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Abstract: This technical report which has been performedtraditional, but sometimes modern control theory are
at the Mechatronic department in the Royal Institute ofselected. Neural network controllers, Fuzzy logic, genetic
Technology, it is a part of a larger program which goal is programming etc. are left to those with more knowledge
to investigate and build a autonomous mobile robots forabout these topics, than the author of this survey.
outdoor terrain. The program is sponsored by the Founda-
tion for Strategic Research (SSF), under the supervision of he difficult question of how many legs a walking vehicle
the Centre for Autonomous Systems, CAS. The report should have to locomote in difficult terrain can be dis-
divided in two main parts. The first part is an introduction cussed and debated a lot, but is not done here. Within the
to different, but general approaches for dynamic gait, andCentre for Autonomous Systems, CAS it has been decided
walking control of legged robots and how they are that four legs is optimal for a walking vehicle, optimal in a
described mathematically. The second part is an overvievgense that it is the least complex mechanical design that
of some specific research groups which are working withallows for static stability. The survey therefore concen-
dynamic locomotion of legged robots. trates on quadruped vehicles, but because the dynamic
control of the vehicle is the main focus of the survey mate-
rial on biped control systems is also included. Some of the
1.0 Introduction problems in quadruped dynamic walking are very much
the same as those for bipeds. Smooth control of the vehicle
This survey makes no attempt to cover all research on th¥@/king on an unknown terrain is such a topic, the impact
control systems of legged walking vehicles, maimyforces from the mteractlo_n with the er_lvwonment mu_st b_e
because of the vast material available. The aim has been f@ntrolled so that an active suspension of the vehicle is
concentrate on two and four legged vehicles, which hav@chived.

at least one phase in the locomotion cycle where at th@jethodology and general design approach
most two legs are used for ground support, i.e. there exists

a statically unstable phase in the gait. Another limitation inpratt (1995) makes a list of actual problems with dynamic
the investigated material is that only groups that actuallycontrol of legged vehicles, they are:

have implemented a control system and performed experi-

ments on a robot are described. Further only groups using
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Introduction

* Nonlinear and operate throughout the range of their (1990), McMahon (1985) and Nanua (1995). They try to
state space find optimal gaits for minimum energy consumption at

* Actin a gravity field varying speeds. A high energy efficiency is of course very

important for legged locomotion, but is within CAS at this

* Interact with a semi-structured, complex environment o
moment of secondarily importance.

e Are Multi Input, Multi Output (MIMO)

e Exhibit time variant dynamics with zeroth and first
order discontinuities as support modes are transitione

Mathematical models of walking vehicles

: g q\/lathematic modelling of the non-linear dynamics of the
(eetcg) single support, double support, ballistic phase, closed kinematic chains of a walking vehicle should be

. ) , done as correctly as possible. The control design can then

* Require both continuous and discrete control (for stepyg tested on the model using simulation. It is often better
to-step transitions) to test a new controller on a simulated robot to avoid a lot

. . of unrelated problems that always will exist with the real
There are two main approaches within the research op,ot Besides the complex model most control system

walking vehicles, which does not say that some researcQegjgners use a simplified model for design and analysis of
groups do not work with booth. One is to analyse humansgye controller. The simplified model is also sometimes
and animals with respect to gaits, torques, forces and coMyge in for feed-forward generation of reference signals by

pliance and joint trajectories. The second is a more roboti, pigh |evel controller. The reference signals are then fed
inspired way, a mathematical model of a walking man; |5ca| feedback loops at the joint level. An important

made vehicle, is built. The model is analysed with respeciqic js thus what the simplified model should look like.
to kinematic and dynamic properties. The purpose of theyigterent levels of simplification are used. First one would
model is not so often to design a feedback control systeMyncarize the equations around some operating point.
for the complete gait, but rather the model is SimU|atedDepending on how many different leg support patterns
with self designed joint trajectories. The trajectories al&here are in a gait there would also have to be a set of line-
iteratively refined until a smooth and efficient gait is 5;,eq models, so that each support pattern has its own
found, which conforms to the available joint torques. Theqge|. Even so the equations are of relatively high order
designed trajectories are then implemented on an actuglq are sill difficult to understand for the control system
vehicle with local position feedback at each joint. In gen-yesigner. Therefore the order of the model is often reduced
eral it is possible to state that the Japanese research 9rougs trying to find dominant modes of the model, and reduc-
frequently uses the second approach and that the biologjag the model to these modes. This can be difficult without
cally inspired way is more frequently used by researchy,ification of the vehicles parameters or actual behav-
groups in North America. This survey primarily concen- o if the dynamic influence of the transfer legs, and the
trates on the robotic approach and only some of the work <5 of the supporting legs are neglected, then a model of
done with the first approach, by those who actually buildgecong order in the plane with the dynamics of an inverted

robots, is summarised below. pendulum can be derived. This is the most frequently used
i , ) model for the control of dynamic gait.

Pandy et al. (1988) investigated a Nubian goat by measur-

ing the ground reaction forces and joint torques for threes , other model frequently used is a model which consists

different gaits: walking, trotting and jumping. They found ¢ o rigid body with springs and dampers as legs with only

that for all three gaits(i) the forelimb forces and joint tor- joint at the hip. Nanua and Waldron (1994) and Alex-

ques exceed those of the hind liml§. Both vertical and  5qer (1990) uses such a model. More examples of simpli-
horizontal ground reaction forces increase with speed, 3fed models will be given in the following sections.
do the joint torques(iii) The energy of the for and hind

hip is primarily used to locomote the animal, while the |, high accuracy industrial robotics, high order models are

fore and hind knee is used to damp the motion at touchggmetimes used to calculate the inverse dynamics to line-

down. arize the robot. The reason that it is possible to control a
walking vehicle by using a relatively simple model for ref-

How the leg stiffness, or its inverse, the compliance is usedence signals and feedback is that the performance of the
by animals for energy storage is investigated by Alexander
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Introduction

robot is not measured in position accuracy. Pratt (1995Another way of defining dynamic walk is by Adachi et.al.
lists the following performance measurements. (1993) who provided a more complete definition and also
a description of many different possible gaits. If three

* Biological similarity assumptions are imposed on the gait .

» Efficiency, i.e. Distance travel per unit energy input
* Locomotion smoothness

* Top speed

* Robustness to rough terrain

1. Each leg must have identical stroke.
2.Each leg have the same duty factor.
3. The velocity of the CG is constant.

The duty factorf3 is the time ratio between support period
and locomotion cycle time or gait perio of a leg, i.e.

) o . o . B = 0.75means that a leg has ground contact 75% of the
An important characteristic of a gait is whether it is static

‘ X = . gaits time period and is in the air 25% of the period. If a
or dynamic. There are different definitions of static and y,agruped vehicle is considered and only gaits with sym-
dynamic gaits, one definition is:

metry between the two front legs and the two rear legs
« static walk: the center of gravity is projected inside the respectively are used, meaning that the left and right leg

polygon formed by the supporting legs. are half a period out of phase. Furthermore if the phase
difference between two diagonal legs e.g. front right and
left rear is calledp , then all gaits can be characterized by
the two parameter angl for a quadruped vehicle. With
a stride lengthh m, and a gait peridds, the gait is com-
pletely described. Note that the same gait can be per-
formed within arange ok and

Definition of dynamic and static gaits

* dynamic walk: the centre of gravity is not necessarily
projected within the polygon formed by the supporting
legs. However, dynamic balance is to be maintained.

Another definition that includes walking speed is by
Hirose (1993). ‘Under static walk, the static stability will
be maintained, and planned walking will be continued

even when walking speed is reduced. Under dynami _ ; :
walk, the robot will begin to fall and will be unable to 0 t© 1 With B larger than 0.75, 12 different gaits can be

walk as planned as the walking speed is reduced to a Ievé?alized_' All of _them have a four legged and a three legged
supporting period but some of them also have a two legged

such that the dynamic effect of walking can no longer be : . .

expected. * y g g supporting period and would therefore not be considered
' as static gaits. There are also 12 different gaits with

J.5<B3<0.75 Also in this range there exist gaits with

The first dynamic walk definition implies that there is at h qf | d ; ods. but th I
least one support phase in the locomotion cycle which uselyV0; three and four legged support periods, but they a

none, one or two supporting legs, with the rest of the Iegi.'ave at Ieas_t one two legged support phase ar_1d are there-
translating without ground contact. These supporting leg tﬁre (il)ynr?mw g';[atl_ts. {\I%tle that evtenha dyngnglc gait can
have to transfer the Centre of Gravity, CG from a point sit- etre y a\lle S adlc st et_suppo_r ghaﬁts' - ” rrlleans
uated on one side of the supporting legs to the other side iH]a . 2€ro 1egged supporting period has to exist in a foco-
the direction of walking. If the kinetic energy of the CG motion cycle and is not considered in the paper by Adachi.
becomes to small, with decreasing speed, it will no longer

move to the other side of the supporting legs in a controI-Rea“Z'ng that similar support patterns are repeated at var-

led way. The robot will lose its balance and start falling in ying duty factors it would be natural for the control system

an uncontrolled manner. In this dynamic free falling phaseOf a quadruped vehicle to be d|v_|ded into several s_tate_s.
ach state would then control a different support period in

the CG is often modelled as an inverted pendulum. Whe e | i leie two. th four | d .
there is only one supporting leg the rotational point for the, € locomotion cycie 1.€. two, three or four flegged support-

CG of the inverted pendulum is the contact point of the IegIng periods.
with the ground. With two supporting legs the CG will
rotate around the line connecting the contact points of th
respective legs with ground support.

ith 3= 0.75 the gait is called static, by varying  from

@ problem within the often not so biologically well edu-
cated legged vehicle research community are the names of
the different gaits e.g. trot, walk, gallop, pace, rack, pronk,
running etc. The same names are often used for different
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Introduction

gaits by different groups, or one gait is called one naménteraction between the robot and the environment in
with one group and something else by another group. Onerhich the robot is performing. The robot has to make
attempt to categorize the gaits is done by Hildebrandmooth and in a force sense, controlled touchdowns with
(1965). He only considers symmetric gaits so gaits likeits feet on the ground. Otherwise the impact forces will
gallop is not described. There are 44 theoretically possiblelestabilize any well performing controller. There are a lot
support sequences for a quadruped using symmetric gaibf research on impact control in the industrial robotics
If the duty cycle of the forefeet can be shorter than thefield, where manipulators at often high speeds have to pick
duty cycle of the hind feet, which is often the case with up objects with controlled grasping and impact forces.
horses, then there are 60 additional support sequences.
From the total of 104 possible sequences about 55 arA smooth locomotion do not only depend on a good
known to be used by horses, other support sequences thanpact controller. Even with perfect impact control the
those used by horses are used by other quadruped animatsotion of the vehicle can be jerky. As a foot is placed and
the other is lifted the vertical velocity component changes
An measure often used to analyse the dynamic stability isliscontinuously, there can be an infinite or at least very
the Zero Moment Point (ZMP). Vukobratovice (1970) was high vertical jerk component.
the first to use the ZMP in dynamic analysis. One defini-
tion of ZMP is by Yoneda and Hirose (1995): Assuming Important problems to solve for good interaction with the
that the CG of a vehicle is moving over a horizontal sur-environment are.
face, that the friction between the feet/foot and the ground
is high, and that the CG of the vehicle is affected by a } )
force and a moment at a certain instance, then the ZMP & Ground velocity matching
the point on the ground at which the force and the moment Vertical acceleration control at change of support.

acting on the CG can be resisted by applying a simpl&  pgsture control of the manipulator (feet) with the

Timing of the touchdown

force without a moment. slope.
. B * Force regulation in the vertical direction, to handle
Xopp = zmy(z + 9)__Xi —IMXZ 1) payload and inertial forces.
xm(z +g) * Force regulation in the horizontal direction, utilizing
maximum friction between foot and ground.
Zm(z +9)y, —Zmyz . . . .
Yzmp = (2)  There is certainly a trade-off to achieve good environment

>m(z + . . .
(&+9) control between a complex mechanical foot including the

_ necessarily sensors and actuators, and a passively damped
wherexzyp andyzyp are the coordinates for the ZMP and jiant \eight foot. The dynamic interactions between DOF
m; the mass ana, y;, andz the position of linki. Forthe i 4he vohot are lower with light legs. As will be described
simplified one mass inverted pendulum model equation ]below many research groups assumes massless legs in
and 2 are, their control design. Another advantage is that higher

walking speeds are possible with lighter legs, assuming
x _ Xeg~ XeoZeg 3) the same hip and knee actuators. The actuators have to
ZMP Z,4* 9 give enough torque to carry the weight of the walking
vehicle and the inertial forces. With high gear ratios the
actuators maximum speed will be limited, and will thereby
= (4) setalimit on the gait period. In e.g. a static walk with
Zzg* 0 B=0.75 the transfer leg has to move at three times
Impact control higher speed than the supporting legs. High static walking
velocities would therefore need an actuator with sufficient

Besides static and dynamic control of the walking vehiclehigh torques and high no load velocities. With a heavy leg

there is a third major challenge for a successful implementhis is of course even more difficult to achieve.
tation of a control system on the robot. It has to control the

— ycg_ycgzcg
Yzmp = T 4 -
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Research overview

Even though a light weight leg is important there are somavere 8. is the angle between the vertical line at the con-
robots with actuated feet. Mainly two different conceptstact point and the centre of gravity, a vector with the
have been investigated, either to try and match the verticgbint angles andk; andk, vectors with derived numerical
and horizontal velocity of the foot at touchdown with the values. It is seen by the magnitude of the coefficients in
walking speed, or to utilize a well damped impact control-andk, that the biped locomotion system is affected consid-
ler. erably by the other joints. The most common used inverted
pendulum model is the left hand side of equation 5 with a
In the next chapters the research of some academic grouparque input on the right hand side. By using equation 5 it
is described in more detail. is possible to callculate the error from the simple version
of the inverted pendulum model.

2.0 Research overview The actuated ankle is mainly used for four things. In the
single support phase the CG angular momentum is con-
trolled through ankle torque control, to follow a reference
2.1  Gifu University trajectory of the CG angular momentum, Sano and
Furusho (1991). Just before the hind foot lifts up from the
At the faculty of engineering at Gifu University legged ground the ankle is position controlled to lift the heel so
locomotion has been a research topic for over 20 years. Ithat the foot is up on its toes. The robot thereby rotates
1991 a biped robot called BLR-G2 walked dynamically around the toes which makes the hind leg longer and
with a walking speed of 0.18 m/s with a stride-length of decreases the vertical acceleration at touchdown of the
0.25 m. Recently both hexapod and quadruped robots havieont leg, Furusho and Sano (1985). The landing foot is
been built. The quadruped robot COLT-3 trots with aforce controlled by the ankle which is necessarily to avoid
speed of 0.21 m/s and SCAMPER realizes a simplifiedslippage which otherwise would occur with the uncer-
gallop at 0.85 m/s. First the biped research is describeehinty of a realistic walking surface.
and then the quadruped robot which has a compliance con-
trol system. In three dimensional walking the lateral motion is control-
led by the roll DOF in the foot. A simple feedback based
on a one-link model is designed using optimal control. The
motion in the lateral plane is simply a repetition of tilting
to place the CG above respective supporting leg.

Biped walking

The walking experiments were performed with the biped
BLR-G2 which is 0.97 m in height and weighs 25 kg. It

has articulated joints at the knees hips and ankles. EacJFhe sensors of the biped are described in Furusho and
foot also has a DOF in the roll direction to control the lat- .
. Sano (1990). The reaction forces from the ground are
eral motion of the robot. :
measured by strain gauge pressure sensors. The ankle
torque sensor is built in at the pully between the ankle

The control system is a hierachical controller, with low C . ; :
. . . _motor, which is located in the hip, and the ankle, i.e. at the
level local feedback at each joint and a higher level trajec .
. . knee. The posture and speed of the robot body is detected

tory generator. The higher level controller is based on -
. y a combination of sensors. An angular rate gyro and

reduced second order inverted pendulum type model for” : o
; inclinometers measures the angles and angular velocities
the single leg support phase. The reduced order model is

derived by applying high gain feedback at each joint an n the roll and pitch axis. An ex_ternal ultrasonic speed sen-
looking at the root locus for the biped. Furusho and Mas->" measured the body velocity by the doppler effect An

ubuchi (1987) showed that all the eigenvalues move to th%ccelerometer IS used to ext_rapolate_ the velocity signal
S rom the ultrasonic sensor which only is updated every 20
far left hand side in the complex plane except for two

eigenvalues which stay a8.48 . The influence of the MS" Finally the motor angles are measured by encoders

: : . and the joint angles by potentiometers which then gives
transfer leg dynamics and the supporting leg dynamics o . . .
. the compliance between actuator and manipulator, i.e.
the reduced order model is,

between hip and ankle.

Bcc—3.480.c = —k,0" + kzéT (5) Quadruped
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Research overview

A 8 DOF quadruped robot with articulated joints at the
knees and hips is used for trotting in the sagital plane. A

trotting speed of 0.21 m/s with a stride period of 0.7 sis m X2
performed by the robot called COLT-3. It weighs 45 kg X
and has a leg length of 0.52 m. It is further described in > 1
Sano, Furusho and Hasaguchi (1993). -4

1
The duty factor and phase in the trot gait is such that there 5,
are four three legged support states and two, two legged P (X %)

support states in each locomotion cycle. The authors point

out the importance of not using position feedback with

high gains at those joints that are on the ground or are JU%GURE 1. 2-link model, from Sano et al. (1993).
about to touchdown or leave the ground. They propose and
utilizes a compliance control at those joints. Desired joint

torques are calculated by the high level controller so thaff he high level controller is further divided into separate
the leg behaves as a spring and damper system witbtates depending on, which phase the vehicle is, i.e., three
respect to the body. Very much like the virtual control con-Of two legged support state, if a foot is just going to land or
cept at MIT (section 1.6). First the reference forcesleave the ground. For a complete locomotion cycle the ref-

F(F, F,) in vertical and horizontal directions are calcu- €rence trajectoriex and are calculated in advance,
lated as depending on the state of the locomotion cycle the low

level controller will either be in the position mode control
) or in compliance control mode but still using the same ref-

erence signalg and . The compliance mode is actually
used just before lift of a supporting leg and just before and
during touchdown of a transfer leg. Further the trajectories
Xre generated so that just before touchdown for each leg

:ref = Ks(x_ Xref) + KV(X_Xref)

were x is the relative position in two DOF, ®( X))
between the point on the body were the leg is connected b

the hip joint and the point on the ground were the foot IS’the vertical velocity is set very low or at zero and the hori-

see f'|gure 1 Ky andKs are predetermined spring and zontal velocity is matched to ground velocity. This action

damping ratios of the leg body system. The forces are then ; :

transformed into joint torques, by §hou|d_ enal?le a_smpoth Iand_lng of each I_eg. The stl_ffness
in vertical direction in compliance mode is set relatively

- high so that the knee not will bend down too much. In the

Tret = J Fre (") nhorizontal direction the stifiness is relatively low to avoid

slippage on the partly unknown surface.

wereJ is the Jacobian. The local torque controller has

torque feedback with a feed-forward compensation of than a |ater paper by Furusho et al. (1995) a smaller and

back EMF of the DC-motor. Without including the gear |ighter quadruped vehicle is described. The weight is 20

ratio the control law is kg and the leg length 0.35 m. The higher power to weight
ratio allows the authors to investigate and implement a

U= Kp(Kp(Tap =T+ (Brer—0) + KpT o +KepyOrer (8) bo_un_ce gait of the robqt. The reason to choose a bounce

gait instead of gallop is according to the authors that a

whereK7 is the torque feedbacky a differential feed- bounce gait has much simpler dynamics because there is

back gain K a torque feed forward gain aritgy,« the ~ more symmetry in the gait compared with gallop.In the

back EMF. The torques are measured as described aboysoposed bounce gait the left and right fore legs and the

in the biped part. left and right rear legs move with the same phase. A run-
ning cycle consists of two, two legged support phases, one
four legged support phase and one flying phase.

The reference trajectories are generated in advance
through simulation of the robot. The high level controller
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Research overview

switches between position, velocity and a free rotation
mode, (force control with zero force input) depending of .
the state of the robot. The robot has a bounce period ¢ & ‘:; T,
about 0.6 s with a speed around 0.85 m/s. “:‘J

2.2 Tokyo Institute of Technology

The department of Mechano-Aerospace Engineering &
Tokyo Institute of Technology is probably one of the most
successful research centres for walking robots. Sever:
four and six legged robots have been built at the depart.’
ment. There is an emphasis towards practical usage ', _
walking robots and many possible applications where it ="
could be an advantage with legged vehicles are showr
Hirose and Yoneda (1993). The authors stress maybe mol
than other research groups the importance of smooth hign

speed walk without jerkiness to be able to carry a payload.
FIGURE 2. Left, the three DOF leg of TITAN VI with a

One of the latest quadruped robots TITAN VI and its con- fgg%%rgﬂr?\?g gi;nceﬁgnﬁgﬁecn;hggﬂgg ttui ;‘9“

trol system will be described below. The reason for choos- axis. Fom Hirose: http://mozu.mes.titech.ac.

ing TITAN VI is that most of the dynamic walking jp/research/walk/TVI/TVI.html

experiments has been performed with TITAN VI. It has

reached a maximum speed of 1 m/s with a trot gait on &t is important to walk as smoothly as possible both with a

flat surface. On a terrain which the authors describe as 108lower static gait and with a faster dynamic gait. Also

mm up and down rough terrain it walks with 0.125 m/s. important is a smooth and continuous change of velocity
when going from a static to a dynamic gait. Yoneda and

In figure 2 the leg design of TITAN VI is shown. It con- Hirose (1995) call this gait transfer a ‘dynamic and static

sists of an Evan mechanism, Hirose et al. (1995) and &usion gait’. The gaits used are a static gait with

pantograph mechanism giving each leg three DOF with § = 0.75andg = 0.125 and a dynamic trot gait which in a

cylindrical coordinate motion of the foot. The first two later paper is called extended trot wigh= 0.625 and

DOF, radius and rotational motion are in the horizontalp = 0.125 With 0.625< 3 <075 there is a three legged

plane and the third is a linear vertical motion of the foot. support period and a two legged support period in the

Besides the three DOF in each leg TITAN VI has a linearlocomotion cycle. AsB decreases from 0.75 towards

DOF at the vertical axis in the centre of the body. The(0.625 the two legged supporting period will increase con-

height is about one meter and the total weight is 195 kgtinuously and the three legged supporting period decrease

120 W DC motors are used to drive the joints. To increasecorrespondingly. The vehicle controller is thereby able to

the speed of the transfer leg motion one of the DOF useghange the walking speed in a continuos manner.

double motors. One motor with high reduction ratio

(28.85) is used during the support period and a seconth Yoneda et al. (1996) they change the strategy and use

motor with low reduction ratio (2) is used during the trans- ¢ = 0 and call it an intermittent trot with.5< <0.75 .

fer leg period of the locomotion cycle. The motors connectThe intermittent trot does not have a three legged support

to a ball screw through an electro-magnetic clutch. period, instead it has two and four legged support periods.
With 3 = 0.75and @ = 0 there is still no three legged
support only two and four legged support, which would
not qualify for a static gait. How the authors solve this
problem is not explained in the paper.
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The reason of changing the strategy is because witlo
they have problems with dynamic influence from the y CG

transferring legs in their walking control, which on a trajectory Diagonall
smooth surface only is based on feed forward control i.e. support line
without feedback, except for the local joint feedback. The
transfer legs produces unwanted roll and pitch moments
on the body. In a diagram they show that with= 0 the
pitch and roll moments from the transfer legs are about a
factor five smaller than withp>0 . Their explanation is
‘when the legs transfer together for any duty factpr, T

their dynamic effects almost cancel each other’.

/\
Y D)

v

—

Before the controller design is described a dynamic effect
must be explained, which influences their design. The two

legs supporting the vehicle in a trot is always a diagonak,g rE 3. Proposed path for the CG incorporating sway

pair, and the line that connects the supporting points is to keep the ZMP near diagonal support line
called the diagonal support line. To avoid slippage and the ap?hthggby dehcreas_e ttfr‘]e ?Cce|efat'0tr1‘ S%IGIO

. (0] e as snown In the lower grapn, rrom
use of high torques a control strategy would be to keep the Yoneda and Hirose (1995).

ZMP on the diagonal support line. Further the most natural
approach would be to keep the ZMP at the point were the o

diagonal support line and the linear trajectory drawn as o he feed forward_ control sequence, which is calculated
straight line in the direction of motion of the CG inter- before each step is:

sects, see figure 3 . To achieve this the controller musy. Landing points for the new transfer legs are calculated
accelerate the CG of the vehicle, when the CG is in-front from the desired vehicle velocitieg ¢ (t) andBrer(t)
of the diagonal support line and when the CG is behind the and from any, in advance, known obstacles.
diagonal support line, the controller must decelerate th%_ Smooth trajectorieg(t)
CG, so that there will be a step in acceleration of the CG as

, for the individual transfer leg

_ actuators, are generated in order to bring the legs from
the support legs change place. The acceleration Step iy actyal to the in step 1 calculated landing position.
something unwanted because it will not give a smooth ride

of the vehicle. If the quadruped robot’s CG is controlled to3-A trajectory for. the CGxqy(t) andyg(t) L werg,(t) s
move not only straight forward but also sideways, and this called sway, using the ZMP trajectoxy_(t) andy(t) aqd i
sideway motion of the CG is on the diagonal support line the equation of the diagonal support line of the vehicle is

then the ‘distance’ to the next diagonal support line is generated )

short and the acceleration step will decrease, or even bettér Body rotation velocityBg(t) is set constant and to fulfil
it will only be discontinuous. In figure 3 a CG trajectory 1.

with a velocity part perpendicular to the heading directions, Body motion is translated into leg joint coordinates.

of the vehicle, called sway, is shown together with the

resulting acceleration of the CG. The control strategy is

thereby to find an optimal trajectory for the CG for all 2.3 Mechanical Engineering Laboratory Tskuba

used duty factors and all vehicle velocities. _
At the robot department at MEL, biped research has been

ongoing since the end of the 80’s. Kajita et al. (1992)
developed first a 4 DOF biped robot and later a six DOF
robot with actuated ankles, knees and hips, Kajita and Tani
(Feb. 1996). The biped robot is thereby restricted for a 2
DOF walk in the sagital plane. The robot is approximately
40 cm high and weighs 4.7 kg. It can walk with a varying
step length of 10-16 cm with an approximate step time of
1 s, e.g. it can walk with an adaptive gait. It can walk up
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and down on steps with a step height of 3.8 cm withoutThe linearized equations of motions in cartesian coordi-
prior knowledge of the ground surface. A sonar is used taates with locked knee are
get information of the walking surface. It measures the
height of the floor 30 cm ahead of the hip joint, Kajita and o_ Y
Tani (April 1996). mi= 5t ©)
my = —521 -mg

r

with r being the distance of the CG from the origin. If the
CG is controlled at the constraint line
y = kx+ y (20)

then equation 9 can be modified at the x-axis to

%= 9y+ Lo, (11)
Ye MY
FIGURE 4. Meltran Il, a six DOF biped with an ultrasonic
g?nngﬁfeg’dfgfes\ﬁ;Lei‘ptfj‘gir?te'gn)tn?fégﬁtgf)ﬁ[tg% If the knee and hip joints are used to keep a specified
robby.caltech.edu/~kajita7biped.html . : height above floor level, y-direction and the CG moves

forward along the x-axis by actuating the ankle and using

h | local feedback at the individual ioi he inertial and gravitational forces, the difference in the
The control uses local feedback at the individual joints and . e dynamic model and the motion of the real robot

is based on an inverted pendulum mode were the dynamlg quite small
model assumes massless legs of the robot as shown in fig- '

ure 5. The idea is to use inverse kinematics with local feedback

o on the knee and hip joints and let the ankle joint follow the
Clearly, they use an extremely simplified model of thereference position generated by the equation

robots dynamics. According to the authors 47% of thex-ref = (g/m)x,¢; Using a PID feedback.The constraint

total weight is in the legs of the actual robot. One of the aie o1y of the hip and knee joint is calculated from the

reasons it still works is that thg CG of the robot is C_lo,se_toequationy = kx+y, of the CG. The coefficients in the

the hip joint and that a constraint control of the hip joint is above equatiok andy, are calculated from the ultrasonic

used. sensor information of the ground height 30 cm in front of
the robot and the height of the present foothold.

A foot placement algorithm was developed by Kajita and
y = kKx+ ¥ Tani (1996) which as input uses a reachable and possible
vt e e foot landing position two steps ahead of the present foot-
- hold. This means that an obstacle must be recognized at
least two steps ahead of the robot to be able to plan a suit-
0 able step length and height, which takes the robot safely
past the obstacle.

2.4 Waseda university

FIGURE 5. Inverted pendulum model consists of a point ) . .
mass and a two link massless leg. The point At the department of mechanical engineering at Waseda

mazsski;rcontrolled on the constraint line university studies on biped walking began in 1969. In
y %. 1972 the first biped prototype was built, it had a static gait
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with a step time of 40 s and was the first computer control-4. Obtain information on the landing surface and if needed
led walking biped in the world. Since then, they have built recalculate 1. and 2.

many prototypes and advanced from static via quasi

dynamic walking, until today where full dynamic biped Steps 1-3 are calculated before walking and step 4 during
walking in three DOF on an unknown surface is per-walking.

formed. The maximum speed is 1.28 s/step with a 0.3 m

step length. Deviations in surface heightto16 mm and In step 1 time trajectories for the knee and hip DOF's are
in tilt angel of+ 3° are managed by the control system, calculated using the Zero Moment Points (ZMP) which
using sensor information from the foot. In figure 6 the lat- are the points under the sole of the robot were the sum of
est version WL-12RVI is shown, the size of the robot is gravitation and inertial forces are zero.

approximately that of a human and the weight is around

100 kg (even though they use carbon fibre reinforced plasi step 2, the change over phase, the goal is to use the
tic as construction material). The joints are all rotationalankle to first, damp the impact forces caused by the fore
and powered by hydraulic motors. The hydraulic motorsfoot and second to control the Centre Of Mass (CG) so
are controlled by valves. that the predefined ZMP trajectory is performed, using a
inverted pendulum model of the robot. Only the ankles are
active during this phase. In the damping phase a torque
feedback is used and in the trajectory phase position con-
trol of the ankle.

Takanishi et al. (1985) had the robot walking using only
step 1 and 2. The next version included step 3, to balance
the robot using an active trunk, Takanishi et al. (1988) and
Takanishi et al. (1990) compensated for the dynamic dis-
turbances in the pitch and roll axes. Because of a sideways
drift of the robot, which finally made the robot fall they
built a refined version, Yamaguchi et al. (1993) has also
_ . ) dynamic compensation in the yaw axis. “The reason is to
FIGURE 6. \ngvlv?/\?v(.jsﬁi)lpaci).tiWo%ﬁa?s%\c/jg.gg?b/m%gnoid/ separate the walking and the balancing functions of the
group_c/index.html robot. An iterative algorithm is used to calculate the
motion of the trunk from the periodic solutions of the

Since 1992 is the walking control group part of the IargerZMP'

“Waseda Humanoid Project”, they continue the develop- _ .

ment on anthropomorphic robots. The goal of the project! € @uthors report two main causes of falling when the
is to: “develop a Humanoid which will comprise sensing, robot is walking on a planar surface without the special

recognition, expression and motion sub-systems to enabf@0t meéchanism described in Yamaguchi et al. (1994),
\(amaguchl et al. (1995) and Yamaguchi et al. (1996). The

robots and humans to build common mental and physicaf_ i< deviation if landing i fth for |

spaces cooperatively”. irst is deviation in landing time of the transfer leg com-
pared to the simulated robot, caused by unevenness in the

h%lanar walking surface. The second is deviation of the

The control can be separated in several parts where t : - § L e
lowest level is the trajectories of the lower limbs which are!2nding position, which with high local feedback gains in
the ankle produces high impact forces on the legs making

programmed in advance for a specific walking task e.g. )
only using local servos at the individual joints to track the (€ Second (already on the floor) foot slip.
specified trajectory.

In step 4. sensors in the foot mechanism sense the offset in

1.Leg trajectory in the transfer phase for flat ground.  |anding position (height and gradient) compared to the in
2.Ankle torque and position control in the change overadvance calculated trajectory, and recalculates in real-time
phase. the trajectories from that information. It also damps the

3. Balancing trunk motion calculated from 1. and 2. impact at landing when the timing or position of the land-
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ing does not correspond exactly to the landing in the trawalking. In the double support phase only the ankles of the
jectory. robot are active with a combination of position and torque
control, were the paths are derived from simulations and
The special foot shown in figure 7 consists of two parallelexperiments. The double support phase is actually divided
duraluminium plates in the vertical direction with a shock into four subphases were different control is used in each
absorbing mechanism between the plates. The shockubphase. To make the walking more robust a special foot
absorbing material consists af a memory foam material mechanism was developed, which can adapt and damp the
which has excellent shock absorbing characteristicdbdnd robot in the landing, double support phase and the leg
polyurethane rubber on teflon resin and a silicon foamtransfer phase.
arranged in parallel to imitate the human non-linear char-
acteristics of the ankle and foot. The authors do not say anything about future work but the
natural task would of course be to try to do the trajectory
planning on-line from the information of on-board range
sensors like laser scanners or cameras.

In a late paper, Yamaguchi and Takanishi (1997), describe
their newest biped, WL-13. It has completely new knee,
ankle and hip joints. Firstly, they use AC motor drives,
secondly these joints are driven with two motors each. One
motor for the tension of the joint and the other for flexing
the joint. The motors are connected in series with a special
nonlinear spring mechanism between them. Thereby it is
possible to control two outputs at each joint, ffesition
and thestiffness The stiffness is theoretically possible to
change from zero to infinity. They do not describe the con-
trol strategy with their new biped in this paper, only that it
will appear in a later paper.

FIGURE 7. qua(iéﬁq;(;hn%nfengs"gﬁg %T?gﬁ&ﬁ;osrﬁ;?gce Recently the authors have started a joint research project

detection, Yamaguchi et al. (1996). together with KIST (Korean Institute of Technology)
which aims at developing a quadruped vehicle with a trunk

The authors say that without the shock absorbing mechac-alled “CENTAUR®. The function of the trunk is the same

nism it is impossible to obtain information on landing as with the biped robot, to stabilize its walking on uneven

position and gradient because of the structural resonancsé”faces and to compensate for an arbitrarily planned

of the foot, which they now have overcome with the Spe_motion of the legs. Takanshi et al. (1995) showed from
cial foot désign simulations that the yaw moments are very small for

dynamic walking by the quadruped, consequently they
only plan for a 2 DOF compensation in the pitch and roll

To conclude, the control of the biped is mainly done off-
line and only partly on-line in real-time. First an arbitrary axes.

leg trajectory is designed using the ZMP to assure stabil-

ity, then an iterative algorithm is used to calculate the three g Dep of Electrical and comp Eng Yokohama

DOF motion of the trunk, which balances the robot for the

desired walking pattern. Observe that the leg trajectorie® more traditional robot control concept is presented by
are not limited to a special walking pattern, e.g. changinghe Department of Electrical and computer Engineering at
step length, making steps up and down, choosing non veryokohama National University. They have only simulated
tical footholds and turning of the robot can be performed.piped robot walking, so actually they should not qualify
Interesting to notice is that the amplitude of the balancingor this report. There are mainly two reasons to write about
motion of the trunk decreases with higher walking veloc-their work, where the first is a interesting model of the
ity, which seems to be correct if one compares with humargontact between the foot and the ground. Secondly they
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use theories that are often used with robotic tool manipula- 0o . b K K

tions, e.g. utilizing a force controller between the tool and { 1 12] {Xow + { ] = H + { rl}:r + { '1}:' (12)

the environment. Another modern trend in robotics is to ol b, 0 |Kiz Kig

use a robust joint controller when workspace coordinates

are transformed into joint coordinates, i.e., disturbancéNhereH is the mass and inertia matricegpis the tradi-

observers and variable structure controllers (VSC). Theional robot generalized coordinatas, the applied torques

advantages compared with a computed torque method arg forces,x, specifies the motion of the body expressed in

a lot less of code execution and compared with simple PCa global coordinate system, three positions and three

controllers a much higher performance. anglesF| andF, are 6x1 vectors with the external forces
and torques at the centre of each foot (becomes zero when

To use simulations in the development of mechanics and foot is in the air)Ks; are the transform matrices from

controllers of a robot is obviously in todays research. Aexternal forces to forces and torques at the bodylgnd

difficult task is to choose the right level of complexity in denotes the non-linear terms Coriolis, gravitation etc.

the simulated model, because the model may not only be

used for pure simulation, it can also be used to design th&ypically a control system either tries to suppress the

control system or on-line feed forward compensation. Oneeffects offF, andF| on the system, (robust control) or an

important part of modelling walking machines is the adaptive feed-forward strategy is used to cancel out the
ground contact and the impact conditions. effects off, andF,.

H21 H22

The most commonly used method to model the contacThe interesting aaspect of this work is that they try to use
between the foot and the ground is to use a ground modeH, andF, as control inputs for controllingg, the pose of
consisting of linear or non-linear springs and dampersthe body. This is done with a force reference generator and
This is probably sufficient when a robot with point feet is a hybrid position/force controller, see figure 9 . The refer-
used, but with a robot with a revolute ankle and a footence force is calculated from the error in body pose using
were there are multiple and arbitrary point contacts as linear controller restricted with a set of force constraints
shown in figure 8 it is probably not enough. on the allowable friction forces and forces derived from
the ZMP. The force controller uses,  control, which
gives the body states with respect to the position of the
foot on the groundy; or x;, depending on which foot that
has ground contact. The transfer leg trajectory is also
transformed to, or x; coordinates and is position control-
text led. In the lowest control leved andx; are transformed to
joint coordinatesy using inverse kinematics, which then
are controlled with a robust servo controller based on a
two DOF control and sliding mode control, Fujimoto and
Kawamura (1995).

FIGURE 8. A possible scenario at touchdown of the At the highest Ievel_a position trajectpry for the transfer
transferring leg that has to be modelled for a leg is generated with a three DOF inverted pendulum
correct simulation. model of the robot and a foot placement based on a state

feedback controller with CG position and velocity as inter-

Another method presented by Fujimoto and Kawamuraal states, Fujimoto and Kawamura (1996).

(1995) is to add three DOF of position and three DOF of

rotation to the base link of the robot, i.e., the foot with The first problem one sees with this concept is that an

ground contact. These virtual links have no mass or lengtfccurate force and torque measure is needed for the con-

and augments the dynamic model of the robot with sixtact forces between the foot and the ground. The authors

states, the general dynamic equation of motion of the robotimplify their force generator a little so they only need the

is then. two friction forces in the plane of the foot, the vertical
force and the twisting moment around the vertical axis.
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They have a lot of ongoing work with different prototypes
and simulated robots. There will not be a complete
description of their work only on what they call virtual
model control and a few words about a project where the
contact between foot and ground is studied.

Virtual model control

As mentioned above Raibert (1986) was very successful
using very simple controllers. The idea behind virtual con-
trol and virtual actuators by Pratt et al. (1996) is to have a
set of low level tools which simplifies the design of higher
level control. When the virtual model controller(s) are
designed, it should be intuitive for anyone how to use them

Recently it seems that they have built, or are building aand build their own high level controllers in global coordi-
biped for experiments. So far there is nothing publishechates and not having to think about joint space controls.
about the biped and no results are available.

FIGURE 10. Biped under construction for investigation of
the proposed control algorithms. From: http://

www.kawalab.dnj.ynu.ac.jp/~fujimoto/
biped.html

2.6 MIT Leg Laboratory

In the leg lab at the Massachusettes Institute of Technol

The concept is a sort of hybrid position/force control were
both position and forces can be controlled between spe-
cific and in advance decided points on the robot or
between a point on the robot and another point in the envi-
ronment. For example if we have a complex robotic struc-
ture with many DOF but only want to control it in a couple
of DOF in workspace, we have to design as maimual
componentsis DOF we want to control. How to chose the
proper points on the robot that connects the virtual compo-
nents are up to the designers experience. The virtual com-
ponents can be designed as linear or non-linear springs
and dampers with the force from the springs and dampers
acting agyeneralized forcesn the robot. The time trajec-
tory of the generalized forces are reference values from the
higher level control.

In figure 11 a simple 3 DOF leg is shown with a one link
foot, two links for the upper and lower part of the leg and
one link for the trunk. If the only goal is to apply a forte
and a torquefy on the trunk using only the hip and knee
actuators, we can easily derive an explicit expression for

ogy research of legged robots have been going on sincgle knee and hip torques
late 70’s. Raibert (1986) has built a whole series of suc-
cessful running robots with one, two and four legs. They
all used prismatic legs and performed hopping and running
gaits. The control strategy is fairly simple and does not
differ much with the number of legs. The quadruped robot

runs with a “one legged hopping gait”.

In the last 10 years they have taken a new approach at MIT
leaving the hopping robots with prismatic legs. Now they

build robots that can both walk and run and have revolute
joints in knee and hip.
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FIGURE 11. A 3 DOF leg with a foot. A virtual component,
VC is designed for virtual control of the forces
between coordinate system A and B.

First the kinematic map from A to B is
x = (8) 13)

a partial differentiation of the functiohgives the Jaco-
bian,

=9 (14)
which relates the velocity between frames A and B,

x =JO (15)
and the force to joint torque,

1=JF (16)

wereF = [fq, f, f,] . By solving equation 16 for the

This simple example is not so interesting because the rela-
tions could have been derived without any knowledge
about virtual components or virtual control, the interesting
part starts when the concept is applied to a complex
robotic mechanism, especially when there are parallel
chains in the structure such as any multi leg robot pos-
sesses.

Torres (1996) derives a virtual controller for a hexapod
with six equal legs having the configuration from above.
The legs are connected to a common body and a single
force from a single virtual component connecting a point
on the ground and the CG of the body is desired. Equation
16 is then still valid but the sizes af arfdare now six
times higher. The desired single force on the body is the
sum of the individual generalized forces, the system is
overdetermined and force constraints must be decided.
Some of the constraints will arise due to the relative direc-
tion of the actuators, of which certain individual force
directions not are available. These constraints can be
determined by examining the row space of the individual
Jacobians. Others will arise from constraints on the robot
such as unactuated joints. The rest of the constraints can
be used as design degrees of freedom, such as that two
individual serial chains should produce the same force in a
specific direction. The constraints can be written in a
square matrixK which relates the single forde; and the
individual sub-forces;

Fe = K[F;Fpo Fl" (18)

if Kis inverted it is possible to solve for the individual sub-
forces and use equation 16 to solve for the joint torques.

A method is used to help to construct the constraint matrix
and to invert it. The method is based on defining a set of

desired forces, anfl; the desired expression for the higonstants,

and knee torque is derived. Now the characteristics of th

dimension of the generalized force to be

virtual component can be designed, for example by choos- applied
ing f, to be p number of serial paths of the parallel virtual
_ 17 component
f2 = (o=lo)ky +vcky 17 I number of constraints in each serial path
d=n-| number of non-constrained degrees of freedom

werel, is the rest length of the virtual componehithe
actual lengthk; the spring constant,. the velocity of the
virtual component and, the damping ratio. A static force

in each serial path

r=pd-n number of redundant serial path virtual force
components, equals the number of design con-

equal to the gravitational force could be added to equation straints

17 if the static height of the trunk is important.
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Pratt (1995) points out that to succeed with the proposethat they can have 30% of change in desired walking
method it is probably important how the virtual compo- velocity and 25% change in desired step length with their
nents are chosen and what characteristics they are given.dontrol method.

must be better to chose them in such a way that the natural

dynamics of the robot is not influenced to much. This The robot is quite small and simple about 35 cm in height
implies that the designer needs a good knowledge of thand a mass of 5.6 kg. It consists of a pair of prismatic legs
robot dynamics and about proper walking strategies. with point feet joined to a body with rotary hip joints and
is thereby constrained to walk in the sagital plane. The
prismatic leg actuators are pneumatic cylinders and the
rotary hip joints are actuated by DC motors.

Transfer of support in a dynamic walking robot

A smooth transfer of support from one leg to the other is

impo'rtant to achieve a stable and animal like mot'ion of t,heThe gait with such a configuration is called compass gait
walking robot. Other advantages are that the Impms'\/ebecause it rolls over the point foot as an inverted pendu-

loads are redgced, which redgces the chance of structurﬂlm. The only driving forces with a constant leg length are
damage. During rough terrain locomotion, a graduallythe inertial and gravitational forces

loaded foot has a better chance of recovery.

Bailey (1993) has built a robot called GeekBot especially

to investigate the leg support transfer. A method called v
“ground speed matching” is proposed. Actuated ankles are

used to servo the striking velocity to zero at touchdown. |
Experiments show that the impulse forces are reduced 2a W
with a factor of two with the method compared to a free
falling foot.

The method is used with a foot, which is built as an arc onFIGURE 12. Tfhe model ﬁf the COTSPHSS gait. At eﬁChangef
the lower side. At touchdown the ankle is positioned so Selsoucﬁgofrrgtmevr_et(;svg Iscontinuous change o
that the foot will strike on the edge and during the

exchange phase rolls over the arc by servoing the ankle

after a precalculated geometric path. The ankle of thdn figure 12 the compass gait is shown, the hip follows an

stance foot is also positioned during exchange to maintaif'¢ Of the circle with the radius of the leg length during
the absolute distance between the feet. single support phase. At touchdown there is an instantane-

ous change in linear velocity of the hig, and v in figure

12 are the velocities just before and after touchdown.
2.7 Harvard Without leg compliance the hip would experience an infi-

nite acceleration at touchdown (discontinuous jerk).
At Harvard University a biped walking strategy is pre- Humans control this with an active change of leg length at
sented, based on a set of conditions which ensure that nouchdown. The front leg is shortened at touchdown by
instantaneous change in velocity is experienced aankle flexion and the rear leg is lengthened from ankle
exchange of support. In contrast to the work in Yokohamaflexion, knee extension and foot supination. This leg
which is based on force control Harvards method is basetkngth change reduces the discontinuous velocity change
on the use of appropriate leg length and leg length velociat touchdown (together with compliance).
ties. It could be called a kinematic solution to achieve
finite vertical acceleration from the impact between Three necessary conditions are derived by Dunn and Howe
ground and foot at touchdown. (1996) to achieve a smooth exchange of support Witk

v~ at touchdown, they are
A velocity and step length control similar to Raiberts
(1986), hopping robots is used in the gait controller. The ? t
difference is that the gait is walking and not running or W= {COSZG —sin 21} { ﬂ (29)
hopping as with Raibert. Dunn and Howe (1994) report Lv} sin2a cos2a | | st
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I'se + IitanBg,, = 0 (20)  coordinator level, ensures the global stabillity and the real-

ization of the desired gait of the robot. Desired leg trajec-

werelg,, is the length of the transfer lety; the length of tories and distrubution of leg to platform forces are also

the stance legd the angle between respective leg andGglculated at the coordinator level. At the lowest level, the
vertical line, 2a is the angle between the legs and theeg level a dynamic control of each leg is utilized.

prime denotes the derivative with respecéto Coordinator level

If the step length is controlled with the angle between therpg reference signals from the suprevisor level are duty
legs ¢a = 65+ 6, ) and using equations 19 and 20 theregcior 8 | the relative phase of afopt |, the stride leniyth
are seven varlab_les and four equat|on_s. Values for an¥q the stride frequendy They are used to calculate the
three of these variables must be known in advance. CG trajectory of the body. A foot trajectory is also calcu-

) ) lated at this stage. Villared et al. (1993) proposes a foot
is used for velocity con-yraiectory based on a cycloid motion (relative ground) in
the transfer phase and an arc of a circle in the support
phase. The motivation using such trajectories are that they
reduce the impact forces at touchdown. Later Villard et al.
(1995) uses linear trajectories for the foot.

The relation betweeR,, ar@],,
trol in a simple way as

B —Bgy = G(Vy—V) (1)

st

wereG is a feedback gain ang; andv the desired and

actual velocity. From the body CG acceleration,, the acceleration at

o each hip joint is callculated, which then is the reference
Important to notice is that even though the above strategycceleration to the leg controller, and together with the
gives (without a compliant structure) zero vertical acceler{yot trajectories defines the joint trajectories.

ation at touchdown it can give high horizontal accelera-

tion. Simulations show that the horizontal acceleration isp feedback for the bodys CG trajectory is used to make

in fact discontinuous, but bounded to some level. the body robust to external disturbances. If the desiered
] ] ) ] _CG trajectory isd(t), werexd is the usual 6x1 vector with

In a real implementation there are other things like compli-three positions and three angles, and the measured trajec-

ance, and that it is not possible to achieve an instantaneoygyy is x(t), a corection of the CG acceleratioit(t) is cal-
exchange of support (double support phase) which willyjated as

greatly influence the motion of walking and thereby the
described strategy. In the only plot from real walking it is e .d d . d
seen that the hip trajectory does not behave as good as in K= XAK (X =X) + K (X = X)) (22)

the simulations. . .
wereK,, andK, are appropriate constant feedback gains.

From X°(t) is then the acceleration at each hfp , with
2.8 Université Pierre et Marie Curie k=1..4, is calculated from the kinematics as.

In Laboratoire de Robotique de Paris a quadruped walking a(‘; = age+ beg X ke + wdCG x (wdCG % rkCG) (23)
robot called RALPHY has been designed and built. RAL-
PHY has pneumatic actuators and revolout joints, twq, .,
joints at each leg, one at the knee and one at the hip. Each
one of the two links in the legs are composed of a pneu-
matic cylinder which piston drives a cable attached to pul- .C {ace} (24)
leys, thereby is the linear piston motion converted into a

rotational joint motion.

Wee

The desired forces on the bodys CG are
The controller is hirarchical and composed of three main ! y

levels. At the highest level, the supervisor level, is the gen-

F, = X.+m 25
eral gait and main motion decided. The middle level, the 0 = MoXe ™ Mod (25)
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where g is the gravitational acceleration anglthe body | believe that the technology for building successful
mass.Fy must then be distributed out to each leg. That is,dynamically walking robots for outdoor terrain is already
the sum of the forced;; on the body from all four legs available and that the main problem is to be found with the
must equak to fullfill equation 22 . This can be achived complexity and size of such a project. Mechanical design,
with many different combinations of leg forces, Villard computer hardware and electronics, software and control
(1995) uses a simple constraint to solvefarthey choose and user interaction have all the same importance for a
to generate the same vertical force on the left side of thesuccesfull design. A research team will have to master all
robot as on the right side. Friction constraints are also usethese issues to be able to build something useful. One
to calculate thé;. underestimated problem is probably the robustness of the
robot. When control strategies are tested on the robot in its
natural environment it will often fail, and having a couple
The input signals to each leg from the coordinator level areOf hundred kilogram robot tumbling down a s_lope could be
. . disaster for most research platforms. Looking at four leg-
the corrected accelerations from equations 22 and 23 and : . o .
: . . . ged animals learning to walk and run it is obvious that
the desierd forc&; from equation 25 and the distrubution . . .
stumbling and falling must not lead to anything worse than

. . k ..
algorithm. The acceleratiores, are transformed to joint .
torques by using an Inverse Dynamic Model (IDM) of a couple of bruises and that they all have to learn from

each leg with; as external force on each grounded foot. their own mistakes.

Leg level

The IDM is the standard Newton Euler algorithm. First the
velocities and accelerations of each link including the
acceleration of the CG of each link
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ing and building them, or if the problem is just a lack of Sobot. Master’s thesis, Massachusetts Institute of Technol-
interest from the sponsors of such projects. Why should o )

we spend a lot of resources in building walking vehiclesPU™" E: R., Howe R. D. (1994). Towards Smooth Bipedal Walk-

- . ing. IEEE Int. Conf. on Robotics and Automatigp. 2489-
when there already exists vehicles for almost every pur- 5494

\F/)vcf’lseilznodr E;iLégerraln using traditional locomotion, e'gDunn E. R., Howe R. D. (1996). Foot Placement and Velocity

: Control in Smooth Bipedal WalkinglEEE Int. Conf. on

. Robotics and Automatiopp. ???-??7.

Thgre should be a need fo'.’ robotic researChers to get out ?:fujimoto Y., Kawamura A. (1994).Robust Servo-System Based
their research labs and build dynamically controlled walk- 5, Two-Degree-of-Freedom Control with Sliding Mode.
ing robots for their real niche, which must be outdoor ter-  |EEE Transaction on Industrial Electronic¥ol. 42, no. 3,
rain. This also calls for building in a larger scale than the  pp. 272-280
normal size robot, which must have a convenient size fokyjimoto Y., Kawamura A. (1995). Three Dimensional Digital
indoor research. With a larger scale robot it is possible to  Simulation and Autonomous Walking Controlfor Eight-Axis
use conventional power sources such as combustion BipedRobot.IEEE Int. Conf. on Robotics and Automation
engines to provide energy for the robot, with indoor robots ~ PP- 2877-2884.
the power source will always will be a major obstacle for Fujimoto Y., Kawamura A. (1996). Proposal of Biped Walking

practical usage because of current battery technology. Control Based onRobust Hybrid Position/Force Control.
IEEE Int. Conf. on Robotics and Automatiqp. 2724-2730.
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