

Q: What was your design process and how did your group members contributed to  
      the process?
A: “Trial and error to see what worked, they told me what they had already discovered”
A: “I pictured an idea in my head. They kinda pushed me to think outside the box.”
A: “ I came up with an idea and then just built on it. The group gave me some  

helpful suggestions”

Q: What were your strategies for investigating something you did not know?
A: “I just experimented and asked my peers in groups to solve issues I had.”
A: “I Googled everything I needed”
A: “I got help from the instructors and used the Internet”
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Figure 26 Research mental model
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The following design studies discuss the importance of  the aesthetics as a whole 
experience in the diverse learning environment concept. The studies include case 
studies on team collaboration and visualization elements of  conversations, which could 
potentially help learners, develop team skills. In addition, visual explorations are used to 
create a language that guides the design process as to which attributes to consider when 
creating a certain gestalt, which will result in a reflective educational experience. 
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Visualizing Language use in Team Conversations: Designing through Theory, 
Experiments, and Iterations by Gilly Leshed, Jeff  Hancock, Dan Cosley, and Geri Gay.

This case study looks at how to help people develop important skills for team 
collaboration, such as accountability, and to stimulate reflection through the visualization 
of  their language during a team conversation. Some challenges to overcome in the 
design are how to balance attention between the conversation and the visualization  
and how much normative guidance to provide about appropriate behaviors. 

When presenting awareness information in an outer display it requires individuals to 
divide their attention between the primary and secondary information sources. This display 
requires the user to focus on multiple information sources simultaneously, as well as shift 
between them smoothly. The study tested a few different visualizations, each version 
applied more features than the previous version that incorporated gaming behaviors.

Figure 29 An Early Prototype of GroupMeter presents feedback  
dials in a separate window.

Figure 30 Version 1 of GroupMeter feedback presented as stacked bar charts at the bottom.
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In this study, a common observation was users changed their language in response to the 
graphical representations. Users adjusted their language to effect the visualizations at the 
cost of  conducting less discussion. Concluding the design decisions might have caused 
people to sabotage the effective teamwork in response to the visualizations. Further research 
needs done on how to design feedback that links behavior and on-screen representation, 
but resists gaming behaviors and instead improve behaviors that benefit the team.

Figure 31 Version 2 of GroupMeter feedback is visualized  
as fish in a circular position

Figure 32 Version 3 of GroupMeter fish move up and down  
in response to one-feedback dimensions 
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Conversation Clock: Visualizing audio patterns in co-located groups  
by Tony Bergstrom and Karrie Karahalios

The goal of  this study was to augment live interactions by providing a social mirror  
and visual history to highlight social cues and signals for conversing individuals.  
This visualization allows users to observe and evaluate themselves in real time.

The visualization presents abstract forms of  the history to depict the interaction 
rhythm and conversational patterns that are present but not typically observable to 
group members. The device displays patterns of  conversational dominance, turn 
taking, and interruption. The users already have an understanding of  visual cues  
from face-to-face interactions, which provide the visibility, accountability, and 
awareness to support rich communication.

Findings from this study showed users would adjust their volume of  talking to  
match other’s volume by sight rather than ear. It also became clear to the users, which 
participants dominated the conversation by the change in the dome dominated by one 
color. Researchers also found this display did not affect the focus of  the conversational 
task. The study showed however, speakers actively avoided looking at the table while 
listeners observed the table during conversation. 

Feedback from the participants suggested there was a strong desire for a  
touch-based interaction and the ability to label or categorize parts of  the  
visualizations. Further research needs to be done on the customization of   
historical depictions of  conversations that allow for user reflection.

Figure 33 The Conversation Clock interactions are projected on  
the center of table

Figure 34 The Conversation Clock provides a visual history of  
interaction and communication. 
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These visual explorations aim to explore a descriptive framework of  visual perception, 
based on Gestalt principles (Stolterman, Jung, & Lim, 2007) of  visual perception, 
which creates a language that guides the following design prototypes. This language 
identifies a set of  attributes to consider when creating a certain gestalt that will result 
in a desired reflective experience. This gestalt informs the investigation on how to 
manipulate the attributes to shape the final design (Stolterman, Jung, & Lim, 2007).

“Early in the twentieth century, a group of  German psychologists sought to explain how human visual 
perception works. They observed and catalogued many important visual phenomena. One of  their basic 
findings was that human vision is holistic: our visual system automatically imposes structure on visual 
input and is wired to perceive whole shapes, figures, and objects rather than disconnected edges, lines, and 
areas. The German word for “shape” or “figure” is Gestalt, so these theories became known as the Gestalt 
principles of  visual perception” (Johnson J. , 2014, p. 13).

These attributes are used to design the interaction of  collaborative communication 
by manipulating an online learning environment in order to shape a gestalt that 
encourages participation and engagement, mediation of  conversation, and reflection 
and understanding.
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L1 L2 L3 L4

Similarity and proximity are two Gestalt principles concerning the tendency to organize 
objects into groups as defined by Jeff  Johnson (Johnson J., 2014). Objects that look 
similar appear grouped, all other things being equal (see Figure 35). Proximity is the 
relative distance between objects in a display and affects our perception of  how the 
objects are organized or grouped (see Figure 36). Similarity and Proximity can reduce 
clutter in interface design and help users see relationships among graphics. In this case, 
these organizing principles help learners associate their learning behaviors with their 
group members’ behaviors (see Figure 41).

Other Gestalt principles describe the visual system’s tendency to resolve vagueness to 
perceive whole objects. The principle of  continuity uses the biased visual perception 
to perceive figures as continuous forms rather than detached segments (see Figure 
37). Similar to continuity is closure. The visual system automatically tries to close open 
figures so they appear as whole objects rather than separate pieces (see Figure 38).

Organizational principals such as symmetry and figure and ground simplify complex 
scenes. Our tendency to see objects automatically organizes and interprets data to 
simplify it and give it symmetry (see Figure 39). Another way to simplify a scene is to 
use figure and ground. The mind separates the visual field into the foreground and 
the background. The foreground has elements of  a scene that are the primary focus, 
and the background is everything else (see Figure 40). For instance, in this case activity 
levels should not be the primary focus and should therefore fall to the background of  
the scene (see Figure 41).

Figure 41 The Similarity,Proximity and Continuity principles are used to motivate the learner to improve 
participation and iteration.

Figure 37 Continuity (discrete-to continuous)

Figure 38 Closure (whole-to-separate)

Figure 39 Symmetry (simple-to-complex)

Figure 40 Figure/Ground (foreground-to-background)

3 24 1

L2 L3 L4L1

L4L1 L2 L3 L4

L1 L2 L3

Figure 35 Similarity (single-to-groupings) 

Figure 36 Proximity (precise-to-proximate)

L1 L2 L3 L4

L1 L2 L3 L4
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L1 L2 L3 L4

The following attributes are Interaction Gestalt principles that define a shape or 
aesthetic of  a particular interaction as defined by Erik Stolterman (Stolterman, Jung, 
& Lim, 2007). The level of  connectivity among various information elements shapes 
independent forms into networked forms (see Figure 42). The connectivity can also 
depend on the users direct or indirect manipulation of  interface elements (see Figure 
43). This directness can support learners’ degrees of  connectivity or connection 
to knowledge (see Figure 50). In addition, the level of  movement and states of  
information elements can give the user another level of  information (see Figure 44). 
The rate of  moving or pace may create some kinds of  rhythms that can improve the 
tempo of  work-flow (see Figure 46).

By showing information in various states or orderliness, users searching or manipulating 
information through an interactive artifact may change their approach (see Figure 
45). The level of  density or resolution of  users manipulating information or artifacts 
representing information (see Figure 47) can affect usability and comprehension of  
information (see Figure 50). 

Using states can help users see changes in information or artifacts (see Figure 48).  
The time-based depth of  events occurring during interactions can show in 
simultaneous or concurrent events, or multiple elements with a few steps of  depth  
(see Figure 49). These steps and state allow users to see the change in their behaviors 
and understandings.  

Figure 42 Connectivity (independent-to-networked)

Figure 43 Directness (indirect-to-direct)

Figure 44 Movement (static-to-dynamic)

Figure 45 Orderliness (random-to-orderly)

Figure 46 Pace (slow-to-fast)

Figure 47 Resolution (scarce-to-dense)

Figure 48 Speed (fixed vs. changing)

Figure 49 Time-depth (concurrent-to-sequential)

L1 L2 L3 L4

L1

L2 L3 L4

L1
L2

L3 L4

L1 L2 L3 L4

L1 L2 L3 L4

L1 L2 L3 L4

L1 L2 L3 L4
Figure 50 The Connectivty, Directness, and Orderliness, principles are used to organize information in 
order to simplify complex environments. 
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The following design solutions use the previously shaped visual and interaction gestalt 
to guide design decisions to encourage participation and engagement, mediation of  
conversation, and reflection and understanding. The design of  the diverse learning 
environment uses Donald Schön’s three ways of  knowing to create aesthetics that 
engages the learners to react and reflect on the visual feedback (Schön, 1990). 

In addition, the follow solutions reference elements of  game designs, such as objective 
indicators, status, and counters, because they support participants who share a common 
outlook and attributes, which apply to diverse learning environments (Thomas & 
Brown, 2011). Douglas Thomas and John Seely Brown compare gamers to modern 
learners because they learn through experimentation and by playing with their virtual 
environments. Both learners and gamers gain an understanding of  their experience 
by making connections among the things they know in order to achieve their goals 
(Thomas & Brown, 2011). 

The visual feedback solutions were explored and situated in a collaborative visual tool 
that was based on real collaborative tools, such as Conceptboard, Google Documents, 
and Cacoo (see Appendix F). The collaborative visual tools support the project 
activities and many of  the communication needs for the students, such as messaging, 
alerts, and annotation.



77

Participation and Engagement in Research
The first stage of  research is supported by activities such as idea generation, divergent 
thinking, brainstorming, verbalization, and sharing ideas or positions (Benbunan-Fich, 
Hiltz, & Harasim, 2005). In these activities, students are searching and finding content 
then adding it and structuring it with other found content in a way that makes sense to 
themselves and their peers. These activities not only make students organize their new 
knowledge, the activities also make them aware of  their understanding of  the material 
at the deepest level (Prince & Swanson, 2015). Through the process of  finding and 
organizing ideas students are able to communicate and identify the procedures of  the 
knowledge building needed to design a Water Rocket. This knowledge is “knowing-in-
action” and it refers to the type of  knowing that is possessed through series of  actions 
and demonstrated through action (Schön, 1990).

In order to assist students with knowing-in-action students need visual learning 
agents that facilitate their learning and retention, and enhance their self-regulated and 
participatory skills (Nilson, 2013). The interactive display shows the social process of  
group participation to enhance learning conversations and engagement in collaborative 
virtual environments. The visual dashboard learning analytics show recent activity and 
communicate progress of  a learner in relationship with the group, which motivates the 
student to manage his or her own learning and study behaviors (see Figure 51). 
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Sarah used the embedded systems of  assessment to evaluate her engagement and 
compare it with other students’ participation (see Figure 51). These assessments 
motivate learners’ ultimate goals to want to improve and enhance their performance 
as both a group and as an individual (Thomas & Brown, 2011). Sarah can review 
her activity status in the indicator in the top right corner, which shows that she is 
contributing the least to the team (see Figure 54). This indicator ranks her among  
her peers based on her level of  contribution to the current board. 

She also uses the progress chart to see participation behavior patterns of  herself, 
teammates and the team progress toward the their goals or deadlines (see Figure 52). 
The previous systems both put the participation in the foreground and draw the 
learner’s focus away from the group activity and inward toward self-reflection. This  
is useful for students that are struggling to keep up with the pace of  the group because  
it assists in identifying areas for improvement. 

In contrasts, the background visualization allows Sarah to see the activity as it relates  
to the context, without disrupting her primary focus (see Figure 54). These background 
artifacts can add another level of  knowledge without distracting the learner or 
requiring difficult calculations that make the scene more complex (see Figure 53).

In addition to showing activity, the background visualization enhances the personal 
identity and team awareness in the process of  collaboration. Sarah’s group understands 
the power of  diversity and cares about the advancement of  the group. The ability to 
express thoughts and feelings clearly and confidently in a range of  media and forms 
helps develop the personal identity and team awareness (Robinson, 2015). This range 
of  media, such as comment, photo, video, hyper-link, and reply, allows Sarah to 
contribute on a level she is comfortable (see Figure 54). The feedback visualization 
takes into account how useful the contribution was, based on click rates and responses 
to her posts. The color spread shows the owner of  the post and the size indicates the 
impact of  the content (see Figure 53). 

Figure 52 Progress toward team goals

Figure 53 Activity history

Figure 51 Status of participation
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Figure 54 Embedded systems of measurement or assessment
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The ability to work constructively with others is the foundation for collaborative 
knowledge building in learning (Sorensen, 2004). This environment helps foster group 
cooperation skills by allowing them to work together to organize the ideas and ask 
questions (see Figure 57). This process introduces new ideas that relate to the topic 
or task and offer different perspectives. Having Sarah find, add, and organize her own 
research about Water Rocket fins into the shared board requires her to articulate and 
explain complex concepts. This articulation helps build mental models and increase her 
knowledge transfer (Sorensen, 2004). 

Sarah relies on her peers to help build her own understanding and the understanding 
of  the group. This reliance requires her to work constructively with her peers to solve 
problems. The status indicator allows Sarah to see not only the participation rankings, 
but also the latest activity of  group members (Figure 55). Sarah knows she is falling 
behind in the group’s progress and does not want to hold them up when they get to 
a predetermined checkpoint established by the teacher, so she looks for help from 
her peers. She sees that Miah was on a few hours ago, so she most likely will not be 
returning anytime soon, but Adam has just logged in and she can use this time to get 
real-time feedback from him (see Figure57). 

The status helps students gauge when a peer might be returning based on his or her 
past interactions and schedules (see Figure 55). It also allows them to see when a group 
member is currently online and provides the option to see the presence of  the peer in 
the shared board. This presence of  the peer visibly moving around in the same space 
gives the student the opportunity to adjust how he or she interacts and prioritizes time 
(see Figure 56).

 

 

Figure 56 Peer presence

Figure 55 Status indicator
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Figure 57 Presence and personal aspects of the interaction
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Collaborative activities require teamwork because the task can be too complicated for 
one learner to accomplish alone (Thomas & Brown, 2011). This complexity stresses 
the importance diversity plays in groups and the valuable contributions each member 
brings to the task. When teams see this importance, they focus not only on how good 
they are as an individual, but also on how much they have helped the entire team 
(Thomas & Brown, 2011). 

In addition to the activity attributes of  the background visualization, the ripples are 
another level of  information that indicates value. The broken ripples in the activity 
circles show Sarah that her first post was not very useful to the group (see Figure 58). 
Sarah was unsure about what information would help the group after seeing the lack  
of  engagement with her last post. She sends a message to the most active group 
member, who has taken on a leadership role, to ask for guidance (see Figure 60). 
Messaging systems are useful and familiar tools for students to reach out when they 
need assistance from another peer (Resnick, 2009). 

When Sarah returns to the board she sees an alert that Miah has responded to her 
message (see Figure 59). Miah suggest helping find some research on fin design in 
response to Adam’s question regarding the importance of  fin styles (see Figure 61). 
Sarah now feels motivated to participate in the conversation because she is confident 
she has something valuable to contribute. The next time Sarah participated, she made 
sure to focus her attention to an area that was needed to help the group move onto  
the next stage (see Figure 61). Sarah used the visualization to gauge her contribution 
 to the group and make adjustments going forward. This reflection encourages students 
to rely on each other and their expertise to provide the necessary knowledge to 
complete the project. 

Figure 59 Alert panel

Figure 60 Message panel

Figure 58 Activity feedback
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Figure 61 Evaluating contributions to group
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Mediating Communication Problems in Iteration
The second stage in the design process is ideation, which is supported by activities 
such as organizing and elaborating various ideas into common positions. These 
common positions demonstrate intellectual growth through comprehending multiple 
perspectives and understanding how they relate to one another (Benbunan-Fich, Hiltz, 
& Harasim, 2005). In addition, they make students aware of  the levels of  thinking 
they are practicing at different stages in the learning process (Nilson, 2013). This stage 
moves learners into the next type of  knowing, “reflection-in-action,” which occurs 
when the knowing-in-action is disrupted by unexpected results and requires the learner 
to stop and think about the disruption and the how to proceed (Schön, 1990).

The visualization of  learner feedback traces the status of  collaborative work by 
detecting communication pitfalls and mediating conflict. Using transition agents 
to establish hierarchy assists with group communication to support conversational 
progression and practices necessary for community knowledge building (Roberts, 
2004). Agents such as visual tags can use dialogue and language analytics to guide 
and mediate group conversations (see Figure 62). Such agents can stimulate learners 
to share their expertise to help the groups’ overall understanding. In addition to tags, 
focus states clarify and reinforce tagged dialogue by indicating what students are 
referencing to avoid misunderstandings and help keep the conversation on track  
(see Figure 63). 

Other agents such as variation and combination visualizations give learners the 
opportunity to assess design decisions as an individual and a group (see Figure 64).  
By providing the students with access to all iterations, they are able to notice 
dimensions of  information they might have missed if  only looking at just one  
example at a time (Barron, et al., 1998). As learners move further into a project  
and make complicated design decisions, they transform the learning environment. 

Figure 62 Visual tags

Figure 63 Focus states
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Figure 64 Visual reference to help with misunderstandings
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Illustration of  ideas, motion displays of  learner’s presence and visual history of  
prototypes help students communicate clearly, while reinforcing their message and 
thoughts. These displays encourage learners to explore many iterations and alternative 
solutions to a problem, while simultaneously observing common variables. These 
displays also support documented peer feedback that assists the collaborative decision-
making process. When Sarah enters the iteration board, she observes that her peers 
have already designed a few different fin styles and added them to the assets. They have 
also modified Water Rocket models from earlier iteration boards for the rocket nose 
and body designs (see Figure 67). She selects the most tested model, which also has the 
highest positive to negative tag ratio. She then toggles through the different fin options 
available in the assets (see Figure 66) and turns on multiple designs simultaneously to 
compare the differences using the layering visualization (see Figure 65). 

She examines the tags and designs to identify common connections and perspectives 
that could support her hypothesis that wide fins are necessary to make the Water 
Rocket stable in order to fly further. In this process, Sarah discovered that her peers’ 
feedback frequently contradicted her hypothesis. Playing, assembling, and combining 
variables and resources enable learners to discover the best way to learn. They are also 
converting new knowledge into action and using their groups’ successes and failures to 
solve the problems moving forward (Thomas & Brown, 2011). 

In light of  the new discovery, Sarah selects the tallest fin design in the assets to iterate. 
She wants to explore a design that supports her groups’ findings to give her a deeper 
understanding of  the theory. She brainstorms ideas on how she can improve the design 
by solving the issues raised in the negative tags concerning the design slowing down the 
rocket speed (see Figure 67). She uses the graphic tools to illustrate and manipulate the 
fin design to build a taller version (see Figure 67). Sarah then runs the 3D simulation of  
the modified design to examine it in detail. Once satisfied with the modifications she 
tests the design in a virtual flight launch simulator and records the results. Simulations 
and field tests allow learners to solve complex problems that have many variables 
through exploring how the design works under specific conditions (Barron, et al., 1998).

Figure 65 Version layering

Figure 66 Assets 
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Figure 67 Manipulation and modification of assets
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Sarah returns to the iteration board and adds the new knowledge she gained through 
the testing experience with a positive tag to the fin design. This new design solves the 
issue of  slowing speed tagged on the original version, so Sarah marks it as resolved 
(see Figure 68). In addition, she adds another positive tag that links to the case study 
posted in the research phase that supports her findings. Sarah builds the modified fin 
design and tags, which adds it to the assets, making the design available for her group 
to modify and test (see Figure 70). Finally, she compiles her assimilation of  assets to 
create a new model. Since the design is an iteration of  an existing model, it displays a 
link to the original model to document the modification (see Figure 69). By exploring 
and testing peers’ ideas and theories, learners gain a deeper understanding of  the 
knowledge used to construct the theory. This understanding enhances the learner’s 
confidence to create radical alternative solutions and expand on peers’ ideas.

The next time Sarah returned to the iteration board, she noticed her fin design and 
rocket model both were modified. The modification is indicated by the assets color 
change, seen only inside the building space, which reflects the color of  the modifier or 
creator. When a certain number collaborators have modified an asset, it turns neutral 
in color to indicate that it is a collective design (see Figure 70). These visual cues assist 
the team’s mediation skills in narrowing down the number of  solutions based on group 
commonalities. In addition, the visual documentation elements provide the learners 
with a detailed history of  their iteration process, which is necessary to make an 
informed and collective decision to move forward as a group.

Figure 69 Model comparisons

Figure 68 Resolved tags
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Figure 70  Adding comments and accepting changes
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Reflection and Understanding in Critique
The last stage of  the design process is critique, which is supported by idea structuring 
activities such as articulating understandings, building context, connecting prior 
knowledge, and intellectual synthesis (Benbunan-Fich, Hiltz, & Harasim, 2005). In 
the process, learners prepare multiple drafts in response to peer and teacher feedback, 
while students gain self-regulated learning benefits, “such as a deeper, more concrete 
understanding of  the target skills, practice in goal-setting and self-assessment across the 
revisions, a clear view of  their learning and improvement, and a sense of  responsibility 
for their own progress” (Nilson, 2013, p. 58). The final type of  knowledge used in 
this framework is “knowing-in-practice” and refers to a shared understanding among 
communities of  learners (Schön, 1990). Using theories, facts, and operations learned 
from knowing-in-action, learners could create new experiments to test understandings 
that do not align with previous theories.

An online environment with continuous feedback on group learning processes has 
benefits of  concrete understanding of  the target skills and self-assessment of  their 
individual and groups’ progress. This performance feedback agent uses split screens 
and visual mapping to support learners and teacher connection building among their 
processes, outcomes, and revision. The buffer space between screens acts as a hub for 
intellectual convergence (see Figure 71).
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Figure 71 Performance feedback split screen 
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After reviewing the other groups design solutions and results, Sarah and her group 
are unsure how to proceed in revising their design to improve their Water Rocket’s 
results. Sarah receives an alert that the teacher and a peer have added connections in 
the critique board (see Figure 72). She opens the critique board and sees a split screen 
displaying Miah’s critique and the visual connectors that highlight the path of  Miah’s 
reflections (see Figure 74). Sarah uses the performance feedback agent to go through 
and review the group’s process from beginning to end. This informs Sarah about 
her own learning and development as well as her group’s development. She reads 
the teacher’s prompt and looks back on the discussions and experimentations that 
happened around the iterations in mentioned (see Figure 73). As she looks through 
the iteration history, she notices an overlooked area. When looking at the process 
globally she was able to observe the iteration process focused mainly on triangular 
iterations of  fin design. There was little experimentation on square fin design, even 
though in the research phase there was evidence presented to suggest square fins  
were a strong option.

Learners can further their learning experiences by evaluating the available learning 
opportunities. The split screen and visualized connections help Sarah organize her 
own and peers’ findings and concepts while demonstrating mastery of  core knowledge 
and essential skills, like collaboration, global awareness, creativity, and critical thinking 
(Prince & Swanson, 2015).

Figure 72  Alert

Figure 73 Critique connections
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Figure 74 Visual connections of learning process
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Sarah shares her observation in the collective space and draws the visual connections 
to the case study and the fins on the most recent version of  the rocket model design 
(see Figure 75). She uses the visual aids to remind peers of  their prior knowledge and 
suggest how to implement that knowledge in the future. Teachers and peers want to 
encourage students’ self-awareness of  their individual learning strategies. They can 
challenge the decision-making process and use the connections as external memory 
aids. These aids make learning much more than just the transfer of  information; 
students create not only content, but also context, by giving meaning to the content 
(Thomas & Brown, 2011).

Finally, Sarah uses the personal performance agents to give quality feedback to her 
peers and to build on others ideas while exploring ideas she might not have attempted 
to do on her own. With the support of  her own cognitive connections and her peers’ 
connections, she has the confidence to push the boundaries of  the project and explore 
new alternatives and innovative strategies. This support allows her to discover new 
insights and useful information that creates a deeper understanding (Thomas & 
Brown, 2011). 
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Figure 75 Connecting students thinking processes
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Current online learning environments and platforms struggle to overcome the 
challenges of  asynchronous communication and fail to foster a learning culture of  
reflective engagement and critical thinking. Learners from the digital native generation 
need support from online environments to foster skills in ideation, organization, and 
verbalization. This online learning environment uses collaborative tools to support 
social engagement, mediation, and reflection in order to become effective collaborators.

The research presented here about diverse learning environments and collaborative 
learning agents demonstrates how visualization of  communication can assist in 
making PBOL environments successful at promoting students’ learning motivation, 
concentration on learning tasks, conversational progression, accommodation of  
new concepts, and critical thinking skills. The design solutions presented use a visual 
and interaction gestalt to encourage participation and engagement, mediation of  
conversation, and reflection and understanding. These solutions will shift the outcomes 
of  learning toward higher order thinking skills, and learners will become better 
problem-solvers through the pedagogic approach “learning by doing” (Schön, 1990). 
The new environment allows students to take responsibility of  their own learning and 
become self-directed learners.

The use of  visual dashboard learning analytics can motivate students to manage their 
own learning and study behaviors making them better collaborators. The interactive 
displays show the social process of  group participation to enhance learning conversations 
and engagement in collaborative virtual environments. The visualization of  learner 
feedback traces the status of  collaborative work by detecting communication pitfalls 
and mediating conflict. Personal performance feedback agents inform a student’s 
learning and development. An online environment with continuous feedback on the 
learning process would introduce benefits such as a concrete understanding of  the 
target skills and self-assessment of  individual and group progress. 
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An area for further exploration is the use of  mobile devices and their interactions with 
learning environments. Collaborative tools for mobile will be an important next step 
for ubiquitous learning. The small sizes of  these devices make them difficult to use in a 
collaborative learning environment, but mobile does open opportunities for unlimited 
accessibility and to immerse students in learning conversations.

The scope of  this investigation concerned the communication that emerges around 
collaborative activities. Focusing on how a system can facilitate engagement, 
collaboration, decision-making, and reflection is an appropriate strategy for shifting 
the emphasis from knowledge through tools to knowledge through understanding. 
Online educational environments need to reform in order to support self-directed 
learners who are co-designers of  their own knowledge. The agents studied in this 
investigation are applicable for a wide range of  disciplines and learners outside of  
traditional educational systems. These collaborative agents are not only needed in 
schools, but at home, the workplace, and within online community platforms. When 
people are encouraged to create new content, the action becomes part of  the learning 
process and the role of  the person changes from recipient to co-designer of  his or her 
own knowledge (Shirky, 2010). 
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First Year Studio  
Observation Protocol
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6.1 Appendix A 
 

Date: Time: 

event notes Student receptivity to 
feedback 

notes 

desk critique 
 
 
 
 

 questioning 
 
repeating for 
clarification 
 
justification 
 
brainstorming 
 
demonstrate example 

 

Method of 
Explanation 

notes Knowledge Dimension notes 

 
storytelling/ 
scenarios 
 
demonstration 
 
lists 
 
sketching 
 
gesturing 
 
off task 
 
(looking at use of 
desktop, mobile, 
and material 
items) 
 

  
factual 
specific details 
 
conceptual 
general knowledge of 
subject and theories 
 
procedural knowledge 
of methods and 
appropriateness 
 
metacognitive 
self-knowledge 
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SCRATCH Workshop AgendaPROJECT DESCRIPTION

DIGITAL POSTCARD

DESIGN VACATION: DESIGNING AN  
INTERACTIVE DIGITAL POSTCARD
Instructor: Brandy Luce

Project Overview
You are going to be designing a digital postcard for a friend or family 
member from a place you have visited or hope to visit over spring 
break. You will be researching factual and interesting information about 
the location and visually communicating those findings to entice the 
recipient to interact with the postcard. Think about some fun and 
exciting things that happened or could happen on your vacation:

On my vacation I went...

My favorite thing I saw was...

The most fun thing I did was...

I went on my vacation with...

I would like to send a postcard to... 

         
Enduring Idea
The goal of the project is to engage students in high – level critical and 
creative thinking skills with an emphasis on interactive storytelling.              

Goals
•  Develop research skills and methods and identify user interaction 

with postcard.
•  Generate multiple ideas in a short amount of time while  

exploring a variety of solutions that addresses the concept.
•  Produce working prototypes of postcard, which  

includes ideas for graphics, color scheme, text, potential  
click streams, and organization of content.

•  Self critical of design choices and articulate choices  
during class critique.   

SCHEDULE:

10:00   Introduction

10:15   Project Overview

10:30   Research

11:00   SCRATCH

11:45   LUNCH

12:15   SCRATCH Cards

12:45   Speed Ideation

1:00      Sketch

1:30      Work Time

2:45      Review and Critique

3:45      Takeaways 
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SCRATCH Project Directions
You are going to create a digital postcard using SCRATCH. Now that you have had a chance to work through the 
SCRATCH Cards and are more knowledgeable about SCRATCH programming language, you are going to create an 
interactive animation.

Think about the following...

What is the purpose of the animation? Is it just for fun or is there a message?

What characters will you use? Will you need costumes?

What do you want the characters to do? How will they move on the stage?

What backgrounds will you need to stage the animation?

How will you use sound or words to enhance your animation?

Now that you have had a chance to think about the questions, you are ready to write a description of what 
you want your animation to be like…

Name of Your Animation:

Purpose of the Animation:

How you play the Animation:
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TAKEAWAY
Finally, students will take time to remix one of their group member’s projects.
It’s important to respect the original creator’s wishes regarding remixing. If you choose to integrate someone 
else’s work into your own, be sure to give them credit on the project “credits” section, and include a link back to
the original.

How did it feel to remix and build on others’ work? 

How did it feel to be remixed?

Did others have alternative approaches to fixing problems similar to problems in your project?

Now that you have had a chance to think about your project…

What was your process for developing the project? How did your group contribute to the process?

What was challenging about designing your postcard? What were your strategies for investigating what you wanted 
to know?

What feedback, if any, do you plan to incorporate into this or your next project?

What is something you still want to figure out?
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SCRATCH Workshop 
Group Workbook

GROUP SKILLS

In your groups, using the project evaluation chart, 
choose one project located on the SCRATCH website and 
evaluate it with your group members, share opinions, 
make notes of interesting actions, and leave a comment 
as a group.

What did you find interesting or inspiring about looking at other projects?

What comment did you share?

What is “good” feedback?

How might this example project help with future work?

• Know Your Team Members 

• Exchange Usernames 

• Identify Each Member’s Strengths 

• Be Inclusive 

• Actively Participate 

• Monitor Team Progress

DESIGN  
VACATION

Learn more at:
https://scratch.mit.edu
Scratch is developed by the Lifelong Kindergarten Group at the MIT Media Lab.
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Complete the “SCRATCH Cards” to learn the basic 
programming codes in SCRATCH. Work in groups each 
member will choose one card, individually complete the 
card then come together to design something with those 
actions. Name and save on Studio.

What was easy/difficult about being the bossy partner? 

What was easy/difficult about being the bossed partner?

What was easy/difficult about watching?

Speed ideate with group members to generate three 
ideas for final project. 

How did your ideas become extended or enhanced by others’ contributions?

• Change Color 

• Move to a Beat 

• Key Moves 

• Say Something 

• Glide 

• Follow the Mouse 

• Dance Twist 

• Interactive Whirl 

• Animate It 

• Moving Animation 

• Surprise Button 

• Keep Score

SCRATCH CARDS

DESIGN  
VACATION

Learn more at:
https://scratch.mit.edu/explore/
Scratch is developed by the Lifelong Kindergarten Group at the MIT Media Lab.
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Scratch account username:

Feedback By
What is something 
that doesn’t work
or could be improved?

What is something that 
is confusing or could be 
done differently?

What is something 
that works well or you 
really like about the 
project?

• Is the project original or a 
remake of another project? 

• Is the project creative and is it 
different and unique? 

• Do the backgrounds/stage 
add to and enhance the 
product? 

• Do the sprites/costumes 
used add to and enhance the 
product?  

• Do the Scripts make the 
sprites effectively do what 
you want them to do? Do you 
have correct x y coordinates? 
Do you include “forevers” 
where needed, etc.? 

• Is the purpose of the product 
evident to the audience? 

• Is the product user friendly? 
Did you include notes to 
help the user know how to 
manipulate the product?

CHECKLIST

DESIGN  
VACATION
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SCRATCH Workshop 
Observation Protocol
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6.4 Appendix D 
 
Group Research 
 
Are students encouraging other students to participate? 
Do they take roles … 
Leader 
Secretary  
Production 
Director/Bossy 
Challenger 
Brainstormer 
Questioner 
Pessimist  
Distracter 
 
 
 
 
 
Is the overall level of activity high/natural or low/forced? 
 
 
 
 
 
Do they use gestures to help describe? Do they point to things? 
 
 
 
 
 
What is the tone or mood of the group? 
Excited 
Tense 
Playful  
Easy Going 
Not invested/interested 
 
 
While others are speaking are group member paying attention? 
Taking notes 
Eye contact 
Affirming gestures or agreeing  
Repeating 
Questioning 
Disregard  
Change subject 
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Water Rocket Assignment
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Abstract
A simple rocket can be made using a plastic bottle filled with a volume of water
and pressurized air. When opened, the air pressure pushes the water out of
the bottle. This causes an increase in the bottle momentum so that it can be
propelled to fairly long distances or heights. Water rockets are widely used as
an educational activity, and several mathematical models have been proposed to
investigate and predict their physics. However, the real equations that describe
the physics of the rockets are so complicated that certain assumptions are
usually made to obtain models that are easier to use. These models provide
relatively good predictions but fail in describing the complex physics of the
flow. This paper presents a detailed theoretical analysis of the physics of water
rockets that concludes with the proposal of a physical model. The validity of
the model is checked by a series of field tests. The tests showed maximum
differences with predictions of about 6%. The proposed model is finally used
to investigate the temporal evolution of some significant variables during the
propulsion and flight of the rocket. The experience and procedure described in
this paper can be proposed to graduate students and also at undergraduate level
if certain simplifications are assumed in the general equations.

1. Introduction

Rocket motion has been traditionally used in the classroom as an application of some basic
principles of physics to a real world situation [1–3]. The teaching of these principles becomes
more illustrative if the students can observe or even conduct experiments supporting theory.
In this regard, model rocketry has played a significant role (especially in the USA) as a means
to introduce students to basic investigation and to the procedures used in aeronautics for larger
rockets [4, 5]. The beautiful film ‘October Sky’ is a good example of how model rocketry can
be used to train future technicians.

0143-0807/10/051131+17$30.00 c© 2010 IOP Publishing Ltd Printed in the UK & the USA 1131
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Water rockets could be considered as the economic alternative to model rocketry. They
can be as simple as a plastic bottle with a cap containing a bicycle valve. A volume of water
is poured into the bottle and a mass of pressurized air is subsequently introduced through the
valve. The bottle is placed upside down (i.e. with the nozzle at the bottom) so that the air
cannot escape until it pushes the entire volume of water out of the bottle. A jet of water is
expelled through the nozzle when the bottle is opened due to the effect of air pressure, which
causes an increase in bottle momentum as deduced from Newton’s third law of motion. This
can provide a significant thrust, enabling the bottle to reach fairly long distances (or heights)
depending on the volume of water, air pressure and launching angle.

The low cost, simplicity and safety (a combustion process is not required to provide the
propulsion thrust like in model rocketry) of water rockets make them an attractive tool to be
presented at various educational levels. They can be shown to small children at elementary
school with the purpose of introducing them to the amazing world of physics and having
some fun. A water rocket can be used at secondary school to explain and provide a real
hands-on application of Newton’s third law. Besides, the students can carry out simple field
measurements to check the influence of several parameters on the distance reached by the
rocket and discuss the trends observed. Water rockets can be also an exciting problem for
undergraduate students if a challenging goal is proposed [6, 7]. This can be, for example, to hit
a specific target or to reach a maximum distance (or height) with limited air pressure. Within
the scope of a physics or fluid mechanics course, this practice can be complemented with a
physical model for the rocket that must be solved by the students to analytically estimate the
required parameters.

A physical model for a water rocket can be set up from mass, momentum and energy
conservation principles, in addition to some thermodynamic relation for the expansion of the
air in the rocket, which usually led to a set of ordinary differential equations. A precise
solution of these equations is difficult to obtain, though some simplifications can be made.
For instance, one can suppose a constant exit velocity of the jet of water using an average air
pressure, or neglect the effect of aerodynamic drag thus reducing the flight of the rocket to
a simple parabolic throw. This kind of simplifications can be imposed to predict trends and
also to investigate the influence of some parameters, but satisfactory calculations are obtained
only if physical models as realistic as possible are used. However, the real equations are
so complicated that certain simplifications are still made even in the scientific bibliography
available. This includes overriding the thrust provided by the remaining air once water is
expelled, or to assume quasi-steady flow and neglect dissipative effects. These simplifications
are assumed in the models reported in [8, 9] and turn the general expression of energy
conservation into the simple Bernoulli’s equation [10–12]. Although the models that include
these assumptions have been proven to provide relatively reasonable predictions, they fail to
describe precisely the complex physics of the flow that takes place during the propulsion of
the water rocket.

This paper gives a detailed theoretical analysis and proposal of a physical model for water
rockets. In contrast to previous investigations reported in the scientific literature, the present
analysis includes the contribution of the air to the total thrust on the rocket; also, the intrinsic
unsteadiness of the flow and the presence of dissipative effects are taken into account in the
energy conservation law. The predictions obtained from the physical model are checked by
means of a series of experimental tests. Once validated, the model is applied to investigate
the temporal evolution of some significant variables during the propulsion and flight of the
water rocket. Although relatively complex and thus more suitable for graduate students, the
model can also be used at undergraduate level if certain simplifications are assumed, as will
be explained in the following sections.

Theoretical and experimental analysis of the physics of water rockets 1133

2. The experience with the students

The physical model reported in the following sections is used in a field practice that we have
been carrying out with our undergraduate students of fluid mechanics during the past 10 years.
The main objective is to design a water rocket (and a proper launching system) performing the
calculations needed to meet a predetermined target. This is usually to reach a specific distance
or to obtain the maximum range with a limited air pressure of 3 bar (for safety reasons). The
students are split into groups of a maximum of four members to encourage teamwork. Each
team has to build its own rocket and launching system and perform the necessary calculations
to estimate the distance reached from a set of input parameters. Basically, they can vary three
parameters for a specific water rocket: the volume of water, the pressure of the air and the
launching angle. Once the distance is estimated, the students have to carry out field tests to
check the validity of their predictions.

A system of ordinary differential equations (deduced later) is given to the students and
must be solved to estimate the distance reached by the water rocket. The students can solve
the system by programming the equations in a mathematical framework like Matlab R© to get
a precise solution; this is what we have done to obtain the results presented in this paper.
Additionally, we also accept rough solutions obtained from first-order Taylor approximations
of time derivatives and a simple spreadsheet. Besides the specific competences of the subject
(control volume theory, hydrodynamics and aerodynamics), this practice improves several
generic competences of Tuning’s project [13] like the ‘ability to apply knowledge in practice’,
‘problem solving and decision making’, ‘planning and time management’, ‘teamwork’ and
‘ability to work autonomously’ to cite just some of them.

The work done is evaluated in a public contest. Each group has to hand over a previous
report including the geometric data of the water rocket, initial hypothesis, simplifications,
method of solving the equations and calculations performed. The students have up to three
attempts to show that their water rockets meet the proposed target using the volume of water, air
pressure and launching angle estimated in the calculations. Competitive factors are introduced
by assigning a final score to each group. This score results from evaluating the design of the
rocket and launching system and also the degree of attainment of the target. The challenge
and the spectacular nature of this practice motivate the students. The launching of the rocket
is very impressive because the water discharge occurs in an explosive way (about tenths of a
second) and the distances covered can reach up to a hundred meters. Some of this can be seen
in figure 1, which presents three frames of a movie obtained with a high-speed camera. The
jet of water at the nozzle is clearly illustrated in the figure.

The use of water rockets as an educational activity can be appreciated just by typing the
words ‘water rocket’ in any internet search engine. Lots of web pages devoted to this subject
are found, some of them even including simple applets that can be used to calculate the flight
trajectory of the rocket from an initial set of input parameters. Also, some well-known internet
video portals contain enough material uploaded by students on their own showing their most
glorious feats.

3. Theoretical basis

The study of the motion of a water rocket is divided into three stages. At the very beginning,
the rocket contains pressurized air plus an initial volume of water, and hence the weight W

of the system can be significant (see figure 2). When the bottle is opened, a jet of water is
pushed through the nozzle with a velocity that depends on the air pressure. This jet of fluid
provides a propulsion thrust that increases the rocket momentum. The aerodynamic drag FD
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Figure 1. Three frames showing propulsion of a water rocket obtained with a high-speed camera.

Figure 2. Water propulsion.

Figure 3. Air propulsion.

(proportional to the squared velocity) in the first instance is still small because the magnitude
of the rocket velocity vb is small too. The weight of the system decreases as water is expelled;
also, the air pressure decreases thus reducing the water exit velocity and the propulsion thrust.
In contrast, the velocity (and hence the drag force) is increased. The water propulsion lasts
until the entire volume of water is out of the bottle.

The air that remains inside the rocket at the end of the previous stage is still pressurized
(figure 3). This air causes an additional thrust on the rocket when being expelled, although this
effect is usually neglected in simple theoretical analysis. However, the increment in rocket
momentum can be significant depending on the magnitude of the remaining pressure, since
the current weight of the system is small. Hence, the velocity of the water rocket still increases
(though smoother) during this air propulsion stage because the weight is small and the air
velocity at the nozzle is high (at the very beginning it is near sound velocity). At the end of
this air propulsion stage, the rocket is empty (or, actually, full of air at atmospheric pressure)
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Figure 4. Evolution of velocity modulus and trajectory during the propulsion and flight of the
water rocket.

and has attained its maximum velocity; in consequence, there is also a maximum drag on the
rocket.

Some of the effects indicated previously are shown in figure 4. At the end of the
propulsion stage, the rocket is launched with an initial velocity and angle, and follows a
typical ballistic trajectory. The drag on the rocket during the ascent decreases continuously as
velocity decreases until reaching a maximum height. Then, the drag force increases again due
to the increase in fall velocity (see figure 4). The effect of the drag causes the rocket to reach
a smaller distance than that corresponding to an ideal flight. The drag always opposes the
motion of the rocket; in contrast, the gravity opposes rocket motion during the ascent while
favouring it in the descent. Terminal velocity can be reached (i.e. drag equals gravity) if the
fall distance is large enough.

This section has exposed the physics of a water rocket during its propulsion and free flight
from a basic point of view. The deduction of a precise physical model for the rocket will be
described in the following section.

4. Mathematical model

A mathematical model for a water rocket can be deduced by the application of the basic
conservation laws of mass, momentum and energy. These laws can be imposed to a suitable
control volume using the Reynolds transport theorem in a classical fluid mechanics approach.

4.1. Water propulsion

We can consider a control volume (CV) like the one depicted in figure 5. This volume contains
the water rocket and intersects it at the nozzle (control surface (CS)). The initial volume of
water in the rocket is Vw0 and pa0 is the absolute pressure of air before the launching. The
mass of water is mw and ma is the mass of pressurized air, which remains unaltered during
this stage. The mass of the empty rocket (the plastic chassis) is mb, the water density is ρw

and θ is the launching angle. The absolute reference system (x, y) will be used to define
velocities.

The mass conservation in the CV can be expressed in terms of the Reynolds transport
theorem [10–12]:

0 = d

dt

∫

CV
ρ dV +

∫

CS
ρ(vr · dS). (1)
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Figure 5. Schematic of the water rocket and CV used for the calculations.

As indicated previously, the mass of air (and obviously, the mass of plastic) remains constant.
Hence

dmw

dt
= −ρwvwnS, (2)

where vwn is the relative velocity of the water jet with respect to the nozzle and S is the section
of the nozzle.

The general expression of momentum conservation in the CV using the Reynolds transport
equation is

∑
F = d

dt

∫

CV
ρv dV +

∫

CS
ρv(vr · dS), (3)

which can be applied along the x-direction (see figure 5):
∑

Fx = (mb + ma)
dvb

dt
+ mw

dvw

dt
+ vw

dmw

dt
+ ρw(vb − vwn)vwnS. (4)

The velocity vb in this equation is the absolute velocity of the water rocket. The variable vw

is the absolute velocity of the water inside the rocket. As the water is discharged quickly
through the nozzle, this velocity cannot be strictly considered equal to vb. The velocity vw

can be expressed in terms of vb and of the relative velocity of the water in the rocket vwr:

vw = vb − vwr, (5)

and the relative velocity at the nozzle can be related to the relative velocity of the water in the
rocket through the section ratio:

vwr = vwn
S

Sb
, (6)

where Sb is the cross-sectional area of the rocket.
The surface forces on the CV along the x-direction are due to the effect of the drag FD

(proportional to v2
b) and the mechanical friction FM between the rocket and the launching

ramp. The only body forces here are due to the x-component of weight W . These forces can
be expressed as

FD = 0.5ρatmCDSbv
2
b; (7)
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FM = μ(mb + ma + mw)g cos θ; (8)

Wx = (mb + ma + mw)g sin θ. (9)

In the above equations, ρatm is the density of the atmospheric air, CD is the drag coefficient of
the water rocket and μ is the friction coefficient.

The conservation of energy in the CV leads to the following relation:

dQ

dt
− dW

dt
= d

dt

∫

CV
ρe dV +

∫

CS
ρ

(
e +

p

ρ

)
(vr · dS), (10)

where e = u+v2/2 +gh is the specific energy, u is the specific internal energy, g is the gravity,
h is the vertical position and p is the absolute pressure. The expulsion of the water through
the nozzle is fast enough to be considered as adiabatic, so that dQ = 0. Additionally, the time
derivative of the work W on the CV can be written as follows:

−dW

dt
= −vb(FD + FM). (11)

The volume integral can be evaluated by considering separately the contribution of the
chassis of the rocket (b), the water (w) and the pressurized air (a). This yields∫

CV
ρe dV = mbeb + maea + mwew. (12)

The mass of the rocket chassis and its specific internal energy remains constant; also, the mass
of pressurized air and the specific internal energy of the water do not change during the present
stage. The time derivative of h can be expressed as a function of the rocket velocity vb and of
the launching angle θ using the following expression:

dh

dt
= vb sin θ. (13)

On the other hand, the time derivative of the specific internal energy of the pressurized air can
be related to absolute pressure and density through the perfect gas law pa = ρaRTa:

dua

dt
= d(cvTa)

dt
= cv

R

d

dt

(
pa

ρa

)
, (14)

where cv is the specific heat at constant volume, Ta is the absolute temperature, R is the specific
gas constant, pa is the absolute pressure of the air and ρa is its density. The expansion of the
air is fast enough to be considered as adiabatic (with exponent γ ) and is related to the initial
values of pressure pa0 and density ρa0 with R = cv(γ − 1), and

pa0

ρ
γ

a0

= pa

ρ
γ
a

. (15)

Also, the mass of air during this stage is constant:

ma = ρa0(V − Vw0) = ρa(V − Vw), (16)

where V is the volume of the rocket and Vw is the volume of water.
The surface integral can be evaluated using the following expression:

∫

CS
ρ

(
e +

p

ρ

)
(vr · dS) =

(
ewn +

pwn

ρw

)
ρwvwnS

=
[
uw +

(vb − vwn)
2

2
+ gh +

patm

ρw

]
ρwvwnS, (17)

where pwn is the absolute pressure of the water at the nozzle (i.e. the atmospheric pressure).
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After some maths, the conservation laws of mass, momentum and energy, in addition to
the equation for an adiabatic expansion of the air, lead to the following set of four ordinary
differential equations:

dmw

dt
= −ρwvwnS; (18)

dvb

dt
= − 1

mb + ma
(FD + FM+Wx) +

1

mb + ma

[
Sb (pa − patm) − (Sb − S)2

2Sb
ρwv2

wn

]
; (19)

dvwn

dt
= S2

b (pa − patm)

S

(
1

mw
+

1

mb + ma

)
− v2

wnρw

2S

[
S2

b − S2

mw
+

(Sb − S)2

mb + ma

]

− Sb

S (mb + ma)
(FD + FM+Wx) ; (20)

dpa

dt
= −γ p

(γ +1)/γ
a

(V − Vw0)p
1/γ

a0

vwnS. (21)

The above equations can be used to obtain the time evolution of the mass of water mw,
the pressure of the air pa, the water velocity at the nozzle vwn and the velocity of the rocket
vb. The initial conditions for the system are the volume of water Vw0, the air pressure pa0, the
launching angle θ and some physical variables of the rocket: the mass of the empty bottle mb,
the cross-sectional diameter D (to calculate Sb), the nozzle diameter d (to calculate S) and the
drag coefficient CD. This system of equations is valid until the mass of water mw inside the
rocket equals zero.

4.2. Air propulsion

The air in the water rocket at the end of the previous stage is still pressurized. This air
is expelled through the nozzle causing an additional increase in the rocket momentum that
sometimes cannot be neglected: for example, a rocket with air pressurized at 2 bars can reach
a distance of about 10 m, as discussed later.

The mathematical equations that describe the motion of the rocket at the present stage can
be deduced following a similar procedure to that exposed in the previous section. The same
CV shown in figure 5 will be used (see figure 6). The absolute pressure and the air density at
the nozzle are pan and ρan, respectively, as indicated.

The integral expression of continuity equation (1) can be applied to the CV shown in
figure 6 and yields

dma

dt
= V

dρa

dt
= −ρanSvan, (22)

where van is the velocity of the air at the nozzle. The momentum conservation (3) on the CV
leads to the following expression:

−FD − Wx − FM = d

dt
(mbvb + mava) + ρa(vb − van)vanS. (23)

On the other hand, the integral equation of energy (10) can be expressed as

−vb(FD + FM) = d

dt
(mbeb + maea) +

(
ean +

pan

ρan

)
ρanvanS. (24)

The absolute velocity of the air in the rocket va is assumed as equal to the velocity of the
rocket vb. This is because the decompression of the air takes place in the whole volume of
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Figure 6. Schematic of the rocket during the air propulsion stage.

the bottle; it is not a simple displacement of the gas–liquid interface as in the previous stage.
If someone disregards this warning, he must note that the relative velocity of the pressurized
air changes with position in the rocket as well as with time (this is not a threat but a fact. . .).
Equations (23) and (24) can be expanded and combined, and led to

ma
dua

dt
+

(
uan − ua +

v2
an

2
+

pan

ρan

)
ρanvanS. (25)

The absolute pressure of the air at the nozzle pan is not equal to patm in the present case because
the flow is compressible. If an adiabatic expansion for the air is supposed

ma
dua

dt
= ρa V

cv

R

dTa

dt
= −ρanvanS

pa

ρa
, (26)

and the difference of specific internal energy can be expressed as

uan − ua = cv(Tan − Ta) = 1

γ − 1

p
1/γ

a0

ρ0

(
p(γ−1)/γ

an − p(γ−1)/γ
a

)
. (27)

Basically, this expression leads to the equations for compressible flow through a convergent
nozzle. After some algebra, the three conservation laws plus the equation for an adiabatic
expansion of the air lead to one algebraic equation and three ordinary differential equations:

v2
an = 2γ

γ − 1

p
1/γ

a0

ρ0

(
p(γ−1)/γ

a − p(γ−1)/γ
an

) ; (28)

dvb

dt
= S

mb + ma + mw

2γ

γ − 1

(
p(γ−1)/γ

a − p(γ−1)/γ
an

)
p1/γ

an − 1

mb + ma + mw
(FD + FM + Wx);

(29)

dma

dt
= −Sp1/γ

an

[
2γ

γ − 1

ρa0

p
1/γ

a0

(
p(γ−1)/γ

a − p(γ−1)/γ
an

)]1/2

; (30)

dpa

dt
= − S

V

(
2γ

γ − 1

)1/2
(

p
1/γ

a0

ρ0

)1/2

p(γ−1)/γ
a p1/γ

an

(
p(γ−1)/γ

a − p(γ−1)/γ
an

)1/2
. (31)



1140 R Barrio-Perotti et al

Figure 7. Typical ballistic trajectory of the water rocket.

This system of four equations describes the physics of the water rocket during the air
propulsion stage. The unknown variables are the velocity of the rocket vb, the velocity of the
air at the nozzle van, the mass of air ma and the absolute pressure of the air in the bottle pa. The
initial conditions are the last values of pa and vb calculated in the previous stage. The system
is valid until the pressure in the rocket equals atmospheric conditions, that is, for pa � patm.

4.3. Ballistic flight

The rocket is launched from the ramp at the beginning of the present stage with a high initial
velocity vb0. This velocity results from the increase in momentum due to water and air
expulsion, as explained previously.

The rocket follows a typical ballistic trajectory (see figure 7). The differential equations
that describe the motion of a body in ballistic flight are well known from physics textbooks,
and thus they are simply written here as

dvbx

dt
= −ρatm CD A

2 mb
vbx

(
v2

bx + v2
by

)1/2; (32)

dvby

dt
= −g − ρatm CD A

2 mb
vby

(
v2

bx + v2
by

)1/2
, (33)

where vbx and vby are the x, y components of the rocket velocity. The position of the water
rocket can be obtained from integration of the previous equations. It must be noted that the
effect of the drag force is important though it is usually neglected in many introductory physics
textbooks. The above equations describe the physics of the rocket during the flight and are
valid until landing (i.e. for y � 0).

5. Experimental validation

The validity of the mathematical model deduced in the previous section was checked by a
series of field tests that were carried out using the handcrafted launching ramp shown in
figure 8. The ramp is long enough to assure that at least the propulsion takes place on it;
otherwise, the weight of the water would cause a premature fall of the rocket (a typical length
of about 1.5–2 m is adequate). The launching angle of the ramp can be regulated with a
precision of ±1◦ using a slider and a protractor with a plumb line. The pressurized air is
introduced in the rocket through a specially designed cap (see detail in the figure) using a
hand pump. It is more convenient to introduce the air through the nozzle rather than using (for
instance) a bicycle valve at the head of the rocket, as can be usually found in several designs.
This weakens the bottle and makes it more prone to explode when introducing the pressurized
air; though spectacular, obviously this can be dangerous. The relative pressure of the air in
the bottle is measured with a manometer (precision of ±0.1 bar).
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Figure 8. Several details of the launching ramp used in the field tests.

A plastic bottle for carbonated drinks of volume V = 2 l was used in the experimental
tests. This type of bottle stands higher pressures than the plastic bottles used typically for still
water. The bottle has a mass mb = 133.2 ± 0.1 g, a cross-sectional diameter D = 106.0 ±
0.1 mm, and a nozzle diameter d = 21.5 ± 0.1 mm. The magnitude of the drag coefficient
for a body of similar shape ranges typically between 0.2 and 0.4 [10]. Based on previous
experiences [14], the drag coefficient of this particular water rocket was estimated to be
CD = 0.36. The volume of water poured in the bottle was measured with a precision of
±5 × 10−3 l using a burette. The distance reached by the water rocket was obtained with a
tape measure with an estimated precision of ±0.1 m. The magnitude of atmospheric pressure
and temperature at test conditions was 1020 ± 1 mbar and 22 ± 1 ◦C respectively.

The experiments were conducted for different values of the relative pressure of the air
pr0 = pa0 − patm, volume of water Vw0 and launching angle θ . One of these variables was
modified in each test series while keeping the other two constant. The horizontal distance
x reached in the tests was compared with that predicted from the model. The mathematical
equations deduced previously were solved in Matlab R� as successive systems of ordinary
differential equations.

The distance reached by the water rocket is presented in figure 9 as a function of the
relative pressure of the air. The data shown in the figure were obtained with a constant volume
of water of 0.5 l and launching angle of 45◦. As expected, the horizontal distance increases
continuously with pr0 due to the higher velocities obtained at the nozzle and the corresponding
increase in rocket momentum. The comparison between the test data and the predictions from
the mathematical model presents quite a good agreement, showing relative differences that are
below 6%.

Figure 10 presents the magnitude of x as a function of the initial volume of water Vw0

with a constant relative pressure of 2 bars and launching angle of 45◦. As observed, the
distance reached by the rocket increases fast for volumes of water below 0.3 l. Subsequently,
it progresses smoother until Vw0 = 0.5 − 0.6 l (where maximum distances are reached), and
then declines slowly due to the more pronounced effect of the weight of water and the inertial
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