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Abstract—Walking is a complex behavior that emerges from  have been several studies trying to design controllers for such
interaction between the agent body and the terrain. To realize  passive dynamic walkers to walk on a flat plane [2], [3], [4],
adaptive dynamic walking by an artificial agent, therefore, not 5], 6], [7], [8], [9], [10].

e et o ke s e I the robot should be contrlled t0 rack given desiec
propose a ballistic controller for pneumatic actuated walkers trajectories that are based on the kinematics, it is convenient
that only applies driving force in a limited period of time to to use electric motors with high reduction ratio. The inertial
utilize the dynamic property of the robot body. Feedback is  and reaction force will disturb the tracking control if the ratio
designed based on the ballistic control, whose parameters are is small. This may be the reason why electric motors with

derived by estimation through experimental trials, to take the . . : . L .
dynamics of the terrain into account. The proposed method high reduction ratio are mainly adopted for the existing biped

is applied to two pneumatic-driven walkers: a 2D walker and ~ fobots.
3D walker. Experimental results show the effectiveness of the On the other hand, a pneumatic actuator is also one of

proposed method. the promising candidates for actuating biped robots since it
can provide large force with a light mechanism, and since
its elasticity will play a role to preserve and release the
impact energy, which can enable energy efficient walking and
running [11]. However, it is difficult to control its position
precisely because of its complicated characteristics, time
The parameters of existing biped robots concerning tajelay, hysteresis, and non-linearity. To realize biped walking
statics and kinematics such as link length, range of joinby such actuators, Wisse and Frankenhuyzen designed the
movement, required static torque are determined based on tigped walker that can walk passively, and applied simple feed-
kinematic and static balance analyses. The other parametefissward control without dealing with complicated dynamics
concerning to dynamics are design arbitrarily, such as linkf the actuator formally [7], [8].
mass, center of gravity, inertia. A standard way to control Such simple feedforward control is enough as far as the
such a biped robot is (1) to design desired motion of eachyiped robot walks within the stability margin provided by
leg assuming that the terrain is known, (2) to derive desiredhe well-designed body. To increase the adaptability, we
motion of joints based on the inverse kinematics, and (3) tgnay be able to apply feedback control based on sensory
apply position based control to track the desired joint trajecdata. However, it is relatively difficult to derive a feedback
tory. Since the analyses are only based on the kinematicscheme base on analytical dynamical model. If the robot is
the trajectory of each leg is designed independently to theesigned for passive walking, the joints are back-drivable,
dynamics of the terrain. Therefore, the robot will be unstableand therefore, the dynamics of the terrain and that of the
when the kinematic model of the terrain is incorrect or thepneumatic actuator are strongly coupled. Because of this
impact between the leg and the terrain is more than quastoupling, it may be difficult to build an analytical model in
static. This may be one of reasons why most of the existingvhich the terrain dynamics should be taken into account.
biped walkers are brittle against to the terrain disturbance. In this paper, we propose to take another way to derive a
There are several studies trying to realize efficient walkingfeedback scheme: to investigate the input-output relation of
by designing not only the kinematics but also the dynamics othe real robot by several trials. We adopt a ballistic controller
the walking robot. Passive dynamic walking [1], biped walk-that only apples driving force in a limited period of time
ing on an inclined slope without any actuation, is supposedo utilize the dynamic property of the well-designed body.
to be a key to realize such energy efficient walking. ThereOwing to the well-designed dynamics of the robot, we can

: . - . _change the walking parameters in a certain range and store
* This research was partially supported by the Ministry of Education, Sci-

ence, Sports and Culture, Grant-in-Aid for Exploratory Research #16650035"1Cti0n and sensqry data during waking. Consequently, we can
(2004). acquire the relation between walking parameters and emergec

Index Terms—biped walking, pneumatic actuator, passive
dynamic walking

I. INTRODUCTION



walking behavior from walking trials. We have developed two (1]
biped robots, a 2D walker and a 3D walker with pneumatic
actuators, and conduct experiments to show that the same
design principle can be apply to different structures.

The remainder of this paper is organized as follows. First,
we describe the design of a 2D walker, and investigate the
input-output relation of the robot by several trials. We show
several experiments on the proposed feedback control. Then,
we describe a 3D biped walker, and discuss the applicability
of the proposed method.

[1. A 2D BIPED WALKING ROBOT WITH PNEUMATIC
ACTUATORS

There have been several studies to apply little control
for stabilizing the passive dynamic walker whose motion is
restricted in 2D sagittal plane[2], [3], [4], [5], [6], [7] by
having four legs instead of two. The robots developed in
[4], [5], [6] did not have knees but utilize “step stones” or
prismatic joints to let the leg swing without colliding with
the terrain. Most of all studies adopted electric servo motors
to drive the hip joints except [7]. If the electric motors are
adopted, however, they have to adopt relatively low reduction
gears to preserve back drivability of the hip joint to let the leg
freely swing according to the gravity, which result in having
bigger motors, e.g. direct drive motors. On the other hand,
by adopting McKibben pneumatic actuators, this problem is
easily avoided [7], [8]. In their work, the knee is not really Fig. 1. A biped robot with pneumatic actuators: (i) a micro computer
driven by an antagonistic pairs of pneumatic actuators, but &18/3067) (ii) two CQ bottles as air supply, (iii) six ON/OFF electric valves
actuator and a spring. for air supply and exhaust, and (iv) touch sensors on a feet

We developed a 2D robot with antagonistic pairs of pneu-
matic actuators shown in Figure 1. By this robot, we intendt

to investigate the relation between the elastisity of 'oin'[s0 the micro computer via A/D converters. In experiments
9 ty of ] conducted in this paper, however, these data are not used on

and that of the terrain. Therefore, all the joints are drlven"ne. The computer controls the supply and exhaust valves to

by antagonistic pairs of actuators, and every actuators are . . .
: . Otate the joint. In the experiments, pressure of the supply air
controlled by 5—port valves. 5—port ON/OFF electric valves. J P P PPl

enable us to take three positions: open to the atmospher'es,5[MPa] whereas that of the exhaust is atmospheric pressure.
close, and open to the supplied air pressure. This is an I1l. BALLISTIC CONTROL FOR BIPED WALKERS
important hardware setting that can keep elasticity of a join
constant when the valve is “closed”.

lts height, width, and weight aré.75[m], 0.35[m], and Since the robot is designed appropriately for realizing
5.0[kg], respectively. The robot has four legs two of which passive dynamic walking, it can walk on a flat plane with a
are connected to each other to prevent the robot from fallingimple controller. To utilize the well-designed dynamics, we
down sideways. Each leg has a knee. The length and weigidopt a ballistic controller that only apply driving force in a
of its thigh and those of its shank a@3[m], 2.1[kg], limited period of time. Figure 3 shows the applied ballistic
0.35[m], and 0.5[kg], respectively. All the joints are driven controller.
by an antagonistic pair of McKibben muscle actuators [12] (1) For Ty[s] after a touch signal of a foot, all valves are
by Hitachi Medical Corporation [13]. The robot is equipped closed, and the robot keeps the same posture. The robo
with (i) a micro computer (H8/3067) on the top, (ii) two GO moves ballistically according to the inertial force.
bottles as air supply, (i) six 5—port ON/OFF electric valves (2) After T [s], the supply valve of the actuator of the hip
for air supply and exhaust, and (iv) touch sensors on feet to joint that drives the swing leg is open to the supply

EA. Ballistic control

sense the contact against the terrain. pressure, whereas the exhaust valve of the antagonistic
In Figure 2, we show a control architecture for driving is open to the atmosphere féh(k) [s]. The valves of
a joint. Each joint is driven by an antagonistic pair of the the knee joint of the swing leg are opened and closed

McKibben actuators each of which has a pressure sensor and  in an appropriate way so as to avoid the collision with
supply and exhaust valves. Sensory data from the pressure the floor. Since the movement of the knee is small, the
sensors and potentiometers attached to the joints are sent way does not strongly affect the behavior very much.
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valve opening duration [ms]

S(k)=S (k=1) =K (T (k=1) -Td)

(ii)Swing Fig. 4. The relation between the opening valve tisigk) and walking
(i)Stay )‘_ Sigims] T (ii)Stay cycle time T (k) :

To[ms] }
- R e i& During walking by the ballistic controller, we change the

Touch T(k)(ms] T,ouChA valve opening times (k) from 200[ms] to 450[ms]. Figure 4
shows a clear relation, a positive linear relation between the

valve opening duratio§' (k) and the walking cycle tim& (k).

Fig. 3. Ballistic control for biped walkers By utilizing the relation, we can apply feedback control.

(3) To + S(k)[s] after the impact, all the valves are closed C. Feedback control of cycle time
again, and the robot waits for the next impact. In this _ _
phase, the robot moves ballistically according to the We apply feedback control to make the walking cycle time

inertial force. When the impact is sensed, go back tol'(k) converge to a desired orig; by changing the valve
the procedure (1). opening timeS(k) in every step:

B. Identification of input-output relation Sk)=S(k—-1)+K(T(k—1)—Ty), (1)

By the ballistic controller described in the previous sub-
section, the biped robot can walk on a flat plane. Althoughwere K is a feedback gain constant. Note that this scheme is
the walking is robust within the stability margin provided by based on I-control. We also tested P—control, which was too
the well-designed body, it is still week against disturbancesensitive and brittle against disturbance. We are analyzing the
and modelling error. We should model the dynamics of thereason, but we still do not find the rational reason yet.
walking in some ways, and should apply feedback control In this paper we chosEg; = 560[ms] according to the result
based on the model to deal with them. Note that the modeshown in Figure 4. The feedback gain is selected empirically,
consists not only of the robot body but also of the terrain. If K = 0.3. We show experimental results that the robot can
the robot is designed for passive walking, the joints are backwalk down over a difference in level (Figure 5). The floor is
drivable, and therefore, the dynamics of the terrain and thatnade from urethane foam, and the differencé[iam]. The
of the pneumatic actuator are strongly coupled. Because afalking trajectory of each trial differs from those of others
this coupling, it may be difficult to build a terrain model and since the initial position and posture cannot be reproduced
a robot model separately. To realize biped walking based oitentically. Therefore, we runi00 trials, to validate the
passive dynamic walking, therefore, we need a new modellingffectiveness of the proposed scheme in a probabilistic way.
scheme that models terrain dynamics and actuator dynamigss a result, the robot can walk over the differer&®/100
altogether. times with the proposed feedback controller, wherkg4 00

In this paper, we propose to investigate the input-outputimes without it. This result tells that the proposed controller
relation of the real robot by several trials. Thanks to the goodtan deal with the disturbance provided by walking over the
dynamic property, the robot has a certain stable basin that weifference. In Figures 6 and 7, we show changes of the
can change the walking parameters in a certain range. Theresalking cycle without and with the controller. At the position
fore, we can acquire the relation between walking parametersf the difference, the walking cycle largely decreases, and the
and emerged walking behavior from walking trials. controller can deal with it to recover the walking cycle.
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Fig. 6. Change of the walking cycle without the proposed feedback control:
Because of the difference, large cycle change occured at the 5th step, anc

Fig. 5. The robot walks down over a differenégmm] in level on an the robot fell down at 7th step.

urethane foam floor.
700

IV. A 3D BIPED WALKING ROBOT WITH PNEUMATIC 650 X
-A-CTUATORS _ 7 /\
To show the versatility of the proposed method, we in- T \/ \ 7/ \/
tended to apply it to another 3D pneumatic actuated walking 3 550 —\
robot. There have been a few studies to apply little control g \ /
for stabilizing the passive dynamic walker in 3D [9], [8], g 500

IS

a

=]
/

/

2 4 6 8 10 12
Number of Steps

[10]. Tedrake et al. and Collins et al. applyed actuation only
at the ankle joints, not at the hip joints to preserve the its
passivity. Wisse adopted an antaginistic pair of McKibben 200
pnematic actuators to drive the hip, which can realize active

and passive states by the same mechanism. His robot Denise,

only has actuators on the hip, not on the knees nor the ankles. walk on Walk on
We developed a new 3D biped walking robot with pneu- upper plane bottom plane
matic actuators shown in Figure 8. Its height, width, and Descend

weight are0.83[m], 0.36[m], and 7.0[kg], rESpeCUV?ly' The . 7. Change of the walking cycle with the proposed control: Because

robot has two legs and two arms, therefore it can fallof the gifference, large cycle change occured at the 5th step, but the robot

down sideways. Each leg is connected to the opposite arneould recover from it.

Overview of the structure of the robot is shown in Figure

9. It has totally 10 degrees of freedom: 2-DOF ankles, 1-

DOF knees, 1-DOF shoulders, and 1-DOF hip joints. Eactby the well-designed body. A sequence of walking is shown

joint is driven by an antagonistic pair of McKibben muscle in Figure 10

actuators. The acutators are connected to the 5—-port ON/OFF We again model the dynamics of the walking in the same

electric valves that enable us to take three positions: open tway, and apply feedback control based on the model to deal

the atmosphere, close, and open to the supplied air pressukgith disturbance and error. The relation between the valve
The robot is equipped with a micro computer (H8/3067),opening durationS(k) and walking cycleT’(k) is shown in

20 on/off electric valves for air supply and exhaust on theFigure 11. Experimental trials are conducted 30 times for each

top. It has touch sensors on feet to sense the contact agairggsening duration, and error bars are shown in the figure. It

the terrain. It has two CObottles on its arms for being also shows a clear relation, a positive linear relation between

autonomous, but these are not used in experiments in thibe valve opening duratio§ (k) and the walking cycle time

paper. T (k) like the 2D walker. By utilizing the relation, we can

apply feedback control.
V. APPLICABILITY OF THE PROPOSED METHOD

To validate the versatility of the proposed method, we again VI. CONCLUSION AND DISCUSSION
try to apply the same method to this walker. By the ballistic In this paper, we have proposed to utilize a ballistic
controller, the 3D biped robot can walk on a flat plane morecontroller that only apples driving force in a limited period
than 16 steps, since it has certain stability margin providedof time to utilize the dynamic property of the well-designed



Fig. 10. A motion sequence of walking of the 3D pneumatic driven walker
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Fig. 8. A 3D pneumatic actuated walker driven by an external air compressor
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Fig. 9. A sketch of joints of the 3D pneumatic driven walker strongly coupled. From these reasons, it is not supposed to be

appropriate to model the floor by a deterministic model like
a spring/damper model that is often adopted in the simulator.
body for controlling pneumatic driven walkers. Two types of We proposed a simple way to identify the relation between
walkers, 2D walker and a 3D walker with pneumatic actuatorghe valve opening time (the driving input) and the walking
have been developed, and several experiments are conduciggtle (the output), and to apply feedback control by utilizing
to show the effectiveness and versatility of the proposedhe relation. Since the interaction between the robot and its
method. environment is not negligible to build an adaptive robot [14],
Since walking is locomotion, the foot positions always we believe that the proposed scheme will open a new horizon
change, and characteristics of the floor also changes at evety control walking robots.
foot step. Also, the characteristics is affected by the dynam- In the experiments, however, how the elasticity of the knee
ics of the walking robot. So far, such interaction betweenjoint affects to the walking performance is not clearly inves-
the walking robot and the floor is totally ignored by just tigated. For the 3D walker, we found the fixed pressure for
kinematically modelling them. In real situations, however,the ankles and knees to realize walking by trials. We should
such variation cannot be ignored. Moreover, if the robot isfurther do more experiments to investigate the relations. We
designed for passive walking, the joints are back-drivable, andan emphasize, at least, the hardware we developed is capabl
therefore, the dynamics of the terrain and that of the robot aréo do such experiments, and it is the first robot whose all joints



are driven by antagonistic pairs of pneumatic actuators.
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