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Abstract—

Chain modular robots form systemswith many degrees of free-
dom which are capable of being reconfigured to form arbitrary
chain-based topologies. This reconfiguration requires the detach-
ing of modulesfrom onepoint in the system and re-attaching at an-
other. Theinternal errorsin thesystem (especially with largenum-
bers of modules) are such that accurate movement of chain ends,
required for the attaching of modules, can be extremely difficult.
A three phase docking processisdescribed that utilizes both open-
and closed-loop techniques.

This process has been shown to work with an early version. |s-
sues raised during thistesting have been addressed in a later ver-
sion. Discussion of theseissues, their solutionsand preliminary re-
sults of thetesting thelatest version are given.

Index Terms—PolyBot, robot, chain, reconfigurable

I. INTRODUCTION
A. N-Modular reconfigurable robot systems

Modular Reconfigurable Robot is constructed from a large
A number of discrete modules. Each module is capable of be-
ing mechanically (and usualy electrically) connected to one or
more other modules. Such a system is described as n-modular
robot if there are n different module types. n is usually far less
than the total number of modulesin the system. While the capa-
bilities of asingle module, which may only have one active de-
gree of freedom, are exceedingly modest, the combination can
form an arbitrarily complex structure.

As the properties of a robot changes with it's form, then a
robot that can change its form is extremely versatile. Figure 1
shows just afew forms that PolyBot, a particular modular self-
reconfigurable robot, has achieved. A self-reconfigurable robot
isone that is able to change from one form to another with no
external mechanical assistance.

Aswell as enabling versatility, the massively redundant na-
ture of the system can lead to robustness—and even self-repair.
A third hope, isthat economies of scale and batch fabrication of
many identical modules may eventually lead to low cost. [1],
[2].

It must be recognized that this versatility does come at a cost.
Singletask systems can, in general, be made cheaper, faster and
more efficient than a system that can achieve multiple tasks.
Modular reconfigurable systems are thus suited for those appli-
cations which require versatility, or when the task parameters
are not known in advance.

Exploration tasks are good examples of where modular self-
reconfigurable robots can excel. In planetary exploration, the

types of terrain may not be known. In search and rescue in a
rubbl e pileand other unstructured environments, thetypesof lo-
comotion that are needed may not be known. Thus a reconfig-
urable robot has the versatility to adapt to the changing require-
ments of unknown tasks where specialized robots may fail.

Some modular systems are manually reconfigurable, [3], [4]
and others are self-reconfigurable [5], [6], [7], [8], [9], [10],
[112], [12], [23], [14], [15], [16], [17], [18], [19], [20], [21].
Some properties that all of these systems share is the ability to
connect and disconnect from modules with a set of mating con-
nectors. Self-reconfiguration is the automatic process of rear-
ranging the modules. It requiresthe planning of several aspects:
the sequence of connectivity changes; the collision-free motion
of themodules; and the control of docking, latching and unlatch-
ing of the modules.

B. Sdlf-reconfiguration classification

We can classify most self-reconfiguring systems into three
classes based on the method of reconfiguration: mobile recon-
figuration, lattice reconfiguration and chain reconfiguration. [5]

1) Mobile: Mobilereconfiguration systems usethe environ-
ment to maneuver modules to dock with other modules. Exam-
plesinclude Fukuda's early CEBOT [6], Hirose's UniRover [7]
and Brown's millibot trains [8].

2) Lattice: Latticereconfiguration systems change shape by
moving into positions on avirtual grid, or lattice. Modules may
move only to neighboring positions within the lattice. Plan-
ning and control is well structured for local control since the
robot need only deal with what is occupying the small number
of neighboring positions in the lattice. Prototype systems that
use latticereconfigurationinclude[2], [9], [10], [11], [12], [13],
[14], [15].

3) Chain: The chain reconfiguration systems reconfigure
themselves by attaching and detaching chains of modulesto and
from themselves, with each module connected to every other at
least indirectly. That is, the system remains as one connected
component.

Systems that use chain reconfiguration include [16], [17].
Figure 1 shows PolyBot (a chain robot) at three stages of self-
reconfiguration where it transforms from aloop to a snake to a
figure-8 then to afour legged configuration. Forming thefigure-
8 was aided by some teleoperation.

Shen et al have explored docking with CONRO, a chain
reconfiguration system described in [17], using a light based
search for chain motionsin aplane. This paper also focuses on



Fig. 1. PolyBot G2 modules in three configurations

chain reconfiguration systems, with specific reference to Poly-
Bot. Inthe proposed approach, the processis divided into three
phases; two of these are closed loop in nature, which is more
efficient than a search.

While this paper focuses on chain reconfiguration, many of
the properties of docking and rel easing apply to the mobile class
and lattice class of reconfiguration as well.

Following thisintroduction isadescription of chain reconfig-
uration, in particular describing the connection and disconnec-
tion process. Sections 111 and IV describe the connection pro-
cess for two generations of PolyBot.

1. CHAIN RECONFIGURATION MAKING/BREAKING LOOPS

As chain reconfiguration occurs, the joining and splitting of
loopsrequires modul esto attach and detach from other modul es.
Detaching is empirically easier than latching since the chain is
essentially breaking and primarily simply requires the proper
mechanical design with little closed-loop control.

A. Automatic disconnect

There are avariety of methods to disconnect chains of mod-
ules in modular robots. This may happen by the turning of
a screw, releasing hooks [10], [18], [19], (dis)engaging elec-
tromagnets [2], [13], turning off permanent switching magnets

[11], aswell asothers. In somesystems, where docking and sub-
sequent re-latching is not required, single-use mechanisms such
as explosive bolts have been employed.

PolyBot Generation 1 (aka “G1”, an early version of Poly-
Bot) used such a singly-use method of unlatching. This was
used to demonstrate reconfiguring into two topologically dif-
ferent styles of locomotion [1]. A loop configuration initially
rolled like atread, then opened up to a snake-like configuration
and uses a undulating gait.

The system was a serial chain where one end had a slotted
hole, and the other end a T-shaped bar, whose top part mates
withthedot. Thesetwo endsareinitially inserted manually and
twisted tolock them together (closing the chaininto aloop). The
device had no direct mechanism for latching or unlatching, in-
stead it requires the twisting motion of the rest of the chain to
align the bar with the dot. If atension biasis applied while the
two ends are appropriately aligned, then the chain simply falls
apart. Re-docking was theoretically possible by using inverse
kinematics to move the joints so as to re-insert the bar through
the dotted hole. However imprecision in thejoints madethisin-
feasible in practice. Either the mechanism mast be made more
tolerant to mis-alignment, or else the position control must be
made more precise.

B. Docking and latching

The forming of loops has two distinct phases,

1) an approach (or docking) of two connectors, and

2) thelatching of the connector mechanism.

This part of the reconfiguration is significantly more compli-
cated than the disconnection of modules, as both careful coor-
dination and accurate control are required.

The precision required for the docking phase is highly de-
pendent on the actual latching mechanism. Typically the mech-
anism is designed to minimize the level of precision required,
permitting at least some error in all six degrees of relative free-
dom between the two mating faces. Nilsson has studied the ge-
ometry and other issues relevant to minimize the level of preci-
sion required for docking.[20]

In closed chain reconfiguration, the approach also involves
planning the collision free motion of the chains prior to the ac-
tual docking. For chains with many modules and many degrees
of freedom, the inverse kinematics and collision free planning
isdifficult. Thisis especially the case for highly complex sys-
tems, where self-collision may involve the coordinated motion
of chains other than those directly involved in the mating.

The rest of this paper addresses only the automatic docking
and attaching process. For information on collision free motion
and the connectivity planning problem, the reader is referred to
[21] and [5].

I1l. POLYBOT G2 CONNECTION

PolyBot is a chain reconfiguration system that will be used
to highlight methods and issues in the docking requirements of
self-reconfiguration.

Like PolyBot G1, Generation 2 is also a 2-modular reconfig-
urable robot system. That is, it is constructed from two mod-
uletypes: nodes and segments. The segment modules are nom-



inally rectangular prisms and have onerotational degree of free-
dom separating two connection ports. The node modules are
fixed cubes (i.e. entirely passive) with six connection ports.
Unlikeit's G1 predecessor, G2's connection ports have elec-
tromechanical latches under software control. These latch onto
the pins protruding from the opposite face. An IR ranging sys-
tem permits closed loop docking as will be elaborated on in this
section. A G2 segment module can be seen in Figure 2.

Fig. 2. CAD rendering of a PolyBot G2 module

G2 segments are roughly L x W x H = 60 x 70 x
110mm (where the length, L, is the distance between the two
opposing interface plates when held parallel). The main inter-
nal components of a G2 segment are: the brushless DC motor
with gear box, interface plates, motor drive circuit board, and
a CPU board. Each module has a Motorola PowerPC 555 em-
bedded processor with: 448kb of internal reprogrammable pro-
gram store (FLASH memory), 1Mb of external dataSRAM, and
the ability to communicate using Controller Area Network (or
CAN, arobust shared bus communications protocol). Besides
the IR ranging components, the only other sensors are the hall-
effect sensors built into the brushless DC motors. These are
used to commutate the brushless motor and to keep track of the
angular orientation of the two sides of each segment module.

As can be seen in the rendering of the G2 Segment (Fig-
ure 2), the interface plates (approximately 50x50mm) are quite
crowded. Some visible aspectsinclude: the electrical interface
elements, which are hermaphroditic; the grooved pins and holes
that repeat at 90° intervals about the center; the latch return
spring; and the IR sensors and emittors.

The 90° repetition of pins, holes and electrical connectors
alows the modules to mate in any of four orientations. The
hermaphroditic property of the plates alows every interface
plate to be the same and so any plate can mate with any other in-
terface plate. Thisisin contrast with some other reconfigurable
robots where docking is more restricted due to having the male
types and female types.

When two modul es are attached together the grooved pinson
one plate penetrate through the holesin the other plate. A hook-
likelatchisengagedin the grooveon the pintolock the modules
rigidly together.

The latch mechanism is quite simple in concept however the
many dependencies between parts and the 2mm thick available
volume complicate the implementation. The latch plate (laser
cut from SS 304 sheet) rotates about the center of theinterfaceas
seenin Figure 3. Itsfour legs reach out and around the grooves
in the pins of a mating module when the latch is engaged. Two
pieces of 150 micron shape memory aloy (SMA) wire are me-
chanically connected to (but electrically isolated from) the plate.
These wires extend out, around a pin in aturnbuckle on the cor-
ners of the plate and return to the latch plate. Electrical connec-
tions are made to the two ends of the SMA wire where they are
attached to the latch plate.

Fig. 3. Rendering of back side of connection plate of PolyBot G2

When current is passed through the SMA wires, coulomb
heating occurs and the wires contract (s 4%) causing the latch
plate to rotate. When the current is shut off the wires cool be-
low their transition temperature and a return spring returns the
latch to the engaged position. Note that the latch is thus pas-
sivewhen engaged (requiring no energy) and active only during
arelease transition. The return spring is made from 1mm thick
BeCu sheet metal and is press-fit into the frame. The spring is
apair of 2.5 turn spirals wire-EDM cut into BeCu sheet. The
latch plateis pinned to the spring during assembly.

Disconnecting two modul esis straight-forward, the two mod-
ules simply open their SMA-driven latches, and then move
away from each other. Connecting two modulesistheoretically
the same, however the positional accuracy required for the pins
to enter is considerable.

With large chains of PolyBot modules, the positional error
from end to end increases. Thiserror isdueto both inaccuracies
in angle measurement (i.e. the module hasn’'t bent to quite the
angleit thinksit is) and mechanical slop at the interface plates.

This problem was anticipated, and the mechanical design
aimsto reduce the required accuracy. The chamfers on the pins
and holes guide the pins into the latch hole as the plates come
together. The chamfered holes have an outer diameter of 6mm
at the face, the pins come nearly to a point, removing up to 3mm
of trandational error or 8° of rotational error.

However even these tolerances can be exceeded over along
chain of modules, and so the remainder of this section discusses



the control strategies employed.

The overall process has three distinct phases, in this way it
is similar to the work on CONRO described in [22]. The first
is the long range phase; this brings two modules in proximity
to each other from arbitrarily far distancesusing just joint angle
sensors. Once close enough that the IR sensors on the two dock-
ing modules can sense the opposing module, then the medium
range phase begins. This brings the modules closer together,
close enough so that the short range process can finish the dock-
ing. Itisat this stage that the mechanical properties discussed
above come into play. Using only joint angle information, the
short range process appliesforcesin different directionsto push
the modules together until latched.

For the PolyBot G2 modules, the medium phase is designed
to be effective with independent starting errors of up to: 30mm
of trandational error; ~ 20° rotational error in roll; and ~ 40°
of rotational error in each of yaw and pitch. So the long range
process must terminate with the two modul es being within these
bounds.

The short range process can tolerate up to 3mm of tranda
tional error and 8° of rotational error. So the medium range pro-
cess must achieve at least this level before concluding.

A. Long range

Inverse kinematics is used in al of the docking phases,
though the exact manner in which it is employed does vary.
In the long range phase, one of the mating modules calls the
inverse kinematics routine with a fixed goal position, aiming
for the middle of the region which is feasible for starting the
medium range phase. The inverse kinematics routine cal culates
thejoint anglesfor each segment moduleto achievethe goal po-
sition.

For self-reconfiguring systems that can adopt arbitrary con-
figurations, no assumptions can be made about the configuration
immediately prior to any reconfiguration. And so the the kine-
matic model of the system (and in particular the chains being
joined) bust be generated on the fly. Denavit-Hartenberg (DH)
notationisused for the representation of achain of modules. As-
sume the size of the moduleisan L x L x L cube. Given two
connected PolyBot segments, the DH Parameters (a, a, d) are
asfollows: a is L, the distance between the two axes of rota-
tion; a is0°, 90°, 180° or 270°, depending on the connection;
and d isalwaysO0. In the case where there are nodes (the passive
modules) between the segments, then a=(n + 1)L, wheren is
the number of nodes.

Given areference frame associated with amodulein achain,
let §; be thejoint angle of the module that isith positions from
thereference module. Then DH3] isthe DH Parameters of that
module and a transformation matrix 7T;(6;) can be generated.
L et the docking module bethe nthin thechain. Thetransforma-
tion of the docking module with respect to the reference frame
is

T(6y,...,0,) =] [7:(6:).T.
i=1
where T, isthe transformation moving L/2 in z—direction. Us-
ing T, the 6D offset of the docking facefrom thereferenceframe
may be obtained.

For the long range docking process, either afixed goal posi-
tion, or else the transformation T, of the docking faceis given.
T, isthe approximate position of the other docking face with re-
spect to the reference frame. The inverse kinematics routine is
to calculate the §; from equation T' (61, . .. ,6,) =T,.

Thisreducesto six equations with n variables. A generalised
constraint solver is implemented using Newton's Method with
a singular value decomposition (SVD) at each Newton's step.
SVD is robust for both under- and over-constrained problems
(i.e. for any n). In order to improve the solution quality, the Ja-
cobian matrix is calculated analytically instead of estimating it
numerically. For each transformation 7;(6;),

T'(0;)= lﬁTj(ej)] T;(65). [ HT]'(GJ)] :

j=it1

B. Mediumrange

A major part of the docking processisthe closed-loop control
inthe medium range phase. Heretherelative position of thetwo
docking platesaredirectly sensed in six dimensionsusing infra-
red (IR) emittors and detectors. Figure 4 shows the mechanical
design of the plate, with IR emittors at each of the four corners,
and two IR receivers (phototransistors) in the center.

Emitter

Receiver

Fig. 4. Mechanical design of the IR 6D sensing device on a PolyBot faceplate.

The IR system is used to determine the direction of motion
reguired to close the distance between the two plates. Two sep-
arate methods for calculating this distance are discussed bel ow.

Once the 6D relative offset is found, by whichever method,
inverse kinematics provides the joint angle movements which
will effect this change. The same inverse kinematics routines
used in the long range process (described above) are employed
again, except that T, is not given as fixed, but rather computed
fromT.T,. T isthe current transformation matrix and 7, isthe
desired offset between two docking faces, calculated from the
IR measurements.

Small incremental steps are used for each motion, until the
plates are within the range for the final phase.

1) Computed offset method: Each receiver sensesthe inten-
sity of light received when individual opposing emittors are lit
in sequence. The intensity of light measured at areceiver isa



function of both the distance between the emitter and receiver,
and also their angular offset (i.e. the angle between the imagi-
nary centerlines of the emittors and receivers). A model of the
IR emitter/receivers can be created yielding equationswhich use
these parameters. For any given sensor data, the equations can
be solved to find the 6D offset between two plates. Thisisthe
information the inverse kinematics solver requires. The perfor-
mance of this process is discussed in Section I11-D.

Figure 5 shows the control signals for the lighting of the first
four emittors. Each face is allocated one time slot (slot one or
two). The two sides are synchronized periodically through the
independent wired communications bus.

P IR detector A/D sample point
Ambient IR sample point

A/D conversion
| trigger

Emitter 1

ﬂ Emitter 2
|_| Emitter 3

Emitter 4
Time slot 1 Time slot 2 Time slot 1
Period 1 Period 1 Period 2

Fig. 5. Emitting and receiving sequence.

At the end of atime dot, each of the four receivers (two on
each plate) will have eight readings: one from each of the oppo-
site four emittors, and four measurements of the ambient light.
Subtracting the ambient readings from the actual sample (toin-
crease robustness to external IR noise) gives a total of sixteen
pieces of data.

In each MPC555 processor on the two mating modules, a
Time Processing Unit (TPU3) generates the trigger and emit-
ter control signals. The trigger signa is fed back into the same
chip to activate an on-chip queued analog to digital converter
(A/D). The A/D vauesreturned reflect thecurrent IR intensity at
eachreceiver. Being aqueued system, then asingletrigger pulse
causes asample at all four receivers followed by a single inter-
rupt. Theinterrupt service routineisresponsible for subtracting
the previously taken ambient light readings and sending the re-
sults to the appropriate destination. This message travels over
the independent wired communications bus. Whichever mod-
uleis currently doing the overall coordination of motion will re-
ceive the sets of datafrom both faces and i ssue movement com-
mands accordingly.

For each plate, consider attaching a frame as shown in Fig-
ure 6 (in this case Plate 1 and Plate 2 are facing each other).
Given an offset between the two plates, the spatial relationship
between every combination of emitter and receiver can be de-
termined.

Let d be the distance from the receiver to the center of
the plate, and w and h be the width and height of the po-
sition of the emittors. The coordinate of receiver 1, in its
own frame, is (0,0,d), and the coordinate of receiver 2 is
(0,0, —d); similarly, the coordinates of emittors A, B, C and D

Plate 1

Plate 2

Fig. 6. Framesfor plates.

are (0, —w, h), (0, w, h), (0, —w, —h) and (0, w, —h}, respec-
tively. Let (z,y, 2, a, 8, ) be the offset of the frame of plate 2
with respect to the frame of plate 1 (e.g. in the case of two plates
exactly aligned facing each other, the offset is (x, 0,0, 7, 0, 0)).
Let T be the transformation matrix from plate 1 to plate 2 ob-
tained by the offset, and R betherotation matrix of T'. Thenorm
of plate 1is(1,0,0) and the norm of the plate 2, in plate 1 co-
ordinates, is R(1,0,0). Let (z., ye, z.) be the coordinate of the
emitter initsown frameand (x., y, z,-) bethe coordinate of the
receiver of the opposing plate in its own frame. There are two
cases.

« Theemitter ison plate 1 and the receiver ison plate 2: the
position of the emitter is 3 = (x., y., 2.) and the position
of the receiver is §=T'p, where p'= (z, Y., 2,) and §=
(ah, ., 21).

« Theemitter ison plate 2 and the receiver ison plate 1: the
position of thereceiver is6={(x, y., ), and the position
of the emitter is ¢ = T'5, where 5 = (X, Ye, 2e) and § =
(@l b, 20).

Given two points in space, ¢ and ¢, and the norms of their
plates, 7, and 7i,, then: the distance between them is |§ — 4l;
the angle at §'is arccos (7i, ® (§ — 0)/|¢ — 0]); and the angle at
gisarccos (7i; ® (0 — q)/|q — 0]). Thereforetheemitter andre-
ceiver angles, as well as the distance between the receiver and
the emitter, can be obtained for each of the sixteen pairs of emit-
torsand receivers. An IR intensity model was obtained by mea-
suring intensities over a set of angular and distance displace-
ments, and then fitting the theoretical curve to those data points.
The 6D offset can be cal culated using thismodel and the sixteen
measurements I; = fi(z,y, 2, a, 3,7), fori=1,...,16.

Theoretically, the same constraint solver described above for
use in finding inverse kinematics could be used to solve this
over-constrained set of equations. However in practice, the IR
model obtained was found to be numerically sensitive to sensor
mounting errors, and was not accurate enough for robust estima-
tion. This unfortunate shortcoming is elaborated on, in Section
I11-D. As an alternative, the centering method, described next,
was adopted.

2) Centering method: The centering method is based upon
theideathat the measured intensities should be balanced (equal)
when the plates are centered and facing each other. The method
is far more robust to sensor model errors and numerical ill-
conditioning.



This method differs from the computed offset method out-
lined above, in that the result is not a single 6D offset which
could (theoretically) be compensated for in one movement.
Rather, it gives a quickly computed indication of the general di-
rection of movement required. By making repeatedly measur-
ing, calculating and moving, the two modules should progres-
sively decrease their relative offset.

Let X;; represent areading where X isthe emitter ID (A4, B,
C, or D), i isthe receiver ID (1 or 2) and j isthe plate ID (1
or 2), and let x represent the case that holds for both plate 1 and
2. When two plates are centered and facing each other, we have
a set of equations, e.g., Ajx = Bix, Aoy = By, C1x = D1
and Cy4 = Do,. In practice, even when the two plates are ex-
actly centered, the equations may not hold because of noise and
slight variations when mechanically assembling the plates. The
difference, however, can be used as a guideline for a relative
offset. For example, (A1x — Bix) + (Aax — Bay) + (Cix —
D1,) + (Coy — Doy) gives offset in the Y direction, while
(Al* - 02*) + (AZ* - Cl*) + (Bl* - D2*) + (Bz* - Dl*)
givesrelative offset in the Z direction.

Consideration of the geometry and some simple calculations
yields five sets of equations. Each set is associated with one of
the 6D offset dimensions, and isinvariant under changesin that
dimension.

o Bia+ Dy + Bii + Doy = Asa + Co2 + A11 + Coy and
B3y + D12 + Ba1 + D11 =423 + Ci2 + A2 + C11 hold
trueasY changes.

o Ajs + By + Doy + C21 = Caz + Doy + By + Ayy and
Agg + Bay + Dyy + C11 =C12 + D12 + By + Ag hold
true as Z changes.

o Bia+ A1 + Day + Co1 = A1a + By + Caa + Dy and
Diy + Ci1 + Bz + A21 =Ci2 + Dyy + Azz + By hold
true as « changes.

o Aj2+ By + Bia + A1y =C5 + Doy + Dyz + Coy and
Aso + By + Bag + A21 =Ci2 + D11 + D12 + Cp1 hold
true as 3 changes.

o Bis + Cos + Biy + C21 = Ays + Das + Ayy + D2 and
Az 4+ D12 + Az + D11 =Bas + Ci2 + By + C1p hold
true as v changes.

A minimization method can be applied to one or more of the
equations. For example, the equation U =V, defines an energy
function E = (U — V)?/2. Thegoal of centering is to move
to the direction where the energy function can be minimized. In
order to minimize E, calculate

OFE ou oV
=501 (% %)

62E ou oV (oU oV
T op2 \dp Op op Op)’
inwhich, pisy, z, a, 8 or . Solving H Ap+ J =0 providesthe

direction of the offset movement for al the dimensions except
z. To calculate z, the energy function

and

2 2
E=2%"Y (4} + B}, +C}, + D})

i=1 j=1

can be used, based on the fact that all the readings go to mini-
mum when z approaches zero in the centered position. Oncethe
plates have been centered, thisyields

O0E /0*E
Ag=——7 [ ——
:c Ox [/ O0x2°
where
E 2 2
8A;; 9Bi;
Er ZZ(AW 7 +BiT,
=1 j=1
+ Cz] 366;3 + D” 35;])
and

32_E%2 2(3A,J 8B, )2
»U(CORCIN
(%) + (%))

C. Shortrange & Latching

Once the medium range has brought the plates within range,
thethird phase remains. In the short range process, the two mat-
ing modules are moved together in the correct general direction
in an open loop fashion. This relies upon the mechanical fea-
tures of the module surfaces (discussed above) and compliance
of the entire system to guide the modules.

To determine the correct general direction, the inverse kine-
matics routines used in the long range process are again used.
However, instead of aiming for a fixed goal position, it isase-
guence of forward, left and right motionswith respect to the cur-
rently moving docking plate. These motions use only the joint
angle sensors, and rely on the physical contact of the plates to
guide the motions.

D. Results

Connecting and disconnecting was successfully demon-
strated with seven G2 modules in two arms (a six-module arm
and a one-module arms) moving in a single plane (reducing
the problem to a three degree of freedom workspace). The
arm starts some distance away (shown in Figure 7a) and uses
the long range method to move to the state in Figure 7b. The
two faces of the mating modules are now close enough that
the medium range method can take over. Figure 7c shows the
result after this second phase. At this point the two latches
are opened and the final stage commences, resulting in the
modules successfully docking (Figure 7d). Figure 7e showsthe
release of the latch on the other side of the arm. So a complete
reconfiguration has now taken place: the arm has grown by
adding the extramodule to its end.

1) Longrange: Thelong range motion wastested with up to
24 modules moving in aplanar workspace. Thetorquelimitsin
the G2 modules would not support a chain that long in the non-
planar case. Using somead hoc biasesto compensate for system
hysteresis, the 24 module arm is able to consistently bring the
plates of itstwo end modul esto within the medium phaseregion
of acquisition.



c)

Fig. 7. @) Theinitial starting position, with the two plates arbitrarily far, b) the
end of the long range phase, ¢) the end of the medium range phase, d) success-
fully docked, €) end module detached from frame

2) Medium range: The computed offset method suffered
from inaccuracy and variability of sensor/emitter model, caus-
ing the constraint solver to fail. These inconsistencies are
formed fromirregul aritiesin the mounting of the sensorsaswell
as part-to-part variations.

In addition, the nature of the IR model’s curve gave usable
sensitivity over only a small range of offsets. The narrow fo-
cuslenses on the emittors and receivers made the system highly
sensitive to the angle parameters. This high sensitivity existed
over asmall range of motion, leading to either saturation or no
measurable signal over therest of the range.

A further difficulty proved to be the geometric layout of
the sensors and emittors. As both components were recessed

dlightly in the frames (for physical robustness), then at close
ranges, measured intensity diminished to zero, even when per-
fectly aligned. This meant that at a distance of about 20mm the
sensors became useless.

The problems that lead to the computed offset’s failure have
been addressed in the new design, as discussed in Section IV.

The centering method proved much more robust to sensor er-
rorsand more consistently brought the mating modulesto within
an acceptable starting position for the short range phase to suc-
ceed.

3) Short range: Once in phase three, a G2 module opens
the latch and inverse kinematics are used to make incremental
movements forward (normal to the mating plate planes which
aretheoretically aligned at this point). After aspecified time de-
lay the latches are allowed to close and docking is completed.
The success of the short range phaseis highly dependent on the
medium range phase bringing the mating modul es close enough.

It was found that after the latches are allowed to closg, it is
beneficial to add orthogonal perturbations (“wiggling”) to en-
sure aproper fit. Thisgreatly increased the probability of asuc-
cessful secure docking. There is precedent for thisin other sit-
uations, such asindustrial assembly tasks.[17]

1V. PoLYBOT G3 CONNECTION

A third generation PolyBot modul e has been prototyped. This
new design addresses a number of the shortcomings discovered
in G2 and discussed in the previous section.

Fig. 8. PolyBot G3 module

The G3 modules are smaller, roughly 50 x 50 x 50mm. The
most notable visible difference is the absence of the DC motor
extending past the side of the module. Instead a DC pancake
motor with a harmonic gear completely internal to the module
isused.

Figures 8 and 9 show the G3 module. The general concept is
identical, but the G3interface platesare sightly smaller thanthe
G2 interface plates, and many of the G3 components have been
moved relative to their G2 positions. The changesin the design
are made to



Fig. 9. PolyBot G3 module components

« enhance performance: the connectors are larger pitch and
have higher contact force for higher current loads

« add functionality: the pins and latch plate are redesigned
to so they could be passively latched

o easeassembly: the SMA wires (not shown) are held by the
four set screws at the corners and are wound through guide
pins on the latch plate—no turnbuckles

« reduce cost: the BeCu spiral spring is replaced with multi-
ple bent wire springs

« better latching: the latch plate is now pinned in the center
to both the frame and circuit board so that it rotates consis-
tently about the center

« ease docking: the IR components are moved so that they
are now visibleto each other during all phases: long range,
medium range, short range and even after docking

A. Long range

Whilethe general method for long range positioning using the
G3 modules is essentialy the same as G2, some changes have
been made that can improve the process.

As discussed earlier, the error in the positioning of the end
point increases as the number of modules within a chain in-
creases. To the first order, a simple analysis can be made for
an simplified case. If asingle chain of modulesis fixed at one
point, and each modul e containsasmall random error initsjoint
angle, then the error in the position of the chain’s other end will
be linearly dependent on the number of modules.

As the number of modules increases, the ability for the long
range method to bring the endpoint modules within the desired
error region may eventually be exceeded. For this case aninter-
mediary stage between the long and medium range process can
be inserted. In this stage a spiral search process is used, using
the IR sensors to detect when the docking modules come into
range to start the medium range process.

Alternatively, ad hoc methods may be used to reduce some of
the error dimensions. For example, moving both docking mod-
ules to contact the ground or another common object will con-
strain the error space and reduce the dimensionality of the prob-
lem.

B. Mediumrange

The G3 modules have adifferent arrangement of the IR emit-
tors and detectors. The new design places four emitter-detector
pairs on the center of four edges. Figure 10 shows the new me-
chanical layout of the plate, a filled circle denotes an emitter
and an open circle denotes a detector. The new design has the
property that when two centered faces are closer, the intensi-
tiesreceived from the corresponding emittors are larger. Thisis
in contrast to the G2 design where the intensities diminish (and
eventually vanish) due to large emitter-detector angles.

e :<§
Detector L
e
/
Emitter

Fig. 10. Mechanical design of the IR 6 DOF sensing device on aPolyBot face-
plate

The new design aso enables local communication for two
connected modules. This allows recognition of which of the
two plates are connected and which of the four possible orien-
tations the two connected platesare in. Thisinformation isim-
portant for automatic configuration recognition during the ini-
tialization of a modular self-reconfigurable system. Using IR
emitter/receiver pairsin thisfashion for modular robotswasfirst
shownin[23].

While the G2 arrangement used lensed IR emittors that re-
sultedin model parameters highly dependent on theincident an-
gles, the G3 diodes chosen have no lenses, and amore Lamber-
tian emission property. Now the dominating parameter is the
distance between the emitter and detector and not the angles be-
tween them. Since the position of the diodes is much easier to
control than the angle they are mounted to, the manufacturing
assembly errors are no longer as significant. The intensity ver-
sus distance curve is shown in Figure 11, which also shows a
closefit with the model.

With anincreasein the number of IR detectors, measurements
from just one plate's sensors is sufficient. Each emitter on one
plateisactivated inturn. Each of the four detectorsin the oppo-
site plate take areading each time. These 16 samples (after sub-
tracting ambient light readings) are sufficient to solvethefor the
6D offset transform using Newton/SV D as discussed in Section
I11-A. The ambient light level readings are updated frequently
to ensure robustness even in rapidly changing light conditions.

The IR emitter and receivers were tuned so that the intensity
model would be well conditioned in the 10-50mm range. This
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Fig. 11. The actual and model intensity curvesfor G3

is apparent from the graph in Figure 11. Within this range, the
computed offset method (which failed in G2 due to IR model
sensitivity) can now be used.

Outside of thisrange, where the model does not yield useful
information, the same centering method of G2 is used. The G3
version of these equations, modified to model the new emitter
and detector geometries, prove to be more linear. Thisincrease
in linearity, and the reduction in the sensitivity to manufactur-
ing and assembly tolerances should result in corresponding im-
provements in the centering method as well.

C. Short range and latching

The short range phase is also improved in the G3 system. In
G2, the latch hooks are commanded to open before the final
phase of docking. SMA actuators are notoriously slow and this
process typically takes on the order of ten seconds. In G3 the
latch plate can be pushed aside by the pinsduring insertion with-
out first opening latch. The force required to insert one set of
four pinsinto aframeis measured at just over 1.5kg.

D. Results

While only small numbers of the G3 modul es have been pro-
duced, and these are going through rapid cycles of minor de-
sign modification, some preliminary results exist. Within asin-
gle horizontal plane, achain of seven modules attempts to dock
with an eighth (similar to the task shown in Figure 7).

1) Long range: From any given starting position, the long
range (inverse kinematic) approach correctly maneuversthetwo
docking facesto apoint approximately 30mm apart. For achain
of thislength, the strategy could undoubtedly perform much bet-
ter; the fixed piece of tubing helps by reducing the number of
joint errors and interfaces. However as discussed previously,
with longs chains the inevitable build-up of error in any open
loop agorithm makes too close an approach inadvisable.

2) Medium range: The medium range strategy (using the
computed offset method) has been shown to work experimen-
tally until about 10mm. Thisisin accordance with Figure 11,
which shows 10mm to be around where the | R receiversare near
saturation. A this saturation point, the IR model used breaks
down. This leaves the pins of each face just about level with

(though possibly slightly mis-aligned with) the holes of the mat-
ing module.

Moving onto the centering method, the medium range strat-
egy steers the faces to within about 1mm of perfectly docked.

3) Short range and latching: Now the pins are correctly
aligned with, and most of the way into, the opposite holes. The
final step of docking has not been entirely successful dueto very
demanding tolerancesin the latch mechanisms. The frames are
in the process of being modified to resolve thisissue, and com-
plete autonomous docking is anticipated soon.

V. CONCLUSIONS

This paper presents some of the issues involved in the dock-
ing of chain type self-reconfigurable robots. It describes athree
phase approach to docking which should be general for all chain
type self-reconfiguration. Several methods are proposed for the
medium range phase, where the closed-loop control resides. In
experimental verification, a centering control method isempiri-
cally found to be more robust than acomputed offset method. A
third generation PolyBot module systemisbeing tested inwhich
the guidance system for the medium range phaseis better suited
to both centering and computed offset methods. Experimentsto
date have tentatively confirmed that this results in more robust
and reliable docking.
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