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Two important trends of modern modular
robotics research are module size reduction and
the increase of the total number of modules in a
robotic system. Smaller and simpler modules are
expected to be cheaper if fabricated in bulk and
easier to selectively replace in a modular system in
case of failures. Stochastic methods of modular
robots assembly and reconfiguration enable
individual module simplification and
miniaturization because modules can be
constructed without on-board power supplies,
locomotion controllers, or actuators [1, 2].
However, stochastic reconfiguration is in many
respects dependent upon the properties and
operation of the environment where the modules
reconfigure [3-5]. This paper discusses the
challenges in design and control of the artificial
environment constructed for experiments in three-
dimensional stochastic reconfiguration of modular
robots.

Introduction

While planar controlled reconfiguration of
stochastic modular robots has been successfully
demonstrated by several studies [4, 1, 3], volumetric
stochastic reconfiguration of multiple robotic
modules is yet to be achieved. There are several
technical challenges along the way to achieving this
goal. First, whereas in planar experiments modules
require sufficient freedom of motion in a plane, three-
dimensional reconfiguration necessitates providing
modules with a physical ability to freely move in 3D.
There are only few conceivable options of realizing
this without the use of tethers and manipulators: By
carrying out experiments in either microgravity or
neutral  buoyancy. Second, three-dimensional
modules require more sophistication in connector
design, as they do not have any common alignment
plane, which all 2D system naturally have. The
support plane acts as an external alignment
mechanism for all 2D stochastic systems, effectively
reducing their connector dimensionality by one

degree of freedom compared to the 3D systems.
Finally, actuation of planar stochastic system is
facilitated by the availability of the third dimension:
for example, in case of reconfiguration on an air
table, the air moves orthogonally to the surface of the
table, and its flow determines the mobility of the
modules. In a three dimensional system, this type of
mobility control is not readily available.

This paper describes one approach to experiment
design in controlled three-dimensional stochastic
reconfiguration of modular robots that addresses the
above stated challenges. The following sections
present the structure of the experimental installation,
the mechanism of assembly and reconfiguration, as
well as the modular robots control organization and
the user interface.

Three-dimensional module flotation through
neutral buoyancy and global system actuation

In order to provide the robotic modules with
sufficient freedom of motion in three dimensions, we
have constructed a neutral buoyancy environment as
shown in Fig. 1. Neutral buoyancy is achieved by
placing the modular robots inside of a tank filled with
mineral oil (Fig. 1a) after adjusting the density of the
modular robot so that it nearly equals the density of
the supporting fluid. Similar to all other stochastic
systems, we use a single global actuator instead of
many individual actuators for every robot. In our
case, this is a lhp fluid pump (Fig. 1b) that drives the
oil and, consequently, the suspended modular robots
inside of the reconfiguration chamber. The fluid flow
recirculation system (Fig. 1c) is also equipped with
two 3-way ball valves (Fig. 1d) for fluid flow control
and reversing. These valves are necessary for
additional fluid agitation, as well as for the robotic
structure disassembly, as will be described below.
The ball valves are driven with electrical actuators
(Fig. le), controlled from by user interface software
via a USB mechanical relay switch (Fig. 1f). Fig. 2
shows the fluid flow recirculation paths for the
forward and reversed flow directions.
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Figure 1. Fluidic experimental environment: a) fluid-filled neutral buoyancy tank, b) fluid pump, c) piping for fluid flow circulation, d)
3-way ball valves for reversive fluid flow control, e) electric ball valve actuators, f) USB-controlled valve actuator switch, g) fluid filter,
h) fluid leak control platform, i) robot electrical power supply and communication interface, j) webcam, k) robot buoyancy control

station.

Figure 2. Fluid flow schematics: (left) forward flow, (right)
reversed flow

Even though, at first glance, it appears that the
problem of free motion in 3D has been solved for the
stochastic modules by using a neutral buoyancy
environment, there still remains a serious challenge
of adjusting the weight of the module to make it
exactly neutrally buoyant. After a few minutes of
operation, the temperature of oil starts to increase due
to fluid recirculation. This temperature change affects
the robot buoyancy, presumably due to unbalanced
thermal expansion of the oil and the parts of the
modular robot.

Experimental tank and reconfiguration
mechanism

The fluid tank is shown in Fig. 3. It consists of
three sections: the main chamber (Fig. 3a) where the
robotic modules (Fig. 3b) are placed for experiments

in assembly and reconfiguration, the fluid collector
(Fig. 3g) separated from the main chamber by the
array of 5x5 modular robot connection ports (Fig.
3c¢), and the fluid inlet area (Fig. 3d) separated from
the main chamber by the diffuser plate (Fig. 3f). The
array of robot connection ports serves as a substrate
for the “growth” of modular structures. It provides
the attached modules with both the electrical power
supply and the instructions for further structure
modification  through  the  electrical  and
communications interface (Fig. 31).

The fluid flow is normally directed from the top
of the tank to its bottom. By selectively opening the
fluid valves of the substrate sockets, the flow can be
redirected towards the locations on the substrate
plate, where the placement of a modular robot is
desired. As long as the neutrally buoyant modules
move along with the fluid in which they are
suspended, the flow of the carrying fluid will drive
them to the selected substrate sockets. This method of
actuation gives some degree of control over the speed
of the reconfiguration process, similarly to the use of
an air table for the 2D stochastic robots. In fact, we
expect that using a pump to drive the fluid towards
the selected substrate locations should accelerate the
assembly process, compared to the case when such
directional driving force is absent.



Figure 3. Experimental chamber: a) robot assembly and
reconfiguration area, b) stochastic modules, c)substrate
plate, d) fluid inlet, e) fluid outlet, f) diffuser, g) collector area,
h) safety clamps, i) robot electrical power supply and
communication interface.

As shown in Fig. 3 and Fig. 4, the robotic
substrate sockets and the modular robots are
equipped with geometrically compliant interfaces and
mechanical latches. The surfaces of the robot shells
and the substrate sockets are designed with 4-way
symmetry enabling the freely floating robots to align
themselves passively under the influence of driving
fluid flow onto the substrate or another robot’s socket
along both unrestricted degrees of freedom.

Once the robots are aligned and pressed towards
each other by the pressure of the fluid, their latches
(see Fig. 4) engage and they become mechanically
and electrically connected. The electrical and
communications interface of the robots is also a 4-
way symmetrical hermaphroditic spring loaded pin-
to-pin contact with the pin travel smaller than half of
the pin tip radius. The interface signal designation is
shown in Fig. 5.

Figure 4. Stochastic modular robot with and without the
compliance shells.

Figure 5. Symmetric and redundant electrical signal
designation to the terminal pins.

After the latches are mechanically engaged,
attached robot can be
disconnected from the
structure by actuating
the shape memory
alloy actuators of the
latches (SMA, see s | e e
Fig. 6) and reversing ? / =5
the fluid flow orl T o
direction  to  push Figure 6. Mechanical latch
away the detached with an SMA actuator.
cube.

Reconfiguration process control

We also developed visual user interface software
that provides intuitive means of control over the
process of stochastic object construction. Fig. 7
shows several screenshots of this software. The user
can change the number and location of the robotic
modules in the resulting structure, selectively control
valve and latch actuators for any of the substrate
sockets or the attached modules, adjust or reverse the
fluid flow. The software converts the visual user
commands into the sequences of serial messages that
are sent from the PC into the appropriate robot or
substrate socket controllers.

s

Figure 7. Visual interface for stochastic reconfiguration
control.
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Figure 8. An external ATMega8 microprocessor is used to
convert RS-232 signal from PC into 1-wire signal for the
stochastic modules and vice versa.

For example, a visual interface command of
adding a cube in a given location will result in
opening the fluid valves of the assembled cubes and
substrate sockets adjacent to this location to direct the
fluid flow and the free floating cubes towards the
point of construction. Conversely, a visual command
of removing an assembled cube will result in
disengaging the latches of the cube that is to be
detached, opening the fluid valves of the adjacent
cubes and substrate sockets and reversing the flow to
push this detached robot away from the remaining
structure.

The communication between the PC and the
robot controllers is organized using modified Dallas
1-Wire protocol [6] according to the diagram shown
in Fig. 8. The original protocol provided fully master
controlled data reading and writing routines. Custom
modifications were made to permit multiple masters
to exist on one bus, and, in this way, to enable
physical event-driven logic for the modular robotics
reconfiguration. To provide a standard PC with
access to 1-wire bus, an external ATMega8 chip was
used as a bridge: it was connected to both the robot
reconfiguration chamber with 1-wire bus, and to the
PC via a TTL-adapted RS-232 interface.

An external USB camera is used to observe and
record the processes of modular robot assembly and
reconfiguration. A sample sequence of captured
images of robot reconfiguration is shown in Fig. 9.

Figure 9. Example frames captured by the webcam show
robot alignment and attachment to a substrate socket.

Conclusions

We present an artificial environment constructed
for experimental research in three-dimensional
assembly and reconfiguration of modular robots and
address three important technical challenges
associated with achieving successful reconfiguration:

First, the robots must be provided with full
freedom of volumetric motion and orientation.
Proposed system supports the modular robots in 3D
by making the modules neutrally buoyant in mineral
oil. Even though this statement is quite simple, the
practical difficulty of this particular task is quite high,
and this factor can be prohibitive in achieving
successful assembly and reconfiguration.

The second challenge is that of module
alignment in a higher dimensional space, than for 2D
stochastic systems. Our proposal with this regards is
to first use the force of the directed fluid flow to drive
the floating inactive modules towards the connection
sites, and, when the modules are within a distance of
physical contact from one another, choose their
surface geometry so that it could align them correctly
under the influence of the driving fluid pressure. This
approach also serves as a solution to the third
identified technical problem of global module
actuation.

Acknowledgement

This research was supported in part by the U.S
National Science Foundation grant CMMI 0634652.

References:

[1] Bishop, J., Burden, S., Klavins, E., Kreisberg, R.,
Malone, W., Napp, N., Nguyen, T., "Self-organizing
programmable parts," in Proc. Int. Conf. Intelligent
Robots Systems, 2005, pp. 3684-3691.

[2] Zykov, V., Lipson, H., "Fluidic Stochastic Modular
Robotics: Revisiting the System Design," in
Proceedings of Robotics Science and Systems
Workshop on Self-Reconfigurable Modular Robots
Philadelphia, PA, 2006.

[3] Griffith, S., Goldwater, D., Jacobson, J. M., "Self-
replication from random parts," Nature, vol. 437, p.
636, 2005.

[4] White, P., Kopanski, K., Lipson, H., "Stochastic Self-
Reconfigurable Cellular Robotics," IEEE
International Conference on Robotics and
Automation, pp. 2888-2893, 2004.

[5] White, P., Zykov, V., Bongard, J., Lipson, H. , "Three
Dimensional Stochastic Reconfiguration of Modular
Robots," in Proceedings of Robotics Science and
Systems MIT, Cambridge, MA, 2005, pp. 161-168.

[6] Atmel Corporation, AVR318: Dallas 1-Wire®
master, Rev. 2579A-AVR-09/04 available at
http://www.atmel.fi/dyn/resources/prod_documents/do

€2579.pdf.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


