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Abstract: This paper presents “Magnebots’, a smple yet nove concept for overhead
trangportation. The system conssts of vehides with megnetic wheds tha move on

trackless faromagnetic wals and calings driven by

ontboard controlles  and

commanded by a centrd computer. Magnebots is designed to be a fundamentdly smple
technology thet cen fulfill many generic trengportaion nesds induding industrid materid

handing axd postioning of ovehead

lignts within a home with draghtforward

extendon to use & ovehead and floor-based toys Robust mechanicd  hardware,
peformance enhancemett by ocontrols and  vehide coordingion by  wirdess
communication illudrate a synergidic integration of various disciplines in the true spirit

of mechatronics.

1. INTRODUCTION

Automated materid handling hes become criticd in
numerous manufacturing  processes because it frees
up manud labor, dreamlines the flow of materid,
dlows for complexity management, reduces work in
progress and improves the utilization of expensve
equipment.  Furthermore, there is an emerging need
for desn and dmple maerid trangoortation systems
that can be ingdled in homes offices hogitds ad
other public places A maerid handling technology
that can meet the widespread demands from such a
vaiely of cugomes must be smple flexible and
integrable.

To address these aitomation needs, this peper
presats the design of “Magnebots’, a robotics and
automation test plaform under devdopment a the
MIT Precison Enginesing Reseach  Group.
Magnebot vehides move on trackless ferromagnetic
wdls and calings usng megneic wheds, driven by
on-board microcontrollers and commanded by a
centrd computer. May exiding toy vehides employ
magnetic  wheds to dimb wdls or calings
(Motoyuki, 1997, Ingro, 1974); however, few
involve feedback control to produce desred mation.
Smilar industrid vehide desgns typicdly exhibit an
unnecessxy  degree of complexity for the functiond
requirements of maeriad handling. Furthermore,
while the idea of usng megneic wheds for driving
vehides on feromagneic calings wadls ad
pressure vesHs is wdl-established (Baker, 1998), it
has not been employed for networks of vehides used
for materid transportation.

This peper dso seks to demondrae how a
determinidic  mechatronic desgn goproach gave rise
to Magnebots as a rdaivedy smple proof of concept,
without having dealed peformence gedifications
in mind beforehand. Concurrent design of the vehide
chesss, sasor and  actustor sydem,  control
dgorithm, and wirdess communication hardware led
to a vehide sysem that is robus and modular, and
can betalored to avariety of potentia applications.

2. DESIGN OVERVIEW

In choosng and ddaling the Magnebots system
concept, the  fundamentd methodology ~ of
determinigic  mecharonic  desgn  was  invoked
(Jocum, 1992). The key to determinidic design is
funnding of credivity by means of continuous risk
asxament, as wdl as sysemaic odllection, cregtion
and amalyss of deign informaion.  Because
deteminidic dedgn is basad on liging fadts and
paforoming dealed andyss dmple ad more
effident desdgns result. Segmentation of the desgn
problem into criticd modules ensures an gopropriate
dloction of engnexring resources  throughout a
proect. The mecharonic gpproach endbles a
gynagidic combingion of mechanicd  enginegring,
eectronics, control systems and computers (Craig,
2001).

Accordingly, as the fird sep in the desgn process,
the functiond reguirements were iderttified:



1. A low-cod, mechanicdly smple vehide design.

2. Spead and motion qudity sufficiet for carrying
ddlicate payloads.

3. Expanddbility to lage numbers of vehides
operating dmultaneoudy in  large rooms or
throughout complex pathway layouts.

4. Standardized hardware and <oftware interfaces

and communication protocols.
5. Operaiond safety.
Aftr a thorough andyss of nesds in indudrid,
medicd, ad reddentid sdtings the Magnebot

sydem conceptudized in FHgure 1 was sdected.
Secificdly, a dedgn with two magneic wheds
dlows vehides to travd up and down ramps and
wadls, with thar payloads hanging below. Fesdback
cotrol of eech vehide bdances the hanging load,
ad vehides can travd awywhee on the
ferromagnetic pands on the cdling and wals Each
vehide can be connected to any payload that uses a
sandardized interface (SEMI, 1999). Vehides can be
sored and charged in wal-side stockers, or power
can be tranderred inductivdly. Each vehide is a node
on a dodf-configuing wirdess nework, and the
vehides communicate with esech other and with a
command sever via dandard Internet  protocols
Traffic control software on the server can coordingte
the vehides 0 task time is minimized, utilizetion is
maximized, and collisons are avoided.

Fg. 1. Magnebots concept for automated trangport,
showing autonomous vehides with  magnetic
wheds hanging from aferromagnetic shest.
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Fig 2. Criticd modules of the Magnebot system.
Modules currently detailed are shaded in white.

3. DETAILED SYSTEM DESIGN

Detaled design of the Magnebot system was broken
into the caiticd modules liged in Fgure 2. This
stion dexribes the cdling, vehide body and
chasss magnetic wheds, swing control  dgorithm,
and communications hardware. These modules have
ben the initid focus of the Magnebots devdopment.
Concepts and  rdevant  condderations for  vehide
postioning and trafic management ae d©
discussed.

3.1 Celling and Vehicle Design

The cdling is desgned to be modular so thet it can
be ingdled in any sdting, usng pands of sandard
sze A magnetic danless ged (AIS 430) with high
megnetic  permesbility and  excodlent  formability s
chosen.

The vehide mugs be dle to traverse horizontd,
veaticd, and contoured pands diminging the need
for expensve devaors Hence the triangular body
of Hgure 3 is chosn, gving eech vehide a par of
megnetic  driving wheds and two pars of ide
wheds to condran the wvehide while traveing
veticdly.

Smple maegnetic wheds, which can each provide up
to forty pounds of magnetic force, are assambled by
ataching two concentric ged discs to the sdes of a
Neodymium+-Iron-Boron  pemanent disc meagngt <0
that only the discs contact the cdling suface The
ded discs drect the magndic flux into the pand
arface by providng a low rductance pah, thus
improving the atractive force for a given magnetic
drength and hence increesing the driving traction
(Guy, 1972). A ring of rubber sandwiched between
the two discs further increeses surface traction and
reduces noise aisng from suface irregulaities The
magnetic srength is chosen on the basis of datic load
carying requirements and dynamic  condderdions

auch as impact disurbances when the wheds traverse
andl dep discontinuities a& lgp  joints  between
pands.

/

Magnetic

Fig. 3. Vehide body and chassis



The maximum drive torque for a Magnebot is
required during veticd dimbing. An accderdion of
059 demands 1.5 N-m of torque from each motor.
Harmonic drive brushed DC Motors with a 50:1 gear
reduction are chosen because of ther compact Sze,
high gdl torque, and low backlash. The motor drive
axes ae offst to bdow the rotationd axis of the
wheds Various options for trandferring mation from
the motor shefts to the wheds have been conddered
and implenented. Thee indude a fricion whed
drive, a gear drive add a timing bdt dive PWM
savo-amplifiers operate the motorsin current mode.

Idedlly, each dae that is usad in feedback should be
meesured  independatly  if  possble. A par of
miccomechined  accderometers (ADXL 202)
mounted near the vehide axle gives the pitch angle
(@ messurement (Nekamura, 1996). Yaw rae
(dy /dt) and pitch rate @g/dt) are meesured by a two-
axis raegyroscope (Gyration Microgyro 100). The
pitch angle messurement from the accderometers is
do usd to correct the diift of the rae-gyro
(Lemaire). Trandation &) and yaw (y) of the vehide
ae cdcuaed from the output dgnds of optica
encoders integrated with the drive motors. The dates
of the vehide are shown in Figure 4.

3.2 System Modeling and Control Design

Modding and dmuldion of the vehide dynamics is
paformed in conjunction with the vehide desgn to
endble agpproprite  choices of the sensors and
aduators  Assuming that the drive wheds roll
without dipping, the vehide corfiguration is
completely defined by three generdized coordinates
the motor angles a; and a, and the vehide pitch
age g. A linear trandormaion converts thee into a
st of more usful sydem coordinges X, the
trandation of vehide axle center; y, the yaw rotation
of the venide about the axle cate; and q, the
vehide pitch angle Inputs to the sysem ae the
torques generated by the two motors, T, ad To. It is
convenient to use the average forward torque and the
yaw torquein the andyss

_T1+T2 —

Tdrlve 2 ’ Tyaw 2

A Lagrangian formulaion of the eguaions of mation
fdlowed by linearization about the equilibrium point
yiddsthe fdlowing syslem modd:

T-T, . )

q _ -a
Tarive - s+ k22 @
X _ b(s’+k’)
Tarive B S(s’ + kzz)
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The basic naure of the sysem trandfer functions is
emphasized; details of the parameters are omitted for
brevity. These trandfer functions are in agreament
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Fig. 4. Vehide states and inputs

with previous modds for swing dynamics of
suspended loads (Ridout, 1989; Lee, 1997)

Frequency response and rootlocus andyss  tools
provide quditative indghts about the dynamics and
controllaality of the system. A controller is intidly
desgned assuming that the trander functions (2) ad
(3) represet two independent systems.  Separde
compensators are used for cortrolling eech dae and
the outputs of the compenstors are summed. This

dmple oontrodl  desgn  redts  in moderae
peformance for  swing control  and  trgectory
folowing. Better reslts ae obtaned by

implementing full state feedoack.

The literaure discusses extendve previous work on
swing suppression of suspended loads commanded to
fdlov a moationvdodty trgectory.  Wdl-known
drategies indude commend sheping, loop  within
loop, time optimd control, and full-sate feedback
(Leg Ohnishi, 1989, Ridout). Expeaiments that
implement these and other idees to achieve high
peformance mation control of the Magnebot vehide
are underway.

Initid implementation and testing of the controller
desgns is conducted usng d-Space, a red-time
controls prototyping tod. A ful-state feedback
dgorithm desgned in Smulink, which seamlesdy
operates with the d-Space hardware, is presented in
Fgure 4. When controlled usng d-Space, the vehide
is connected to a desktop PC by an umbilicd cord.
Once the contraller hes been stisfactorily tuned, the
logic is trandfered to a microprocessor (RabhitCore
2200) on the vehide Sensor sgnd connections on
the prototype vehide are modular, so tha the vehide
inputs and outputs can be easly switched from the d
Space controller to the microprocessor board.
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Hg. 4. Full-gate feedback dgorithm for swing control.

3.4 Communications Hardware

To fadlitate peth planing and traffic control, esch
vehide is cgpdble of wirdess packet-data
communicaion with other vehides and a ocentrd
control server. As shown in Fgure 5, the onboard
microprocessor to which the sensors are connected,
communicates externdly via a wirdess gaeway (eg.
Ethernet-to-802.11b or Bluetooth chipset). Because
eech vehide is asdgned a unique network address,
agdition of new vehides to the system and rdiable
communication among lage numbas of vehides
are sraightforward procedures.

Communication is edadlished from the centrd
computer to a vehide by opening a socket to the
vehidés network (IP) address, and sending standard
input and output commands to the memory command
addreses of the sensors and actuators In the future,
the centrd computer interface would present a red-
time mgp of the vehides invetory daa from esch
vehicle and means for issuing commands (eg. pick
up or drop-off a& a dedred handing daion) to
individud vehidesor groups of vehides

3.5 Postioning and Tracking

The sydem mugt incorporate a smple method of
determining the postion of each vehicle with respect
to the pand space This is conceptudized as a
number of postion references that can be read by the
vehides onboard dectronics placed on each pand
or nexr the ssams between adjacent pands. The
podtion references could be 1-dimendond or 2-
dmensond black-and-white bar codes with the
vehide having a photodetector facing the cdling a& a
gmdl digance from the metd surface If the bar code
is 1-dmensond, it gives the numbers of the adjacent
pands and the rdaive pogtion of the vehide from
the edges of the pands If it is 2-dimendond, the
interpreted  pattern is dependent on the angle of
reading, hence it is possble to etimae the
orientetion of the vehide with respect to the pand

intersection. As shown in Fgure 6, the numbes of
the pands give the vehidés x-coordinae, while the
ba codes unigue number gives the y postion.
Wirdess radio frequency identificaion (RFID) tags
could be usad instead of bar codes.

Sgnds from the onboard accderometers, encoders
and gyroscopes ae usd to interrogate  (“deadt
reckon”) the vehideés pogtion while avay from the
references (Lemare).  When the pogtion esimaed
by dead-reckoning differs from the reference reading
and exceeds the eror tolerance of the dedred
trgectory, a correction is goplied to the control
dgnds More accurae referencing can be achieved
by mechanicd homing, where the cattroidd postion
of the load inteface (eg. a kinemdic coupling)
triggers an asolute podtion  rese. Low-cost
methods of threedimendond  locd  postioning
(Priyantha, 2000) are dso being investigated.

3.6 Traffic Management

Snce the vehides ae free to move dl over the
cdling, pah inteference detection and  collison
avoidance are cudd. Trafic can be managed by a
cetrd  computer tha commands dl the vehides
computing each vehides postion. In addition,
proximity snsors on eech vehide can  ativae
emergency stops or obdade avoidance maneuvers
using Smplelogicin the microcontroller program.
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Hg 5 Informaion flow for locd control  with
centrdized command and monitoring.
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Fig. 6. Loca reference positioning using barcodes.

An dtemdive traffic management srategy would be
besed on  didributed controls  where  the
communicaion between nearby units is pear-to-peer
and ech unit hes dedson-making authority. As the
number of vehides increases, didributed controls
become more promisng because of rdiance on
quatities of daa limited by the region of control
influerce. In dather case, the vehides have to follow
a ‘cooperative maotion' draegy, S0 as to produce the
maximum trangportation dfidency without
colliding. Significant reseerch  addresses  didtributed
controls, work of Alur (2000) and others will be a
uefu reference for devdopment. In an  industrid
agplication, the vehide traffic control software can
be desgned to work with a Computer Integrated
Manufecturing  (CIM)  system,  which  seeks  to
optimize operation of afactory & ahigher levd.

4. APPLICATION:AUTOMATED MATERIAL
HANDLING IN HOSPITALS

The Magnebot system is wael-suited for automeated
maeid handing in hospitds invalving trangport  of
Odicate medicd samples, supplies equipment, and
documents. As hospitds look to improve operaiond
efidgency and minimize human eror, automated
handling can free vdusble manud labor, dreamline
materid flow, dlow for complexity management,
consrve ece and improve  eguipment  Utilization.
Furthermore, future operation thestres, such as the
“Opeaaing Room of the Future’ curretly under
condruction a Massachusdtts Generd Hospitd, must
be equipped with mechines and lighting that can be
reconfigured under computer contro, and with
means for expediet trangportation of samples
upplies and indruments to other pats of the

hospitd

Hg 7: Demondration Magnebot space in CIMIT
dmuldion room: (@ L-shgped cdling section; (b)
Curved trangtion to vertica wall section.

In collaboration with the Center for Integration of
Medicine and Innovaive Technology (CIMIT), a
dmple demondration Magnebot sysem has been
inddled in a medicd smulaion room in Cambridge,
MA. Shown in FHgure 7, the demondration ceiling
condsts of an L-shaped overhead roadway and a
sngle verticd wal section bridged to the cdling by a
90° curved pand. The pands ae 1/16" 430 danless
ded, anchored 12 aove the floor to a ded U-
channd support grid.

For the firg sysem demondration in October 2001,
the vehides shown in FHgure 8 were driven manudly
via Futaba radio-control hendsets  Subseguent
devdopment produced the vehide shown in Fgure 9.
The trianguar duminum body is aguproximady 8
high, with 3’ diameter wheds The magnetic wheds,
congging of danles ded washers  surrounding
neodymium iron boron megnets are driven by 24V
hamonic drive DC motors The maximum  driving
torque a 100 RPM output is eesly suffident to
accderae the 14 Ib. vehide veticdly up a wdl. The
motors are connected through power amplifiers to a
24V lithum-polymer battery pack. The swing control
dgorithm, deveoped and teted usng d-Space and
Smulink, is executed uing a 22 MHz
microprocessor with externd  amplifiers to drive the
motors The microcontroller board has an Ethernet
interface, which is connected to a Lucet 802.11
wirdess LAN converter. This endbles the vehide to
be commanded over TCPIP usng a smple Jawa
window interface running on algptop compuiter.

Fig. 8 Frg prototype Magnebots (@ Two-whed
penduum desgn henging from  codling,  (b)
Triangular vehide with deachable baske,
dimbingwal.

Fg. 9 Vehide with onboard microcontroller
executing swing suppression agorithm.



With the Magnebot sydem inddled in a hosoitd,
one should be dile to place a sample in a halding bin
a a wdl-sde loading daion, for example in an
operaing room. Then one would issue a command
indicating the dedingion and task priority, for
example by presing a button & the load dation, by
voice, or by command to a grgphicd inteface on a
computer termind. A vehide would come to the
loading dation, retrieve the sample, and take it to the
degtination. Based on the task priority and the task
optimization  dgorithm, the vehide may make
additiond pickup or drop-off sops before reeching
the dedinaion of the sample With a sandad
interface for coupling the vehide to the payload
carier, different payload cariers can be desgned for
different payload types, while the vehide body and
load dations would be identicd. The same interface
ooud be placed on equipment such as lights, power
supplies, and drug ddivery devices to be postioned
overhead.

The trangportation system shdl dso be cgpable of
identifying samples a load daions while in trangt,
and a dedingions Rule-based methods of sample-
vehide samplededingtion, sample-phyddan, ad
samplepaient  veification and adtherticstion ae
posshle These oondgency checks can  reduce
humen erors Idettification can be achieved by
placdng an RAD tag on esch sample vehide, lod
dation, and 0 on. A resder on each vehide and a
eech gdation would trangmit the payload daa to a
centra database for storage and ditributed access.

5. CONCLUSION

The Magnebot conogpt dlows for an  immense
degree of flexibility and expandability in mateid
trangoortation using autonomous robatic  vehides
The sysem does not consume vaudble floor space.
Futheemore,  expanson of the sysem s
draghtforward by adding additiond ded sections as
fla pands or easly formed curved sections and by
regigering new vehides to the information system.
Magnebots could be used in factories homes
libraries,  hospitds  restaurants and  dores—
concdvably anyplace where an  inexpensve and
flexible sygtem of gmdl mechanized vehides is
neaded.

The tet sytem for hogpitd maeid hending in
collaboration with CIMIT is beng used as an ‘open
technology’ platform to channd the resources and
credivity of vaious medicd, industrid and
academic groups towards a common objective. This
fadlitates a sysematic and concurrent  development
of automation sandards and smulaion modds dong
with the necessay hadwae and SOftwae
technology, dl of which ae essrtid dements of a
successful  automation  rategy. Development of the
vehide oontral  dgorithm, wirdess communications
hardware, and a smple locd postioning sysem  will
continug, with hope of demondrding taske
commanded maerid handing & CIMIT within the
next year. Blementary cooperative motion and treffic

contrdl dgorithms among smdl numbes of vehides
will dso betested.

More deadled information about the Magnebots
project is at http:/pergatory.mit.edw/ magnebots
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