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Abstract — This paper presents a case study of how an
innovative educational engineering project can be
developed for multiple skill levels, from middle shool to
undergraduate. Engineers and educators at Stevens
Institute of Technology have collaborated to devef
innovative classroom projects that teach a varietyof
science and engineering principles through the desgi,
construction and testing of underwater robots using
simple materials. These materials were first piloté with
high school students enrolled in a pre-engineering
summer program. Later, the materials were adoptedrito
the undergraduate engineering program. These mateais
are now being adapted for use in middle and high sool
classrooms across New Jersey. This vertical integfan at
the curricula innovation stage is interesting and geful in
that it enables two-way feedback. K-12 education cabe
informed by the knowledge gaps observed at the celie
level, and undergraduate education can be informedby
the innovative teaching methods being pioneered dhe
K-12 level.

Index Terms — Underwater, robotics, LEGO, outreach,
engineering education, K-12.

INTRODUCTION

Vertical integration at the curriculum innovatiotage is
useful and necessary. K-12 science education isonbt
important for creating a scientifically literate caraware
society. It is also a vital preparation for studewho wish to
pursue higher training and careers in Science, fAaoby,

development. Conversely, educational research has
highlighted beneficial teaching methods (e.g. “dissry
learning”) at the K-12 level which can often be diba
transferred into undergraduate engineering clagssoo

This paper describes a successful example of afset
educational engineering materials being developediddle
school, high school and undergraduate levels. itndhse K-
12 outreach efforts informed undergraduate cumicul
development and lessons learned with undergradinzes
informed the adaptation of the materials for midséhool
classrooms. Additionally, we show that the samesrizom
activities can be used successfully at all threid Evels,
with only small modifications in emphasis and corite

FIGURE 1

Engineering and Mathematics (STEM). We frequently REMOTELY OPERATED VEHICLE (ROV) BUILT BY HIGH SCHOOL STUDENTS

discover severe shortcomings in the basic knowlexdgmur
engineering undergraduates and it is critical fbese
observations to be fed back into new K-12 currioulu
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classroom projects that teach a variety of scienod
engineering principles through the design, consivocand
testing of underwater robot vehicles using a comudm of

involvement with concepts and principles, and teash
encourage students to have experiences and conduct
experiments that permit them to discover principfes

LEGO and other simple materials (e.g. FIGURE 1). themselves.

These curricula were initially piloted with high heml Although discovery learning is frequently employied
students as part of a pre-engineering summer alireaan early childhood development setting, the insional
program. Based on the successes and lessons ledineed model offers several advantages to a high school or
material was then implemented as a short courdeinvhe  undergraduate setting. It arouses students’ ctyiosi
freshman undergraduate engineering program. On thmotivating them to continue to work until they fiatiswers
strength of these experiences, a major Nationaér8ei [4]. Students also learn independent problem sghand
Foundation (NSF) grant was awarded to feed the malte critical thinking skills because they must indepemity

back into the K-12 classroom as projects for middid high
school classrooms across New Jersey.

analyze and manipulate information.
Students often benefit more from being able to gada

Year one of the NSF project will disseminate theactive learning by “seeing” and “doing” things th&om

existing, tried and tested materials to middle higth school
classrooms. For year two, new additional
material is to be developed. Once again, this neaterial
will first be piloted in our high school summer gram, and
then implemented with undergraduates, before bfiadly
adapted and disseminated back to a large numbeidufie
and high school classrooms.

This paper provides an overview of the prbjeand
presents the stages of development from concefuniding

passive learning by listening to lectures. Tacklmgterial

curriculumfrom several perspectives and persevering with satved

problems improves students’ core intellectual skillthey
learn how to learn independently. Cognitive develept is
not the accumulation of isolated pieces of infoiorat
rather, it is the construction by students of anfeavork for
understanding their environment. Teachers shouldesas
role models by solving problems with students, aixphg
the problem solving process and talking about the

and dissemination from undergraduate to middle alcho relationships between actions and outcomes. Olgprvi

classrooms.
PROJECT OVERVIEW

Why build underwater robotic vehicles? When students
design, build and program underwater robotic velsicthey
are learning engineering fundamentals which spamice
range of engineering disciplines. Additionally, dgats are
motivated by an exciting and stimulating desigmscimo.

The underwater environment presents unigasigd
challenges and opportunities which would not
encountered in, for example, a wheeled land velpiogect.
The motion of an underwater vehicle in a 3D spacmadre
complex (six degrees of freedom) as compared \hifthree
degrees of freedom of motion of a wheeled vehidea®D
planar surface. Additional engineering and scieisseies
include propulsion, drag, buoyancy and stabilityad@ical
construction problems include how to waterproofceleal
components.

Why use LEGO? LEGO is particularly useful for discovery
based learning due to its ease and speed of ags¢id].
This speed reduces the time between conceptiom ddea
and its implementation, enabling students to discov
through trial and error, rapidly test a range demiative
designs and evolve their designs iteratively byeoliag the
relationship between structure and function. In tast,
when students use conventional materials, the aarign
process is often lengthy and frustrating. Time twiirsts

students during their activities, examining thailusons and
listening carefully to their questions can revealcim about
their interests, modes of thought and understanding
misunderstanding of concepts [5].

Discovery based learning is a particularffective
means of teaching the iterative approach to engimge
design. Students are encouraged to approach engigpee
problems through an iterative sequence of steps:
Design/Build/Test/Modify. In contrast, surprisinglitle of
the conventional engineering curriculum is devotedhis

bedesign process, with the learning experience ofnemging

students often bearing little resemblance to theides of
professional engineers in industry.

HISTORICAL DEVELOPMENT OF THE PROJECT

The underwater robotics project was originally
developed and pilot tested as part of Stevens' EXCOE
(Exploring Career Options in Engineering and Saignc
Program. ECOES is a summer residence program &ir hi
achieving high school sophomores and juniors isteckin
pursuing a STEM career. The students participated 12
hour design project unit delivered during the tweek
ECOES session. During the 2005 summer program, 30
ECOES students participated in building remotelgraped
underwater vehicles as their engineering desigjeptro

Based on the success of the ECOES project, theideci
was made to offer the project to Stevens undergitadu
through the Engineering Experiences program begintiie

prevent students from evolving their designs thtoug Fall semester of 2005. The primary objective of the

multiple iterations of testing and modification.
DISCOVERY BASED LEARNING

Discovery learning [3] is a cognitive instructiomabdel in

Engineering Experiences program is to provide inogm
freshman students with an opportunity to learn netveut
engineering as a profession and to explore theowsari
engineering disciplines for which programs are labde at
Stevens. The underwater robotics unit is a natadalition

which students are encouraged to learn throughveacti to the program due to the multidisciplinary nataf¢he unit.
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The undergraduate version of the course is offased series
of four laboratory afternoons with an additionagluntary
evening lab session for each team.

The continued success of the program with students
to the development of a proposal to the Nationaer®@e
Foundation’s
Students and Teachers (ITEST) program. The propeasl

funded in September 2006 and Build IT, a LEGO-based &
in a

underwater robotics project is now being used
comprehensive outreach program to provide pre-eeging
experiences to over 2000 New Jersey middle andgapbol
students from diverse backgrounds.

The original project involved student teams buigdin
Remotely Operated Vehicles (ROVs), human contrplled

wire guided underwater vehicles. The second yeathef
Build IT project will involve extending this worlotincluded
programmable, computer controlled vehicles whicpoad
to sensor stimuli to carry out autonomous actisiti©nce
again, these new materials will be developed anhoteui
with ECOES summer students, will then be trialedhwi
undergraduates, before being repackaged and dissedi
to a large number of middle and high school clazsi

Itis interesting to note that the same classrootivides
can be used with a wide range of skill levels froriddle
school to undergraduate level. With only small rfiodtions
to the emphasis and content, these projects camdue
challenging, informative and engaging to studeatmrdless
of previous knowledge or ability.

LEGO ROV MATERIALS

Students are provided with a selection of LEGO uduig
several motors, battery boxes and leads, geartnggtsral
and mechanical components. Also provided, are ectseh
of plastic propellers (obtainable from hobby stpmasunted
on LEGO axles (FIGURE 2).

FIGURE 2
PROPELLERS MOUNTED ONLEGO AXLES.

Additional materials include Styrofoam, modelingayl a
selection of weights (nuts and bolts work well) blvar
bands, string and duct tape. A 30 inch deep aiflatpool is
used to test the designs. Wiffle balls are spatifis the
objects to be retrieved and manipulated by the ROVs
Students are issued with a variety of eleatr
components, with which to create a control systenh lzave
the opportunity to learn soldering and simple dircesign
and debugging. Long control cables are pre-asseirible
the students. These cables contain eight wiresufgndo
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control four independent motors) and are terminatetth
four LEGO compatible end connectors (FIGURE 3).

1

FIGURE 3
CONTROL CABLE WITHLEGO COMPATIBLE END CONNECTORS

To build a control system, several three positiamulle
throw switches are supplied. Each switch can cbatgingle
motor with three possible states, Forward/Off/RegeiPre-
drilled aluminum boxes are supplied for mounting th
switches. Additional supplies included 9-volt bats,
battery connectors, wire, solder, electrical tagbgink wrap,
soldering irons, solder suckers, wire snips andppstrs,
safety glasses and a digital multimeter.

LEGO ROV PROCEDURE

Students are divided into five person teams. Thgept

consists of (usually) five laboratory sessionsaafund two

hours each. Greater or lesser numbers of contagshman
be used, depending on the ability and age of thdesits. In
each design session, student teams are given psiggly
more complex, intermediary design challenges. inégliary
challenges initially involve developing simple moted
surface vessels, progressing to fully controllable,
submersible vehicles with motorized grabbers. Afnal

challenge, each team has to use their ROV to vetraad
manipulate objects on the bottom of a pool of water

The intermediary design challenges include:

1) Design a surface vessel with a single motor anibuwar
propeller options, optimizing gearing ratios to nmaize
straight line speed.

2) Design a surface vessel with controlled steerirging
two independently controlled motors. The challenge
involves negotiating a figure 8 course, around two
buoys, in the least amount of time.

3) Develop an electrical control

independent motors.

Add a third motor to the vehicle, enabling vertical

motion in the water column.

5) Design a motorized mechanical manipulator which can
grasp specified objects.

6) Combine the products of stages 3, 4 and 5 to peduc
vehicle which can retrieve the greatest number of
objects from the bottom of the pool within a fivénote
period. Retrieved objects must be deposited in hins
various depths in the water in order to score goint

system for four

4)

Many of these challenges have a variety of solstion
For example, challenge 2 can be solved using twin
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propellers, a single propeller plus rudder or alsipropeller So began the Build IT project. Build IT will dirdgt
with variable direction. impact 2,625 students, or 875 students in eachreétyears
In each laboratory session, instructors deliverrtsho via a substantial, three-week in-class interdistgwy
interactive lectures or “Tech-Talks”. These areitiéth to  project. Classroom teachers, grades 7 — 12, wiprepared
around 10 minutes each. On occasions where two-Tecko implement this project through a two-year, 144hh
Talks are delivered in the same session, it is toeséparate professional development program, encompassingamnes
them by periods of practical work. Tech-Talks empthe  week summer institutes, four days of school-yearkalwops
concept of “just in time learning”, to convey thederlying  over two years, and in-class support. The remaiphrated
scientific and engineering principles which areessary to vehicle (ROV) and autonomous underwater vehicle VAU
complete each successive stage of the design wballe curriculum materials, teacher support materialslinen

Tech-Talk subjects include: technical support, video library, library of studen

1) Gearing mechanisms, torque, speed and thrust. presentations, and IT and STEM career informatidh kve

2) Ways to achieve two degrees of freedom of motion. made available on the project web site for use thgents

3) Electrical circuits and control panel design. and teachers all over the world.

4) Buoyancy, Archimedes principle and vertical motion. Build IT will introduce teachers and students to

5) Grabbers, graspers and manipulators programming and computer controlled machinery bipgus
Students receive handouts containing supplementagn accessible icon based programming languaged base

information including: LabVIEW, and LEGO robotics materials. Using compsite

« Photographs and descriptions of industrial andaree to control real devices can be more engaging arahmgful
ROVs and AUVs. for students than stand alone, abstract programming

« Notes on important aspects of submarine design. exercises. The project will foster IT and enginegrcareer

+  Notes on circuits and electrical design issues. awareness among students, teachers, guidance kwanse

administrators and parents.
RESULTS FROM ECOES AND ENGINEERING EXPERIENCES To accomplish the project goals, a set of compgllin

project-based educational modules that integrdterimation

To date, all student teams have succeeded in mgeatitechnology, —science, mathematics, and engineering
remotely operated underwater vehicles which sufoiygs knowledge and skills will be adapted for middle amigh
completed the final design challenge. Several itgmarand ~ School, piloted, and shared with participating keas to be
encouraging features of the student's work havenbeeiMplemented in middle and high school science otasss.
observed: Further, the project aims to create and implememt a
« Every student team arrives at original and creativdnfrastructure of using technology as a tool withtine
solutions to the design problems. Each team’s iswisit context of existing STEM curricula. This will enabl
are significantly distinct from those of other team students and teachers to gain hands-on skills,rés@eand
« The iterative engineering design process is highiynderstanding of IT tools and concepts consisteith w
apparent in each team's work, with solutions evwvi national education standards [6,7,8] including paogming,

through successive cycles of designing, testing an§ommunications, and experimental design and teciesiq
modification. Stevens will host participating classroom teacliersa

. Design solutions are achieved through invention™WO Week summer program. In order to enable teacte

experimentation and discovery and not through didac absorb gnd assimilate a gignifica_nt amount of nemeria.I., a
prescribed instructions. scaffolding approach vyﬂl be _|mplem_ented! focusinmy
«  The structure of the course and the nature of tsigd Summer ‘07 on mechanical design of wire guided R@QNG

challenges successfully induces positive teamwor N programming in Summer 0.8 to create _Autonomous
habits to develop within each team. nderwater Vehicles (AUVS). It is extremely impartao

. Students are highly engaged in the work, enjoyensure the teachers’ comfort level with the malwrik the

experiencing the challenges and want to do more. teachers feel overwhelmed by the content, actuajept

o ; . : . implementation will decrease and overall sustaiitgbof
Students _tak_e_ pride in _the|r creations and in thbility the project after the funding cycle will be minimator this
to solve significant engineering problems.

reason, the project materials are delivered ovezetlyears,
with significant online and classroom support tovide
continuous assistance during the school year.

Directly following each summer’'s one week Teacher
Institute, the teachers will lead a small group théir
classroom students in a one week pilot implemeariatf the
materials, with support from Stevens project staffd
undergraduate assistants. These one-week instituits
serve as an educational laboratory experiencénéotetachers
to increase their comfort level with the materiatsdevelop
confidence for school year implementation, and itapsy
figure out what works with their students.

The following page shows examples of student smhgtico
each of the intermediary design challenges of tbgept.
Additional pictures, information and some studeatm’s
final presentations can be viewed on the projedt se:
http://www.ciese.org/ecoes2005/ecoesl.html

BuILD IT

As mentioned, the success of the proof of conceetcese
led to the development of a successful proposatht
National Science Foundation’s Information Technglog
Experiences for Student and Teachers (ITEST) pmgra
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FIGURE 4 FIGURE 5
CHALLENGE 1: STRAIGHT LINE MOPTION WITH A SINGLE MOTOR CHALLENGE 2: SECOND MOTOR FOR STEERING ON 2D PLANE.

o FIGURE 7
CHALLENGE 4: ADD A THIRD MOTOR FOR VERTICAL MOTION

FIGURE 6
CHALLENGE 3: BUILD AN ELECTRICAL CONTROL SYSTEM

FIGURE 9

FIGURE 8 FINAL CHALLENGE: RETRIEVE BALLS FROM BOTTOM OF POOL

CHALLENGE 5: BUILD A MOTORIZED GRABBER

) o ) By involving teachers in the decision making preces
At the conclusion of the summer institutes, forvati {neir sense of empowerment is increased and lamg-te
evaluation data will be collected from teachersdsnts, and participation will be enhanced [9]. Summative ewdion
project staff to guide project staff and teachems o gata will be collected from teachers and studeating and
refinements necessary for both the materials an@l thyt the conclusion of the school year.

classroom implementation.
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ADDITIONAL BUILD IT ACTIVITIES materials, teaching a wide range of engineeringlsskind
scientific principles through student projects ilwing
Beyond classroom and summer institute experiences funderwater robotics. Efforts to simultaneously teea
teachers and students, two additional forums wil b innovative educational materials at a variety dfedéent skill
conducted to cultivate and nurture participantderiest in  levels mean that this is an interesting exampleesfically
developing IT skills and pursuing IT careers: integrated curriculum development, with mutuallynbgcial
lessons learned at the middle school, high schoa a
IT Symposia: Participating students, teachers, guidanceundergraduate levels.
counselors, and parents will be invited to an I'TmBgsium In a successful pilot implementation, 30 high sd¢hoo
at Stevens. Leading Stevens researchers will barfshvia  students succeeded in creating remotely operatderwater
a variety of hands-on lab tours, guest lectures, similar  vehicles, electrical control systems and motorigezbbers.
activities. Women and minority faculty and industry Following this success, two groups of undergradugter
presenters will be selected for these presentatishenever semester, over a two year period have undertalkersdame
possible. Undergraduates will serve as hosts acititdéors ~ project activities, with equally positive feedba®low these
for a minimum of 350 students and 35 guidance cglons materials are being adapted for mass disseminatiotiddle

invited to participate over the three years ofpihaect. and high school classrooms across New Jersey.
A second stage to the project work is being dewadop
A Workshop on IT and STEM related career opportunities: in which students will use sensors and programmable

will be held for guidance counselors, teachers, paints. controllers to create autonomous robotic capaddlith their
The workshop will focus on IT workforce issues, ealipnal ~ vehicles. Following our developmental model, thewsv
pathways to pursue IT careers, and showcase alwhmiare materials will also be piloted at Stevens, firstthwhigh
women and underrepresented minorities in promin@nt school seniors during a summer program and then
careers. After the workshop, the information wile  undergraduates as part of our Engineering Expezienc
available via the project web site and activelysdiminated program, before being tailored for mass dissenunato

to school districts, both statewide and nationally. middle and high school classrooms.
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