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Abstract— The design of legged robots for movement has of material, rapidly gained them widespread popularity in
usually been based on a series of rigid links connected by actted  architectural design for structures such as bridges andegpo
or passively compliant joints. However, the potential utilty of domes [8]. Their utility was also recognized for the desi§n o

tensegrity in which form can be achieved using a disconnected liahtweight truct h depl bl ¢
set of rigid elements connected by a continuous network of ightweight space structures such as deployable mastanff] a

tensile elements, has not been considered in the design ofged reflector antennas [24] [13].
robots. This paper introduces the idea of a legged robot base  With respect to the static properties of tensegrity stmasty

on a tensegrity, and demonstrates that the dynamics of such numerous theoretical investigations have been undertdken
structures can be utilized for locomotion. A mobile robot based particular, the problem dbrm finding that is determining the

on a triangular tensegrity prism is presented, which is actated . . . . .
by contraction of its transverse cables. The automatic degn of geometrical configuration of a tensegrity structure hasived

a controller architecture for forward locomotion is perfor med in  Widespread attention [18] [17] [2] [24]. In addition to thiatic
simulation using a genetic algorithm which demonstrates that the  characteristics, the mechanics and motion control of tgitye
structure can generate multiple ef_fective ga_lit patterns foforward  structures have also been investigated [3] [12] [4]. Howeve
locomotion. A real world tensegrity robot is implemented baed only Aldrich et. al. have studied motion control directly in

on the simulated robot, which is shown to be capable of pro- . . S .
ducing forward locomotion. The results suggest that a tenggity the context of robotics, for trajectory tracking in a terrsgg

structure can provide the basis for extremely lightweight ad based robotic manipulator [21].
robust mobile robots. The use of tensegrity structures in the context of loco-

motor robots has not been considered. This is potentially
a considerable oversight. Tensegrity structures have been
Conventional design of legged robots is based on a seriessabwn to closely resemble the cytoskeletons of singleedell
rigid links which connected by prismatic or rotary jointhel organisms [11] [10], several of which are known to move.
joints are usually actuated using electric motors, pneismatensegrity structures also bear resemblance to the musculo
or hydraulic actuators. The majority of robots developedehaskeletal systems of highly successful land based animals an
been based on this design [9] [20]. In some cases, especigif cytoskeletons of single-celled organisms. Cats, whéah
for robots which aim to produce dynamic gait the joints majyimp several meters in height without causing damage to thei
be supplemented with series elastic elements, or some m@yicture, and cheetahs, which can acheive maximum speeds
simply have passive compliance [1] [19]. of over 60 mph, are able perform these incredible feats due
In this paper, the goal was to explore a new paradigm in thg the intricate incorporation of tensional elements inirthe
design of legged robots, based on the concept of tensegrifiisculo-skeletal system [25]. Their musculo-skeletatesys
Tensegrity structures are unique mechanical structuréshwhare made up of rigid links (bones) which are connected by
are composed of a set of disconnected rigid elements cen-ighly redundant network of tensile elements (tendons)
nected by a continuous network of tensional members. Digth contractive elements (muscle fibers) in series. These
to an intricate balance between the tensile and compressi9é@ments work to maintain the integrity of the form, actuhte
forces in the structure, the structure is maintained atli@qui structure, and store energy, which makes it possib|e tstresi
rium. Even when a moderate deforming force is applied at opgge shocks and transfer energy from one bound to the next.
point of the structure, only a transient change is effected jn some special cases these elements have also been shown
the global form, after which the structure once again returp exp||c|'[|y create tensegrity in some parts of the musculo
to its equilibrium configuration. skeletal system [14]. Thus, tensegrity structures coubwipe
Tensegrity structures were first invented by Snelson [22] gisuitable architectural basis for land based locomotion.
1948 and formally patented by Buckminister Fuller in 1962 Tensegrity can also provide considerable benefits in tefms o
[5] [6], who coined the word tensegrity as an abbreviation @feight and strength-to-weight ratio. As recent years has se
tensile integrity Their ability to form the basis of lightweight trend towards mobile robot applications in autonomous epac
and strong mechanical structures using a minimal amowiploration, operations in hazardous environments, anylit
1 . . operations, and human assistive function, where the fialnci
The term “legged” is used here in a general sense to repregstems that

locomote using sequences of discrete contacts. This isritrast to wheeled COStS Of transportability and the energetic costs of migbili
systems which use continuous rolling contact. are key issues in design, these areas could greatly benefit

I. INTRODUCTION



TABLE |

from advances in lightweight design techniques which do not Values of parameters for the TR-3 robot

require the sacrifice of strength or functionality.

In pursuit of these potential benefits, the following work strut length 1.008 m
addresses the motion control of a tensegrity structureder r cable spring constarit 0.7 N/m
botic locomotion. For this purpose, precise trajectorgkiag cable damping constaat | 10.0 Ns/m
is not considered a high priority. Instead, the primary iz cable rest lengttby (short) | 0.347 m
the production of gait, defined as the generation of periodic cable rest lengttys (long) | 0.441 m
motions which lead to non-zero movement of the center of equilibrium cable lengttb; | 0.440 m
mass [15]. In this paper, a genetic algorithm is employed to equilibrium cable lengtltz | 0.880 m
converge on periodic patterns of actuation for locomotion.

This method is used for the control of the tensegrity robot
TR-3 (TensegrityRobot with 3 struts), which is based on
I1l. DYNAMICS

a triangular tensegrity prism. The results demonstrate the

successful production of static and dynamic gait pattems i As the dynamic motion control of tensegrity structures has
the robot, and show that even simple tensegrity structurid@t been of great relevance in previous applications, a full
can harbor the potential for dynamic gait production. Thugevelopmentof the equations of motion including the masis an

it suggests the potential utility of tensegrity for land @ds inertial properties of the struts has not been performea Th
locomotor robots. only development of the equations of motion has been done

by Kanchanasaratool and Williamson who have developed
a constrained particle dynamic model, assuming zero mass
struts, using the Lagrange method. However, in descrilkieg t

The triangular tensegrity prism is a tensegrity structuaelen dynamics of physical robots it is not appropriate to conside
of three struts and nine cables (Fig. 1). The cables lie aloHif rigid bodies as massless, and thus this model is not
the edges of a triangular prism and the struts lie inside tRefficient to represent the real dynamics of a tensegritpt:ob
prism. The struts are rigid bars and the cables may be elastid he Newton-Euler method is suitable for the development
or inelastic cables. As in a prism, the lengths of the cabl€§ the equations of motion considering the mass and inertial
along the edges of the triangular faces have equal lengshspgoperties of the struts. Tensegrity structures with &ast
well as the three the transverse cables. Here we refer to gi@les do not have rigid joints to generate constraints, and
equilibrium lengths of the former &, and the latter a$s. In thus in essence each strut can be considered a free body with
equilibrium all the cables experience non-zero tensiorusTh & set of forces acting on it. Thus, the Newton-Euler method
if elastic cables are used, the equilibrium lengths of tHeesa IS more amenable to the analysis of such structures as in this
are usually longer than their rest lengths. By varying thet renethod every body is treated as a free body.
lengths of the cables, different aspect ratios between tiignw ~ This method can be used to develop the equations of motion
and length of the structure can be acheived. The values of fRé an actuated tensegrity. In general, if a tensegritycstme

strut and cable lengths that are used here are shown in Tdtaén struts, in 3D, each strut has 6 degrees of freedom. These
1. include three position variablés;, y;, z;] and three orientation

variabled;, ¢;, v;] for theith strut, the latter of which specify
angles with respect to the x, y and z axes respectively. Thus,
the state vector for a system of n-struts is a vegtar R°",
such that

Il. TENSEGRITYPRISM

q= [xla Y1, 21, 017 ¢1; djla wy Tny Ynoy Zny Hn, ¢na d}n] (1)

Depending on the configuration of the tensegrity every strut
end is connected to three or four elastic cables which exert
forces on the rigid struts. The set of cable forcesis =
[Fc1,Fea2, ..., Fcam] where m is the number of cables. Note
there are twice as many cable forces as cables, as each cable
1 Schematic of the 3-prism & i structur Fick black will actually produce two force vectors in equal and opp®sit
e e "’t‘%e sl gg;sﬁ:]einisne(ﬁé'a){est[]”ec eabtethe e ande o directions, one on each strut to which it is attached. Eableca

the prism. These are of leng8y . The thin black lines indicate the transverseforce magnitude is calculated as follows:
cables connecting the two sides of the prism. These are gfHe$h. b) The
robot TR-3, based on the 3-prism tensegrity structure, rimukition.
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Table 1 shows the values of the parameters in the imple-wherer; andr, are the position vectors of the strut ends
mentation of the TR-3 robot. to which the cable is attached af{d is the rest length of the

Fi = k([[ry —rael[ = £2,) — e



cable which produce$;. The force vectorF; produced at  For the TR-3 robot, cable-colocated actuation was selected
the strut end represented by position veetodue to the cable This is similar to prior work on motion control of the tensiggr

connected between strut endsandr, is for a flight simulator in which the control variables were
the rest lengths of some of the cables of the tensegrity. The
Foi=F; - (rk —r13) (3) cables were located on the longitudinal cables of the prisms

. . as indicated in Figures 1 by the black cables-¢). The
_ In addition to the cable forces, the rigid struts also expgwyators applied force on the structure by effecting a ghan
rience o'ccassmnal contaqt forces from the ground. Assgmip the rest length of these cables. The maximum change
that during normal behavior only one end of a strut contag$ ye caple length was 0.10m. The control of the robot is
the ground at any time, the set of ground forces'§ = ,ccomplished by periodically changing the rest lengths of

[Fc1,Fa2, .., Fan]. These forces are non-zero only upoage caples from the maximum to a minimum value. In
contact, and can be calculated according to a standardspriginjation, this change was considered to be instantaneous
damper based ground model [23].

Thus, the Newton-Euler Equations for the tensegrity can be V. CONTROL
written in the following generalized form: Each actuator was contracted once during each gait cycle.
The point in the gait cycle at which the actuation begins, the
A(q)d =B(q,q,Fg,Fc) (4) duration of the contraction, and its amplitude are deteeahin

by the genetic algorithm independently for each actuatoe T
period of the gait is also determined by the genetic algorith
The relevant parameters in the control are:

where A(q) is the inertia matrix.

IV. IMPLEMENTATION

The tensegrity structure is implemented in t®@en Dy- . .
namics Engind ODE) simulation environment, which provides/\v pannoli? 3f th? gi't ct)i/c:]ef ; h cabl
physics based simulation of rigid body motion. It includegéf ah piitu fe(; a;: ufa Ot (t)i sicr ca he bl
implementation of the frictional characteristics of grdun 5? 3 ?ei'eo(r)] oc; ascet 2{;(1: ;Joa: gacr? ngﬁa cavle
surfaces, gravity, and the dynamics of multi-link rigid el l’f uratl t rest | u trl1 ¢ h cabl
composed of various types of joints. e, currentrest jength of each cable

. . [2_ original rest length of each cable

The struts of the tensegrity structures are implemented §s . :
. - i o~ time of onset in each cycle
rigid cylindrical bodies. They have a massref length/, and * .

. ; . time

radiusr. The outer surfaces have elastic contact properties
such that when in contact with another surface they generate
forces which resist penetration. The cables in contrast areThe controller has the following form:
implemented as virtual objects whic are massless, volusagle
and do not have any contact characteristics. Each cable i$n each time step, for each cabig
represented by a pair of forces, one of which is applied at the
end of each strut to which the cable is attached. The magmnitud if t mod A = ¢;, setty =t
of the forceF' is based on a spring-damper model:

_k ; ro_ lgi—Oéilgi : t<tf+5i
F=2(=1,)—c (5) z _{ N B

Cq
(o]
where! is the current distance between the relevant strut VI. THE GENETIC ALGORITHM

endpoints/, is the spring rest lengtlk, is the spring coefficient A genetic algorithm was used to search the space of possible

andc is the damping coefficient. The forces are applied alongirollers. Each agent in the population had a genomegstrin

the instantaneous location of the line joining the end oait \yith floating point values between 0 and 1. The first value

the two struts to which the cable is attached. in the string, p, encoded the period of the gait cycle. The

rest of the genome string was composed of trigtgso;, d;]

encoding the amplitude, phase and duration for each cable.
Three methods of actuation are possible in a tensegritjie parameters, «;, ¢; andd; were determined from these

structure: strut colocated actuation, cable colocatedaticn, values as follows:

and non-colocated actuation. In strut colocated actuathen

actuators are responsible for altering the strut lengitis as a A= Amin + [P(Amaz = Amin)]

result the overall geometry of the structure. In cable caled % = [@i0maz], 61 =[0iA], 0 = [diA]

actuation, the structure is modified by changing the effecti where\,,,. = 500, \,,.;n = 200, &0, = 0.10.

rest length of the cables. In non-colocated actuation aicto A fixed length genetic algorithm was used to evolve the

is applied between two struts, two cables, or a strut andcantrollers [16]. Each run of the genetic algorithm was con-

cable. ducted for 200 generations, using a population size of 200.

A. Actuation



At the end of each generation, th@0 most fit genomes were
preserved; the others were deleted. Tournament selectton w
a tournament size of three, is employed to probabilisgcall — °f
select genotypes from among those remaining for mutation
and crossoveR5 pairwise one-point crossings produifenew af
genotypes: the remainirig) new genotypes are mutated copies
of genotypes from the previous generation. The mutatiom rat ;|
was set to generate an averagenofmutations for each new
genome created, whene was defined as a function of the
genome lengthg;, asn = g;/11. Mutation involved the
replacement of a single value with a new random value. Each
genome contains floating-point values which are rounded to
two decimal places and range betwe@f0 and 1.00. The
genome had 10 values. The first value represented the period %
of the gait cycle, and the rest of the genome consists o&sipl

which represent phase, duration and amplitude of actuédion Fig. 2. Evolut_ionary fitness_ history, TR-3 Th_is graph pI_ots the fitness
! of each agent in the population, once every five generatiowst the 200

the three actuated cables. generations over which the experiment was conducted. Taeisxindicates
During evolution each individual is evaluated for 10,006 generation number, and the y-axis indicates the fitnets @gent, which

time steps of the dynamics simulation. The initial conditio"as the distance travelled in the forward direction in 10s.
for each individual at the first time step is at position [0, 0]

in the x-y plane. The fitness of the individual is determineda  *°
the end of the evaluation period, and is considered to be the

distance travelled in the y-direction with respect to thigior 020 0 0 30 a0 50 0 70 a0 a0 oo

VIlI. RESULTS ~——— T~ ——

The results of the genetic algorithm resulted in a fitness 00 100 200 300 400 500 600 700 800 900 1000
history as shown in Figure 2. The graph shows a smooth
increase in fitness for the first 40 generations, and then it [T —— "~ ——
reaches a relative plateau for the rest of the experiment, e

resulting in low final fitness. The pattern of actuation ergplb e~ N~~~

by the controller evolved in this experiment can be seen in T T T T T T
Figure 3. This is a plot of the forces applied by all the cables —/\———v-"\——\/-
of the tensegrity. The bottom three graphs plot the forces on ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
the actuated cables. An instantaneous increase in cafe for — o0 10 20 0 a0 50 e 700 w0 om0 1000
corresponds to activation of the actuator, which leads to an
contraction of the cable. Conversely, an instaneous dserea N D e e
in cable force corresponds to deactivation of the actuator. — 1f——+——F_—r—e—0 &0 70 f0 S8 100

Referring back to Figure 1, cable @and g are the actuated osf a1 — T

i

I e S S N e,

Force (N)

cables close to the ground and cahjescthe one on top. Thus, T me  ae i me oo w e oo oo
as Figure 3 shows, the gait is produced roughly by activating IJ\|___/’\L__—-/’\\/
the bottom two cables;cand ¢ for equal durations one after il

the other, while keeping the top actuater active, and then %0 10 a0 a0 a0 50 o0 70 a0 _ow w000

briefly relaxing all three actuators. If the actuators alelked

from front to back in Figure 1,<is actuator 1, g is actuator

2 and ¢ is actuator 3. The pattern of actuation can then be

written as a sequence of binary stafes, sq, s3], wheres;

is a binary value corresponding to the state of actuatdr Fig. 3. Cable ForcesCable forces as function of time for 1000ms, plotted

corresponds to the actuator being relaxed, and 1 correspofi@i" top to bottom for cablese ¢y (Fig. 1) respectively.

to the actuator being activated (contracted). Thus, theeat

of actuation in this gait can be seen a repeated loop thrdwegh t

states [0,1,1],[1,1,0][0,0,0]. The cable forces have h@etied of actuation leads to a slow, relatively static gait in whalh

for 1000 ms and in this duration of time, approximately threaree contact points are on the ground for large parts of dlite g

loops through this sequence of states is performed. Thas, tycle. The gait can be understood as the robot dragging two of

frequency of the gait cycle is approximately 3 Hz. its struts along, using the third as a pick axe. The contaet da
Figure 4 shows the foot contact data corresponding to teleows that the gait pattern is not perfectly periodic, untike

1000 ms of actuation plotted in the Figure 3. This pattemattern of control inputs. However, a rough periodicity ¢en

st 1 I I

. . . . . . . . .
0 100 200 300 400 500 600 700 800 900 1000
Time (ms)




mounted on the struts. The servmotor axle was fitted with a
2.54cm (1) plastic arm to which the cable was attached using
a nut, bolt and washer fitting and heavy duty fishing line. The
st motor had a range of motion of 45During walking each
T I T R T Y ra e servomotor was controlled to alternate between its maximum
and minimum position value, producing an approximately 2cm
i o 1300m. Dk poons o e o s oy & i "ange n the length of the cable. The actuators are atfled
fan?ar\‘ct vjitr?the grouﬁd, andpthe absence indicates lossooingr contact. 2, 3] as can be seen in F'Q- 7.1 corresponds to the Servomoltor
towards the front of the image. 2 corresponds to the one in
i the middle at the top and 3 corresponds to the one behind and
on the bottom. When each actuator is at its minimum position
so that the cable was relaxed, it is considered to be in state O
When it was in its maximum position, exerting force on the
cable it was considered to be in state 1. A periodic pattern of
, actuation corresponding to looping through the states é th
following order [1, O, O], [1, O, 1], [1, 1, O] [, 1, 1], [O, O,]O
T ’ [0, 0, 1], [0, 1, O], [0, 1, 1]. Using this controller, the rabwas
able to produce gait in the longitudinal direction at a spekd
60cm/mirt.

-15 *; *OIS 6 0‘5 ; 1‘5 IX. DISCUSSION

Fig. 5. Position of CoM The trajectory of the Center of Mass of the TR-3 The simulation resultS_dem_onstrate that Q.SImpIe tenyegnt
robot is plotted over 10 seconds of operation timeActuatacement on the robot based on a tensegrity prism has the ability to prodaie g

T-CUBE2 robot. on level terrain. The development of the physical roboteiilb

demonstrating a relatively slow gait, provides a prelimyna

observed if the data is plotted for 10s. validation of _the concept. The results show that a_robotdbase
g a tensegrity structure can be used for locomotion. It spen

The position of the Center of Mass of the robot over 1 : : .
is plotted in Figure 5. The trajectory is curved in the iditiaxtEe door to a new technology in the design of mobile robots.

transient phase, but then tracks a straight line. The sli gnsegrlty robots can present numerous advantages. They ca

aperiodic nature of the gait is apparent on close obsen/,ati%)e lightweight, due to the fact that the structure achiet®s i

in that not every step produces exacly the same change B S50 T B EOT TR T R0 FORERE O @
the position of the center of mass. However, it is nonetlseles y 9 ' , asy

effective in transporting the robot at an approximate saﬁ‘eda small number of actuators are used relatn{e to 'the de_:grees
0.26 m/s. of freedom, this leads to additional reductions in weight.

Tensegrity robots also have a very high strength to weight
VIII. PHYSICAL ROBOT ratio and are effective at absorbing shocks.

To test the feasibility of a tensegrity robot in the real wdorl Ar_10th_er feature of tensegrity structures is the fact that
a physical robot was developed inspired by the TR-3 robgPPlication of a force on one part of the structure causes a
simulation (Fig 7). Aluminum tubes were used for the strut§lobal deformation in the structure, resulting in changes t
and nylon covered rubber elastic cable was used for the zabl@'ious extents in all of the tensional members. Thus, diffe
The struts were 0.4m (16”) long and the cables lengthand actuators can be used to cause actuate a single cable. This

S, were 0.14m (5.6”) and 0.21m (8.5") at rest, and 0.15f§ads to the possibility for a small number of actuators to
(6”) and 0.33m (13”) in the equilibrium configuration. ThisC@use & global movement pattern, and for multiple subsets of

lead to a structure with overall length, width and height @ctuators to be used to prgduce the same behavioral outcome.
0.36m (14.25"), 0.21m (8.5”) and 0.23 (9") respectively.eThThe redunjdancy of actuation also gives rise to robustness to
overall weight of the structure was 680g (1.5 Ibs). The ptglsi control failures. o

parameters of the physical robot are slightly differentfro  1heSe robots have the possibility for low volume stowage
that of the simulation: the struts are slightly heavier,¢hbles and self-deployability. These are new features in the rezim
have slightly higher elasticity, and the floor has highegtfan, OPOtiCS, which were not easily achievable using convesio
due to our particular choice of materials and test envirantmet€chnology. While the use of these features may be limited
However, it was not considered particularly important teate [© Certain application domains, they nonetheless broaden t
an exact correspondance between the simulation and the f@3@€ of possibilities for robots.

robot, but to develop a platform that would validate the However, as with all technologies, tensegrity robots also
feasibility of a tensegrity robot. have some limitations. The tensegrity based robots asmkssig

The transverse cables of the robot were actuated as in therpe performance of the robot can be observed in the videolisdpgiong
TR-3 robot simulation, using Hitec HS-625MG servomotorsith the paper.

S3
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Fig. 6. Still frames extracted from video of TR-3 robot loaation.

here are not suitable for highly precision movements. Due Future Work

to the lower pre-stress conditions which enable sufficient|n this work, a simple tensegrity prism was selected for
kinematic maneuverability the structure is subject to ign the pasis of a tensegrity robot. However, it is likely thatreo
icant vibrations, which require high bandwidth control tgjea| forms exist for locomotion. One direction of futurenko
subdue. Thus, only tasks which can tolerate a certain measyyj| focus on the design of more optimal forms for high speed
of imprecision in trajectory tracking, or which obviate th%comotion,focusing on aspects including topology, fress,
need for trajectories are suitable for such robots. Loc@not 53d actuator placement.
represents a suitable task domain as joint trajectories are\nother issue is that the control employed in this work was
not always particularly important, as long as the movemept;rely open loop. It is likely that feedback will be necegdar
produces a non-zero motion of the center of mass in thehejve more stable limit cycles, and enable better confrol
appropriate direction. directionality. Thus, future challenges will include thseuof
However, the requirement for precise control in locomotiogensory information for feedback based control, as wellemor
can become more critical when stability issues arise. In thﬁgh level problems such as path-following.
work presented, the TR-3 robot was statically stable and,thu A fytyre application of tensegrity robots may be in the
within a large range of movement resisted falling. Howevegesign of reconfigurable machines, which use actuators on
if the aspect ratios of the structure were much higher, f@adithe struts to change the overall geometry of the machine, and
to longer and narrower structures, then stability in a ealti then use actuators on the cables for dynamic locomotiors Thi
Orientation WOUId be much more d|ff|CU|t In SUCh a Situa,tiorwomd enab'e the deve'opment Of Systems Wh|Ch can recon-
the control of postural stability may face some challengggure their morphology with respect to the task environment

due to the inherent elastic vibrations in the structure. Thgd yet maintain the ability for dynamic movement.
development of new theoretical methods would be required

to deal with these challenges. X. CONCLUSION

This paper introduced the concept of using a tensegrity
structure as the basis for land based locomotor robots. A
tensegrity robot, based on a triangular tensegrity prisra wa
designed in simulation and evolutionary optimization wasdi
to obtain periodic gait controllers. It was demonstrateat th
such a robot had the potential to generate gait. A physical
robot was designed based on the 3-prism tensegrity steuctur
This robot demonstrated the ability to produce forward {foco
motion, providing a conceptual validation of the resulisnir
simulation. The results suggest that tensegrity strustaem
be used to form the basis of lightweight and physically robus
robots for locomotion.
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