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ABSTRACT

This paper presents a novel framework for advancing informal
STEM learning in kids between the ages of 10 and 15, using
robotics as a platform, enabler, as well as channel for STEM.
Being a cross-disciplinary technology, Robotics not only
connects theory and applications of science, mathematics, and
engineering fundamentals, but also delivers instant gratification
from the efforts put in, through active hands-on human-robot
interaction. Supported by multiple real-world feasibility studies,
the presented framework hypothesizes that if made easy to build,
teach, interact, and play with robots, it can be a potent facilitator
of STEM, especially in young children — an age group which is
naturally curious and enthusiastic about new findings. The
feasibility studies have been conducted in collaboration with
regional libraries and museums to develop and evaluate the
presented robot-orchestrated STEM learning framework. The
framework operates on a twofold approach. First, active
engagement with the target audience is established by leveraging
proven techniques from theatre arts. Second, situationally
relevant STEM content is seamlessly inserted in the active
engagement with the target audience emphasizing on positive
reinforcement learning. The preliminary feasibility studies have
revealed overwhelming excitement and demand for this
technology from kids, parents, and teachers.

Keywords: STEM education, Robot-orchestrated learning,
Human-robot interaction, Social robotics, Intelligent Robots.

1. INTRODUCTION

STEM attrition is evidently one of the major contributors to the
increasing worker gap in the United States. In the current
geopolitical environment where the U.S. is striving to boost its
onshore high-tech manufacturing and job growth, the demand for
domestic STEM workforce, is paramount. STEM education not
only offers the competency to become self-reliant but also to
achieve social equality, especially in underserved communities.
Using the number of STEM job postings in recent years as a real-
time indicator of the demand for STEM-skilled workers, a recent
report [1] on the worker gap in the U.S. suggests that “The
median duration of advertising for a STEM vacancy is more than
twice as long as for a non-STEM vacancy.” This study also sheds
light on the post-recession rapidly growing demand for STEM
jobs and non-uniform regional supply of workers. Another study
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[2] using a similar data acquisition approach to examine job
postings and unemployment data from 2010 to 2016 has
corroborated the account of the United States’ persistent and
large shortage of STEM workers. There are many more recent
surveys supporting the trend of growing demand for STEM
workforce and diminishing job/college ready people. The U.S.
Department of Commerce in its 2017 update [3] on STEM jobs
has listed 56 specific occupation codes for STEM related jobs
and 66 STEM undergraduate degree fields that span computer
science and mathematics, engineering, and life and physical
science. This suggests that there is more than enough STEM
training available at the higher education level. In spite of this
and the growing demand, the insufficiency in the number of
STEM workers can thus majorly be accredited to the lack of a
sound foundational preparation platform at the school levels. It is
noteworthy that instructors at the college and university levels
are specialists in their subject matter, while at the school levels,
especially at the lower grades, instructors are more of generalists
as they are expected to manage the overall curriculum in
classrooms. This invariably results in oversimplification of
STEM concepts, thereby, creating a step-wise knowledge
building in children’s STEM education, which ideally should
have been a continuous process.

Cognitive neuroscience research on the correlation between
performance in cognitive tasks and brain activation in specific
regions, such as the prefrontal regions, reveals that the prefrontal
regions develop rapidly during early childhood [4]- [5]. Studies
in this area suggest that, in fact, the child’s cognitive performance
can be enhanced at an early age through experiential learning [6].
Additionally, the collaborative craft of theatre can emphasize
genuine experiential learning and engages children multi-
modally with technology platforms and the heuristic concepts of
structured movement, speech and text, narrative, and affect
recall. Logistical challenges, however, such as spatiotemporal
limitations of the classroom setting, safety concerns in working
with hardware and tools, and accessibility/affordability to
appropriate content and guidance, often inhibit the
implementation of experiential learning for science and
engineering technologies. Recent remedial initiatives such as
instructional experiences aligned in the psychologically based
Learning Cycles, such as the 5E model that stands for Engage-
Explore-Explain-Elaborate-Evaluate, is a much anticipated
feature of future classrooms. As a supplement to formal
education, informal STEM education can be a powerful method
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to boost the child’s STEM concept understandings and, more
importantly, ability to relate and apply STEM knowledge in real
world scenarios, given the fact that children in K-12 grades spend
a majority of their waking hours outside the classroom.

This aim of the work presented in this paper is to provide early
childhood exposure to STEM education, especially through
experiential learning in informal settings, for the development of
the future generation of the workforce. This paper is organized
as follows: section 2 reports some of the current state of the art
technology utilizing robotics for STEM education. Section 3
introduces the target innovation space for the presented
framework. Section 4 presents the unique implementation of
interdisciplinary technologies to accomplish the targeted
innovation. Section 5 presents the findings from the preliminary
feasibility studies. Finally, section 6 concludes the discussion
with the summary of work and future directions.

2. CURRENT STATE OF THE ART

Over the last two decades, robotic technologies have gained a
great deal of popularity in formal and informal STEM education.
Robotics has the potential to make significant impact towards
improving formal classroom teaching as well as informal
learning [7]. Even though there is no clear-cut definition for
educational robotics, the use of robots in learning aligns with
modern pedagogical theories [8] such as (i) principles of active
learning [9] (ii) learning by design [10] (iii) constructionism
theory [11] and (iv) social constructivism [12]. When used
properly, robotic activities can be incorporated into teaching of
various STEM topics effectively as it helps remove the
abstractness [13] and allows better understanding. As robotics
enables real-world applications of STEM concepts, it is an
effective tool in STEM teaching [13]. Many schools have
adopted robotics into their formal and/or informal curricula
because of the excitement it brings into the learning environment
[8]. Most of the use-cases, however, have been limited to the
subjects that are close to programming, mechatronics, and robot
building, which causes the robotics to stay a passive tool in the
learning activity [7]. Other topics of robotic use for learning are
mostly (almost 80%) related to mathematics and physics [7].
These topics include force, gravity, friction [14], speed and
acceleration [15], work and energy [16], velocity, time and
distance [17] from physics curriculum; angles [18], decimals
[19], counting [20], fraction and ratios [21], and multiplication
[22] from mathematics curriculum. When the skills that can be
developed or improved by use of robotics are considered, we can
list some examples from literature such as social communication
skills [23], system understanding and thinking skills [24],
problem solving skills [25], engineering design skills [26] and
physics content knowledge skills [14]. Another aspect of robotics
use in STEM education is the learning environment. Formal
classroom activities are estimated to cover less than 18.5% time
in K-12 learning which leads to a significant portion of student
learning occurring outside of the classroom at informal learning
settings [27]. That’s why there are more than 1,100 informal
science institutions in the United States, e.g. museums, zoos,
aquariums, libraries, and youth organizations, which are serving
students through workshops, demonstrations, camps, and field
trips [28]. Use of robotics in informal STEM learning has been
explored in the past through projects such as increasing museum
visitors’ experience with microbiology using Kinect [29], the
project that involves “gesture-enabled, multi-touch spheres for
teaching about ocean systems in science centers and museums”
[30], the project to improve young children's inquiry-based
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science learning and engagement in museums using camera-
based vision sensing [31], “Robotics and E-Textiles Backpacks
for Family Learning” project [32], and “Bridging Earth and Mars
(BEAM): Engineering Robots to Explore the Red Planet” [33].

Most of the aforementioned studies and projects use robotics as
a passive tool, with minimal focus on Human-Robot Interaction
(HRI), a key aspect in early childhood learning. Different people
have different levels of attraction to robotic activities; some are
interested in traditional ways, some are interested in some other
creative ways (e.g. a mechanical puppet show) [7]. Social
dynamics and interaction are as big a part of art as they are of
science, and therefore, art based STEM learning is an interesting
domain. Humans interact with each other through gaze, posture,
gesture etc. and not through computer codes. Researchers have
conducted studies [34] [35] [36] [37] on constructing virtual
conversational agents, including how gaze, posture, movement,
and other performance characteristics affect human participation.
Based on the findings, multiple artificial intelligence modules
[38] [39] have been proposed to make human-robot interaction
more humanistic. ArticuLab at the Carnegie Mellon University
has developed several virtual peers, called Embodied
Conversational Agents (ECAS), to interact with humans through
computer mediated contexts. These agents are designed to
engage with a wide range of human subjects of different age
groups in tutoring, socialization, gaming, and personal assistance
roles [40]. A few other interesting projects that leverage
enhanced human engagement strategy to teach STEM concepts
are given in: Combining Craft and Performance to Teach
Physical Computing [41], Orchestral Innovations in Science
Education (OISE): An Experiment in Informal STEAM Learning
[42], and EarSketch: An Authentic, Studio-Based STEAM
Approach to High School Computing Education [43]. Jeon et al.
in [44] and Barnes et al. in [45] presented their work with
multiple humanoid and animal-like robots acting in a theatre
production with elementary school-aged children in a variety of
activities such as acting, dancing, and drawing. These studies,
termed as robot theatre and robot opera, provide some insight to
children’s perception towards robots, especially from a social
interaction stand-point. All students under the study expressed
interest in learning about programming and building robots.
While this program reported successful recruitment and extended
engagement of the children, and also the long term impact of the
learning with robots, it also reported substantial difficulty in
managing the children and the robots at the same time. Although
the result with the small sample size of this study is far from
deriving any conclusive pattern about human-robot interaction in
theatre settings, it does offer some valuable insight such as the
need for autonomous and stable operations, advanced artificial
intelligence for human-centric interaction, and combined use of
theatre methods by the robots — the topics of this study.
Interestingly, there are several instances of incorporation of
robots in fine art. These include autonomous robots performing
natural movements combined with character animation and
control [46], biped androids with human-like face capable of
facial expressions [47], and human-robot collaboration in drama
[48].

Despite these initiatives, the U.S. Department of Education
(DOED) reflects that significant challenges are still associated
with STEM learning due to: student STEM enrollment and
attrition, student perspectives on the value of STEM education,
insufficient number of teachers skilled in STEM, quality of
STEM education, and differences in accessibility to STEM
education dependent on race, location, and economic status [49].
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3. TARGET INNOVATION SPACE

The key innovation in the presented work lies in exploiting the
subtle difference between knowledge and information. Most of
the contemporary learning frameworks operate in a rule-based
information-space, utilizing some form of analytical,
experimental or statistical models to disseminate STEM contents,
thereby bounding the free ideation and corresponding
exploration. In the presented framework, a knowledge-based
learning approach is adopted, which does not specify the content,
rather lets its audience choose the content to explore. The built-
in artificial intelligence (Al) of the framework then configures,
in real-time, the appropriate discussion points, based on the
ongoing interactions as well as past experiences. Figure 1 shows
a hierarchical diagram of such knowledge-building process.

Figure 1: Knowledge-building process

The carefully choreographed theatrical interaction between
humans and robots, as adopted in this framework, channels the
child’s efforts to go through the process of cognitive artifact
creation through idea synthesis. Methods for delivery of the
STEM topics, for example: dynamics of the solar system, robotic
assembly and packaging, cooperative robots in the home and
more, rely on better conceptualization and visualization instead
of oversimplification, thereby allowing ample opportunities for
critical thinking and problem solving.

Note that the artificial intelligence (Al) framework and robotic
implementation brings in a synergistic capability of these two
distinct technologies. Robots are programmable machines (or
hardware) that can sense their environment and carry out a series
of actions based on their specific operational modalities, which
can be preprogrammed or tele-operated. On the other hand,
artificial intelligence (Al) is a computer program (or software)
that allows machine to have human-like intelligence to deals with
tasks such as problem-solving, language/gesture/expression
understanding, and logical reasoning. The robots used in the
presented framework are artificially intelligence, in other words,
they are autonomously controlled by Al software modules. The
use of Al significantly alleviates the robots’ limitations in
performing complex tasks in human environments. Furthermore,
this bridging between robotics and Al enables enhanced human
robot interaction through theatre technologies that makes the
“excite, engage, and express (E3)” model feasible.

4. THEATRE TECHNOLOGY FOR STEM LEARNING

Theatre arts methodology is a key enabler in the presented
knowledge-based informal STEM learning framework as it
offers the crucial freedom to the audience to explore their
imaginations. Within the theatre canon, few performance
techniques are as qualified to excite, engage, and express as the
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Commedia dell’arte performance technique. Commedia dell arte
is a 16™ century performance technique founded by Italian folk
artists based on improvisation, stock characters, and broad
physicalization of comedic narratives [50]. Its influence on
modern contemporary theatre and film/television through its
seamless integration of comedy, physicalization and
characterization [51], makes it a significant tool for the presented
framework. In this framework, time-tested commedia theatre arts
techniques are adapted and aligned with social robotics,
technology, and STEM content to create a platform for
excitement, engagement, and expression for children.

Additionally, theatre Arts is a collaborative discipline meshing
the languages of many divergent fields; text, direction, design,
and performance. It is learned and trained as a craft [52]. A
human-robot interaction (HRI), specifically an interaction
focusing on students utilizing a social robot as a platform for
STEM technology, is essentially a performative event that can
definitely inspire excitement and expression for the students. It is
an event that needs the trust of an engaging social robot
programmed with the complex social norms of interactions with
humans. Recent studies have successfully used theatre as a
model for research in social and emotional interaction. Human-
robot interactions as theatre concludes, “Ultimately, all social
interactions can be viewed as acting roles which the robot must
perform” [53]. On Stage: Robots as Performers, develops the
concept of performative arts alongside acting literature as a
testbed and influencer of HRI [54].

The Commedia dell’arte is a particularly well-suited technique
for informal STEM learning for the following reasons:
Improvisation: A comedic story is loosely based around a
central theme, not directly scripted [55], critical for free thinking.
Characterization: Commedia stock comedy characters are
varied, primary characters are defined as Zanni - a servant and/or
trickster, Pantalone — a master and greedy egomaniac, Dottore -
know-it-all old man, and Innamorati — young lovers, among
many others. All commedia characters incorporate archetypal
behaviors that students still see in their contemporary
entertainment. Mr. Burns from The Simpsons is Pantalone, a
greedy, miserly old man, while the Spongebob character from
Spongebob Squarepants is a trusted servant, Zanni [56]. Time-
honored stock characters originating from 16™ century commedia
are instantly recognizable to 21 century students who identify
their commedia modern counterparts [57].

Physicality and movement games: Broad physicalizations and
gesture is indicative of commedia dell’arte. Students who learn
through the behavior, physicalization, and emotion of a stylized
walk, pose, or rhythm learn STEM concepts through an
innovative platform integrated with a robotic program.

For the discussed E3 framework, the defining characteristics of
commedia dell’arte; i.e. improvisation, characterization, physical
movement and audience participation are adapted for students
interacting with a social robot teaching STEM concepts in an
informal setting. The following methodology and structure
frames how commedia dell’arte and its components of
improvisation, characterization, and physicality and movement
games are used to engage with students in an informal STEM
learning narrative.

Steps to frame and structure commedia concepts to informal
STEM learning concepts

Improvisation: An improvised script is essential for the students
as scripted lines are neither easily accessible nor wanted as the



Proceedings of The 12th International Multi-Conference on Society, Cybernetics and Informatics (IMSCI 2018)

primary mode of communication in informal STEM. The
framework does not produce a formal stage play with a robot, but
rather utilizes all the exciting, engaging, and educational aspects
of a stage play to infuse STEM concept for learners.
Characterization: The social robot will be the emcee/facilitator
of the STEM content (Zanni) interacting with students first as the
designator of character types, “Student A is Pantalone, Student
B and C, Innamorati, etc.” The robot can also model and mirror
the physical characteristics of each character for the students to
learn in addition to facilitating STEM content that applies to the
adapted commedia model. For example, for an astronomy lesson,
The Innamorati may become the binary planet system, Pluto and
Charon, described by the social robot as “the only binary planet
in the solar system...likely formed...when the two objects
collided” [58]. Commedia directives to the students would be the
physical “orbit” around each other, not touching, but never far
apart. Questions regarding proximity, retrograde orbit, mass, and
surface temperature can be applied as students physically act
their Innamorati parts of Pluto and Charon.

Physicality and movement games: The ability to learn
kinesthetically, spatially, and interpersonally are educational
theories that have been well-documented [59]. This framework
utilizes the highly physical and creative theatre arts
methodologies of commedia to not only excite and engage, but
to establish an educational goal through the integration of a robot
platform and STEM concepts. In summary, this effort identifies
what specific types of interactions excite the target audience in
order to design the HRI model.

Some of the suitable STEM topics that can leverage the E3
approach are: (i) Earth and Space Science, (ii) Electronics and
Automation Engineering, (iii) Robot Programming, and (iv)
Numerical Problem Solving. The presented framework uses
game-oriented and reward-based STEM learning, encouraging
kids to better their performances and share it in their community.

5. IMPLEMENTATION AND ANALYSIS

The authors are supporting a calendar of events at local public
institutions such as libraries, museums, and Girl Scout events for
informal STEM learning. The team’s participations in these
events was to gather preliminary user response from a sample set
of the target audience toward (a) pure instructor-based STEM
education, (b) instructor-based STEM education aided by robot
demos, and finally (c) social robot interacting with the audience
to engage them in STEM topic discussions. Post-participation
surveys gathered from a diverse audience pool suggests a strong
preference for the presented “robot theatre for STEM”
framework, further boosted by a large number of audience
participation, in not only learning but also actively
interacting/socializing with robots. A significant portion of the
credit for these preliminary feasibility studies goes to the
program development and outreach done in collaboration with
the team’s informal STEM learning partners. Figure 2 shows a
few snapshots from some of the different informal STEM
learning sessions at these regional public institutions.

As indicated earlier, the presented informal STEM learning
framework is implemented in two stages. First, engagement with
the target audience is established by social robotic platforms such
as humanoid robots, natural language processing artificial
intelligence (Al) units, and other similar devices. These
platforms utilize theatre art techniques including improved
performance of a STEM content play, role play between the robot
and the audience, characterization, and physicality for audience
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engagement via a personalized one to one or one to many
conversation. Second, once the audience engagement is attained,
the social robot’s Al gradually channels the interaction towards
a selected STEM topic based on (i) a pre-defined hierarchical list
of STEM topics, (ii) the detected audience interest area from the
on-going interaction, and (iii) the standards for age and location
appropriate content. During this stage, the presented framework
uses other robotic platforms such as mobile robots, robotic
manipulators, sensors etc., as needed to make the learning more
experiential and entertaining for the target audience.

Figure 2: Robotic interaction with the audience at public events

6. CONCLUSIONS

STEM education is generally prohibitively expensive, especially
for low income families, as it requires a combination of hardware
and software tools to give the hands-on experience that the
learners need to reinforce their conceptual knowledge. Through
the presented framework, a large part of society can gain access
to quality STEM education. The theatre art based robotic E3
STEM learning framework is envisioned to be easily and
inexpensively made available to the target population, even in
remote areas and at non-regular times. The presented E3
approach is a modified version of the well-known 5E Learning
model used in science and mathematics education, which is
grounded in research on the psychology of how children learn.
The presented framework encourages audience participation,
thus allowing the kids to not only learn by observing, listening,
and building but also express themselves in this novel manned-
unmanned teaming structure to share their ideas, queries, and
accomplishments. The personalized and participatory nature of
the discussed informal STEM learning framework offers
encouragement to get actively engaged, something that is
normally overlooked for underserved factions in the student
population such as girls and minority groups in many STEM
learning programs. The presented framework is envisioned to be
an open platform, thereby allowing a wide range of innovators,
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programmers, engineers, educators and other interested
contributors to customize, contribute, and focus on specific
audience groups for new sessions on different STEM topics.
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