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Abstract

We have built a planar one�legged robot to study the de�

sign� actuation� control and analysis of autonomous dy�

namically stable legged robots� Our ��kg robot is powered

by two low power ��W DC electric motors� yet it operates

in a stable and robust fashion and currently achieves a top

running speed of ���m�s� Both design and control borrow

heavily from Raibert�s work whose robots are actuated by

powerful hydraulic actuators� Surprisingly� even with our

drastically reduced power available for actuation� only the

hopping height controller had to be modi	ed to achieve

stable running� As a basis for further improvements we

introduce a scalar 
locomotion time� variable� which maps

one locomotion cycle onto a 	xed interval� independent of

operating conditions� A dynamical model and a computer

simulation have been developed which accurately predict

the robot�s behavior�

Figure �� Photograph of the Prismatic Planar Hop�
ping Robot�

� Introduction

��� Motivation

Legged robots which are capable of dynamic operation
and balance promise to exhibit similar mobility� e��
ciency and dexterity as their biological counterparts�

Such robots would be able to operate in a large
range of environments and surface conditions and
promise to be the mobile platform of choice compared
to wheeled systems� However� before legged robots
become practical� improved stability properties and
autonomous operation are essential� To this end� we
focus on electrical actuation� instead of hydraulics�
since it is more suitable for indoor autonomous robots�
and is a cleaner� safer and a less expensive technology�
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Figure �� Simpli�ed model of the Planar Hopper
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The pioneering work in the �eld of dynamically sta�
ble legged robots has been performed by Raibert ���	
whose robots employ powerful hydraulic actuators�
His research describes a set of control laws which he
was able to apply� with minor modi�cations� to all of
his machines with great success� How much of this
control could be applied to machines with much less
powerful electric actuators
 As our �rst legged pro�
totype� we designed a planar one legged robot similar
to Raibert�s planar one�legged hopper� and optimized
electric actuation systems for leg and hip�

We found that the the thrust controller for hop�
ping height needed to be modi�ed ���	� in order to dis�
tribute the power requirements throughout the stance
phase� With just this modi�cation� our planar hopper
was able to run up to ���m�s� This fact underlines
the strength and generality of Raibert�s controllers�

In order to apply the same principle of distributing
the power requirements throughout the 
ight phase�
we propose to replace the step input command for
the leg swing with a continuous path� and implement
ground speed matching at touchdown and lifto�� while
keeping Raibert�s basic foot placement algorithm un�
changed� This modi�cation should result in further
reduction of power requirements and increase in run�
ning speed�

As a next step� we are going to investigate the
control of a passive dynamic hip to further decrease
the power requirements� This would entail adding a
spring in series with the hip actuator such that the un�
forced response would be close to the running motion�
Passive dynamic hip motion has been investigated in
the past ���� �	� Success in harnessing its power for
running machines via active control remains elusive�
Nature� however� has ample demonstrations of its util�
ity ��� �� �	�

��� Related Work

Experimental research on actively balanced running
machines began with Matsuoka ��	 who built a pla�
nar one�legged hopping machine to study repetitive
hopping in humans� His machine was sliding on a
�� degree inclined plane and thrusted by an electric
solenoid� The �rst walking machine with active bal�
ance was built by Miura and Shimoyama ��	� It oper�
ated with sti� legs� similar to humans on stilts� Our
work has been inspired by past research of Marc Raib�

ert ���	 who has led the �eld of dynamically stable
legged locomotion during the past decade� He built a
variety of running robots� starting with a planar one�
legged machine ���	� followed by a �D one�legged� a
two�legged planar robot� and a quadruped� His latest
robots include a �D two�legged robot� where each leg
has four actuated degrees of freedom� Except for the
�rst one�legged planar hopper� which was pneumati�
cally actuated� his designs are actuated by powerful
hydraulic actuators and rely on pneumatics for the leg
spring only� This permitted Raibert to focus on robot
design and control without being limited signi�cantly
by actuator constraints� The strategy was eminently
successful and he built many di�erent running robots
based on an almost standardized set of custom parts�
It is important to realize that all of his robots are
controlled by some derivative of the tri�partitioned de�
coupled control developed for the original one�legged
planar hopper ���	� Papantoniou ��� �	 has also built
a planar hopper actuated by two electric motors and
is using a derivative of Raibert�s controller� He em�
ploys a clutch which engages the spinning motor at
maximum leg compression to maximize energy trans�
fer to the leg� To make this approach work� the stance
time needed to be increased considerably to ���ms�
resulting in a mode of operation he terms �compliant
walk�� There are many more research labs working on
dynamic locomotion� An extensive review of research
in legged locomotion can be found in ���	�

The paper is organized as follows� Section � dis�
cusses the mechanical design issues relevant to our
robot design� Our simulation model is described and
veri�ed by comparison to experimental runs in Sec�
tion �� Section � describes our modi�cations to Raib�
ert�s controller for electric actuation� In Section � we
present and discuss experimental running data� and
discuss further improvements in Section ��

� Design

��� General Considerations

The planar� one�legged robot currently being studied
is an elaboration of our electrically actuated� vertical
hopping robot� The robot is comprised of two sys�
tems� The prismatic leg serves to excite and maintain
a harmonic� vertical oscillation� Mechanical design
considerations for the leg are discussed in ���	� In or�
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der to allow forward running� the leg attaches to the
robot body through an actuated hip� This hip actua�
tion system must allow for the control of the leg angle
essential to stable forward running� Since only the
relative angle between the body and leg can be actu�
ated� it is desired to have a high ratio of body inertia
to leg inertia so that the leg can swing with minimum
body pitching� Conversely� low body mass is desirable
to reduce overall energy requirements� These require�
ments dictated a horizontally long body with concen�
trated masses located at the ends� This morphology
is evident in Figure ��

The hip torque requirements for leg swing during
forward running �up to ��Nm� necessitate a gear ratio
of about ���� between our ��W motor with ����Nm

stall torque and the hip� Moreover� the design should
allow for the insertion of a spring in series with the
hip motor� Our design uses a high e�ciency ballscrew
�similar to the one for leg actuation� coupled to the
motor through a miniature HTD belt and unity ra�
tio pulleys� This arrangement allows the motor to be
placed underneath the ballscrew and results in a body
length below our desired maximum of �m� The ball
nut is attached to cables which run over idlers and
connect to a pulley attached to the leg and centered
at the hip as illustrated in Figure �� This basic con�
�guration was optimized as discussed in the following
section� As implemented� this system provides a gear
ratio of ���� between motor and hip and allows for
simple inclusion of compliance in the cables� Even for
direct actuation� the Spectra cables provide enough
compliance to protect the ballscrews from excessive
impulsive forces at touchdown or during failures�

��� Detail Design

The geometric model depicted in Figure � presents
the parameters relevant to the design of the actuated
hip and Table � contains the basic nomenclature� Al�
though the current robot uses direct actuation for leg
angle servoing� compliance may be added in the fu�
ture and our design optimization takes both direct
and compliant actuation cases into account� An iden�
tical model is used to analyze both cases� but for di�
rect actuation we assign a large sti�ness to the hip
springs kh� Validation of this assumption was con�
�rmed through simulation�

The design problem is to select the design parame�

x body horizontal position �m�
z body vertical position �m�
lc leg C�G� to hip displacement
ml leg total mass �kg�
ks stopper model sti�ness �N�m�
cs stopper model damping �N�m�s�
�m hip motor angle angle �rad�
mhs hip ball nut mass �kg�
Jhs hip ball screw inertia �kgm��
Fh hip spring force �N�
rh leg ball screw lead �m�rad�

Table �� Nomenclature

ters under our control� namely the pulley radius� the
ballscrew lead and the spring sti�ness� We specify a
periodic desired hip angle and require that the driv�
ing motor remains within its speci�ed torque�speed
limits� To simplify the analysis we assume that the
body is stationary� A sinusoidal path is considered
for the hip angle � which is close to the leg motion in
the passive running case� Based on the equations of
motion of a ball screw�

�h � rhFh � �h�ph ���

with
�h � Jhs�rh � rhmhs�

the expression for the hip string force

Fh � �kh�yh � ph� � �ch� �yh � �ph� ���

and a small angle approximation sin��� � � we obtain
for the hip dynamics

Jl�� � RFh � Ct
�� �mlglc�� ���

Solving ��� for a prescribed sinusoidal path � �
�� sin��t� with �� � ���� and � � ��rad�sec requires
a hip torque

�h � A sin��t� � B cos��t� ���

where A and B are functions of the system design pa�
rameters� primarily the lever arm R� the sti�ness kh
and ball screw lead rh �equivalently L in mm�rev��
We can now evaluate the motor�s torque�speed re�
quirements for this motion �h���� where the maximum
torque depends on the design parameters in a simple
fashion�

�max �
p
A� � B��
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Figure �� Maximum required torque vs L and di�erent
R for direct actuation case

This problem cannot be cast as a straightforward
standard numerical minimization problem� since there
are many non�standard constraints� For example�
the motor characteristics require that the maximum
torque be a function of the velocity� Furthermore ball
screws are available only in coarsely discrete leads and
lengths and their inertial parameters are only avail�
able via lookup tables�

The generated hip force Fh should be kept small
since it a�ects the overall size and weight of our struc�
tures� Since we plan to use elastomeric springs� the
spring sti�ness was limited to �kN�m due to energy
storage limitations� The ball screw travel should be
less than ��cm to limit the inertia� mass and body
length� The design is further complicated by the ne�
cessity to meet the constraints for both direct and
compliant actuations� The compliant case is facili�
tated by large pulley radius R� resulting in smaller
torque requirements� but this increasing R� when com�
bined with the optimum lead �Figure ��� increases mo�
tor velocity� acceleration� ball screw travel and lead in
the direct actuation case�

The �nal design parameters of lead L � ��mm�
pulley radius R � ���� and spring constant kh � ����
are an attempt to satisfy all the constraints concern�
ing pulley radius� ballscrew lead� maximum motor
torque and velocity� as well as the resulting ballscrew
travel� This set of parameters minimizes the motor
torque�speed requirements for the compliant hopper
by matching the natural frequency of the system with
the frequency of the vertical oscillations of about �Hz
���	�

� Simulation

In parallel with our experimental work� we developed
a planar six degree of freedom �seven d�o�f if the hip is
compliant� simulation based on the model depicted in
Figure �� The vertical dynamic model from ���	 has
been expanded to include the full planar dynamics� In
contrast to our analytical model which contains dis�
tinct stance and 
ight models� the simulation employs
only the 
ight model� and implements the ground in�
teraction during stance via an external force applied
at the toe generated by the ground spring�damper
model� In Figure �� a comparison of the vertical body
height and the leg actuator length obtained from sim�
ulation and an experimental run validates our model�

The simulation is set up such that we can develop
and verify control code� and subsequently transfer it
to the runtime environment with minimal modi�ca�
tion� Moreover� the validated model can now be used
for analytical performance studies and controller de�
velopment�
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� Control

We took Raibert�s three part control algorithm ���	
and applied minimal modi�cations as described be�
low�

Vertical Motion �Hopping height��
�Apply a constant position step to the leg actuator at
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time of maximum compression��

At maximum compression� the ground force acting
against the leg actuator is approximately ���N � which
makes this an impractical strategy with low power
electric actuators� Instead we use a di�erent open
loop controller described in ���	�

� � �����
�

 �
��

which speci�es a scaled version of the maximum
torque�speed curve of our motor given by

� �  ����
�

 �
�

with � � �� �  � in the �rst quadrant �stance�� and a
high gain PD controller to return the actuator during

ight� This strategy is exactly implementable and
applies thrust continuously during the stance phase�
For our experiments we chose �� � �Nm with  � �
����Nm�

Forward speed �Foot placement algorithm� FPA��
Raibert�s FPA

xf �
�xTs
�

� 	 �x� �x� �xd�

was adjusted for treadmill running� with �x replaced by
�xTM � �x� In addition� an �integral� term to servo the
robot around the center of the treadmill was added�
The FPA implementation is thus given by

xf �
�xTMTs

�
� 	x�x� xd� � 	 �x� �x� �xd� ���

where x is the robot�s position�
Body Attitude �Pitch control��

� � 	p�
� 
d�� 	 �


This controller was left untouched�

� Experiments

The hopping robot illustrated in Figure � was con�
strained to move in a vertical plane through a virtual
motion system �VMS�� The VMS is a planarizer con�
sisting of horizontal and vertical ball slides and a rev�
olute joint� All three degrees were instrumented with
optical encoders to measure the horizontal and verti�
cal position and the pitch �body angle�� An electric
�hp treadmill was installed beneath the VMS allowing
unlimited horizontal travel for robot running�

��� Position Tracking

The simplest form of planar motion is vertical hop�
ping with a horizontal disturbance� In Figure � we
see the response of the hopping robot to step inputs
in desired horizontal position� Control of horizontal
position is achieved through the modi�ed FPA dis�
cussed above� Stable position control is evident for
horizontal perturbations on the order of one third the
leg length�
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Figure �� Horizontal position regulation� The dashed
line is the horizontal setpoint while the solid line in�
dicates the robot position�

��� Velocity Tracking

Beyond position regulation� velocity tracking is the
essence of planar running� Since our robot runs on a
treadmill� any steady state speed error would result
in an increasing position error and the robot would
quickly exceed the limits of treadmill size� Our modi�
�ed version of the FPA ��� introduces an integral term
to eliminate the velocity steady state error and thus
limit the position error with respect to the treadmill
center� Therefore the treadmill speed in Figure � is
roughly equivalent to the robot running speed�

Figure � shows small scale variations in the tread�
mill speed due to toe impact at touchdown �upper
solid curve� and the limited bandwidth of the tread�
mill velocity controller� Deviations from the desired
position at treadmill centre are limited to ���m �lower
dashed curve� while the robot speed varied between �
and ����m�s� The total distance traversed was ��m�

��� Pitch Control

As the robot leg swings throughout locomotion� the
body also pitches freely� Due to its large mass and
inertia� any instability in the body pitching motion
can quickly destabilize the entire running cycle� Thus

�
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Figure �� Velocity tracking for forward running� The
treadmill speed is manually regulated from zero� verti�
cal hopping� to ����m�s and back to zero �upper� solid
curve�� The lower dashed curve shows the robot devi�
ation from the centre of the treadmill�

control of body pitching during stance is critical to
stable running�

Figure � shows the cyclic oscillations of the robot
body �lower solid curve� as the forward speed in�
creases to ����m�s� Despite the large variation in
speed the robot�s pitching oscillation is kept within
only �deg of the horizontal�
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Figure �� Body pitching during forward running� The
cyclic pitching motion of the robot body about the hip
is kept to an amplitude of �deg �solid� lower curve�
while the robot accelerates on the treadmill to ����m�s
�upper dashed curve��

� Improvements

From the previous sections� it is apparent that Raib�
ert�s control� with minor modi�cations� results in very
good performance even on our electrically actuated
robot� This attests to the fundamental nature of
the algorithm� and� to some extent� to the sound de�
sign principles employed in our robot� In this sec�
tion� we are describing our ongoing e�orts toward fur�
ther improving the robot�s e�ciency necessary for au�
tonomous operation�

��� Locomotion Time

A scalar variable indicating the fraction of 
ight or
stance time that has been elapsed� would be of gen�
eral utility for control� It will be used� for example�
in our online trajectory calculations for ground speed
matching and power minimization� Such a measure is

�
�
�

�z
p
�g�z � z�� � �z�

� ���

This is the same measure as the �phase angle� in�
troduced in ��	 which was critical for the stable coor�
dinated control of the �two�juggle�� a robotic juggling
task with two pucks� For vertical hopping� with touch�
down and lifto� position at z� the locomotion time
��� maps a 
ight �or stance� phase onto the interval
���� �� between lifto� and touchdown� with � � � at
apex �max� compression�� Moreover� if we assume
zero dissipation during 
ight phase� its derivative is
constant� Figure � shows the locomotion time com�
puted online for an experimental run�
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Figure �� Locomotion Time vs� z for vertical hopping�

��� Speed Matching

At present� after lifto�� a high gain PD controller ser�
vos the leg toward its desired touchdown angle� as cal�
culated from the foot placement algorithm ���� Since
convergence must be assured for even short 
ight
times� high gains are necessary� resulting in unnec�
essarily jerky motion for longer 
ight times and large
transient hip torques� Furthermore� the leg is servoed
to zero touchdown angular velocity� and upon ground
contact is forcefully accelerated backwards� Both of
these drawbacks can be alleviated using a reference leg
trajectory during 
ight based on locomotion time� At
lifto� and at touchdown� a parabola is matched to ac�
tual �lifto�� and desired �touchdown� leg trajectory�
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The parabolas are joined by a straight line tangent
to both� Figure � compares the proposed reference
trajectory to the actual 
ight phase path for forward
running at ���m�s�
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Figure �� Actual leg swing and proposed reference
trajectory� The solid curve shows the cyclic swinging
motion of the robot leg about the vertical position� zero
leg angle� for running at ��� m�s� During the 	ight
phase the leg angle is servoed to a desired touchdown
value that will assure stable running� The broken line
indicates the proposed reference trajectory� This tra�
jectory terminates at the same touchdown setpoint but
additionally matches the leg swing rates at lifto
 and
touchdown�

��� Passive Dynamics

During 
ight� the hip motor has to decelerate sharply�
accelerate and then decelerate the leg� which requires
peak power of our motors at �m�s� Most of this return
swing motion of the leg can be provided by a properly
dimensioned spring in series with the hip actuator�
This has been proposed and experimentally tested in
passive �unstable� mode by Raibert ���	� Our robot
has been designed to accommodate such springs� We
are currently implementing them and will report on
this research in the near future�

� Conclusions

We have presented the design of an electrically actu�
ated planar one�legged hopping robot� as a research
vehicle for autonomous legged systems� Raibert�s con�
troller was modi�ed to reduce the power requirements
for the leg actuation and was shown experimentally to
achieve stable running up to ��� m!s� To reduce power
requirements further� we proposed a locomotion time
based 
ight trajectory which also implements ground
speed matching� Finally� we are currently pursuing

the application of controlled passive dynamic hip mo�
tion�

We are also in the process of replacing the pris�
matic leg joint with an articulated leg� This will� in
addition to a reduction in friction� also improve the
robot�s dexterity� and greatly improve its reliability�
Finally� the friction properties of revolute joints are
much more constant over time� which will simplify
the application of analytical results based on theoret�
ical models� In the future we will also emphasize the
derivation of analytical results to eliminate or at least
minimize the need for empirical gain settings� which
requires excessive amounts of time� even for our cur�
rent relatively simple machine�
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