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This paper describes a supervised undergraduate dgs-build-test effort in which young
students supported by the University of Michigan'sUndergraduate Research Opportunities
Program (UROP) were able to design, build, test, ahextend a robotic manipulator of
dimensions comparable to those of a human arm. Thiproject had two goals: to expose
students to the design-build-test process in the otext of robotic electrical, mechanical, and
software systems, and to construct an artifact, thenanipulator, for the subsequent support
of graduate-level research in human-robot collaborion pursued by the first author. This
manipulator system was low-cost, required little pior knowledge of machining, and was
required to operate robustly and safely in an envionment shared with its human
collaborator. In this paper, we describe the desigbuild-test process from the pedagogical
and system engineering perspectives. Ultimatelyheé students focused their efforts on
research in sensing, software, and mathematical meting of the manipulator, emphasizing
the fact that hardware DBT is only the first step b a fully-operational robotic system. This
was a key observation not made by many Aerospaceudents, even those exposed to DBT
activities that typically highlight physical vehicle design while "black-boxing" sensors and
software. This paper describes the process by whichis group was educated in the context
of the manipulator DBT process. We briefly discusssubsequent manipulator use and
extension both for graduate research and ongoing ulergraduate DBT exposure.

I. Introduction

As small, low-cost electromechanical parts companbatome widespread, Aerospace robotics educatisn h
grown to include more practical, hands-on desigitt-best activities. This has put educators in tiréque
position of being able to utilize physical systaimslemonstrate math, physics, and practical engimgeoncepts in
full system embodiments, creating a more interactwnd enriching experience for students in andoduthe
classroom. Generally, educational robotics platfoifor Aerospace have focused on unmanned airsyafems
(UAS) and small payloads launched by weather ballowlobile robotic (rover) and manipulator systeans used
more broadly, with connection to Aerospace applicet such as extra-terrestrial planetary surfaqdoeation.
Currently, robotics in engineering courses intrakiematics and dynamics mathematical models argbime
cases include group projects accomplished in a i@eks near the end of the couté&**® A number of
engineering programs support design-build-test (PBXperiences through student teams. Courses asch
"introduction to engineering" at the freshman |éwel alternatives to more traditional capstone desiurses have
also been developed. With large class sizes amtkll student contact hours, entry-level courseadmn specific
pedagogical objectives with components and finaldpct properties mostly specified in advance. &eleivel
design/build-test courses and team-based projaatbe more ambitious, often requiring up to an ecad year to
complete, but in Aerospace such efforts have lgrfgelused on mechanical, structural, and aerodyc&siibjects,
using COTS electronics and software to the extessiple®*®®°'° Entry-level kits extensible to the classroom are
low-cost, in the range of $70 to $200 with moretssiicated systems at higher cb&t® Challenging senior-level
projects typically have student teams ranging e $rom 2-3 students for small assignments to 20¢dents in
large teams for longer-term projects. Even atgtaeluate level, students may have had little erpeg with DBT
thus may benefit by hands-on experiments both tegoelly gain exposure to practical systems ansbime cases
to help validate their research. Undergraduatgraduate students that have substantial experigitbeDBT can
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also mentor students with less experience, enalilieg mentor to gain valuable experience in teactdang
collaborating as well as reinforcing their own DBFKills. Ideally, the less experienced students assist the
graduate student in tasks or in constructing a@tat relevant to his/her research; such was a gbahe work
presented in this paper.

A. Motivation for a "Safe Manipulator"

Robotic manipulation requires a combination of hetcal, electrical, and software systems. As sarirad
below, the authors had an interest in both humantroollaboration and in mentoring young student& iDBT
project that might also benefit the research eff@iven the majority of engineering DBT projedtat emphasize
hardware design and achieve functionality throutitkeboxed electronics and embedded software, tileoes
focused on devising a project that would highlightl emphasize the electronics and software engigeside of
DBT but in a robotics system context. The autthad previously used mobile robots to navigate iem@rironment
shared with humans; much less attention had beehtpahared environments in which humans and sohare
moving their arms to manipulate objects in theiviemment. This project therefore evolved to foaus a
manipulator system conceived to address these golaband research concerns.

Most commercial off-the-shelf (COTS) manipulatgstems can apply too much torque to be safe gikah t
command errors can sometimes occur and that CO3$t®myg necessarily are designed to grasp and matepul
parts of nontrivial mass. Most manipulator systeats® do not move in ways easily predictable byumndin, a
requirement for our research. Thus, a prerequisiteur planned human subject testing was to desigiid, and
validate a robotic hardware platform — a manipulatgstem — capable of operating in a shared enwiem. We
hypothesized that a manipulator with human-like elisions and motion ranges would interact most abyuwith
human subjects. Thus, to support human-robot lotktion testing, primary requirements for the matdtor
system were that it must be a safe reliable systemphysically-proximal interaction, it must havppoximately
the same sizing and motion characteristics of aamarm, and it must support research into the dpaiion of
human-robot mission performance. Secondary reongings were that it must support or at least allow
undergraduate learning in the DBT phase, and sugpture research and educational opportunitiethénlong-
term, requirements that are shared with most rebeprojects in academia. Some examples of thisldvbe
extensions to the physical system (e.g., additibm enanipulator gripper), sensor system (direcc@gtion or
motion tracking of humans), control (force feedhapkth planning, etc.), and processing/networkipgrades.
Such diverse use of the platform maximizes veisafibr research and education without necessagbuiring
higher development cost.

B. Research: Human-Robot Collaboration

The authors are pursuing research in the modafnguman intent in the context of physical humaberto
collaboration. Human subject experiments areirequo qualitatively and quantitatively assess aafidate the
true safety, efficiency, and workload associatethwhysically-proximal activities. Task sharingdaimterruption
are key factors to investigate, and ideally both tlognitive and physical processes of human subjeould be
engaged during testing. In a closed workspacerantion through manipulation enables the definitid tests
common to human and robot. Our primary graduageareh objective has been to optimize human-rolisgion
performance such that the direct supervision of rhigot’s abilities by a human collaborator or operais
unnecessary. This ultimately requires that the robot senseidedtify the human’s action trajectories, matchrth
to tasks, and predict intent — translated to thmdmls most likely future actions and anticipateldesicile of their
execution — to minimize the likelihood of physigalhterfering with the human's arm movements ok-fasused
visual gaze. This also necessitates that the fobatble to sense and react safely and efficieéatihe human in
cases where the human does not move as anticipatezdlmanipulator system was designed based olireeggnts
motivated by this human-collaboration researchreffo

C. Education: Design, Build, Test (DBT)

With dual objectives — to support both researath esucation — we conducted a full design, buildt tgcle for
a “safe manipulator” with dimensions and movemewotsparable to those of a human arm. A graduatiestuthe
first author of this paper, was responsible forcefyang the design requirements, then teaching dinelcting the
undergraduate DBT team. The graduate studentgedwuidance and feedback throughout the projeptesent
technical background as appropriate, guide aatjtand ensure the undergraduates followed a rablsopath to
their own work and to the collaborative (integradigroject tasks. The undergraduate DBT team wastified
from the pool of freshmen and sophomore enginearimdergraduates accepted into the University ofhigian’s
campus-wide Undergraduate Research Opportuniteg&mn (UROP) (http://www.Isa.umich.edu/urpp/
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D. Project goals

Prior to inception, goals were defined for thedyi@e and undergraduate students involved with WROP-
supported DBT project. The graduate student'ssgwale twofold: to design, build, and test a malaifor system
useful for future research, and to learn aboufptioeess associated with educating a team of yondgrgraduates
through a full design, build, test cycle. The graid student was responsible for supervising tesits throughout
the project, while also collaborating with the stnts and assuming additional responsibilities &zlee to ensure
the project was a success. The goals for the grattmate students were also dual: to acquire ledyd and skill
associated with manipulator DBT, including hardwaentification and manufacturing, computing andvpo
system integration, and software DBT. As a fulijegrated system, the students would also be edpmséhe
complex interactions between all manipulator systeaithough each student would focus on a particub-task in
latter project stages as will be described beldvine team'’s faculty advisor, the second author i gaper, met
weekly with the graduate student and less ofteh thié full team, providing high-level input and dé&ack on DBT
decisions made primarily by the students. The sadgi goal was to ensure the students remained édcos
feasible and appropriate goals and made steadyga®doward these goals but to foster the creddiaening
process through independence to the extent possible

As will be described below, the manipulator elestechanical hardware was comprised solely of easily
manufactured or COTS parts to allow students takiyiprogress to the integration and subsequergrkatics
modeling, software, and sensing DBT tasks. Thgeptavas constrained to be completed within a temester
academic year, the limit of a normal UROP projeburing the first semester, the graduate studepérsisor was
to remain on-hand for direct day-to-day supervisganly in the project but during the second semestes to
transition to lighter supervision to allow the urgtaduates more independence in their work as ttagiabilities
matured. In the selection of students, it wasrdateed that the chosen UROP students should bg gatheir
academic careers but with at least exposure tdulhsequence of calculus and physics. We theeef®iected
sophomore undergraduates who displayed substamtthlsiasm for all aspects of a robotic systemvefithe
interdisciplinary nature of the project, we seldctgudents with interest in hardware and softwamevious
experience was not required but was viewed as lodalef

Below, we first present the system design requeres) with the first decision being to name the imalator the
Michigan Manipulator Arm (MM-Arm). We next overwiethe design-build cycle over hardware, softwarg] a
model development. Finally, we review results distuss post-project manipulator use for reseandhealucation.
The project was conducted in three phases, eactvhich went through a limited design-build cycle:n a
undergraduate education phase in which a singh yeas constructed and tested, an augmentatiore pilasre the
full manipulator was constructed, and sensor arftivace development phases in which each UROP studen
pursued a distinct sensing/software research abgetttat ultimately was of benefit to the integohsystem thus the
full team.

II. MM-Arm Design Requirements

The first step of the project, completed prior tBTDteam selection, was to determine the hardwark an
computing requirements, followed by development afpreliminary design including selection of major
components. The team would then have a clear baseti which to build rather than starting from sdnawith
little prior experience on which to build. A lotgkrm objective was to support both fixed-base arabila
manipulation, in which the manipulator might be mtmd on a mobile robot base. This required thatcthntrol
computer be embedded rather than a desktop omplapéehine. From an educational perspective, teigdédnad to
account for the anticipated skill levels of engiieg sophomores. It is a recognized and notablecem that
“robotic systems capable of serving professions¢aechers often have quality or design requiremtéatspush the
limits of an undergraduate student team’s knowleatu skill.”> However, with careful supervision and a baseline
design, we hypothesized the students could sudoegdull manipulator DBT effort. We also had casinstraints
that constrained component choices, as well agdfeirement for extensibility and use in a safe aofrobot
collaboration environment. The manipulator haraayout was initially sketched by the graduatelshi, as were
candidate choices for servos and computer archiectThe final hardware design was completed thighstudents,
although this occurred early in the project witke tindergraduates as apprentices to the gradudenstather than
as independent designers.

A. Initial Requirements
The baseline desired research outcome of thegtrajas that, by the end of the experience, thergddvexist a
fully-operational, calibrated, four degree-of-freeu (4-DOF) robotic manipulator system capable oénéng joint-
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space (forward kinematic) and end effector (invedisematic) commands and executing them in reaétimith
constant specified joint velocities.

For safety purposes, the manipulator parts muslighéweight and sufficient structurally and mecleatly
sound for long-term use. Use of COTS parts was @leferable to facilitate initial assembly and seduent repairs
with minimal overhead. Stiffness of the linkageaswmportant, and designed-in failure points wereessary, in
our case using low-cost plastic gears that woulg sthen over-torqued before servos or arm linkagesld break.
Also, the speed and torque application capabilitiese specified to ensure the arm could lift itselfl a lightweight
end effector (not required for this project) thrbogt its workspace. Safety for a proximal humast seibject was
also required. Because of this, it was determihadl low torque joints for which power limits couddsily be set
should be incorporated, thus battery-powered COig8atl servos were chosen that could accurately rafiebly
follow position commands but that would not reapkeds or torques that would endanger a compaitiiaras also
determined that joint-space motion limits would chéz be designed into the control software to &{sgeed impact
in addition to the upper angular rotation limiteealdy programmed into the digital servos.

From human-subject experiment considerationsfabelty supervisor and graduate student determihatithe
manipulator must have size and speed similar toraam arm; to do so, our arm was to approximatetyespond
to NASA’s Robonaut arm in kinematics propertiesThis choice also constrained the platform to ze small
enough to easily manage, but large enough to t@elithe manufacture and assembly of all parts. sUpport
potential mobility on a moving base, the computetesm must be embedded. We determined more cotignah
power might be required that would be availableadow-speed microprocessor such as a PIC or Attaegeting
two potential processing architectures, PC/104 &uimstix, with substantial processing capability,fiwi
compatibility, and for which institutional experisvas available.

Pre-semester Semester 1 | Semester 2
Determine Des_lgn Determine Design
| requirements GRS GY requirements code base

q MM-Arm q
Preliminary

design of Order Machine Assemble | q

physical ™ parts 1 parts ™ parts SETETE STTER

MM-Arm

[ —
Test MM-Arm .
. - Planning software

| 1

Determine Design
requirements code base

I
[ ]
Multithreaded

code set (stub
code, to spec)

B

IK arm
code

Open-loop
FK control
of arm over
serial

program
test
program (i

Find "
PC/104 }. Modify test

Multithreaded
code set
(integrated

codeset]

Determine Design
[ Graduate student work e iy

Figure 1: Initial Design-Build-Test Process.

B. Consideration of the student team

The primary education goal was for the undergraglgaitdents to gain experience with all phases of DB a
hardware project — a full cyberphysical system, tamé& permitting to pursue an appropriately-scopesgtarch track
that would contribute to the project but allow eathdent to achieve an individual research goabmFa system
level, students would first learn about the compiipendencies between subsystems, after which waald
obtain specialized knowledge in a particular aspédcthe software/sensing/control that interesteshth It was
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expected that the UROP team could complete thikworan academic year with realistic goals and isieffit
mentorship. The secondary education outcome watstitle graduate student would learn how to desigi &
system from concept to deployment while gainingegignce in managing a team of undergraduate stsident

The following characteristics were presumed ofithdergraduate team:

« Undergraduates tend to have little experience migmufacturing

» Students grasp fundamental concepts better thaensylevel concepts, especially those with littleypous
experience in the field. This suggests a projeat tombines instruction and initially offers snaibblems
to learn; associated skills can later be combimet@ach subject/concept has been learned.

» Excitement/motivation levels need to be kept higlotighout the project

* The possibility of a flawed design needs to be baegrly; students need to learn from their missatiet
not to the extent that they become demotivated

To support the above assumptions about undergmditadents as well as the basic MM-Arm propergeset of
design principles were determined:

e COTS parts were to be used to the extent possible

» Parts with no to straightforward manufacturing éoused as needed

* Modular but straightforward software, with architee specified by the graduate student and faculty

mentor, would allow students to focus on a relegatiset of the code with little overhead in underding
the remaining code or its design

e Completion of manipulator part manufacturing andstouction should occur in phases to allow the

students multiple experiences with each phaseeoD®BT cycle

* Phased construction also allows early exposureparigal hardware platform to built understandirighe
test phase early in the project

» Feedback on feasibility of design details must tegdent initially but should decrease in frequeasy
students gain experience to ensure they are ablaeatively devise solutions rather than following
instructions.

For education purposes, it was further required tiie computer system must support a full operasiystem
(O/S) instead of a microprocessor-only design.sWias for two reasons. First, the sole use ofaprarcessors for
diverse projects limits students to details of bitsl bytes rather than algorithms and networksthEuy use of the
O/S allows students to build on their entry-levedgramming experiences rather than teaching whatapaear to
be a separate skill set. When writing code forier@processor, a specialized command set needs keabned for
that architecture, and students don’t often makectimnection with their “freshman introduction”googramming
on a desktop/laptop. Additionally, memorizationsplecialized commands (e.qg., registers) itself astnuseful in

the context of a system with complex logic, netvimgk and memory management — otherwise embeddeel cod

becomes “tricks” necessary to work with hardwaréy.onVeight, power, and cost considerations oftenedthe

choice of a microprocessor nonetheless, but indase, processors with an O/S were available anghtigower

were not significant concerns given the size ofrtheer to which the manipulator might ultimately &ached. By
choosing a system with a full O/S, we were ablditect the students toward higher-level algorithevelopment
and implementation and expose students to systeeh-leehaviors. Choosing a platform for flexibilignd

performance as well as the “dual” education in atgms and hardware interfaces was critical tosghecess of this
projects.

The skills necessary for this project were to &eght or learned in phases, provided the studesdsgiood
mathematics skills and some software backgrountie dbject-oriented approach (modular structure)vshm
Figure 2 was to be used not only for the creatimh testing of the control code of the manipulag@tem, but, in a
sense, every aspect of this UROP project. Theaidunzoriented project schedule was roughly aofadl: for the
first semester, the students were to be closelgrsiged, following tracks determined by the supwiand advisor.
During this first semester, the MM-Arm manipulateould be fully constructed and the most criticalvitevel
software items coded, tested, and debugged. @it functionality of the arm was achieved, thadents would
then help define and pursue individual researdksta relevance to MM-Arm, targeting completion ntee end of
the second semester in time to integrate their wotk the arm. At the end of the second semetterstudents
would present a poster for the UROP forum, and aetstribute to a “user's manual” for the MM-Arm thaould
detail their work, the MM-Arm design, its softwaexd its operation.
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requirements
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Figure 2: Design-Build-Test Process with Undergraglate Student Involvement Considered.

As it was felt that all three students should gaimasic understanding of hardware and electrominstaiction,
all three students were scheduled to participateaih manufacturing, electronics and wiring harnasitding, and
final assembly. Given student backgrounds anddste, the work distribution would be split intoeh specialties
of main responsibility: construction of the phyicsystem and mechanisms and construction of additi
electronics, design, implementation, and test ef sbftware receiving, translating, and communicatinotion
commands to the arm, and lower-level signal praogssin terms of research, the work was also sglihe student
learned the fundamentals of robot kinematics andrse kinematics to translate desired end effqabsitions to
joint-space servo commands, and implemented algosito simulate the manipulator in Matlab. Conently, this
student made measurements to verify arm DenaviteiHberg (D-H) parameters for forward and inversekiatic
development. Sensor systems were also a focus speaifically obtaining feedback of joint anglasdastereo
vision processing to perform object recognitioruafquely-colored targets. The third student foduse software
engineering, developing and testing multithreadedtrol, communication, and data acquisition code tfee
manipulator as will be detailed below.

In quickly testing the feasibility of a servo-covited
manipulator arm and keeping student motivation lkeve
high, the three students were tasked to start therk
with a COTS “elbow” R/C servo pan-tilt unit connedt
to an existing control system (the PC/104+ stacd an
serial servo controllers on the Autonomous Explorat
Rover® to do simple testing of the system.
Subsequently, servo control were migrated to a tewe
cost Gumstix-based computer system. This incremhent
approach to MM-Arm build and test allowed the stude
to start with a simpler, less breakable, and mor
approachable system while they improved their skil
levels and expertise, allowing them to grow witle th
system. MM-Arm also was designed to help with
motivation, as they could start working on hardware

Elbow” R/C servo

Figure 3: Simple Mounted “
pan-tilt unit.
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immediately, rather than following a longer mordit®s process prior to prototype testing. Finallye of initial
components similar to the final system allowed stig to perform component tests of hardware and,cod
identifying problems which otherwise might not bectvered until much later in the process.

Pre-semester Semester 1 | Semester 2
A Design A q
Determine ; Determine Design
] requirements GBS Gl requirements de b:
quirel MM-Arm q code base
Preliminary Learn Stereo
designof | | Order Machine | | Assemble | cameras vision Color blob 3D position
physical parts parts parts and current camera recognition information
MM-Arm codeset calibration
Find Modify
@ thl:ler N e-:'ss\tu Test MM-Arm PC/104 planning MM-Arm
asne L hardware planning software planner
elbow joint joint
|_software | for arm
| [ 3
Find - Open-loop
PC/104 My (e FK control Determine Design
program . >
test f of arm over requirements code base
for arm .
program | serial ;
Gumstix- Test i2c on ngg;ets; E:)Eirg:‘?:g Multithreaded Mu‘lg?eresz(:ed
robostix [ gumstix- > > code set (stub A
setup robostix fun on & arm over code, to spec) (Uatisgjetisd]
i2c codeset

Check
output on
digital

Learn
FK/IK math

iumstix too

and

IK arm
code

oscilloscope equations |
[ Graduate student work RS LS
requirements code base
I:‘ Undergraduate student work

I:‘ Both |

Figure 4: DBT Process with Undergraduate Studentrivolvement Considered and Phased Development.

C. DBT team selection & task assignment

In determining the undergraduate participants,ehvess sufficient interest that the faculty adviand graduate
student were able to interview students and doweselOf note is that we made some assumptionslaoides on
the educational level of UROP student based orktinevn engineering curriculum at the University ofckigan.
We were able to select students from a large pdopronarily freshmen and sophomores applying to the
University’'s UROP program. It should be noted tihating their first year at the university, all émgering students
are required to take a basic programming cour§etin and Matlab called ENGR101, Introduction to Ramgming.
Engineering students also do not declare theimergging majors until the beginning of their thiehwester, so first-
year students do not usually take substantial @egpecific coursework until their second year. sTihfluenced our
decision in two ways: (1) we were notably biasadards sophomores, who we knew would have a baskdirel
of expertise in math, physics, and programming, @)dve weighed each student’s past experience, @&ugent
project work) and grades into our decision, sirtde would be more indicative of their skill setdarapabilities
than their recently-declared majors.

Three students were chosen after interviews. eBiuéh was a sophomore in electrical engineering Wwad
“work[ed] on hardware control designs for car asskgmplant robot end effectors” the previous sumiaed became
interested in robotics. Student B was a sophormcemputer engineering who had “served as a mewibene of
the University of Michigan’s CanSat Competition e (http://www.cansatcompetition.com/Main.hjmds a
freshman and over the previous summer, during whe&lgained some experience in communicating witls@s
through microcontrollers. Student C was a sopheniorengineering physics who had worked at a lbeak, US
Army TARDEC that summer, during which he “createsti@strian detection and tracking algorithms in Ghy
matching stereo-vision images) in order to integnagal-time human tracking;” he was “intrigued dBsigning,
building, and programming a system from the groumpd’ We believed these three would be compatiblé an
capable, and their skills and interests fit niceiyh the suite of identified manipulator DBT task®ecause the
graduate student had a vested interest in the girojgcome given plans for MM-Arm use in her resbather
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motivation was high, and she had a good undersigrafi project requirements. This allowed for flakty in day-
to-day work, as critical decisions could be madé¢hanspot without a need to wait and seek furtperaval.

Explicit commitment to the project was required d@y participants, and participants needed to bétifule
students in good standing with the university. #tlidents involved had full course loads or eqentkffort for
both semesters of the project. The graduate stutiroted a part of her research effort towardspttogect plus
enrolled in two courses the first semester and angse the second semester. Through the UROPgmodhe
undergraduate students took a three-credit worttysitourse as part of their full-time course schedbobth
semesters, which translated to 10-12 hours of werkweek. Student work was always scheduled @obe in the
lab since the project was very hands-on and teis @habled the team to more easily collaborate edtih other and
their graduate student mentor. Additionally, thiejgct was very hands-on, typically requiring stoideto work
with the MM-Arm platform or at least its embeddadgessors or sensors.

During the first semester, three meetings were kedekly, with length as required to resolve cadlabion
issues, etc. One weekly meeting involved the tistadents plus the graduate student to discus#etkefaogress,
results, and the next steps. One meeting was wimpime set aside for all students to co-locat¢him lab for
informal discussion, but to focus on individual Wwak coordination was not needed. A third moreniat meeting
was scheduled with all four students and the facatlvisor to report progress, discuss any sigmficdanges in
project direction or schedule, and discuss anylehgés the team had not independently solved. graduate
student was in the lab at nearly all times thatstivelents were slated to work, and the studentk saredules were
scheduled around their other classes so that tieseas much overlap with other students as possitile graduate
student closely supervised the students to speed &he initial education process, during whictvaiuld be crucial
for the students to stay on task, follow the desigsely, and coordinate their work efforts. Itsagso necessary to
minimize duplication of effort, and to keep evergam schedule.

The meeting schedule for the second semestergdthia individual project phase included a weeklyetirg
between all students as before. The graduaterstudses, again, in the lab at nearly all times thatstudents were
working, but as the students were working indiviyawvith the full MM-Arm platform in a working sta to be
used by each student as needed, the graduate tstedeed in a loose supervisory role, only helpirigen asked, to
allow the students more freedom in their choserarh focus areas. The research and developrek# tiae
students chose required a lengthier timeframe topbete, rather than the relatively rapid desigrntbprocess of
constructing the manipulator with close supervisiothe first semester.

.  MM-Arm Design & Build Process

A. MM-Arm Design Specification and Development Process

The MM-Arm was designed and assembled over threseshof development. In Phase |, a two degree-of-
freedom elbow joint was assembled and tested. iffimeobile shoulder was mounted directly to a taldges
connected to and controlled by the serial servdrotiars on the PC/104+ stack on an existing automas rover
that might ultimately host the manipulator. Théware used to control it was initially derived finca similar servo
control program written for the autonomous rovdthase Il was a move from the PC/104+ architectorthe
gumstix architecture (with robostix, an Atmel-basexpansion board). This transition required thanteto
configure the computer boards, build appropriatenestors, and extend existing code to generate Rbfhrol
signals for the servos. A breadboard was builtemratthan a PCB to expedite servo control; a PCB ccdd
manufactured in future work but was not requiredtfas project given that the manipulator remaiffiedd-base
throughout. A 6V lead-acid battery powered the@ysgiven that weight was not a concern and 6\ehba#t plus
backups were available in the lab. During Phasehé full MM-Arm physical hardware was completéugluding
a wooden base mount + shoulder joint + linkagedbeve joint + linkages and padding. The gumstixestix
computer stack was the main computer architectowe,the PC/104 stack was also considered an optios
software was made cross-compileable to supporérefitatform. The software itself expanded to allontrol of
four servos, not two, and was revamped to allow l&er additions. A line driver board was desigreetl
constructed for the rover electronics to booss@sal servo controller signal current and decotipéeservo power
line from the servo signal line. This was necesgaren that the manipulator's four high-torquevesrhad a higher
maximum power requirement than that required byrdiver or the Phase I/1l elbow alone.
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Phase | Phase Il Phase Il

Figure 5: Phases |, Il, and Ill of MM-Arm Development Process

The physical construction of MM-Arm was a sharesponsibility. Every student contributed to eaclagshof
construction, gaining experience with machinindgdeong, and assembly of the full MM-Arm platfornT.esting of
the MM-Arm was an incremental process. Each phesefully completed before moving on to the nextl as
such, each of the critical components for that phaad to be built and assembled before testindacement or
repair or debugging, and approval. Most testing waftware-based and, whenever possible, was sa&t npt
require the MM-Arm to be in-circuit with servos pered-on for preliminary testing. The hardware miid require
substantial debugging, as it was usually visugilyaaent whether a component was broken or defective

Later software development, once the critical pedis completed, was designed and “built” (codedalbernate
computer systems generally without a need for wilidh on the MM-Arm platform until after the eventu
integration with the main code base (the “multittted program” with code stubs) created in Phase Sibme
coding projects could be separately tested on ktaesystem (such as the stereovision color sejswithout a
need to run locally on the gumstix-robostix notes from [ililito Al
or PC/104 platforms. B - sntox Highighting I &5 good as 5 gonna e for (i) Matiab code - see the bottorn of

/WaypointsToMovernent (and follow the subsequent link) for more info -- | 2008-01-30 19:40:26
.-,, final resources on general vision processing and USB camera stuff (re: drivers, etc., what I've found) going up under
. /Onboarcvisionstuff soon - [ 2008-01-30 19:40:26
B . CO"abOFatlon TOOIS <l -- nonblocking socket info is now online (most are similar, but read them all) -- (S 2008-02-13 14:17:55

Since the students did not have fully- e i ot cose taan ot sacce, anctopecomcomm cop)
overlapping work schedules in the first g estions forifrom...
semester, and even less overlap during th . ... any dongen auestions you need answerea by IS nere
second,  collaboration  tools  were B o e oo e e e o o i et

. parameters, H 2008-03-10 12:37:09
ConSIdered necessary tO help keeF o The numerical methods for matlab that we're using are fsolve and fminsearch, the optimization method i was playing

H H H with earlier was fserninf, matlab files should be loaded up to the repository. -- [N EEEEEEZ008-03-07 16:51:21
everyone in-the-loop  during  major o Coultwe look It s Klesv? Very ice nterfoce ndl ice Gt ool {rk e reguires KDE packsges o be st
e . though which might mean we need Kubuntu? | got Kubuntu running on my laptop with just apt-get. Figured I'd mention
development and task transition periods, a: i now since Ml forget o tomor o - 2005, 01-27 17.15.06
. . . = Go for it (if it's in the instal manager). -- [N 2008-01-28 13:38:12
well as various code integration steps. = \We <P vriteths Up Under e Subversion hep pages once | gt therm GG ~ 1 et you know e

2008-01-30 19:40:26

Multiple tools were used to help facilitate ... e e  ecton e 501 o e tHings were ases, .

the team’s work. The graduate student rigyre 6: Sample Communication from the Project Wki.
configured, demonstrated, and insisted on

use of a version-controlled code repository, sukieer to help keep track of changes made in the,cadd for
general development purposes: commenting codgirkgérack of stable codesets; branching and mgrgade as
functionality was created, tested, and folded batkthe main branches. This helped resolve libdeapendencies
and the sharing of codesets between students, avel g fine level of control over the automated iaathand
retrieval of any versions of the code. This alBoktpressure off the students to commit only féillgetion code
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versions, as it was much easier to track down ifferences between previously-working and newlykaem code
when trying to add new functionality.

The graduate student also configured and encourtigedse of a MoinMoin wiki for keeping track ofoba
individual's daily and long-term tasks as well agormal and formal documentation generated throughbe
project. The wiki was used as a central sourdafofmation on how everyone progressed with thedjgrts at any
given time — completed/resolved, ongoing, and &itimsks — including a list of bugs and errors ttmtld cause
issues, both in the software and hardware. Thigethout to be very useful for the daily tasks.viHg an up-to-
date location for this information made it eas@fik known problems between sessions, as all efgarticipants
would check the wiki for status updates at the fneigig of their work sessions before working witle tM-Arm
hardware, so that they could either help fix thittggmselves — and document the problem and theffithe results
they learned from troubleshooting to help the pssaong — or modify their own daily tasks so thaty would not
need to use anything malfunctioning or broken untilad been fixed. In the case of hardware tgstihis also
facilitated the collaboration process in that eeeg/could assume that if there were no problemardeated on the
wiki, and no major changes listed without assodiaesting, that the MM-Arm was operational. Thisneéated
time carefully verifying MM-Arm configuration beferstarting each work session. Thus, the MM-Armiatdoe
used with some level of security, while watching iew problems. The extensive use of the wiki alémwved it to
be used as an archival source of information onvtbek done by the group during this time periodtical to
longevity of the system given that all young studeéand to disappear once their project term ispiteta.

C. Design Specifics
The materials used for construction of the MM-Arneres obtained in as close to finished form as péssib
Many parts were chosen due to availability — theyanspare supplies already available in the labis fielped to
keep the cost of new expenditures low. It was akxy useful in that there were usually knowleddegieople
working in the lab who could be approached as messufor information in their application. Otharpglies,
notably the carbon fiber arrows, were obtained@satons to the project from local businesses whenpossible.
It was happily noted that many businesses weréngilio give a plethora of free samples, informatiand advice
when it was explained that the project was a urrdergate learning experience at a major universig.a result,
the overall expenditures for the system

Table 1: C t Listings and Approximate Prici
totaled ~$450. If we had had to obtain all ane OMponem 1sTngs an pproimese * 1oy

t t tf the MM-A fi Components Expenditure Amounf Cost to Purghase
parts _a-cos or e -Arm - gumstix- Gearbox pan system + servo (SPG4 $185.00 $185.00
robostix platform, it would have cost HSR-5995TG)
~$1136, or ~$1819 for the MM-Arm [Gearbox tilt system + servo (SPT40p +  $205.00 $205.00
PC/104+ platform version. HSC-5955TG)

As noted above in the requirements Pan and tilt system + servos (2) {existing hardware, free[} $160.00
the MM-Arm needed to be sized similarly (SPT200 + HS-5645MG)

. Top plates, 2 (for interfacing) $8.00 $8.00
to a human arr_n, and was to. use COT$ ABS plastic bar (for interfacing) $7.00 $7.00
servos. Thus, in O,rder to satisfy human Carbon fiber arrows (3, 12" ea) {donated, free!} 281 12
analogue Denavit-Hartenberg  (D-H) arrows, 12" ea
parameters as closely as possible, Threaded arrow inserts (12) {donated, free!} $2 pihck
weights of the parts needed to be Bohning Power Bond {donated, free!} $12.00
determined, torques on the structurgd Miscellaneous hardware (washerg, — {some donated} $60.00

shoulder screws, spacers) $45.00

. L o
calculated, and the.SpeCIfIC pan-tilt !mlt“ Miscellaneous electronic hardwarg{existing hardware, free|}  $20.00
and servos were sized for the availablg (connectors, wire)
manlpqlator torql_Je cap_ablllty we desired,[6v 7An lead-acid batteries (2) (PS-6liexisting hardware, freel} _ $33.00
according to their relative placement. A 6V charger (PSC-61000A-C) {existing hardware, fffe!  $34.00
list of sizes, shapes, and mounting point CompactFlash card (2 GB) {existing hardware, free!} $15.00
was determined from the available pan-tilt] Prototype board + TTL buffer chip| {existing hardwafree!y  $30.00
units, and torque output was tabulated PONTECH SV203 servo motor [{existing hardware, free|} $120.00

from the available digital servos. A safety controller boards (2) __
factor of 2 was chosen and calculations o Advantech PCM-3370F PC/104+ CHexisting hardware, free[}  $750.00

- + cable kit
the n,ecessary torque a.t, maxmu 12V 7Ah lead-acid battery (PS-127() {existing haadey free! $20.00
extension to hold a small additional weighti™ 15V charger (PSC-12800A.C) | {existing hardware, yke _ $33.00

(=100 grams) were made to determine th€

9 . Breadboard + jumper wires {existing hardware, ffpe! $30.00
lower limit on torque requirements neede Gumstix connex (400 MHz) {existing hardware, frde!} $130.00
for sizing the servos. Once an appropriat¢ Robostix (ATMega128) {existing hardware, free!}  $50.00
servo selection was accomplished, thd netCF board {existing hardware, freg!} $60.00
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offsets of the pan-tilt units, lengths of carbanklige shafts, and details of the mounting werdified, the servo
torque requirements checked one final time, andaatis not already available for use were ordered.

The resulting design utilized COTS high-torque (Ipawer) R/C digital servos (in essence, low torqueors)
and hard plastic pan-tilt mechanisms (stiff enctesyfor the shoulder and elbow joints. The semod pan-tilt
units were the lightest low-cost packages thatctdad found that would also supply enough torquentwve the
manipulator at a useful speed, determined fromctieulation procedure described above. Servosadrest and
reliable, able to handle a range of voltages, andesvhat forgiving to power spikes, bad commands, @ther
general misuse.

The rigid linkages between the joints were compasferhultiple carbon fiber tubes (made from arrovafsh
donated by a local vendor). Since the weight &éteof chosen servos is not customizable, weigthtdde reduced
elsewhere, and carbon fiber linkages were thereeslily available lightweight material capable efaining enough
stiffness under the load weight to allow the maladar to conform to traditional rigid body assunopis between
joints. The joint linkages are comprised of groopshree small-diameter arrow shafts, screwed iales on the
termination plates attached to the joint pan-tilitsiwith traditional fasteners.

The servos chosen operate over a range of DC pdmer 5.4V to 7.2V, although at lower voltages theque
output is lower. We decided to supply 6V of batteower to the servos via two 7 Amp-hour lead-dmatteries in
parallel. Batteries were chosen as the preferoseep source for the servos to put a limit on theent draw of the
servo motors. The drain over time would also makemanipulator safer in a sense because the hegdveauld be
able to supply less torque as power diminished thns any possible impact would have less eff@etcoupling the
manipulator’'s servo motor power from the contr@nsil power also allowed the system to be easilyoweped
during testing, and allow system tests where timtrobcode could run ‘offline’ — without the maniator having to
move — which was a particularly useful featuretfa students working in parallel on the code andware. Also,
designing for the use of battery power more easitywvs for future platform mobility.

Also for safety purposes, foam padding was usedrép the MM-Arm linkages, in order to add an exéeel of
safety to the human-proximal operations. Shoulg @mntact occur between the MM-Arm and a humanybeh
the imposed power limits, low inertia, and low sp@é the manipulator, damage would be close toigikigt as a
whole, and the impact would be mitigated even frthy the soft compressible material.

A design note is that points of failure were msgfully designed into the structure. All the highque servos
have very strong internal metal gears, which do fadteasily. Externally, plastic gears were choder the
connection points on and to the metal shafts. Thudgen the inevitable bad commands and other haelwa
problems occurred, the lower-cost, easily- and kjypireplaceable external plastic gears failed, thet more costly
internal servos gears or their housings or pamiits (which were made of much harder and moratdarplastic).
This made errors less costly in general, and hadtiied benefit of allowing the students to be #ableoth fix and
learn from their own mistakes — in this educatiami®nment, it was better for students to be cotafde enough in
making mistakes that they wouldn't be afraid of therdware or off-put by reasonable accidents, it so
comfortable that they would break things with imjpyior through carelessness.

In our project, the graduate student, with supgasin the faculty advisor, specified the C++ softavar
architectures show in Figures 7 and 8, and assigmedtudents modules to implement and test. \Aleest off
using the PC/104+ stack for MM-Arm control. Two RTECH SV203 servo motor controller boards received
command signals sent via an RS/232 serial portexted to an Advantec PCM-3370F PC/104+ CPU boamling
Linux Fedora Core 3 and the legacy servo contrfiiveme, written in C++. When it became apparest tise of
the PC/104+ rover system was a bit complex andpovegred for the current DBT needs, we decided teano a
simpler alternate platform that would more easllgva a mix of both low-level and high-level programng. We
had knowledgeable people in the lab who had usdtpheutypes of these sorts of systems before amddchelp
with some of the setup of the devices, and a smalfepler platform was alluring for an undergradugtoject.
Because of this, we chose as our new primary phatfa gumstix-based architecture, a good comprouwfisegh
computing performance and lightweight, low-poweckzging. This hardware, specifically a gumstix rex (400
MHz) with robostix Atmel support and a CompactFlasind, can boot a specialized version of a Linugrafing
system and run C++ programs specially compiled deveelopment system. Through an i2c¢ bus, programsn
the gumstix board can access registers on thetiglmsrd, which include the real-time sending ¥ M signals to
control devices such as servos, and optionallyrélaeling of some A/D channels for sensor pollingur @bostix
provided some exposure to programming efficientladow level, as well: for our project, one oktktudents
interested in lower-level programming was diredtedearn about the robostix chipset (ATMegal28) arpand
the base supplied codeset for single-ended A/Dtiopaversion to include support for differentialDAihputs.
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robot arm / gumstix GUl interface /
desktop or laptop
aim image taking, etc.

] goal_management_thread |_ image info, GUI_thread

userl input etc.

sensor_thread ] control_thread ' comms_thread ] comms_thread[

sensors joint actuators / servos

y |
comms_thread

image_processing
thread

sensors

Image processing / PC/104+ or desktop

Figure 7: MM-Arm Computer Architecture Design.

An old Dell laptop was used for the gumstix-robwstevelopment system. A preexisting preconfigutesktop
system, with a Firewire card and associated libsatd allow use of two Firewire cameras, was usedhie image
processing development system, as it had beeningbd past. A third desktop system, which hatbadard g++
compiler and Matlab installed, was used for thegproaming of the skeleton code for the multithreageabram
structure and the prototype and streamlined FKbKesets. Splitting development across three sepeomputer
systems allowed the students to each have theivmwvkspace and machine on which to program in [eral

sensor_thread control_thread comms_thread goal_management_thread
—>reading encoders ~>reading from global —reading & writing over | >waypoint selection
(convert to joint angles) variable sensor_info a) ethemet/internet —>replanning
—>reading voltages —>computing next joint TCP/IP | UDP ->obstacle avoidance
(potentiometer to joint command (from b) to/from file
angle) waypoints, & etc.) —>reading from global etc.
etc. -writing global variable variables
—>writing to global variable | class Control_Signals ->writing to global
class Arm_Sensors control_info; variable
: server

sensor_info; i
W J

program 1

(on arm/gumstix)

program 3 program 2

(on alternate desktop) (on PC/104+ / desktop computer)

R

GUI_thread @ sensor_thread image @
—data display —reading camera processing

real-time comms_thread images thread comms_thread
interaction with | >reading & webcams || Swriting to global reading from | >reading & writing

user writing over variable global variable | over
a) TCP/IP or UDP class Image image_info; a) TCP/IP or UDP
b) to/from file image_info[2]; =>computing b) to/from file

3D position of
found objects

Figure 8: Multithreaded Code Design.

The software development went through two majoisiens on two fronts. The first was expansion lod t
preexisting rover demo/test program generally usednanually debugging the rover servos. This paoghad
additional functionality added to it to allow foagier control and testing of the calibration of seevos. Next, the
program was modified to allow similar testing or thumstix-robostix platform, which involved the #dih of
code that could send the proper commands overZthénterface, and the revision of an available setléor the
robostix Atmel chipset that would allow easy acdesthe i2c bus with solely changes to a programming on the
gumstix. From this start, the main multithreadedeset created borrowed from the servo control pedfected in
the test program for its control_thread, and ineth@ther code stubs for interfacing that would valfor future
functionality in the research to be added in masilg. Once the primary (gumstix) multithreadedleset was
created, the other two programs were to be crdatarbpying the original skeleton code and then fiyaatj each
version for use by including the students’ secamdester independent work.
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IV. Project Results

A. Manipulator capabilities & performance

At the end of this stage of development, the MM-Atest platform had baseline functionality in pleaed
tested. It was fully operational using the “tesbgram” on the gumstix, and partially-operationavd-joints at a
time) on the PC/104+ system. The low-level controthe MM-Arm was working beautifully, and the ies for
the path planning code that was to come was alreagiace. The FK/IK code implementation was castgl and
waiting to be added to the main codeset where sacgs The color object recognition was functiofalibrated
and giving results), but would need more work tarbplemented fully into the system. All the critlogoals for
this project were met.

B. Student experiences and future paths

The graduate student gained experience in
designing a robotic system, in the teaching and
supervision of students, as well as with general
managerial skills required in planning and diregtan
team and, by the end, a viable platform for their
research. The undergraduate students gained newg
knowledge and skill sets associated with the bogdi
and testing of all the individual aspects of the
manipulator system (hardware, electronics, computin /
power, and software), including an appreciatiorhef Figure 9: MichiganMan(ipulator) Arm after DBT |
complex interactions between the systems within the
full system-under-test, as well as teamwork androamication skills. As part of this, during the lbuphase, each
of the three students in turn was tapped to cutsamdl carbon fiber tube linkages, drill holes ia giastic plates,
solder servo cord extensions, and perform an ameattof other minor tasks associated with the abbeaf parts,
learning basic construction techniques and skiltsthe test phase, they also had hands-on experierdebugging
and repairing problems with and on the hardwaréqia, both its structural components and its etedts and
computer systems. They all gained further expeddan C++ programming and the process by whichotoline
and transfer codesets, including dependenciesgaldth a lesson in the importance of commentingecad a
medium-sized coding project. Each student had gdsmed skills according to their chosen specitiireof interest
for their second semester independent work, inoludhe original creation during the design phask.is
noteworthy that no student’s coursework suffered assult of working on this project (participatidid not have a
negative effect on the students involved).

At the end of the second semester, the studentsreéde and present their poster at the UROP foamehwon a
prize for their work. They also contributed to @sér's manual” for the MM-Arm, a document that deththe
majority of their work over the year and persistsaareference document to this day (with some @gdas later
changes have been made). All of the in-progress dacumentation also still persists on the worknpaoter’s
webserver, as does the subversion repository.thédle students also went through a ‘debriefing’ tngewith the
graduate student, in order to transfer any lastiteifreakthroughs in work and give a broad ovenaéthe fine
details of the codesets they created and modified.

1. Graduate Sudent

One major observation made by the graduate studastthat, coding the software for the system Hits and
other efforts is typically much more difficult anine-consuming for the UROP students than constrgdhe
hardware, particularly given challenges with emlaetisioftware testing and validation.

Another observation was that, in the first sentestben a great deal of time was spent by the gradstudent
actively interacting with the team, to the pointneicro-management, a great deal of progress wag medwever,
in the second semester when the graduate studerg amoless allowed the students to work unsupeivise
passively available in the same room, but not abtivasking after the daily work — from time to timehe
undergraduate students would get stuck for nomafrpperiods and yet not ask for help. At first glarthis seemed
very wasteful, but upon reflection with the advistie graduate student came to realize that allpviire
undergraduates to flounder and realize when theuldhask for help, when they would come to needis also a
useful skill for them to learn. From this, the duate student concluded that it is possible thgtemt deal of
oversight is necessary in order to insure thattkeal parts of an undergraduate-built projec finished on-time
and within spec, but that there are merits in tngssmart undergraduate students to work on their, @s well.
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It should also be noted that, due to the micro-agament during the first semester, the graduatéestuvas
able to keep abreast of most developments betweerundergraduate students, and thus the informakiywe
student meeting time necessary for this was minimBlecause of this, and due to popular demand By th
undergraduate students, the rest of the informadtimg time between students began to be used asoaat
learning experience, when the graduate studentdcgide a quick-and-dirty information session on tever
topic(s) that the students either needed to knowhi® week, or had otherwise expressed interdsigitwere related
to the manipulator development. Some of the togissussed included: a explanation of servo sifiog torque
requirements, to explain the early MM-Arm desigroicks; binary math and computer memory; PWM servo
control; TCP/IP sockets; the gumstix-robostix matfi; PC/104 platforms, their form factor and inéeihg; image
processing and the physics of light and sterecomjsand the forward and inverse kinematics of maator
systems. Having a single meeting to do this berstesl all the students involved, as the graduatdest would only
have to discuss the material once, and the undérgta students could benefit from a brainstormikg-session
where all three of them could ask questions at caied build off of one another. These tutorialseran immense
help in educating the students on topics that weeessary to their work in a timely fashion, thouigtvas not
trivial work to prepare for these weekly, as it albpitook several hours to compile the informationa session.

2. Student A

This student was tasked primarily with managing ¢bastruction of the physical system and mechanismd
construction of additional electronics, such as lthy@ut and soldering of a line driver board to tothe servo
signals that controlled the joint motion.

During the second semester, this student took set af computational tasks related to the mechanisere the
creation of matrix and vector math libraries usafutobot manipulation, the use of (taken) measergmof D-H
parameters of the arm for forward kinematic develept (equations and code), and inverse kinematieldement
(equations and code). There was an option of @ak tsets for this path, and the one not picked b
characterization of the MM-Arm’s physical movemeapabilities and FK trajectory creation and follogi

This student worked quietly during the second s¢éeneand it wasn't until the student had strugdi@dweeks
and the graduate student finally forcibly sat dama asked to see the status of progress that itemdized that the
student was having great difficulty with the FK aikdmath. At that point, the graduate student dedithat this
was a minimal part of the whole and simply tooktleis portion of the task, completing the initialadations and
giving them to student A. Once this was done, estidh was wholly able to progress rather quicklg aompletely
independently, coding the associated work in Madlath then C++.

Upon exodus, student A went on to work on a difieggoject with the lab — the TableSat system —&as able
to work over the course of the Summer 2008 semestarally unsupervised on collaborative researbht t
eventually resulted in a pap@r.

3. Sudent B

This student was tasked primarily with managing ¢heation of code controlling lower-level signabpessing
and communcations, such as: gumstix-robostix conications, interboard 12C, and troubleshootingtfa initial
control of the MM-Arm.

During the second semester, this student took set af later computational tasks that included:inteaance
and expansion of the multithreaded codeset; anthplascheduler modification from the AER code taipalator
use, which was an expansion on both the originagqam structure and communications tasks. Thiglied some
work with student C, where student B gained expeegen how to learn how to take over developmere obdeset
one did not create oneself.

As part of this transfer, this student transfertteid codework so that it would operate on the guarsibostix
platform. The student ran into difficulties in ning the multithreaded codeset with socket commatitns, and
spent a great deal of time characterizing and sjssdly tracking down the issues causing this. $halent
discovered that the gumstix operating system sirdfynot support multithreaded operations wellttswcode was
streamlined and became serial in operation. Tl&etccommunication issues were an odd time delablpm,
which the student was able to track down as whanee to be a problem with the Ethernet driver i@ gumstix
itself. Both of these problems, once characteridssl fully by the student, helped prompt the deciso move
control of the MM-Arm back to the PC/104+ computtack for later MM-Arm research.

Upon exodus, student B worked on some “Al-levellliog and computer vision in the Fall 2009 semefster
the A2Sys Lab for a bit. He had taken extendedszsuin Al in the following semesters; this projead helped
expand their interest a bit.

4. SudentC

This student was tasked primarily with managing sleftware coding of the global program structurel an
baseline mid-level control algorithms, such as ejpep real-time forward kinematic control of therar a program
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for debugging the arm — and multithreaded code Idpwmeent for the clients/servers. At the end o thihere was
some discussion with student B, where student Gegbéxperience in how to transfer knowledge whemgiover
control of a codeset.

During the second semester, this student took @etaof advanced computational tasks related tamwisi
processing, stereo vision calibration, and colgecrecognition. There was an option of two tasts for this path,
and the one not picked would have involved the taadiof sensors to the MM-Arm joints, giving feedkeof the
MM-Arm’s actual joint space position, and use aétfeedback information in the software.

This student needed some help in finding resourcesgplain the math involved in finding the 3D cdiorates of
objects recognized in an image, as well as resewnehe calibration of stereo cameras and poskiirkries that
could be useful in these calculations. Once thdesit had this information and was able to conitebtick to
previous knowledge from prior work, the student vieppily able to work independently with not muobed
oversight. At the end of this, the student hadlkesi most major issues and was at a stopping pdiete a future
student would be able to easily pick up where thiwk was left off — stereo images captured, a catibn
procedure set up and working, colored balls ableetoecognized, with image coordinates as an ougsutt. What
would need to follow next would be transformatidittee camera frame coordinates to whatever coaotelisgstem
is needed, and then the compilation and use ofrtfasmation by the MM-Arm system.

Upon exodus, this student took a summer interngbgition in industry.

V. Subsequent MM-Arm Use

A. MM-Arm Research: Summer 2008 — Winter 2009 semeste

After the Generation | UROP group had completedt therk, the graduate student then took over th&inaed
development of the code, and continued the resdaralihich the MM-Arm was designed as a test bexdfpim to
experimentally explore. Code implementing the ga#imning and cognitive layers was written, withplfie insight
and direction by the faculty advisor. In the pxef this, the code was finally converted to wooknpletely on the
PC/104+ computer stack with the serial servo cdietrboards, and the underlying code that contitoésoperations
was both cleaned up and streamlined as part of e multithreaded functionality was removed tenapily, and
the gumstix+robostix dual-compilation functionalityas completely removed. This period demonstr#tatl the
student team did in fact generate an artifact \itty-term utility for research activities.

B. Undergraduate Education and MM-Arm Research: Summe 2009 semester, Winter 2010 semester

The baseline desired research outcome of the @gorerdl UROP Program was that, by the end of summe
general human subject testing would be approvedhferMM-Arm platform, a full test scenario and pedares
would be in place, and the first main battery aftdeover a statistically significant number of tesbjects would
have taken place and the associated data collected.

The baseline desired education outcome was thpartsetime UROP student, an undergraduate sophoimore
aerospace engineering designated beforehand kadthsor, would have had a chance to work with &adn about
the manipulator system, learning a bit from theegigmce, while helping with the human subject testiThe MM-
Arm system was basically in its near-final formtlaits stage, so not much new design work had todme @n the
manipulator system. However, for the human subfesting, the graduate student still needed togdethe
workspace setup itself and the tests to be condueteded to be designed, with input from the fgcadivisor.

1. MM-Armproject / systemdesign

The undergraduate and graduate student work pegtghawn below in Figure 10.

The student spent much of the first half of tteeimmer work in learning about the MM-Arm platfortseilf and
the general kinematics associated with manipulatotion. Once through this, the student was givesding
assignments and tasks that expanded their knowlefitiee C++ programming language. Once accomplistiee
student was exposed to the test program codesepigerd some simple useful tasks. Once proficieany
understanding in that codeset was obtained, thaestuwas given another task which involved expogaréhe
larger codeset that the graduate student had beelifying — the child of the original “multithreadeédodeset.
These code projects were not on the critical pathttie baseline system functionality, but were fdlmodules
supplying necessary functionality for later resharc

During this time, the graduate student helpeditehese concepts and also supervised the studeottis while
writing and submitting the application for humarbgat testing to the university IRB for approvatiwthe faculty
advisor’'s help. Everyone involved in the projdutrt took the online tests necessary to allow theieohduct the
human subject tests. Once approval was givengrtheuate and undergraduate student took turns ctinduhe
human subject tests that the graduate student sigted

15

American Institute of Aeronautics and Astronautics
092407



Towards the end of the summer, the undergradtiatierst was given the freedom to pick a next topiwark.
After discussing with him the topics and thingsfbend interesting, he was given two choices — waglon a Qt
GUI for later human testing, or creation of an ated wrist and hand to be mounted at the wrishefMM-Arm.
He chose the latter, and worked mainly indepengldntiresearch several manipulator gripper desigasign his
own, and then create CAD drawings in SolidWorkstted parts he was ordering and machining, learniveg t
program as he was going using the help files atidetutorials.

Summer semester

Determine o .
required Familiarization with all of N m ?ﬂfgﬂgﬂg tz:ét:gfxﬂiﬁgiz i(re\tof/c;rr}
knowledge multithreaded code set h
ar e requirements
——
fand Learn matrix Learn basic eI
learning Hel “mathand | manipulator MM-Arm Detlermine Lyl Design
resources manipulation EK/IK angle requirements code base
for student commands
Learn C++ Understand Familiarizatio Addition of
structures, concept of n with MM- | ,| modulesto
pointers, C++ object- Arm PC/104 test
classes oriented code test program rogram

Determine Write application Submit Familiarization with Addition of filedata
process fgr 10 IRB review || application to IRB Receive IRB portions of L,| read |n/lS|muIat|on
human subject - approval multithreaded code to multithreaded
" board review board
testing approval t l set code set
Take and pass N Design
: Revise Set up human a q
'RB. .O"I'."e application to IRB subject Detlermlne |» Desion G
certification ) A requirements code base Arm
review board testing )
tests gripper

Conduct
human
subject

testin

Find volunteers,
schedule human
subject testing

|:| Faculty Advisor work
I:‘ Graduate student work
|:| Undergraduate student work Creation of test cases
I:‘ Both graduate and undergraduate work

I:‘ Advisor, graduate, and undergraduate work

Figure 10: Research and Education Work Paths.

2. Collaboration tools

Along with the original tools used in the UROP grmam, use of the Trac tool was very helpful as the
undergraduate and graduate student found bugsitesit program code and other aspects of the seftwad set
out to keep a running log of those problems foumdl faxed.

3. Project Results

At the end of the summer, the student createdstepdor the MM-Arm project, and presented it te tHROP
staff. The graduate student received a full seladd for their further research.

With the changes to the program, we were ableritgka normal student, working alone, up to speedhe
existing functional system and have that studentrgmting to the project within one month of ptirte work.

4, Sudent Experiences and Future Paths

Currently, this student has gone on to work asrd-fime undergraduate researcher for the lab,imaing his
manipulator gripper work — designing and buildangemovable end effector for the manipulator.

VI. Conclusions & Future Work

We have described a design, build, test projesedeon a robotic manipulator with human-arm scalé a
kinematics. In this project, an undergraduate estideam gained experience with practical DBT psees from
conception through implementation and validatiothe hardware test bed, though created and usegrdduate
research, is also invaluable as an educational pooViding a platform that supports many avenuessearch and
education for students with a wide variety of lasvef experience, both undergraduate and graduwatonstrained
hardware design helped the team quickly build tfstesn then focus their attention on mathematieismg, and
software research goals. Subsequent use of #tiph for human subject experiments and for areugrhduate to
learn about end effector DBT has demonstrated vafutbe project beyond the initial education ddsedi in this
paper. We believe this model of graduate studesmitanship on projects of use in their research mawide a

16

American Institute of Aeronautics and Astronautics
092407



valuable form of mentorship for both graduate andargraduate students. Such projects are valt@ate mentor
and mentees - we encourage their adoption as emative or supplement to organized student team®BT
experience beyond the classroom.
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