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Abstract—We describe design elements and their interactions [1], modular precision assembly work cells [2], rapidly re-
for a tabletop-size precision microassembly system called “mini- configurable machining systems [3], over-arching frameworks

factory.” The system is a proper subset of the Agile Assembly for manufacturing enterprises [4], and systems viewed as

Architecture which includes capabilities for rapidly producing hi hical collecti f facturing “hol " s
modular virtual factories and configuring their real counterparts. ierarchical collections of manufacturing “holons” [5].

Minifactory is a distributed collection of cooperating intelli-
gent robotic agents that perform microassembly and related Il. AGILE ASSEMBLY ARCHITECTURE
operations. For example, we have demonstrated both precision

vision-guided and force-guided assembly between cooperating
agents. This paper sketches our general approach, focusses on
the hardware aspects of minifactory, and discusses the current

state of development.

Agile manufacturing systems

Agile Assembly Architecture

AAA systems

I. INTRODUCTION

Manufacturers are facing increasing pressure to reduce
development and deployment times for automated assembly
S,yStems for a varlgty of pr.eCISlon mechatronic products.' Tltl% 1. Venn diagram illustrating the relationship between our Agile
time and costs of integrating these systems must be S|gn)>f§3emb|y Architecture and minifactory.
cantly reduced to meet new and changing market pressures.

Today's approaches to flexible multi-robot assemply lines e Agile Assembly Architecture (AAA) developed at
tend to be what one might refer to as *robot-centric.” Eveamegie Mellon University is an overarching framework

erything centers on the robots with ancillary equipment sughenged to providing manufacturers with the ability to rapidly

as conveyances, parts feeders, tooling, sensing, and spegidign program, and deploy precision automated assembly
function equipment added to the mix in a more or less sgstems [6], [7]. AAA has two partsi) a distributed col-
&

hoc fashion. Resulting systems are often very complicated.tion of computational/physical robotic agents comprising a
and take a long time to deploy. For example, an assembly

3 4 . inifactory,” andiz) a comprehensive software Interface Tool
line for a new disk drive product may take many months @y, ghepherding the development of an operating minifactory.

design, program, and debug. Numerous factors such as i, rejationship between AAA, minifactory, and other agile

compatible communication protocols, large numbers of cableganfacturing systems is illustrated in Fig. 1. The minifactory

fixed conveyances, custom parts feeders, and custom end;ofs laboratory is a proper subset of AAA.
arm tooling all provide plentiful challenges for manufacturing

engineers. If the product is stessful in the marketplace,A. AAA Interface Tool

customers will soon want new product variants which, in turn, The AAA Interface Tool provides a centralized viewpoint

will demand additional flexibility in the assembly systeme - 1he design, programming, debugging and monitoring of

Often, the produ.ct.hfenmes of smgll high-value productg virtual or real minifactory [8]. It supports downloading
are themselves limited to around six months or even les

o . . 3t robotic agent descriptions over the Internet (including 3D
Additionally, in many cases such volatile products also ha g P ( g

I oart dd di . . ts. W del, kinematics and dynamics, programming irsteef and
very smal parts and demanding precision requirements. Fotocol descriptions); the physical arrangement of agents and
is needed are precision assembly systems that are not |H'f

Yastructure elements into multi-agent virtual minifactories
flexible, in that they deal with variability in the assembl){h ough a 3D CAD-like intedce: di%tributed programming
process, but that are also “agile” in that they can respon '

rapidly to changing market pressures. of the agents using a scripting language (currently Python)

There have been several notable efforts to approaching thisyey, site: http:/www.cs.cmu.edu/
problem including design of agile manufacturing work cellg\n Architecture for Agile Assembly.”

~msl . Select “Projects,” then
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Fig. 2.  Photograph of a section of our laboratory minifactory (under VAC | (vitch| |& conditioning

development).

[9]; behavioral simulation of the designed (virtual) minifac-
tory assembling virtual products in real time; a debugging
environment to aid in producing correct factory programs;
a mechanism for transferring developed programs to a real
minifactory; and the ability to monitor the operation of the = .

operating real minifactory. We are continuing to develop the ' ; | s

capabilities of the Interface Tool and hawecently ported it | !l e
from SGI/Irix to X86/Linux platforms. 1 |

B. Minifactory Infrastructure l. |

Figure 2 shows part of the modular minifactory system un- | |’I e
der development in our laboratory. Active components shown - . agent ports (8) J
in the figure includecourier agents(Sec. II-C) responsible | / & i : ¢
for transporting products through the factory and participating | | || ﬂ i i Eﬂ
in assembly and fastening operations amanipulator agents B _ s
(Sec. 1I-D) for picking and placing parts. _ - = =

The collection of robotic agents in a minifactory is sup- il 1
ported by a service infrastructure comprised of a collection of ()
modular base units, platen tiles, and bridges. The system is
designed from the outset to enable rapid deployment [10]. Fig. 3. Minifactory base unit:«) block diagram, §) photograph.

Base Units: Minifactory base units supply air, vacuum,
power, and network services to the various modular agents
comprising the minifactory as well as providing structurdtas four base units, supplying services to a potential collection
support for the rectangular platens and the bridges. Figuje 3¢f 32 agents, sufficient for micrometer-level assembly of a
is a block diagram, and Fig. B(is a photograph, also showingmoderately complex precision product.
an agent cable. Air and vacuum are daisy-chained betweerPlaten tiles: We have developed a systemmbdular platen
base units by quick-connect fittings (Q) and distributed vides that can be flexibly arranged in various ways to form
manifolds to each of the 8 agent ports. A Global (G) 10platen ensemblegroviding continuous stators (the factory
Mb Ethernet network provides each agent with factory-wid#oor”) for multiple closed-loop planar motor courier agents
connectivity. A second local (L) 100 Mb Ethernet networkl2], [10]. Platen tiles are either rectangular, 12800 mm
supporting a custom high-speed AAA-net protocol provides 600 mm square. Rectangular tiles have a mass of 77 kg and
agents with the ability to perform cooperative activity such deature a planarized array of 720,000 ferromagnetic posts on a
distributed sensor-based servoing at rates of several kHz [11ljnm pitch. The post array provides electromagnetic reaction
Power supplies in each base unipply 120 VDC,+12 VDC, forces and position references for courier agents. The tiles are
and 5 VDC to each of the agent ports. Four agent ports dight enough to be handled by two persons, and are supported
provided on each side of each base unit. Any given agent in thie the base units by a series of precision leveling screws and
minifactory can plug into any agent port by means of a singlecating fixtures. Square tiles are used in conjunction with the
modular plug and cable. Our current laboratory minifactomgctangular tiles to form precise and level platen ensembles
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Fig. 4. Several possible minifactory configurations realizable with rectangukig. 6. Courier operating over the interface crack between two tiles (crack
and square platen tiles. Each rewalartile is supported by a base unit. emphasized for clarity).

assembly operations. The courier motors use the Sawyer prin-
ciple developed in the late 1960s [13]. In our prototype first-
generation minifactories, the couriers were based on commer-
cial planar motors retrofitted with novel 3-DOF ac magnetic
position sensors [14], [15] permitting their operation as closed-
ol loop servos. These couriers achieved 1.5 m/s speeds with 200
nm (Lo) motion resolution [16]. Our new couriers are designed
from the “ground up” to operate on new metric platen tiles,
with smaller footprints, about 30% increased force densities,
|4 e = increased sensor area and signal output, improved air bearing,
| : improved “brain boxes” and tethers, and flexible services
permitting auxiliary actuation mechanisms and modular vices,
= etc. to be mounted on their top sacks.
4‘—*% ; Figure 5 is a photograph of the active bottom surface of
a courier agent, showing a pair af motors and pair ofy
Fig. 5. Courier agent: Bottom view of courier showing motor sections anghotors, each providing up to 30 N force and up twat 5
3-DOF ac-magnetic position/orientation sensor. Nm of torque using all 4 motors. The 3-DOF ac-magnetic
position/orientation sensor is centrally located and operates

on principles similar to an LVDT [17]. Owing to the precise

with L-junctions, X-junctions and T-junctions to support ah rizontal and vertical registration of mating olaten tiles
variety of minifactory layouts. Figure 4 illustrates severg|orzontal a ertical registration o gp . '
ouriers are able to fly over the interface cracks [Fig. 6].

minifactory configurations supporting branching operationg; = . S . : .
y 9 PP 9 g op ouriers use intrinsic force sensing to find the boundaries of

Figure 2 is a photograph of a section of our minifactory ™ X S
taken at a T-junction formed by three rectangular tiles and o pir platen tiles by bumping into the curbs, and can also detect
e interface cracks between tiles. This enables a collection of

square tile. The tiles are joined and unjoined using specially-" . B . .
developed mechanisms. Square tiles need no support. T riers to accurately map the factory “floor” comprised of
e platen ensemble [18].

are fitted with modular UHMW polyethylene curbs providind In addition to thei i ii .
boundaries for courier operation. n addition 3 I ell(r' ac-m?gi;g '%.posl 'on senior, (chOUYIeI'S
Bridges: Minifactory features modular structural bridges.Carry an upward-looking opticaoordination Sensobased on

which are manually clamped at arbitrary locations on the bagéateral-effegt position Sensing photodiode [19]. Th|s sensor
units, featuring a horizontal beam which can be manual ables couriers to precisely locate LED beacons incorporated

adjusted in height to accommodate various agents. Thé o ovgrhead agents sugh as manipulators. The sensor has a
bridges are evident in Fig. 2. resolution of 150 nm (@) in a bandwidth of 100 Hz.

C. Courier Agents D. Manipulation and Processing Agents

Courier agents travel on air bearings over the platen en-A manipulator agent, shown in Fig. 7, has a rotational
semble at altitudes of 10-1pm, transporting product sub-(¢) DOF greater thar860° and a vertical {) translation of
assemblies through the minifactory, and cooperating wittbout 150 mm. Our manipulators have an angular slew rate of
manipulator and processor agents to perform precision 4-DG60 deg/s, angular resolution of 0.0002 deg)(and vertical
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Fig. 7. Two-degree-of-freedom (— ) manipulator agent (cover removed)

resolution of 5 micrometers [20].

Modular end effectors attach to the distal end of manip-
ulators through a quick-change bayonet-style interface with
30 electrical connections and 6 pneumatic connections. A
typical modular end effector has a camera, illuminator and (©
force sensor mounted on the end of a 100-mm radius armgg. 8. Virtual factory views of small microphone assembly processes from
facilitate parts picking. End effectors have one or more LEDe AAA Interface Tool: ¢) manipulator agent placing micropart on a product
beacons for automatic calibration with courier agents [19]. V\'?%Sn?y courier agent}] dispensing agentc) microwelding (gap welding)
currently use vacuum grippers for picking and placing smalf
parts and plan to use MEMS-based grippers for very small

parts. The manipulator and associated electronics are packaggflexample, Fig. 8() shows a vision-guided precision pick

in an enclosure obrainboxthat can be handled easily by ongypng place operation, Fig.®(shows a dispensing agent placing

person and mounted with an adjustable clamp to a minifactagg)| drops of uv-curable adhesive, and Fige)8&hows a

bridge structure without tools. It is designed to be C|ean'r00microwelding agent performing a wire bonding operation. We

compatible, although it is not yet certified. have not yet developed real processing agents for dispensing
We plan to augment our four existing manipulator agenit,hd welding operations, but it is expected that they can

with additional types of interchangeable end effectors. Sirge implemented by providing appropriate hardware/software

pler, smaller, and lower cost manipulators are also undgjrappers” around existing industry products. For example,

consideration. we have started work toward converting a leading edge auto-
Besides precision pick-and-place operations, a number mftic screwdriver into a screwdriving agent for our system.

fastening operations are needed for viable microassembly. We

have modeled several different types of processing agents and 1. DISCUSSION ANDSTATUS

simulated their operation using the AAA Interface Tool. Fig- The AAA/minifactory project, otlined in this short paper,

ure 8 shows several virtual agents operating in a 29-agent \ies been in progress over the course of nearly 10 years. We

tual minifactory which assembles small microphone devicesontinue to develop and refine both the hardware and soft-




ware. The architecture emphasizes a degree of modularity and Podgurski, Ju yeon Jo, Leon S. Sterling, and Yeohwan Kim. Design
performance which we believe is unique. Novel characteristics

of this approach include:

+ Agents that are self-representing and self-describing [21]2]
+ Groups of simple 2-DOF agents cooperate to perform 4-

DOF assembly operations [22].

+ Product transport is integrated with precision product pof3]
sitioning, eliminating the need for belt-like conveyances

and fixturing.

+ The system operates in a distributed manner withou

centralized control.

(4]
t
(5]

+ Design, programming, and operations monitoring is done
through a comprehensive centralized viewpoint (Interfacé]

Tool) [8].

In our first-generation minifactory (now retired) we demon-

{7]

strated cooperative visual servoing between manipulator

agents and courier agents and vision-guided parts placement.

In these experiments, a manipulator agent rotated while vievig]
ing a small part held by a courier agent. The courier agent’s
actuators were slaved to the manipulator agent via the AAAg,
net, transiently forming a 4-DOF system with approximately

15 um tracking error while moving at 5 mm/s [23].

: : 1
We also demonstrated cooperative force servoing betwéeﬂ

a manipulator agent and courier agent at several-mN force

levels. In a series of experiments, a test plate was mour;Le

on the courier agent and a vacuum pickup using hypoder

T1]

IC

tubing was attached to a custom-developed piezoresistive

force sensor integrated with a manipulator agent modular efél
effector. Vertical contact, lateral edge following and peg-irj 3

hole insertion trials were performed. As before, the courier

agent’s actuators were slaved to the manipulator. Robust results .
9 P [14] Z. Butler, A. A. Rizzi, and R. L. Hollis. Integrated precision 3-DOF

were achieved at speeds of 10-50 mm/s [24].

For the past several years our effort has focused on comple-
tion of the second-generation minifactory shown in Fig. 2. TH&5]
new minifactory incorporates numerous enhancements over the

prototype but is not yet fully operational. All of our work on

the project to date has been of a fundamental and gendt@d

nature which has served us well. We are now beginning to

explore relationships with industry to select strategic areas [of]

application to real product microassembly.

Acknowledgments
The ongoing work on AAA/minifactory has so far involved

more than 30 persons. The authors especially thank Arthtd!
Quaid, Zack Butler, Wing-Choi Ma, Michael Chen, Rich
Deluca, Shinji Kume, Greg Fries, and Rob Schlender for thé0]

[18]

intellectual contributions and hard work. We thank Michael

Ehrenstrasser and Mark Endress for their efforts in creating
virtual factory implementations, and Andreas Best for hig8l] A. A. Rizzi, J. Gowdy, and R. L. Hollis. Distributed coordination in
work in porting the Interface Tool. This work was supported
in part by National Science Foundation grants CDA95039935] a. E. Quaid and R. L. Hollis. Goperative 2-DOF robots for precision

DMI9523156, and DMI19527190.

REFERENCES

[23]

[1] Roger D. Quinn, Greg C. Causey, Frank L. Merat, David M. Sargent,

Nicholas A. Barendt, Wyatt S. Newman, Jr. Virgilio B. Velasco, Andy

d

of an agile manufacturing workcell for light mechanical applications.
In Proceedings of the 1996 IEEE International Conference on Robotics
and Automation1996.

T. Gaugel, H. Dobler, M. Bengel, C. Weis, and J. Schliesser. Building
a mini-factory from a technology construction kit. Rroc. 3rd Int'l.
Workshop on Microfactoriegpages 5-8, Minneapolis, MN, September
16-18 2002.

M. G. Mehrabi, A. G. Ulsoy, and Y. Koren. Reconfigurable manufac-
turing systems: Key to future manufacturing.Japan/USA Symposium
on Flexible Automationpages 677-682, 1998.

IPIP-IFAC Task Force. GERAM: Generalised Enterprise Reference
Architecture and Methodology. Version 1.6.2, June 1998.

J H Christensen. Holonic manufacturing systems: initial architecture
and standards directions. Rroceedings of First European Conference
on Holonic Manufacturing System$994.

R. L. Hollis and A. E. Quaid. An architecture for agile assembly. In
Proc. Am. Soc. of Precision Engineering, 10th Annual Magistin, TX,
October 15-19 1995.

A. A. Rizzi, J. Gowdy, and R. L. Hollis. Agile assembly architecture:
An agent-based approach to modular precision assembly systems. In
IEEE Intl. Conf. on Robotics and Automatiopages 1511-1516,
Albuquerque, April 1997.

J. Gowdy and Z. J. Butler. An integrated interface tool for the
Architecture for Agile Assembly. IHEEE Int'l Conf. on Robotics and
Automation pages 3097-3102, Detroit, May 1999.

J. Gowdy and A. A. Rizzi. Programming in the Architecture for Agile
Assembly. InlEEE Int'l Conf. on Robotics and Automatipbetroit,
May 1999.

R.L. Hollis, A.A. Rizzi, H.B. Brown, A.E. Quaid, and Z.J. Butler.
Toward a second-generation minifactory for precision assembly. In
Proc. IARP Workshop Micorobots, Micromachines and Microsystems
Moscow, Russia, April 24-25 2003. Int'l. Advanced Robotics Program.
S. Kume and A. A. Rizzi. A high performance network infrastructure
and protocols for distributed automation. Bnoc. IEEE Int'l. Conf. on
Robotics and AutomatigrSeoul, Korea, 2001.

R. L. Hollis. Field-joinable platen tiles for planar linear motors. U. S.
Patent #6,545,375, April 8 2003.

W. E. Hinds and B. Nocito.Theory and Application of Step Motors
chapter 15: The Sawyer Linear Motor, pages 327-340. St. Paul, West
Publishing Co., 1974.

position sensor for planar linear motors.IEEE Int'| Conf. on Robotics

and Automationpages 3109-3114, Leuvan, Belgium, May 1998.

R. L. Hollis, Z. Butler, A. A. Rizzi, and A. E. Quaid. Closed-loop
planar linear motor with integral monolithic three-degree-of-freedom ac-
magnetic position/orientation sensor. U.S. Patent No. 6,175,169, January
16 2001.

A. E. Quaid and R. L. Hollis. 3-DOF closed-loop control for planar
linear motors. INIEEE Int'l Conf. on robotics and Automatiopages
2488-2493, Leuven, Belgium, May 1998.

Z. J. Butler, R. L. Hollis, A. A. Rizzi, and A. E. Quaid. Closed-loop
planar linear motor with integral monolithic three-degree-of-freedom ac-
magnetic position/orientation sensor. U. S. Patent #6,175,169, January
16 2000.

Z. J. Butler. Contact sensor-based coverage of rectilinear environments.
In Int'l Symp. on Intelligent ControlBoston, October 1999.

Wing-Choi Ma, Alfred A. Rizzi, and Ralph L. Hollis. Optical coordi-
nation sensor for precision cooperating robotsIHEE Int'l. Conf. on
Robotics and Automatigopages 1621-1626, San Francisco, April 2000.
H. B. Brown, P. M. Muir, A. A. Rizzi, M. C. Sensi, and R. L.
Hollis. A precision manipulator mdule for assembly in a minifactory
environment. Inint'l Conf. on Intelligent Bbots and Systems, IROS
‘01, Maui, Hawaii, Oct. 29—-Nov. 3 2001.

modular precision assembly systembit'l. J. of Robotics Research
20(10):819-838, October 2001.

assembly. InProc. IEEE Int'l Conf. on Robotics and Automation
Minneapolis, May 1996.

Michael L. Chen, Shinji Kume, Alfred A. Rizzi, and Ralph L. Hollis.
Visually guided coordination for distributed precision assembly. In
IEEE Int'l. Conf. on Robotics and Automatiopages 1651-1656, San
Francisco, April 2000.



[24] R. DelLuca, A. A. Rizzi, and R. L. Hollis. Force-based interaction for
distributed precision assembly. Proc. Intl Symp. on Experimental
Robotics Honolulu, Hawaii, December 10-13 2000.



