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a b s t r a c t

Conventional models of bipedal walking generally assume rigid body structures, while elastic material
properties seem to play an essential role in nature. On the basis of a novel theoretical model of bipedal
walking, this paper investigates a model of biped robot which makes use of minimum control and elastic
passive joints inspired from the structures of biological systems. The model is evaluated in simulation
and a physical robotic platform by analyzing the kinematics and ground reaction force. The experimental
results show that, with a proper leg design of passive dynamics and elasticity, an attractor state of human-
like walking gait patterns can be achieved through extremely simple control without sensory feedback.
The detailed analysis also explains how the dynamic human-like gait can contribute to adaptive biped
walking.

© 2007 Elsevier B.V. All rights reserved.
1. Introduction

In the fields of biomechanics and robotics, bipedal walking
has been investigated for our further understanding of adaptive
locomotionmechanisms of human and robots. Bipedal locomotion
in artificial systemswas firstly engineered by using predetermined
trajectories of the leg joints. Although this approach demonstrated
an outstanding versatility in locomotion behaviors, adaptivity
is highly restricted because this approach requires a precise
environment model and demanding computational duty for
calculating the trajectories.
Research of passive dynamic walking has questioned the

conventional approach. Based on biomechanical models, the so-
called ‘‘compass gait model’’ or ‘‘ballistic walking model’’[1], a
number of Passive DynamicWalkers (PDWs) have been developed
and demonstrated natural walking behaviors (e.g. [2–4]). Inspired
by the muscle activities in the swing leg during human walking,
thesemodels utilize no actuation andpurelymechanical pendulum
dynamics are used to achieve walking behavior. It has been also
shown that, by implementing actuators in PDWs, dynamicwalking
can be achieved with high energy efficiency and little control even
on the level ground [5].
More recently, a theoretical model, the so-called ‘‘spring–

mass walking’’ has been proposed, which demonstrated walking
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dynamics with a considerable similarity to that of human [6].
Although the spring–mass model was originally proposed for
running behavior [7–9], an extension of the original model can
be applied for walking behavior, which leads to our further
understanding of underlying mechanisms of human locomotion.
With a few notable exceptions (e.g. [10,11]), most of the biped
robots with compliant legs were developed for running and
hopping behaviors in the past. Thus the nature of adaptive bipedal
walking is still only partially understood.
Based on the theoretical model of bipedal walking with

compliant legs, the goal of this paper is to explore a mechanically
realistic model of human-like bipedal walking, which can actually
be implemented in a robotic platform. In this paper,we particularly
focus on the following two novel features derived from compliant
legs: (a) self-stabilizing walking gait patterns with minimal motor
control, and (b) joint trajectories resembling that of a human.
Through the experiments in simulation and a real-world robot,
we analyze how the elasticity of the leg design can be used for
dynamic bipedal locomotion behavior, and compare the behavior
of the system with human locomotion.
In the next section, we introduce the walking behavior of a

human and the spring–mass walking model. Then we propose a
new locomotion model and test it in simulation and in a robotic
platform.

2. Bipedal walking with compliant legs

2.1. Analysis of human walking

In order to understand the influence of compliant legs during
walking behavior, we firstly investigate the walking behavior of
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Fig. 1. Behavior of humanwalking. Vertical movement of the body, angular trajectories of hip, knee and ankle joints, and vertical ground reaction forces (from top to bottom
figures) are shown over time-series 3 leg steps (a) and the data aligned with respect to the ground reaction force (b). Gray areas in figure (b) indicate the stance phase of the
left leg.
a human subject. In this experiment, we use an instrumented
treadmill with a set of high-speed infrared cameras for motion
capture (6 Qualisys motion capture units; sampling frequency of
240 Hz) and force plates (Kistler 9281B11; sampling frequency
of 1000 Hz), with which we analyze the kinematics of human
behavior as well as the ground reaction force.
A human subject was asked to walk on a treadmill at a

constant speed of 1.0 m/s for 20 s, and the kinematics and
the ground reaction force were analyzed. Fig. 1 shows a set
of basic characteristics of human walking, which are generally
agreed in biomechanics. Firstly, walking dynamics can be clearly
distinguished by observing the vertical GRF: the vertical GRF
exhibits two peaks in a stance phase [12]. Secondly, the vertical
body excursion during walking increases toward the middle of
the stance phase, and the lowest peaks occur slightly after the
touchdown and before takeoff of a leg [6,13]. And thirdly, the knee
and ankle joints of the stance leg show flexion [1,14].
It is important to note that the compass gait model cannot

reproduce some of these aspects of human walking dynamics
(Fig. 2). Firstly, there is a significant difference in the vertical
movement of the body. While the compass gait model shows the
elliptic trajectory of the body movement around the foot–ground
contact during a stance phase, in the human body excursion,
vertical position of the body decreases at the beginning of the
stance phase, then it increases and decreases; Toward the end of
the stance phase, it starts increasing again. An advantage of this
movement of the body could be that it has less displacement of
vertical oscillation of the body.
Secondly, the behavior of the knee joint during stance phase
is also different from that of the compass gait model: At the
beginning of stance phase, the knee angle first decreases before
a large peak. A possible advantage of the first decrease is that
the knee joint could absorb the impact force at touch down.
Thirdly, the ankle joint shows significant dynamics although the
compass gait model has no ankle joint; There is a small peak at the
beginning, and it increases toward the end of stance phase. Finally,
the ground reaction force shows anM-shape,whereas the compass
gait model generally shows a single peak.
In the rest of this study, we investigate a model which exhibits

some of these features in human locomotion. By understanding
the underlying mechanisms, we will be able to not only obtain
additional insights into the nature of human locomotion, but also
design and build better legged robots.

2.2. Spring–mass model for walking

The spring–mass model was originally proposed for character-
izing running behavior of animals [7–9]. The model consists of a
body represented as a point mass and a leg approximated by a lin-
ear spring. This extremely simple theoretical model has explained
a number of eminent features of running behavior in animals in-
cluding humans. Recently, this model was extended for walking
behavior, which explained a few aspects of human bipedal loco-
motion including the complex dynamics introduced in the previ-
ous subsection [6].
Although the spring–mass model for walking shows a signif-

icant plausibility as a walking model of human, this theoretical
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Fig. 2. (a) Compass gait model and (b) Spring–mass walking model. The dashed lines represent the vertical body excursion in these models.
model has to be elaborated for robotic implementation. In the rest
of this paper, we explore a mechanically realistic model consider-
ing the theoretical spring–masswalkingmodel and the anatomical
structure of biological systems.

2.3. Model of a biped robot

Fig. 3 shows the simulation model of a biped robot investigated
in this paper. This model consists of seven body segments, two
motors at the hip joints with position control, four passive joints
in the knee and ankle joints, and eight linear springs. The springs
are implemented as substitutes for muscle-tendon systems, which
constrain the passive joints. A unique feature of this robot is that
six of the springs are connected over two joints, referred to as
biarticular muscles in biological systems (i.e. four springs attached
between the hip and the shank, two are between the thigh and
the heel). For the sake of implementation in a real-world robotic
platform, the dimension of this model is scaled down as shown
in Table 1. There are two ground contact points in a leg defined
in this model. In the simulation, we test the model in a level
ground surface with a physically realistic interaction model based
on a biomechanical study [15]. The vertical ground reaction forces
are approximated by nonlinear spring–damper interaction, and
the horizontal forces are calculated by a sliding–stiction model. It
switches between sliding and stictionwhen the velocity of the foot
becomes lower or higher than the specified limit.We used 0.55 and
0.75 for the sliding and stiction friction coefficients, respectively.
For controlling the motors, we employed a simple oscillation,

because the hip joint trajectories in humanwalking can be roughly
approximated by a sinusoid (Fig. 1). The angular position of the hip
joint is, therefore, determined by the sinusoidal curve as follows:

Pr(t) = A sin(2πωt)+ B (1)
Pl(t) = A sin(2πωt + π)+ B (2)

where the three parameters are amplitude A, frequency ω and
offset angle B. By using this simple control scheme, we are able
to evaluate how the morphological constraints can contribute to
walking behavior. This model is implemented in a planar space for
the sake of simplicity, thus no rotational movement of the upper
body (hip segment) is considered.

3. Experiments

3.1. Simulation result

We constructed the proposed biped robot model in the
simulation environment of Mathworks Matlab 7.01 together with
the SimMechanics toolbox.
We made use of the following hip joint control parameters:

A = 15 degrees, B = 5 degrees, andω = 2Hz. The hip joint control
parameters were determined based on the kinematic analysis of
the human experiments (Fig. 1) for the amplitude and offset angles,
and we conducted systematic search of the frequency parameter
with which the model exhibits a stable periodic gait as shown in
Fig. 4. It is important to mention that this gait pattern is achieved
Fig. 3. Biped robot model. Only one of the two legs is shown in this figure. The
model consists of a joint controlled by a motor (represented by a black circle) and
three leg segments which are connected through two passive joints (white circles).
Two ground contact points are defined in the foot segment.

Table 1
Specification of the robot

Param. Description Value

l1 + l2 Thigh 0.10 m
l3 + l4 + l5 Shank 0.10 m
l6 + l7 Foot 0.04 m
l2 , l3 , l4 Spring Attach. 0.02 m
l7 , l8 , l9
S1 Spring const. 100a
S2 Spring const. 200a
S3 Spring const. 800a
S4 Spring const. 450a
M Total mass 0.95 kg
a Spring constants are dimensionless.

without any sensory feedback: through the dynamic interactions
between the ground, musculoskeletal structure, and the motor
torque, the leg movement is self-organized into a stable periodic
pattern.
In order to analyzemoredetailed behavior, the bodymovement,

knee and ankle joint angles, and ground reaction force are analyzed
as shown in Fig. 5. In this figure, for the analysis of the periodic
gait, the data of 10 steps are aligned with respect to the stance
phase measured by the ground reaction force. In general, the
behavior of this simulated robot largely resembles that of human
locomotion in terms of the salient features explained in the
previous section; Vertical rise of the body starts after the leg
touchdown and before the takeoff; Significant knee flexion at the
beginning of stance phase; Extension of ankle joint toward the
end of stance phase; Multiple peaks in the ground reaction force.
The limit of this model is, however, reflected on the quantitative
measures; The vertical body excursion is approximately 5% of the
leg length, and the amplitude of knee flexion (i.e. the difference
between the maximum and minimum knee angles) is restricted
to approximately 25 degrees (they are 4% and 60 degrees in the
human experiment, respectively).
The underlying dynamics of this gait pattern can be represented

by observing the forces generated in the biarticular springs (Fig. 5).
The dynamics of knee movement is mainly determined by the
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Fig. 4. Stick figures of the walking behavior in simulation. (a) The behavior of one leg during four leg steps, and (b) the behavior of two legs during a single step.
Fig. 5. Joint trajectories and force profiles in walking simulation. Vertical body movement, angular trajectories of knee and ankle joints, and vertical ground reaction forces
(left figures from top to bottom) are plotted over 5 leg steps. Right figures show the forces F1, F2, F3, and F4 generated in the four springs S1, S2, S3, and S4 respectively
(right figures from top to bottom). The data are aligned with respect to the stance phase depicted by gray areas.
S1 spring. The antagonistic force equilibrium generated by the
springs S1 and S2 regulates the knee movement, and the knee
extension toward the end of stance phase is mainly influenced by
the spring S1 as the hip joint rotates backwards. The dynamics of
ankle movement is determined by the spring S3, and the spring S4
generates small force for holding the ankle joint.

3.2. Robot experiment

The simulation model is now implemented in a physical robot
platform as shown in Fig. 6. This robot consists of passive joints in
knees and ankles, and two servomotors (Conrad HS-9454) are used
in the hip joints as in the simulation model. We used four tension
springs and rubber materials at the two ground contact points in a
foot in order to gain high ground friction and to avoid impact force
at touchdown. The same control parameters were used to conduct
a set of experiments.
Fig. 7(a) and (c) shows time-series photographs and a stick

figure of typical locomotion behavior recorded by a high-speed
camera. It can be clearly observed that, at the takeoff of the left leg,
the knee joint is extended and that the ankle joint is flexed (upper
figures in the photographs). Also at the beginning of touchdown,
the knee joint is flexed.
More detailed data of kinematics and ground reaction force

were recorded during 10 steps of the robot walking by both the
Fig. 6. (a) Schematics of the robot design, (b) photograph of the robot with a
supporting rotational bar.

motion capture system and force plate (at the same sampling rates
as those in the human experiment). The data were then aligned
with respect to the ground reaction force to analyze the behaviors
during stance phase (Fig. 7(b)). Although the kinematics of the



F. Iida et al. / Robotics and Autonomous Systems 57 (2009) 139–144 143
locomotion behavior is not as stable as that in simulation, the
salient behavioral features of the proposed model are preserved
(i.e. the body excursion, the knee flex at the beginning of the stance
phase, and the multiple peaks in the ground reaction force). The
quantitative measures of the experimental results are also similar
to the simulated ones; Approximately, the body excursion is 5% of
the leg length; And flexion of the knee and ankle joints are 20 and
40 degrees, respectively.
Despite the difference in the quantitative measures, it is

important to mention that biped robots could appreciate a
few advantages from the qualitative characteristics of the joint
trajectories. Firstly, the flexion of the knee joint at the beginning of
touch down would help absorbing both intensive ground reaction
force and deviations derived from the ground surface, by exploiting
the elastic properties of the knee joint. Secondly, the vertical
movement of the body can be reduced compared to that of the
compass gait model.

4. Discussion and conclusion

This paper presented a novel control scheme of bipedal
locomotion and a set of experimental results in simulation and a
robotic platform. Compared to the conventional PDWs, it is shown
that the dynamic behavior of the proposed model is significantly
comparable to that of a human, although it was tested only in
planar environment (i.e. yaw, pitch, and rotation movement are
fixed).
The significance of the achievement presented in this paper

is two fold. Firstly, it is shown that biologically plausible
walking dynamics can be achieved by using an extremely
simple control. In particular, we showed that the biarticular
spring arrangement in the leg structure generates specific
force patterns that result in the human-like joint kinematics
of periodic gait with a minimalistic motor control. Secondly,
the approach utilizing compliant properties in the leg can be
extended to running behavior as previously demonstrated by the
theoretical and practical models [6,16]. It would be particularly
interesting to extend the same leg design for both walking and
running behaviors. The transition between both gaits can also be
investigated along the same line of research by using the proposed
model.
There are, however, a number of issues that remain to be

investigated considering the fact that the proposed model does
Fig. 7. (a) Leg trajectory of the biped robot during one step. Black and gray lines depict right and left legs, respectively. (b) Body excursion, angular trajectories of the knee
and the ankle joints and the ground reaction force of the robot during a few leg steps (aligned with respect to the ground reaction force). (c) Time-series photographs during
the experiments recorded by a high-speed camera. The interval between two pictures is approximately 10ms.
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not fully explain the dynamics of human walking. For example,
the walking gait exhibited only modest ground clearance during
swing phase, resulting in a large deviation of vertical GRF (Figs. 5
and 7). To obtain more comprehensive understanding of the
proposed model and bipedal locomotion in general, we still
need to investigate the influence of the design parameters (such
as segment limb length, weight distribution, spring constants,
control parameters). Furthermore it is also important to consider
the extension of the model with respect to the combination of
biarticular and monoarticular springs, and more dynamic aspects
of muscle functions such as changes of spring constants.

Acknowledgements

This research is supported by the German Research Foundation
(DFG, SE1042), the Swiss National Science Foundation (Grant No.
200021-109210/1), and the Swiss National Science Foundation
Fellowship for Prospective Researchers (GrantNo. PBZH2-114461).
The authors would like to appreciate Susanne Lipfert and our other
collaborators for providing us the experimental results of human
locomotion.

References

[1] T.A. McMahon, Muscles, Reflexes, and Locomotion, Princeton University Press,
1984.

[2] T. McGeer, Passive dynamic walking, The International Journal of Robotics
Research 9 (2) (1990) 62–82.

[3] M. Wisse, J. van Frankenhuyzen, Design and construction of MIKE: A 2D
autonomous biped based on passive dynamic walking, in: Proceedings of
International Symposium of Adaptive Motion and Animals and Machines,
AMAM03, 2003.

[4] S.H. Collins, M.Wisse, A. Ruina, A three-dimensional passive-dynamicwalking
robot with two legs and knees, International Journal of Robotics Research 20
(2001) 607–615.

[5] S. Collins, A. Ruina, R. Tedrake, M. Wisse, Efficient bipedal robots based on
passive dynamic walkers, Science Magazine 307 (2005) 1082–1085.

[6] H. Geyer, A. Seyfarth, R. Blickhan, Compliant leg behaviour explains basic
dynamics of walking and running, Proceedings of Royal Society of London B
273 (2006) 1471–2954.

[7] T.A. McMahon, G.C. Cheng, The mechanics of running: How does stiffness
couple with speed? Journal of Biomechanics 23 (Suppl. 1) (1990) 65–78.

[8] R. Blickhan, The spring–mass model for running and hopping, Journal of
Biomechanics 22 (1989) 1217–1227.

[9] A. Seyfarth, H. Geyer, M. Guenther, R. Blickhan, A movement criterion for
running, Journal of Biomechanics 35 (2002) 649–655.

[10] J.K. Hodgins, Biped gait transitions, Proceedings of the IEEE International
Conference on Robotics and Automation (1991) 2092–2097.

[11] G.A. Pratt, Low impedance walking robots, Integrated and Computational
Biology 42 (174–181) (2002) 649–655.

[12] T.S. Keller, A.M. Weisberger, J.L. Ray, S.S. Hasan, R.G. Shiavi, D.M. Spengler,
Relationship between vertical ground reaction force and speed during
walking, slow jogging, and running, Clinical Biomechanics 11 (5) (1996)
253–259.

[13] M.G. Pandy, Simple and complex models for studying muscle function in
walking, Philosophical Transactions of the Royal Society of London B 358
(2003) 1501–1509.
[14] J.B. Saunders, V.T. Inman, H.D. Eberhart, Themajor determinants in normal and
pathological gait, Journal of Bone and Joint Surgery 35A (1953) 543–558.

[15] K.G.M. Gerritsen, A.J. van den Bogert, B.M. Nigg, Direct dynamics simulation of
the impact phase in heel-toe running, Journal of Biomechanics 28 (6) (1995)
661–668.

[16] F. Iida, J. Rummel, A. Seyfarth, Bipedal walking and running with compliant
legs, in: IEEE International Conference on Robotics and Automation, ICRA07,
2007, pp. 3970–3975.

Fumiya Iida received his M.Eng. of mechanical engineer-
ing at Tokyo University of Science (Japan), and Ph.D. at
the Artificial Intelligence Laboratory, University of Zurich
(Switzerland, 2006). From 2004 to 2005, he was also en-
gaged in biomechanics of human locomotion at Locomo-
tion Laboratory, University of Jena (Germany). He is cur-
rently a postdoctoral fellow at the Computer Science and
Artificial Intelligence Laboratory, Massachusetts Institute
of Technology (USA). He has been involved in a number
of research projects related to embodied artificial intel-
ligence and robotics, and his research interest includes

biologically inspired robotics, navigation of autonomous robots, underactuated
robotics, and dynamic legged locomotion.

YoheiMinekawa received theM.Eng. fromTokyo Institute
of Technology, Japan in 2005. He has been a doctoral
candidate in Interdisciplinary Graduate School of Science
and Engineering, Tokyo Institute of Technology, Japan.
His current research interests include hyperspectral image
processing and development of observation systems.

Jüergen Rummel recieved his diploma in electrical
engineering from the University of Applied Sciences
Jena, Germany. Since 2004 he is a Ph.D. student at the
Locomotion Laboratory, the University of Jena working on
biomechanics and robotics. His research interests include
self-stability in running and hopping, passive compliant
mechanisms, and trunk stability in legged locomotion.

André Seyfarth received a diploma in physics (1995) and
a Ph.D. in biomechanics (2000) both at the University of
Jena (Germany). As a postdoctoral fellow (2001–2003) he
spent one year at the Leg Laboratory at MIT in Boston
(USA) and 18 months at the Parapelgic Center at Balgrist
University Hospital in Zurich (Switzerland). Since 2003 he
is the director of the ‘‘Lauflabor’’ Locomotion Laboratory
at the University of Jena (Germany). His research interests
include biomechanics of human and animal movements,
motor control, muscle-reflex dynamics, gait generation,
stability, dynamic simulations and legged robots.


	Toward a human-like biped robot with compliant legs
	Introduction
	Bipedal walking with compliant legs
	Analysis of human walking
	Spring--mass model for walking
	Model of a biped robot

	Experiments
	Simulation result
	Robot experiment

	Discussion and conclusion
	Acknowledgements
	References


