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Abstract

This paper presents the experimental implementa�
tion of an energy e�cient �Controlled Passive Dy�
namic Running� strategy �CPDR� on a planar one�
legged running robot with hip and leg compliance� The
approach was introduced via simulations in ��	
 and
tested via preliminary experiments ��	� The improved
version described here permits running speed of up to
���km�h with a total mechanical power expenditure of
only ��W 
 which translates into a speci�c resistance
of only ����� This is the highest e�ciency among all
actively controlled legged robots�

� Introduction

Energy autonomy� and thus high energy e�ciency
is a necessity for virtually any practical mobile robot�
This can be particularly challenging in legged robots�
since a great deal of energy might be expended for in�
ternal motions which do not directly contribute to pos�
itive work in the direction of motion� such as maintain�
ing vertical body oscillations or simply swinging the
legs� One way to minimize this energy expenditure is
to use a mechanical design which provides much of the
needed limb motion as its 	passive dynamics�
 that is�
without actuation at all� Many animals exploit pas�
sive dynamics� and manage to reduce the metabolic
cost of running by utilizing the elastic properties of
their muscles� tendons� and bones ��
� The same prin�
ciple is at work during human locomotion� the leg and
body work as an inverted pendulum in walking� and as
a mass�spring system �together with the muscle elas�
ticity� in running�

Raibert ��
� after work by Matsuoka ��
� pioneered
the use of a spring�mass system�s unforced response�
its 	passive dynamics�
 to generate the gross vertical
oscillatory motion for hopping robots� To date� vir�
tually all dynamically stable running robots utilize a
spring�mass system to provide the vertical robot mo�
tion ��� �� �� �
� A beautiful example of just how far
the passive dynamics approach can be carried was pro�
vided by McGeer ��
 who built a two legged walking
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Figure �� Experimental setup

robot with knees which walked down a shallow incline
driven entirely by gravity�

The experiments reported in ��
 showed that the
ARL Monopod I �without hip compliance� expended
��� of the total energy requirement for running at
its top speed of ���km�h for simply swinging the leg�
Much of this energy can be saved� since passive dy�
namics can provide the leg swing motion via a spring
connecting the leg and the body at the hip joint as
proposed in ���
� In our previous work ��
� we pre�
sented a new control strategy to stabilize passive dy�
namic running �CPDR� of a one�legged robot called�
Preliminary experiments with the ARL Monopod II
were reported in ��
� In this paper we present the full
implementation of the control strategy� report greatly
improved performance� and discuss the resulting ener�
getic performance in detail�

� ARL Monopod II

The ARL Monopod II �Figure �� consists of a body
connected to a prismatic leg at the hip joint� and is
constrained to move in a vertical plane� It is about
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���m tall and weighs ��kg� The system has a total
of seven degrees of freedom �Figure ��� including the
leg length �r�� leg actuator displacement �pl�� hip ac�
tuator displacement �ph�� leg angle ���� and three de�
grees of freedom of the body �x� z� ��� Due to kine�
matic constraints� not all of them are free simultane�
ously� During stance there are �ve degrees of free�
dom �r� �� �� ph� pl�� and during �ight there are six
�x� z� �� �� ph� pl�� Both the hip and leg actuators are
connected in series with the springs� The actuator
inputs are the hip and leg motor torques� �h and �l�
The robot parameters can be found in ���� �
 and are
omitted here for brevity�
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Figure �� ARL Monopod II with important variables�

For this robot� running is a combination of two
synchronized oscillations� the vertical hopping mo�
tion of the robot over the leg spring� and the counter�
oscillations of the leg and body about the hip via the
hip spring� With proper initial conditions� the robot
can hop for a few steps completely unactuated� before
it falls� This running motion is unstable� but is pro�
duced entirely by the robot�s passive dynamics� It can
be stabilized via minimal actuator e�ort to compen�
sate for the losses and errors� The CPDR strategy ��

calculates the ideal passive joint trajectories for any
given forward speed and uses them as the nominal in�
put reference trajectories to the joint controllers for
tracking�

� Control

The two main tasks of the controller are hopping
height control and planar motion control� The planar
motion controller controls the forward speed at the top
level� and the leg and body angles at the joint level�
The two control tasks are synchronized by expressing
the trajectories in terms of 	Locomotion Time�


��� Hopping Height Control

The objective is to achieve the desired apex height
during �ight while the vertical thrust is only available
during stance� How should an apex height error� only
available once per robot step� translate into a torque
command which only acts during the next stance� A
new energy based controller during stance overcomes
this problem�

We de�ne the 	vertical energy
 as the total energy
when the robot is allowed to move only along a vertical
line� It can be expressed as

Ev � Epot �Ekin�v

where Epot is the gravitational and leg spring potential
energy� and Ekin�v the kinetic energy� If we assume
that the leg actuator settles to its desired value before
apex height� there will be a one�to�one correspondence
between the apex energy� Eapex� and the apex height�
zapex� Therefore� the hopping height and the apex
energy control problems are equivalent� For any given
desired height zapex�d� the controller has to regulateEv

to the corresponding desired value of Eapex�d� This is a
much simpler task than direct control of the hopping
height due to its independence from touchdown and
lift�o� heights�

A new adaptive energy feedback controller is used as
follows� Consider two consecutive steps� where each
step is de�ned to start at one apex and to end at the
next one� and the vertical energy of the robot at the
nth apex is En

apex� The energy at the next step En��
apex�

is a function of the the current apex energy� En
apex�

the added energy by the actuator during the nth step�
En
act� and the energy lost during the same step�

En��
apex � En

apex �En
act �En

loss�

The objective of the controller is to make En��
apex �

Eapex�d� While En
loss cannot not be measured before

the corresponding step �nishes� an estimate �En
loss� can

be used to �nd the desired actuator energy as

En
act�d � Eapex�d �En

apex � �En
loss�



The following simple model is used for estimation

�En
loss � Kn

loss�E
n
apex �E���

where Kn
loss is the only model parameter to be up�

dated via

Kn��
loss � Kn

loss �
�

�

Eapex�d �En��
apex

En
apex �E�

�

and E� is a constant which depends on the potential
energy reference�

The energy added by the leg actuator can be mea�
sured via Eact�t� �

R t

ttd
Fl �pldt� where Fl is the leg

force� �pl is the actuator velocity and ttd is the touch�
down time� A simple leg actuator velocity controller is
used to add or remove energy from the system� Hence�
the desired velocity should be a function of the added
energy error

�pl�d � ��En
act�d �Eact�t���

where � is a shaping function to prevent actuator sat�
uration at touchdown� � is zero at touchdown and
lift�o� and peaks when the spring is fully compressed�
This energy controller is combined with an on�line o��
set error estimation and compensation resulting in a
very accurate control of the energy �and thus apex
height� as shown in Figure �� This accuracy is impor�
tant in the stability of the algorithm�

��� Planar Running Control

Locomotion Time� It serves to synchronize the leg�
body oscillation to the vertical motion by re�scaling
time such that stance and �ight times are always
mapped onto a �xed interval on the real line� We
selected the �ight and stance locomotion times��f and
�s� as

�f � � �z�� �ztd� �zlo�
�ztd� �zlo

� ��� Tf � �� ���� ��

�s �
�
Ts
t � ��Ts��� Ts��� �� ��� ����

where Tf and Ts refer to the �ight and stance times
and 	td
and 	lo
 to touchdown and lift�o� events�

Forward Speed Control� To run on the treadmill
the robot has to adapt its relative speed to the tread�
mill and maintain its position at the center� Let the
treadmill speed be �xtread� and �x be the absolute veloc�
ity of the robot� then the relative speed of the robot
with respect to the treadmill will be �xrel � �x� �xtread�
The objective is to maintain xd � �xd � �� There�
fore� the forward speed controller� the foot placement
algorithm� takes the form

xft�td�d � x�ft�td �Kxx�K �x �x�

where x�ft�td is the neutral foot position� Kx and K �x

are gains� and �xrel is the average relative velocity�
The neutral touchdown foot position� x�ft�td� can be
found using our previous results on passive dynamics
via x�ft�td � �r sin ��td� where ��td � ��� sin��� � ��	�
is the neutral touchdown angle� r is the leg length�
and the neutral amplitude of oscillations �see ��
 for
details� is

��� � �
arcsin�Ts �xrel��r��

sin���� ��	�
�

where r� is the leg length at rest and � � Ts��Ts�Tf �
is the duty factor�

Leg Angle Tracking� During �ight� the desired leg
angle is derived as a function of locomotion variable
�d��� � ��d sin�	�� � ���� and tracked via a model
based controller which uses a simpli�ed dynamical
robot model� Controller design can be further sim�
pli�ed assuming the hip actuator bandwidth is much
higher than the required leg oscillation frequencies�
This allows for controller design decoupling� First� the
controller derives ph�d trajectory� which is required to
track our known trajectory �d���� Second� The ac�
tuator tries to track the calculated ph�d� Figure � il�
lustrates the overall forward speed controller and the
decoupled control actions�
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Figure �� Forward speed controller�

The model based controller can result in a desirable
actuator error equation  eh �Kv �eh �Kpeh � �� where
eh � ph�d � ph� Similarly�  e� � Kv

� �e� � K �

pe� � ��
where e� � �d � �� Finally� the hip controller can be
found as

�h � 
h � ph�d �Kv �eh �Kpeh
 � rhkh �ph �R�� � ��
 �

and

ph�d � �R�� � ���
Jl
Rkh

h
 �d �K �

v �e� �K �

pe�

i
�

where kh� rh are the hip spring sti�ness and ball screw
lead� the K�s are the gains� Jl the leg inertia about
the hip� and 
h � Js�r

�
h is a constant in terms of hip

motor and screw inertia of Js�

Body Pitch Control� The desired body pitch

�d��� � ��d sin�	����



is controlled during the stance! � is the stance loco�
motion time� and ��d � �Jb�Jl��d is the desired ampli�
tude for body pitch oscillations� The derivation of the
model based controller during stance is similar to the
one during �ight described above� and is presented in
more detail in ���
�

� Experimental Results

It is important to study the robot�s behavior both
in transient and steady states� The steady"state ex�
periments are needed to study the energetics of the
robot� while the transient performance demonstrates
the robustness of the controller under varying input
velocities�

Figure � shows a running experiment which starts
with vertical hopping � �xtread � ��� ramps up to �m�s�
maintains the maximum speed� and ramps down to
zero speed vertical hopping again� Figure � shows that
the vertical controller performs well in controlling the
added energy and hopping height� The vertical con�
troller� in the presence of the forward motion� still re�
sults in a stable and accurate hopping height control
as shown in the lower plot of Figure ��
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Figure �� Apex height and forward velocity� Height
accuracy of ������m and forward position accuracy
of �����m were achieved�
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Figure �� Top� Desired �dashed� and actual �solid�
added energy� Bottom� The hopping height

��� Energetics

A conservative measure of energy expenditure is
the integral of the absolute value of the instantaneous
	shaft power�


E �

Z t�

t�

j��jdt

where � and � are the torque and the angular velocity
of the motor� This measure assumes that the actua�
tor cannot gain energy from the system! as a result a
higher estimate �conservative� of the actual mechani�
cal energy is reported here� For our investigation� we
will �nd it useful to examine the contributions of the
hip and leg motors during �ight and stance separately
while the total energy expenditure of the robot is the
sum of all four components� Note that this measure

Robot Motor Stance Flight Total

ARL Monopod Leg ��J ��J ��J
�I� Hip �J ��J ��J

ARL Monopod Leg �J ���J ����J
�II� Hip ���J ���J ����J

Table �� ARL Monopod I
 Energy cost of ��J per step
at ���m�s� ARL Monopod II
 Energy cost of almost
����J per step at ����m�s� Shows more than ��� sav�
ing at almost the same speed�

does not include the motor e�ciency of converting in�
put electric power to shaft power�

Energetics at Constant Speed� We have sum�
marized the energetics of ARL Monopod II and
ARL Monopod I in Table �� Figure � shows how the
energy is consumed during stance� �ight� and a whole
step� Compared to the energetics of the ARL Mono�
pod I ��
� where the body pitch controller consumed
�J and the forward speed controller consumed ��J
�at ���m�s�� dramatic reductions are achieved� The
saving amounts to approximately ��� for the forward
speed controller and about ��� for the pitch angle
controller� In addition� some savings are obtained for
the leg motor� For both �ight and stance savings are
more than ���� The total energy has dropped from
��J�step to less than ��J�step� which means ��� en�
ergy savings� Considering that the ARL Monopod II is
also heavier ���kg� than the ARL Monopod I ���kg��
the improvements in e�ciency are higher�

Speci�c Resistance� A fair measure of e�ciency
of a mobile robot should account for the weight and
velocity of the robot� A general measure was intro�
duced by Gabrielli and von K#arm#an ���
� de�ned by
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Figure �� Energetics at ����m�s�

� � P��mgvmax�� called 	Speci�c Resistance�
 P is
the output power� mg the total weight and vmax is the
maximum speed� This measure with a slight change

is used to express � at di�erent speeds as �� �x� � P � �x�
mg �x �

The total output power for our robot at maximum
speed is P � ����J�step � ���steps�s � ��W � Com�
paring the ARL Monopod II� which has�

�II �
��W

��kg � ����m�s� � ����m�s
� ����

with the ARL Monopod I� which has�

�I �
���W

��kg � ����m�s� � ���m�s
� ���

shows almost a ��� improvement� The drastic change
in � is partially due to the higher weight� but is mostly
due to the energy savings�

Forward Velocity E�ects� The energy expendi�
ture of the robot is a function of the velocity� The leg
energy� Figure � �a�� shows a gradual increase at lower
speeds but an abrupt change is observed at higher
speeds� The hip energy per step increases almost lin�
early with velocity� as illustrated in Figure � �b�� This
behavior matches the trend of the simulation results
of passive dynamics running of ��
� Figure � �c� shows
the total energy expenditure of the system per step�
The curve for speci�c resistance �� Figure � �d�� shows
a very low e�ciency �high �� at low speeds� due to the
	overhead
 energy spent to maintain the vertical mo�
tion� which does not contribute to the forward motion�
The � curve is almost �at for speeds between ���m�s
and ����m�s� This can be attributed to practical lim�
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Figure �� In the �rst three curves ��� represents an
actual data point and the solid curves are a second
order curve �t� �a� The leg motor energy per step� �b�
The hip motor energy per step� �c� The total energy
per step� �d� Speci�c resistance ����

itations such as increased damping forces which are
proportional to the square of the velocity�

The overall change in speci�c resistance as a func�
tion of velocity can be understood based on a few
simple but fundamental facts� Consider the power
consumption at zero speed� the 	overhead power�
 to
be P ���� and assume that power loss is of the form
P � �x� � 
 �x��
 �x� where 
�N� and 
�Ns�m� are to be
identi�ed� This relationship is based on the fact that
the vertical energy per step is well �t with a quadratic
curve and hip energy per step with a line �see Fig�
ure ��� The power� as we saw earlier� can be easily
related to the energy per step� Therefore� the speci�c
resistance is calculated by

�� �x� �
P ��� � 
 �x� � 
 �x

mg �x
� ���

where 
 is a constant� Such a curve has a minimum at
�xopt � �P ����
�

�

� � where d��d �x � �� Since P ��� � �
and 
 � �� the minimum value always exists and is

�opt � �� �xopt� �
�
p

P ��� � 


mg
�

For the ARL Monopod II� P ��� � ����W � but we do
not have data for speeds above ����m�s! therefore� the
speed of minimum � was not identi�ed� But the trend
of the curve in Figure � shows that we are very close
to the minimum� The curve shows that the optimum
is almost at �xopt � ���m�s� and its value is �opt � ����



from the curve �d� in Figure �� Thus� 
 � ���� 
 �
���� and

�� �x� �
����W � ��Ns�m� � �x� � �����N� � �x

���kg� � �����m�s�� � �x
� ���

The above calculations were given only as an example
to predict the behavior of � at higher speeds� which
were not attainable by experiments�

Finally� Figure � shows the speci�c resistance for
selected machines and human activities� Except for
ARL Monopod II� the curves are all borrowed from
��
� which includes a brief survey of machines and hu�
man energetics� From this graph it is clear that the
ARL Monopod II has achieved a far greater energy
e�ciency than any other actively controlled legged
robot� The dashed segment of the curve for ARL
Monopod II is based on the predicted behavior ���
at higher speeds�
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and human running�

Summary

The experimental implementation of Controlled
Passive Dynamic Running strategy on the ARL Mono�
pod II was presented� A simple adaptive and energy�
based controller stabilized the vertical motion with a
very high accuracy� Subsequently� several vertical and
forward running experiments were performed with the
robot and a top speed of ���km�h was achieved� Im�
plementation of Controlled Passive Dynamic Running

showed dramatic reductions in the energy consump�
tion of the ARL Monopod II� compared to ARL Mono�
pod I that has no hip compliance� The speci�c resis�
tance was reduced approximately by ���� A diagram
illustrating the speci�c resistance in terms of forward
speed was used to compare the e�ciency of our robots
to biological locomotion� wheeled vehicles� and other
legged robots�
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