Gyro stabilized biped walking
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Abstract—We present here a concept and realization of a possible to investigate the problem of the balance of thehpit
dynamic walker that is stabilized by using a fast and heavy which is obviously a simpler problem then the stability of a
rotor, a gyro. The dynamics of a symmetric, fast rotating gyo is real biped.

different from that of a non-rotating solid body, e.g. in the case o . . .

of small disturbances it tends to stabilize the axis. This poperty In addmon, the dY”am'CS Of_ Walkl_ng are ea5|§r to de-

is used and tested in a passive dynamic walker. We investigat SCribe in two than in three dimensions. For this reason,
the stability of a knee-less walker that is stabilized by a gw in  much analytical work has been done about two dimensional
a 3D environment, and present also simulations. As the resubf  walkers. The development of a 3D biped walker out of a 2D

this work we show that the rotor enhances the stability of the walker seems rather difficult. It is a big technological step

walking in the simulations. We also summarize some concepts . - - o
and simulations of actuated robots with a gyro. Finally we gie control the balance in all three directions: pitch, roll arav,

an overview of experiments and prototypes that are realizecso Simultaneously. A perspective to divide this step into senal
far. sections seems to be eligble.The first consideration for the

present work was to provide a unit for walking systems, in
which the dynamics can be changed continuously from a quasi
In recent years, approaches related to dynamic walki@@® walker state to a real biped by altering a single parameter
gained more and more attention in the field of biped artbat can be adjusted freely at each stage of the development.
humanoid robots. The goal of passive dynamic walking is to We suggest for this purpose a gyro attached to a biped robot.
exploit the natural dynamics of pendulum-like legs in ortter The gyro is a symmetric object that can be rotated. Gyros
achieve fast and economic walking in bipedal robots. Expliare used in many technical devices like satellites, anyille
methods of motion analysis like Poincaré Return Maps amavigation units etc. The most famous approach in robatics i
used in order to find the stable attractors of the physicdle Gyrover robot [2], that is basically a wheel-shaped tobo
dynamics. They are used for a control that is least energytating on its own axis, driven by an asymmetric wheel.
consuming or optimal with respect to other eligible criteri Previous studies [5], [6] have also described a gyro or a
Dynamic walking placed earlier concepts of walking thatdbaseaction wheel that is attached to a biped walker. However in
on static stability. These approaches use the zero momaenit pboth cases the rotor was implemented in a different way than
as a concept to guarantee the stability of biped during wglki in the present study. In these studies the axis of the rotsr wa
The most pronounced examples of dynamic approaches se¢ parallel to the direction of motion of the robot, wherizas
passive dynamic walkers (PDWSs) [4]. This type of walkers atbe present study the axis of the gyro is set parallel to the hi
merely able to walk down a slope. They use the gravitation toA high rotation speed gives high stability in the roll and
retrieve the energy for their motion. The earliest examfides jaw direction, whereas a stopped rotor results in a normal 3D
passive dynamic walkers are toys from the 19th century haiped. The degree of the stability can be varied contingousl
been rediscovered and used as examples for stable paskivasing different speeds of the rotor. The rotor is in alliges
dynamic walking motion. Based on the analysis of the motiggresented within this work attached to the biped in that way
of these walkers, more complicated mechanical devices hakat the axis of the rotation is parallel to the hip. The idea i
been developed. The most advanced models are biped wallkese that in this way the axis of rotation, that is the di@tf
with knees that are able two walk downhill with a consideeabhinge joints in the hip, is stabilized. In the case of a congple
speed and with a remarkable low energy consumption [1]. stabilization of the hip, a walker should behave virtualkel
Two-dimensional walkers [9], [7] are a special type o two dimensional walker as described above.
passive-dynamic biped walking systems. Typically theskkwa At the same time it is well known that a gyro can have
ers consist of two pairs of legs. Each pair of legs are typicalundesired effects like precession and nutation, that cstordi
connected by a mechanical bond. Thus, the legs of each ghi walking process. The mathematics is well known, however
move synchronously and seem to have the same positi@ften not simple enough for analytical approaches.
and velocities if an observer tracks them from a position For this reason, we investigated possible designs numeri-
perpendicular to the direction of motion. cally. The simulation was done by using the open dynamics
From this perspective the motion resembles biped walkirgngine (ODE), this is an open source tool package for simu-
while at the same time stability in the roll and yaw directiotating solid body dynamics and includes also a visualizatio
is trivially guaranteed. By using this type of approach it isool basing on the open graphics library.

I. INTRODUCTION
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Fig. 1. Left: Knee-less walking model. Middle: stability tife knee-less walker in a noise-free 3D simulation enviremmThe simulation is started with a
starting condition that only depends on the two parameteaad 6. The color of each pixel in the graph indicates how many stepswalker walks before
falling. White meansl1 steps, blaclO steps. The simulation was stopped aftérsteps. Right: Walking pattern of the leg angles as a funatiotime.

We also briefly summarize approaches for actuated robetkere 6 is the angle of the stance leg with respect to the
and control approach for the pitch balance that uses thlepe normalg is the angle between the two legs ané the
gyro also as a reaction wheel. Also a rotor brake systemskpe of the ground. Walking with two straight legs of same
presented. length is impossible in a two dimensional model and on plain
Finally, we present the design of a real walker that iground[10]. However, for this theoretical approach we e t
currently being build. following constraint for the heel-strike: The first time thiyg of
the foot can cross the line of the ground and leave the ground
IIl. KNEE-LESS WALKING MODEL again. The heel-strike is then assumed to be the second time
The approach discussed here is based on an analysisyfEn the foot is hits the ground. After the heel-strike thepst
a knee-less two dimensional walking model that has beg¥inished. Stance leg and swing leg are swapped and the next
described as theimplest walking model [3], [11]. We briefly  step starts. The heel strike is described as an inelasti@ it
review this approach: equations are
There a semi analytic motion analysis in two dimensions
revealed a stable attractor of a cyclic walking pattern taat _
be realized under certain initial conditions. Ont1 = —0,
The knee-less walker is shown in Fig. 1. It consists of two Gn1 = —20, (2
rigid legs with lengthl, connected by a frictionless hinge at _ 005(29—)9;
the hip. The mass is distributed over three point masses; one . B RS
with massM at the hip, and two with mass: at the feet. Pt = cos(207)(1 — cos(207))br .
The foot mass shall be negligible in comparison with the hip for the transition from step. to stepn + 1, where the index
mass,3=m/M — 0. Then, the motion of the walker can be_ indicates the state of the variable before the impact. The
described as equations show that the following step is only dependent on
the values of the previous steps and 6,, . Thus, in spite
@) of the fact that the complete dynamics can only be described
with a minimum information of four scalar values ( ¢, 6 ,
6). The information of¢ and ¢ is lost during heel-strike. As

0n+1

[ Z ] B { sin(¢) (62 — cf((eo—_ J>)> +sin(0—9) |’

- World e a consequence, the next state and the complete future of the
glrsr\)"eyangle g 0.01 rad walking pattern is only dependent @ and 0~ Therefore
Model the basin of attraction of a walking pattern can be descrésed
'fggt"?ggitg‘s ! o oi m the function of the two scalar variablég andé,, . Schwab
hip mass N 1 kg and Wisse [11] derive this basin of attraction for variowpsis
leg mass m 0.001 kg in their work.
sz[ro — Based on these results we investigated the walking behavior
gyro mass 1 g . . . K )
gyro ineria Iz 0.1 kgn pf a walkmg model in the ODE simulation environment. The
Iy 0.2 kgn? idea here is to work in two steps:
Iz 0.1 kgnt « Reproduce the theoretical results derived for a two dimen-
TABLE | sional walker model. In the case of the knee-less walkers

DESIGN PARAMETERS VALUES INODE

we use the results mentioned above. In addition, theo-
retical results exist for two dimensional kneed walker[3].
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Fig. 2. Left: Knee-less walking model in a ODE simulation #reow indicate the direction in which the noise was appliedhe model, right: stability of
the knee-less walker to an environment that consisted aftaahnoise. The graph depicts the average number of stephe efalker until falling in relation
to the rotor speed. The number of steps increases when tee sehe rotor increases.

Both approaches can be used as a starting point foisteps. White color indicates that the walker walkiddsteps
gyro stabilized biped passive dynamic walker. and then the simulation of the walker was interrupted. The

o In a second step the walker is embedded in three dihape of the white area in ODE simulation roughly resembles
mensional environment. Here, the dynamics should liee structure of the basin of attraction retrieved by Scharat
the same as in the two dimensional approach, merely thésse[11]; we also assumed that the description of thealniti
stabilization in the roll and yaw direction depends on thgtate by varying the free variablésand ¢ is sufficient for
speed of the rotor. In addition, the walker should havedescribing the state of the walker at the begin of a step,ewhil
narrow hip in order to keep the forces resulting from thihe others variable were initialized according to the appho
asymmetry between the steps as small as possible. of Schwab and Wisse[11].

. : We investigated how the walking behavior is affected by
In the case of the knee-less walker we investigated the thrr’?(ﬁse and how the walker can be stabilized by rotating the

dimensional environment in conditions that are as close ss of the hip with a constant speed. In these simulations
possible to conditions described by Schwab and Wisse[lﬂz noise was simulated by random vectors in the direction
The ODE environment however requires finite inertia tenso Sirallel to the axis of the rotor. i.e perpendicular to thaviy

and finite dimensions of the walkers geometries, which t8sul,o .4 and the direction of the motion. The results are degic

in some inevitable differences between their model and tma Fig. 2. For a constant level of noise the number of steps
ODE model of this work. Thus, we used the parametegs joq dependent on the speed of the rotor. The higher the

as desprlbe_d m_TabIe | for the simulated walker. S|r_1ce ﬂ% eed of the rotor the less is the device sensitive to noise.
simulation in this stage were completely free of noise th

walker could walk an infinite number of steps although the I1l. PAsSsSIVE DYNAMIC WALKER WITH KNEES
walker is unstable in roll and yaw direction. Adding noise t0 |n analogous approach to the knee-less walker the two
the model results in immediate falling of the walker. dimensional kneed walker has been investigated. The two

See Fig. 1 for a diagram of the number of walked steps dimensional approach has been studied earlier[3]. The dy-
dependence of the initi#l andd. The noise was simulated bynamics of the 2D kneed walker apparently depend highly on
adding at each time step an equally distributed random valile shape of the feet and on mass distributions of each foot
between—0.05 to 0.05m/s? to the gravity. The direction of and shank. The ODE environment is slightly different that th
the noise was parallel to the axis of the rotor. The dynamiics assumed environment of the above mentioned publicatign, e.
the walker did not depend on the speed of the rotor, since e ODE environment requires a non-singular metric tensor,
rotor has only an effect in roll and yaw direction the dynasnid.e. does not accept point masses. Though it was possible to
of the walker is like the dynamics of the two dimensiongbroduce periodic walking patterns over several steps itdcou
walker. Thus, the basin of attraction remains independéntmot be clarified if the patterns are indeed on a stable atiract
the speed of the rotor. The simulation was interrupted dfter of motion. However, the stabilizing effect of the rotor with
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Fig. 3. Periodic walking patterns of a kneed PDW with kneexft:LThe pattern of motion of three dynamic angles of the ematks a function of time, i.e.
6 the angle of the stance leg with respect to the gravity veetdhe angle between the legs atidthe knee angle (straight knee 0). Middle: Derivatives
in time of the variables of the picture of the left side. RigBimulation with noise the stability of the walker plottedainst the speed of the rotor.

respect to the roll and yaw direction in case of noise couldes Acceleration and deceleration make the rotor act as a
be shown. Up to now we could not produce a stable pattern reaction wheel. This is only useful in a closed loop
of motion for the kneed walker according to this approach. control unit that uses sensory information of the pitch
This is caused by a different foot shape in our model from angle.
the above mentioned approach. However, it was possible|foan ODE simulation a biped robot could easily balanced by
produce a configuration and starting conditions in WhiCl‘S(hOusing the rotor as an reaction wheel, an open loop control
walkers were able to walk several steps. This type of motiogigorithm could handle the walking. Since the necessary
however, highly depends on the speed of the rotor and thgceleration of the rotor is too high it seems that the design
exact simulation conditions. Fig. 3, left and middle sideved can not be realized in this form. The problem is here that the
an example of the resulting walking pattern. Depending @n thorque is anticipated by the acceleration of the rotor, gheh
step-size of the simulation, the walker is falling after D4 tthe motor has to produce such a torque for a wide speed range.
an infinite number of steps. This may be an indication thak the same time the rotor is a gyro and stabilizes the yaw
the studied walking cycle is not stable. For better simafati and roll. The higher the speed of the rotor, the higher is this
conditions the vulnerability of the walker against noiseswaeffect. This also needs to be considered.
tested. Fig. 3, right shows the number of steps in relationThus, the designer of the actuator faces a trade off between
to the rotation speed of the rotor and noise. The noise Wgseed and torque which is a fundamental problem of the design
simulated by adding at each time step of the simulation @@scribed above.
equally distributed random value between.0005m/s* and
0.0005m/s? of to the gravity. The direction of the noise was
parallel to the axis of the rotor. Theoretically the gyro/reaction wheel can also be used for

The same principle can be implemented on a actuated robapidly changing the attitude of the robot and thus creating
The next section discusses actuated robots that use a ggro &pid movements, like standing up from ground. The above
as a reaction wheel. mentioned design constraints seem to make such an approach
infeasible.

One possible solution however is to build a rotor which can
be stopped by a mechanical brake (see Fig. V). In this way

Additionally, the gyro can be controlled in such a way tha}e negative deceleration of the brake can produce tordpags t
the pitch is also balanced by accelerating and decelertitt\g 5.6 spout the range that is outlined above.

rotation speed of the gyro. The approach has been discussefqretical considerations show that robot has to meet two
in detail in an earlier publication [8]. We briefly outline riee requirements in order to stand up:

the approach ar_1d t_he results, For details please see the abO\f The initial moment of a torque has to overcome the
mentioned publication.

This feature is easy to implement in simulations. In this way gravity. Simple theoretical considerations show that this

i ; means:
the gyro or rotor serves as a reaction wheel, which may also
be called an inertia actuator.
Thus, this inertia actuator can influence the robot's move- where M is the moment of a torque produced by the
ments in two ways: brake,m is the point of mass of the robot. It is assumed
o The roll and yaw are stabilized by the rotation of the that the mass of the robot is concentrated on one point at
rotor. The higher the speed of the rotor is, the slower the the end of the legs of the robot. The legs have the length
robot reacts to stability perturbations. However the move- 7. g is the gravitational constast81m /s
ments of a gyro, also consist of undesirable precessions The second condition is that the angular momentum that
and nutation movements. These can cause unusual and sums up over the braking time and is transferred to the
unexpected movements of the robot; robot has to be sufficient enough to bring the robot up.

V. ROTOR—BRAKE SYSTEM FOR RAPID MOVEMENTS

IV. SIMULATIONS OF AN ACTUATED ROBOT USING THE
ROTOR AS A REACTION WHEEL FOR PITCH BALANCE

M >gxmxr, 3)



stand up period

Fig. 4. A rotor-brake system during stand-up: a. The robqrépared by
accelerating the rotor in the direction of the desired maxenof the robot. In
this way the needed momentum is stored in the rotor. b. Tt ietstopped
by braking and the robot stands up.

In the following we assume that the time that the rotor
needs to be stopped is significantly shorter than the time
that the robot needs to stand up. This means the complete
momentum from the rotor is transferred to the robot. The
initial momentum of the rotor can be calculated from
the following equations. On one hand the kinetic energy

has to be sufficient to bring the robot in to the vertical
position: Fig. 5. A passive dynamic walker that is currently being dwat Osaka

University.

05 xmxa?xr?=rxmxg, 4)

where & is the necessary pitch angle velocity. On the VIl. SUMMARY AND DISCUSSION

and robot prototypes have been realized:

other hand, the value ok can be calculated from the \ye outline in this work how a biped robot can be stabilized
angular momentum of the robot. After a very hard angy 4 gyro. The work bases on earlier work on two dimensional
short braking almost the complete angular momenfumyyqrkers and shows how the considerations can be extended
of the rotor should be transferred to the robot’s body ang 5 biped by using the gyro. We present results from ODE
thus simulations from several types of biped robots:

I'=dxmxr (®) « A knee-less passive dynamic walker

The second condition can be easily given from this, as; * A Passive dynamic walker with knees
We investigate the stability for various values of the spekd

I>/2gr x m. (6) the rotor. The main result of this work is that the stability i

. , the roll an yaw direction increases as the rotor speed isesea
For suff_|C|ent §ho_rt brake times the robot stops close tﬁms, the rotor may be used at different speeds to construct
the vertical point if intermediate steps between a two dimensional walker and a
T~ \/@ < m. @) full biped approach and in this way ease the c_haII_enge to
develop such a device. Further we briefly summarize ideas for
Other rapid movements are also possible. For details sseactuated gyro that can be used as a pitch balance controlle
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