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Abstract— In this paper we presented a novel, agile robot
mechanism, which we call a rotopod, which combineaspects of
wheeled and legged locomotion. A general descriptioof how a
tripedal rotopod can be made to step, rotating themechanism
about one leg, and moving the center of the mecham, is
presented. The concept of a gait for this mechanisiis defined,
and is used to show how extremely agile the mechani can be.
Specific resistance is employed as a way to explotiee relative
efficiency of this mechanism versus a wheel. Fingll we describe
our first prototype rotopod and report on experimerts conducted
to characterize stepping.

Index Terms— Mobile robots, Legged locomotion, Tripedal,
Energy-efficient.

I. INTRODUCTION

he majority of the current generation of mobile atsbare

wheeled vehicles. Wheels are efficient, easy taroband

well understood. However, there are terrains thatrmt
easily traversed with wheels, and much effort hasnb
expended to explore legged robot mechanisms that foa
example, step over obstacles and on extremely réemgain,
can ascend and descend stairway terrain, and oz a&ji
smoother ride over rough ground. Legged vehicled te be
more complicated mechanically than wheeled vehicled
their efficiency lower since they must lift as wa#l propel the
vehicle. It is understandable therefore that mdifgris have
been made to combine wheeled and legged locomatign,
Halme et al. [7].

This paper introduces a robot mechanism which doasb
the features of wheeled and legged locomotion inraumsual
way. This robot has the advantage of legged locimman
stepping its 1-DOF legs over objects, but its drivechanism
is a rotating reaction mass that rotates the roliot,a
controllable fashion, around each of its legs, lsimio a
rotating wheel. The mechanism has the potentiabiusfer the
energy from the rotating reaction mass in an efficimanner
to the legs, effecting a spinning forward motioncls a device
could have applications as a small fast-moving extdemely
agile mobile sensor platform. A large quantity ahadl
versions of this mechanism could be dropped to map
explore an area, or larger versions could be usedoa
unmanned forward reconnaissance. This paper peesamt

first steps in designing, constructing and evahgathis class
of robot mechanism which we calf@topod.

In the next section, we briefly overview previowsrk in
legged locomotion as it relates to the rotopod raem.
Section |ll introduces the general rotopod mechanis
discusses locomotion style, gaits, and efficieri8gction 1V
presents our current prototype robot, a simplepmdoand its
control hardware and software. Section V presesdsits on
the characterization of the movement of the medmani
Section VI reports our conclusions and plans foturi
rotopod work.

Il. LITERATURE REVIEW

Several multi-legged mechanisms have been desciibéuk
literature, e.g., Dante [3], Attila [2], Sony's AB NTU'’s
multifunctional quadruped [8]. These devices have a
important stability advantage, since at all time®¢ legs can
be lowered to a stable tripod while other legs mdi@wever,
energy efficiency is a key issue with this styldagfomotion.

Raibert [13, 12] investigated an energy efficieopjbing
locomotion style in one-legged up to four-leggectchamisms.
The RHex robot [1] is a hexapod in which the ‘legse
replaced by are rotating flexible beams. Runningsigis of
rotating the legs in one of a large variety of gaWwhegs [11],
a series of robots inspired by studies of cockrdacbmotion,
have legs that are three-spoked, rimless ‘whéédse recently
there has been interest in bipedal robots, e.g.ndds
ASIMO. Bipedal locomotion can potentially be vefffigent;
a bipedal motion, rolling from leg to leg, is vesimilar to a
wheel rolling [6].

A small number of three-legged designs have alsenbe
explored, including LIBRA [5], the spring-attenudtéripod
platform of Badreddin [4], the Harunori tripedalbai [9].
These mechanisms locomote by using the DOF of ksarto
push the body along. Our three legged design ig difflerent.
The drive mechanism is a rotating reaction masst dhases
the robot to spin around each leg. In the slowp &g step
rotation that will be described in this paper, thimde of
locomotion is relatively inefficient. However, theechanism
has the potential to do continuous rotation, praayuenergy-
efficient legged locomotion by rolling in a manrsémilar to a
single wheel device such as the Gyrover [14].



I1l. A ROTATIONAL WALKING MECHANISM
A. Mechanism.

A general tripedal rotopod mechanism consists téetHegs
arranged in a tripod configuration. Each leg isieped with a
single translational degree of freedom, so thatléigelength

wherew is the angular velocity of the reaction mass. Résgp
these forces perpendicular to the retracted led) eguoiating
the moments, then, in the balanced case (Fig.,2{a)have
that:

|, f,Sinb =1, ,Cosb

for each leg can be varied betweeand .= +d. Arotating g Stepping the Mechanism.

joint is placed at the apex of the tripod. The fjaintates an

armature of length at the end of which is placed a reaction However, when the platform is tilted, this balane

massm. This general tripedal rotopod is illustrated in.Fig

m
1-DOF leg

(a) Side View (b) Top View

changed. There is now a smaller angle betweenatherl
leg andf, meaning that the contribution of the weight in
balancing the mechanism is lessened. The comporénts
forces can be resolved perpendicular to the retddlety and
the moments summed. Let the net momentvhg = Iy,
where we will call the net unbalance forfgeWhen this is
sufficiently large, the mechanism will rotate arduthe
endpoint of the retracted leg, raising the othesleff the
ground. Fig. 3 shows a graph of the growtl,@&rsus tilt in
degrees.

Figure 1: General Tripedal Rotopod

When all three legs are extended at lengththe plane of
rotation of the apex joint is parallel to the grdysiane. If one
of the legs is retracted to lengththen the plane of rotation of
the apex joint is tilted. It tilts around the ligeining the
endpoints of the legs opposite the retracted Ieghd angle
each leg makes with the vertical centerlinebisthen the
ground distance between the projection of the apeka leg
endpoint is Sinb. If all three legs are positioned equally
around the apex, then the ground distance frong @helpoint
to the midpoint of the line joining opposite legdeoints is
1.5 Sinb. If one leg retracts a distandethen the leg drops a

Unbalance Force versus Tilt Angle
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Figure 3: Graph off, for f,= f,=10 and b =45°

vertical distancal Cosb. The resulting angla about the line
joining opposite legs is

aCotb
@5l - ad)

tana =

Fig. 3 assumes that the reaction mass is direotr the
retracted leg. As the reaction mass rotates, thgooaent off,
directly over the leg varies proportional to thesioe of the
angle between the reaction mass and the retrasge@Fig 4).

The weight of the platform and the weight of thaateon mass
are chosen so that the platform is balanced wheretls are
fully extended. The rotating reaction mass appéie®rcef,
which pulls on the apex. The platform weight countéis.
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Figure 2: Quasi-static model of balance

fo=mwr f,=myg

Once unbalanced, the mechanism will be supportdy lon
the endpoint of the retracted leg. There is no éongny
ground support to provide a reaction torque agathst
rotating mass, and the platform will rotate arotimel endpoint
of the retracted ley i/{1,2,3} an amounig. We will model



this angle as proportional to the time the legs affethe When a sequence of 12@otations is interrupted by a 30
groundt; and the rotational velocity of the reaction mass, rotation, the mechanism makes & @@ht-hand turn as shown
in Fig. 6(a). A 90 left-hand turn is accomplished by actually
making a 270 right-hand turn with three 30rotations, as
where h is an attenuation constant of proportionality. Byllustrated in Fig. 6(b).

extending the legMne can be restored to zero, and the raiseg , Repetitive constant angle gaifghis approach requires
legs will drop down. The distance moved by the eeigtgiven 14t the mechanism be capable of stepping arbitagles.

by We believe that this is ultimately possible for angral
rotopod; however, it is certainly not possible foe prototype
we have constructed (Section 1V). The step sizethe
prototype is limited by design issues and by safetyes to at
most 10. One simple approach is to repeatedly step the
C. Gaits mechanism around a single leg until the desiredleans
reached (i.e., 12 times with step siz€ tt0get 120 and then
repeated the process for each successive leg. Wehiza
approach arepetitive constant angle gaifThis slows the
mechanism down by the factor of repetition (i.€ @bove) but
it allows for straight-line locomotion.

g = hwt

= - in %
p, =2 .Sinb Sin é

The center point moves in line segments of lepgth

Having constructed the model for stepping, we witw
consider how the mechanism can locomote in a didect
fashion. We will use the termait to refer to a periodic step
(i.e., @) pattern.

C.1 Constant-angle gaitsThe plan view in Fig. 5 (a) shows a
simulation rendering of the path the mechanism fellbw if

it is repeatedly stepped 30 degrees around eachn lagn —
i.e.,a constant angle gait.

C.3 Curve and Spiral Locomotioli.constant small angle
gaits are used, then straight line motion is naisie.

N

(a) 36 (b) 126

Figure 5: Constant Angle Gaits

(a) Curve following (b) Spiral Walking
The initial position of the legs is shown in botlgufres. ) . .
Subsequent positions of the legs are shown forstmnd Figure 7: Curve and Spiral Locomotion
figure, but not for the first (so that the viewrist obscured).
The tip of the leg around which the rotation ocdarshown as The center of the rotopod describes a curve whespetitive
a small circle, and the dark line indicates thénmtscribed by 90° gait is used, as shown in Fig. 7(a). This allolesrotopod
the center. to move to a specific location by selecting a detadlii of

o _ . _curvature.
If the step size is 120(Fig. 5(b)) then the mechanism will

proceed in a straight line. This suggests a sttfiphard Directional locomotion can be accomplished with ralgte
control scheme: Stepping at £2froduces a straight line, a cyloid path, as shown in Fig. 7(b). Here, the rogbgravels in
subsequent step of 12gwill deviateg degrees left and a stepthe curve produced by a repetitive’@ait, with periodic 270
of 120+g will deviateg degrees right. This scheme produces §'™MS (achieved by three successive rotations 8f @e per
very agile robot, capable of producing very tights. leg) to adjust d|rect|9n. Note that only the |r1m|m.s.|t|ons of

the legs are shown in Fig. 7(b). Subsequent legtipos are
Fig. 6 shows a simulation rendering of the mechmnisnot shown so that the view is not obscured. Thellstitales
following a path around a right-hand and left-handare. are still shown; they show the positions of thes ti the legs
around which rotation occurs.

D. Energy-efficient locomotion.

To illustrate the potential energy efficiency ofstinethod, we
will compare its locomotion with that of a singldheel. In its
most efficient mode, a tripedal rotopod would onlye the
unbalancing strategy to get two legs into the amg at that
point it would rotate like a wheel at the tilt aadb the ground
plane. The legs would then be spokes of len@ths in a
(a) right-hand (b) left-hand virtual wheel. Controlling such a mode of locomatis not
trivial as Xu et al. [14] demonstrate. Our curr@mbtotype
Figure 6: Simulated path around a squ. could not be driven in this mode, but our goaldsbtild a




prototype that can be. If we travel a dista@ge Cosb in one
time unit, then the specific resistance is
_ P(2p Cosb)

" mg(2p Cosb)

whereP() is the power used. This is the best case — a wiieel

we consider that our mechanism takés(fdr k>1) steps to
travel this same distance, then instead of onetiootathe

reaction mass will d& rotations, using times the power. In
addition, on each of the three steps per rotatibere is an

extra energy terr®, for the lowering of the leg.

. - kP(2p Cosb) +3R
' mg(2p Cosb)

The ratio tells us how close we are to the besbrimaion
mode (wherd?,=P(2p Cosb)):

G- 1

e k+3R/P,

IV. PROTOTYPE DESCRIPTION

The previous section described a general tripeatalpod. A
rotopod mechanism can have more than three legsitafeg
actuation can be any system that allows unbalancitig
selected a simpler rotopod design for our firstggpe.

A. Prototype Mechanism

The prototype is a tripedal system with a rotatidmee joint
in each leg. The prototype is shown in Figs. 8 &rahd the
Table of parameter values is presented in Appefdix

Rotating

reaction Reaction
mass, m 4 mass arm
D E—_ Payload
I 1 Platform
2
12

Figure 9: Prototype Rotopod Mechanism

Each of the three legs and the apex joint is ecqdppith a DC
motor and gearbox. The lower legs are attachedttliro the
axle of each gearbox. There is a physical stop ebawd
below each leg that limits the leg angle. To loweleg, it is
driven against the upper stop, a rotation of app8X while
the other two legs are driven against their lowéosps
straightening them to a rotation df 0The apex joint is driven
with a constant rotational velocity of one rotatjper second.
This was established as a safe velocity.

B. Control Hardware.

The leg joints are driven from a Handyboard [10jhgsthe
bidirectional motor ports. The Handyboard was gelkavith
the intention of eventually mounting it on the maaism. For
now, the Handyboard is separate, and the motoalsigme fed
from the board to the mechanism with an umbilicBhe
Handyboard is programmed using Interactive C (I8h
sensors are mounted on the prototype mechanism,atind
actions are purely feed-forward, timed actions. Mf@gnize
that for more accurate motion, for faster motiond &or
stabilizing the platform against unwanted unbalagcsensors
will be necessary.

C. Control Software.

The control scheme used to step the prototypefisliasys.
The one second rotation period of the reaction nsadided
into a duty cycle for each of the three legs. Tuty dycle for
a legl; starts when the reaction mass is between the previo
leg and this leg. When a legristin its duty cycle it is driven
against the lower stop, so as to raise the legltdehgth.

1/2th,]
Figure 10: Prototype Control Duty Cycle

When a leg is within its duty cycle, for the fitét,, seconds,
the leg is maintained raised. Rgy,, seconds it is driven
against the upper stop, lowering the leg. Findtlig raised
again for the lastt,, seconds of the duty cycle.Tfis the
period of the reaction mass, then

0.3T = tjp,i+ tdown,i
d= tdown,/ tup,i

The ratiod; is controlled for each leg. Our assumption is that
the larger it is, the larger the step angle ofrtfleehanism (up
to a maximum of about 2@or our prototype). We verify this
assumption in the next section.



V. RESULTS

In this section we report the results of a serfesxperiments
to characterize the duty cycle model of steppirige Totopod
was placed beneath an overhead camera, and a seqokn
video images was taken as the rotopod was repgatttiped
around a single leg for a range of valuesdofThe video

cycle, the total change in orientation measured %#s The
average step size was 7°2@th a standard deviation of 241

The unevenness in successive rotations has a cempo
measurement error due partly to variable video nding
timing, and due partly to human observation erfidrere is a
component of modeling error, based on use of thg cycle

images were analyzed by hand to extract the pasiiothe
apex and endpoint of lowest leg.

model and the (manual) synchronization of legs eeattion
mass motion. The final component is due to thedueazies in
the prototype construction.

The epicyclical path of the center (Fig. 12) is dige
uncontrolled leg bending as the reaction mass passer
each leg. To combat this issue, the position of réeection
mass needs to be known, so as to stiffen the lsers fjnal
section) and prevent unwanted motion.

Notice also that there is translation of the emoafpof the
lowest leg — ideally there should just be a rotatid@he
translation also appears to be proportional tadiltg cycle.

For the third duty cycle, the average step sizew#sand the

Figure 11: Prototype Rotopod in Stepping Configuration ~ standard deviation was f.6-igure 14 shows a plot of all four
duty cycles against their average measured step siz
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Figure 12: Graph of leg and center positions for seven
steps of duty cycle 1 (=0.6)

To approximate a value for the attenuatiowe need to know
how long the legs were off the ground for each dutgle.
This was not measured, however, we can approxithateat
most the legs were off the ground for tijg,, component of
the duty cycle. This gives an average smallestevafin=0.55.
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VI. CONCLUSIONS

In this paper we have introduced a new model obraation

150 200 250 that has the potential for very agile and efficiemition. Our
X prototype results indicate that that the mechamiambe made
to operate, albeit in a relatively slow fashion diee the
limitations of our prototype. We don't believe any these
limitations are insurmountable, but they leave anber of
areas of future work.

1.

Figure 13: Graph of leg and center positions for seven
steps of duty cycle 3 (=0.25)

The duty cycle was varied according to the values
d=0.6, 0.43, 0.25, 0.11

In each case, the mechanism was stepped 7 timaadathe
same legi. The graphs for the duty cycles 0.6 and 0.25 are
shown in Figure 12 and Figure 13 above. For th&t filuty

Sensor use.The current control scheme uses no
sensor feedback, and is limited to no more thaa 5 t
10 steps in succession before timing inaccuracies
cause the duty cycle in the legs and rotating nass
go out of synchronization. If the angle of rotatiof

the mass was known, it could be used to keep te le
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3. O_n-board c_:ontrol. _The Handyboard was selectedAppendiX A: Table of Prototype Parameter Values
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We believe this is quickly possible, but we alsqName | Description Value
believe a power umbilical will be necessary urtig t| 1 Length of lower leg 10.2 cm
additional battery weight can be handled. 2 Length of upper leg 10.2 cm
4. Recovery from overturning. When the mechanism_3 Vertical offset of reaction mass joint 8.9 cm
is on its side, due to falling over for exampleerttit |4 Length of reaction mass arm 30.5cm
is possible to envision a series of actions thattake | e Extended Leg length {+ 2) 20.3cm
it back to an upright position. The reaction mass a Min/Max angle of leg bend °6-3¢°
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motions, this can be used to right the mechanism. | m, Vehicle mass without m 4309
5. Navigation. The rotopod has an unusual style oi! Total mass (gm,) 4609

locomotion, and further work is required to devel
an efficient path planning approach. The style
locomotion may be especially appropriate for

)
S{r\ppendix B: Terminology

applications that demand the path have sopfd@me Description
guaranteed properties of a space-filling curve. Retracted leg length
d Leg extension
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