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Abstract—This paper addresses the design of
robotically-reconfigurable truss structures and gress towards a
robot capable of manipulating such structures. iements are
designed to be inserted and removed singly in “eandccess,” thus
eliminating some assembly order constraints anckng a physical
realization of the construction process. The pragbsobot is a
“hinge” robot that can demonstrate manipulating dalements. The
robot is also designed to be able to traverse aabjt scale truss
structures. With the addition of reconfiguratioryatithms discussed
by Lobo in [1], we suggest that such reconfigurasileictures and
robots could open the door to a machine metabalacess where
structures are decomposed and recomposed autondmimusneet
varying needs to a variety of applications fromrasfructure
recovery to space exploration.

Index Terms—reconfigurable robotics

1. INTRODUCTION

Biological metabolism is the process by which agaoism
breaks down food into its constituent modular eletse
(catabolism) and then uses those raw materialse@te new
tissue (anabolism). Metabolic processes
interesting properties that are difficult to replie in synthetic
structures, such as continual reuse of modularexiésrin new
organisms, autonomous disassembly and assemblggzes,
self repair, continuous adaptation to functionajuieements,
and robustness to resource fluctuations. Dupligatinese

Figure 1. Structural metabolism concept. Artistditon of several robots
performing metabolism on a truss structure. Strattmetabolism
implements properties of biological metabolism,tsas autonomous
disassembly and assembly, automated design froodedaequirements,
and robustness to resource fluctuations.

demonstr

passiygoperties in a robotic ecology and composing, dgmsing,

and then recomposing items out of such modular eftsn
could have a wide range of applications, rangingmfr
infrastructure recovery to space exploration. Féglishows a
concept image of a robotic ecology metabolizingsgru
structures in the proposed way.

Machine metabolism is a long-term goal, consistifiga
multiple challenges. First, what minimal set of izt
elements would serve as a basic starting point for
implementing metabolic processes in a physical esy8t
Doyle et al. [2] suggest that a large number of source and
target structures can be described through a velatsmall
set of well-optimized building blocks, known as thewtie
architecture. Second, what algorithms can determnwhich
target structures meeting certain functional speatibns are
attainable using a given set of building blockg] anw would
they be specified? Third, how does one optimakbysform a
source object into a new target object while manitg both
gg%sical structural constraints and kinematic rabot

straints? More broadly, such challenges are ocomed
by uncertainty and fluctuations in the supply cfaerces and
lack of global coordination mechanisms between iplelt
robotic agents — much like biological cells needctmstruct
tissue under varying conditions and resource fhtbns,
using massively-parallel and uncoordinated locaklsastic
processes. In this paper we limit our study to $&mubic
truss structures with single face-centered diagor{ak in
Figure 1), thus constraining the elementary sebrity two
elements. Within this framework, we propose physica
elements designed to realize such robotically mdaipble
truss structures, as well as a robot designed toipukate
these structures. While the robot is only capalflenimimal
truss manipulation currently, we anticipate thdt $tructural
manipulation is achievable in this framework.

2. BACKGROUND

Self-reconfigurable modular robotics traditionadignsiders
systems with homogeneous self-mobile modules thahge
their own shape by rearranging the connectivityheir parts
[3]. This mobility is important in a system intemdeo
reconfigure repeatedly or frequently, such as lantton over
different terrains [4] or playback of dynamic three
dimensional systems [5]. However, in a system idéehfor
the construction of static structures, self-mopilitis



unnecessary [6]. Additionally, since the staticustires can However, the truss structure was not specificafigigned for
be produced much more cost effectively, many appbas robotic manipulation and required an independesibwirobot
become possible that were previously prohibitive. to perform the assembly. TREPA is a parallel robble to

Many robots have been developed to climb and/oraneuver a wide variety of structures, but themeoidacility
manipulate truss-like structures. $Mvas developed as afor structural assembly [12]. Tavakadit al. [13] present a
truss-walking inspection robot controlled via tgleation [7]. pole-climbing robot capable of performing manipivattasks
An inchworm robot was developed by Kotay and Rygafj@t (such as replacing a light bulb), however, the totennot
used electromagnetic attachment to navigate aroandtraverse more complex truss structures. ROMA wagldped
structure, though no structural manipulation caliggs were as a caterpillar-like robot to climb complex 3Dusttures, but,
added. Ripinet al. [9] developed a pole-climbing robotagain, provides no specific structural manipulatfanilities
capable of climbing irregular palm-tree like stuwrets, but itis [14]. Finally, Shady3D [15] was developed as a hove
limited to pole-climbing problems. A robot for clbimg high- approach to climbing 3D structures with a modulabat;
rise buildings using balconies as steps was degdldpy however, the manipulation abilities were again iagk None
Amano, Osuka, and Tarn [10], but no generalization of these works show physical structures designéekl mebotic
horizontal or other movements was done. Skyworkes wmanipulation particularly in mind. It is notableathonly
developed for orbital assembly tasks [11], and w&kyworker showed the ability to navigate, assemlled
demonstrated performing truss-like assembly task$].[ disassemble complex truss-like structures.
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Figure 2. Random-access truss elements allow andependent assembly: (a) Elements consist of aaxikSthreaded node (detail shown in al) and a long
strut. This strut is split in the center with agading mechanism (a2) and uses a threading meohanigither side to attach to the node (a3); (bjreints can
be used to construct a variety of structures sscthia cube; (c) The truss elements can be accé#ssedandom-access manner by inserting the cdetfac
element between nodes (c1), twisting the two eleralves (c2) causing the center thread to lengémehthe end threads to enter the nodes (c3). tNatell
threads are right-handed threads. (d) A physicplémentation of node and strut.



3. TRUSSSTRUCTURE determine proper orientation [17]. These procesegsire a

We designed a set of truss elements particulaitecsdor relatively large amount of feedback and controlpgaform
robotic manipulation. Our criteria, then, consist the Correctly. Several patents [18-20] list possiblestéaer
following: modifications that serve to enable self-aligning.our case,

Simple. With increased complexity (such as mechanisnf3¢ use of a larger diameter fastener with muchsenahreads
actuation, or sensing) comes greater manufacturiﬁBOWS us to achieve successful fastenlng withnafignt angle
challenges and increased cost, which ought to bieleg €T0rs up to 5 and 5 mm, which allows successbtotic

for practical implementations. manipulation. (See further discussion is sectign 5.
Strong. Effective elements would be able to be used in a Figure S1 shows some of the design process iterat@ps
variety of load-bearing situations. in completing this design.

Manipulatable. Except in the case of complex 4. MANIPULATOR ROBOT
anthropomorphic  end  effectors, most robotic )

manipulators are not dexterous enough to effegtivel A Vvariety of robot morphologies are capable of
manipulate common human building blocks, such &anipulating truss structures as described abowggvén an
extruded aluminum. Our elements must be designeda@pPropriate end-effector, including the ubiquitoabotic arm
simplify the manipulation task for robotic maniptdes With revolute joints. Most of the standard morplyés,
as much as possible. however, are limited by their stationary workspagerobot
Assemble-able The amount of feedback required for théhat was able to climb on a truss structure andipodate its
assembly process (such as positioning and fastehing elementsin situ, however, overcomes the limitation of scale
elements) ought to be minimized. and is able to reconfigure arbitrarily-sized trisséeithin the
Accessible Finally, we want to be able to add or removhmits of time and energy). Different morphologites truss-
elements from the truss structure in a random-accé&@versing robots have been developed in the pastever, as
fashion: at any location, interior or exterior, hotit discussed in section 2, these robots typically heerg limited
affecting the remainder of the structure. This \afio (if any) provision for truss manipulation.

reconfiguration of the truss without extraneous seat  We propose, then, a “hinge” robot (overviewed igufe 3)
of elements. that is capable of traversing the simple cubicdrssuctures

The elements we designed consist of struts and sno@lscussed in section 3, removing a single stransporting a
capable of assembling cubic trusses with face-cedteStrut to an arbitrary location in the truss, anadcplg the strut
diagonals. Figure 2a contains a close-up image sifta and in @ new location. Both the long (diagonal) andrsistruts
node and Figure 2b contains an example of a cubstumted Can be manipulated, with the robot being able stimtjuish
with such parts. The nodes consist of 18 threadettess in between the two by their orientation in space @iagonal or

each of the necessary axes, inserted into a 3@eprishape. Otherwise). Nodes are transported as part of thessfThe
The struts consist of two identical carbon fibedgénternally
threaded on both ends via threaded inserts fastesate the
rods with epoxy. Connecting two of these rods ia tenter
via a threaded stud completes a strut. The cehteading
mechanism (using only right-hand threads) allows to
halves of the strut to be turned in opposite dioast, thereby
extending the length of the strut. If the endsted strut are
lined up with the appropriate hubs on either ehd,extension
length will match the length required to threaditthe hubs.
(See Figure 2c.)

This mechanism allows the strut to be insertedearaved
with no translation or rotation of the nodes, dygigy the
accessibility criterion. In effect, the parts arempletely
random-access. The simple twist action requireddstening
satisfies the manipulatable criterion. Since regulaeaded
fasteners are known to be difficult to align prdpéor proper
insertion, properties of existing self-aligning ehded
fasteners (as discussed in the next paragraphused to
satisfy the assemble-able criterion. Finally, theuts are
simple and strong, satisfying the remaining créiteri

One of the fundamental problems with robotic
manipulation of threaded fasteners is proper axiighment
between the male and female portions of the fastéferk Figure 3: The hinge robot that we propose is corgas four modules
has been done on this using force and positionbfeedfrom :hat arelz eachtcapable of gripping, translatingss;rand rotating about
robotic hands [16] or by “backspinning” the boft the nut to fuss elements.



(G

©

(b)

()

Figure 4: Each module of the hinge robot has agfairive servos and engagement servos. (a) argh(hy a side view, showing the engagement of tive dr
wheel with the truss element via actuation by a,aduwen by the engagement servo. (c) and (d) shevengagement process from the bottom. Both
translation and rotation mechanisms would not gipide actuated simultaneously, but are in thésance to demonstrate the concept.

associated planning is beyond the scope of thigmapd
will be addressed in future works; this work coricates on
the design of the robot and its motion primitives.

4.1.0verview

The hinge robot is nominally positioned on a sirggkait in
the truss structure. Since the robot is divided ihtlves
separated by a revolute joint (discussed in seetiBrbelow),
the halves may orient themselves at an angle velad each
other. This allows one half to be located on ometstvhile
the other half can be moved to a location abowcarsd strut.
The robot can then transfer its nominal positiothi second
strut. Repeated application of this procedure aloe hinge
robot to move anywhere on the truss.

Each half of the robot consists of two modular edats.
Each module has basic control on-board, as welbasic
actuation for rotation and translation (discussadher in
section 4.2) on the truss elements. Sensing willlibibuted
among the modules. (The details of this remain ftaure
work.)

4.2.Actuation

Actuation is provided by four servos per moduleivBrand
engagement servos are provided for each actuatitegary,
translational and rotational. Each drive servo @umnied on a
ball-bearing swivel with spring return. To engage trive
servo with the truss element, the engagement ses@® a cam
that presses on the body of the drive servo toirilinto
contact with the strut. Each drive servo has aednisheel
attached that will contact the strut; friction betm the drive
wheel and truss element provides the capabilitymotion.
(Figure 4 demonstrates this process.)

The strut is actuated while “inside” the modulesits in a
partial cylindrical track in the middle of the mdduThe drive
wheels are positioned on either side of this tragkh that
they can “swing” in to contact the truss elemend ahus
provide actuation. The track is also designedrtwvige the
necessary force to complement the drive wheelsother
words, the track wall opposite the rotational driwdheel
completes an extra 40° of circumference in ordeketep the

The structural components of the hinge robot arelemastrut stationary during both directions of rotatidrhe track

from 3D-printed ABS plastic.

wall directly in front of the drive wheels is rem@vo all the
drive wheel contact with the strut.

The drive wheels are shaped to provide a large amaiu
gripping surface between the drive wheel and the.gtor the
wheels that provide rotational actuation, a simgiendard



cylindrical wheel is used; for the translationatuation, the
wheels “wrap” around the strut (see Figure 4b) tovjule
more gripping surface. While the wheels themsebses3D-
printed in ABS plastic, square o-rings fastenedht® wheels
provide the traction surface.

4.3.Hinge

Each half of the robot—that is, each pair of moduidas
another servo attached to a gear. (Seen in thevieverof
Figure 1.) This gear serves as a planetary geér neéipect to
a sun gear of twice the diameter centered at tigehiocation.
Thus, as the servos complete their 180° of rotatiloa angle
between the halves of the robot changes from 338603.

5. EXPERIMENTAL

In order to demonstrate the feasibility of suchuss design
with threaded fasteners, we performed fasteningmxents
to assess the maximum angular and linear errowfsat the
central axis of the male and female portions) fahreaded
fastener. We use a test jig as shown in Figureticiwallows
us to move the female portion of the fastener eellii (to
account for linear error) and the fastening robauwarly on
the horizontal plane to determine angular errotis Th done
manually (by placing the strut in the robot halflgnrning it
by hand) and robotically (by controlling the roldwilf from
computer software). The process is not autonomous.

During the fastening process, the angle of the rpaf&on
of the fastener is allowed to change, allowing
characteristics of the fastener to align the stsupossible.

8-32 standard bolts (on the end of a carbon fibdras per
the strut design described earlier) and 1.25 irg ldnywall
screws (see Figure 6) were tested with this arraegée to
determine the maximum offset at which fasteningld¢dae
completed. The fastener threads into either a atanchating
nut (in the case of the standard bolt) or a cusiesigned and
3D printed mating part (in the case of the dryvgaliew).

Fastener Maximum Successfu
Angle or Offset

8-32 standarbolt 1°
0.5 mn

6-8 crywall screw, 1.2 | 6°

in long
5mm

Table 1: Fastening test results for hand fastenisigg the apparatus
shown in Figure 5.

Figure 5: This test jig contained half of the hirmgbot described above. The
set up could change the angle in the horizontalepland the linear offset
vertically. This was used to test the capabilities different threaded

fasteners.

Figure 6: A sample of the 1.25 inch long drywallese

the

As expected, the drywall screw fastener signifigant
outperforms the standard fastener in both dimessidrerror.
(See Table 1 for the details.) In addition, we wedoke to have
success in fastening the drywall screw via robtiough not
autonomous) manipulation.

6. CONCLUSION

We have shown the design of a robotically recoméigle
truss structure, capable of constructing arbitsnyple cubic
trusses with single face-centered diagonals. Thesaes
element support random access, allowing strutetmgerted
or removed at any point in the truss without affegthe rest
of the structure. Additionally, the design of theretaded
fasteners has been tested for compatibility wittingted-
feedback robotic system, and demonstrates the diypaif
successful fastening with up to 6° of angular elvde believe
that the truss traversing and manipulating robstutsed in
this paper will be capable of manipulating suchedasrs, and
is a design capable of manipulating truss strustuo
arbitrary size.
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Figure S1Previous iterations of designed parts. The finrstpdé threaded rod truss element design is sl
in (a). This design had several problems; prima&lyurn of the strut would loosen one node coroect
and tighten the opposing one. A novel double-thedatub design is shown in (b). In this design,stnet
has right-hand threads on one end and left-hamgdisron the other end. The node is threaded in both
directions in the same hole, allowing insertiondoyy twisting the strut in a single direction. Howvee, the
nodes still require translation for full assemt#yconcentric tube strut is shown in (c), using dued
connectors nearly identical to the design preseint¢uis paper. Finally, a design using threadedl @aps
that move along a strut is shown in (d).



