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1 Introduction

To date, running is a high dynamic motion easily performed
by humans and hardly achieved by humanoid robots. While
the human can run up to 12m.s−1, for instance the Olympic
sprinter Asafa Powell, humanoid robots reach a top speed
of 2.5m.s−1 (Asimo [5]). Naturally there is also the pla-
nar biped of the MIT Leg Laboratory that has reached a top
speed of 5.8m.s−1 [4]. However, the system’s architecture
was designed in a way that it is planar, has light legs with
respect to the body, and it is not anthropomorphic.

Biomechanics studies have provided various results con-
cerning the running gait of human being. One of the most
famous results is the spring-mass model for the contact leg
that explains the basis of running dynamics [2]. However,
there is less information about the swing leg behavior.

Through the present paper, we aim to investigate the run-
ning gait at high speeds with a complex 3D bipedal robot.
The spring-mass model is used to control the contact leg and
we propose a simple coordination law to control the swing
leg. Based on the control algorithm developed by J. Pratt et
al. [8, 7] which proved efficiency on walking motion, we
propose an extension to simulate the running motion includ-
ing the latter elements. The simulation results show a stable
running at 3.5m.s−1.

2 The Complex 3D Bipedal Robot

The complex 3D bipedal robot used to investigate the run-
ning gait control is M2.The robot model has been modified
by adding three reaction masses, see Fig. 1, that substitute
an upper-part.

Figure 1: Simulated robot M2 plus the three reaction masses

3 Algorithm main components

The control is based on a state machine that allows to select
the correct behavior of each leg according to their state, see
Fig. 2. During the contact period the spring-mass model is
used to control the contact leg’s knee behavior. The spring
stiffness is updated at each touchdown to obtain a symmetric
contact behavior:

Fspring = K̂ (l0 − l) (1)

τ
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)
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where the subscript ”0” denotes the touchdown instant and:

C1 = 6.058, C2 = 10.05m2.s−2, C3 = 10.75m.s−1

C4 = 12.17m.s−1, C5 = 12.17m2.s−2, C6 = 5.272m.s−1

Since the contact period is mainly governed by the spring-
mass model, a prediction of the contact duration is estab-
lished, and then used to manage the swing leg behavior:

τ
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where φy is the body rotation in the sagittal plane and:

dq̇hip
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qhip
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Figure 2: Bioinspired state machine based on [6]
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PROBLEM
Running is a high dynamic motion easily

performed by humans and hardly achieved
by humanoid robots. The control algorithm
needs to provide reactive behaviors while
keeping the robot’s balance. For a 3D and
complex bipedal robots, running is difficult
problem for the following reasons:

1. Naturally unstable system
2. High dynamic forces
3. Flight phase

CONTRIBUTIONS
We formulated the control as the compo-

sition of various intuitive laws for each part
of the robot. The architecture is based on
[1, 2], aims to be as simple as possible, and to
provide a basis for testing complex mechanic
principles. Our main contributions are

1. Use of the spring-mass model for 3D
control

2. Establishment of coordination law for
the swing leg

3. High stability of the system at high ve-
locities (up to 5.0m.s−1)

4. Control of the robot’s forward speed
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SPRING-MASS MODEL
Simulate a linear spring leg behavior ser-

voing the knee as follows:

F spring = K (l0 − l)

τknee = −Lthigh sin

(
qknee

2

)
F spring

Typical support behavior depending on
spring stiffness:

Stiffness

FALL !FALL !

Neutral SoftStiff Too softToo stiff

Then evaluate the stiffness at touch down
to reach the neutral configuration:

K =
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Allows to adapt the support period
with respect to the system behavior at touch
down. It also provide a easy way to to
slow down or accelerate the system by sim-
ply hardening or softening the stiffness.

SWING COORDINATION LAW
Provide a very simple control law for the

swinging hip to generate a motion that is
biomimetic and reactive with respect to the
system behavior:

τ
hip
pitch = τbio + τcoord + τbrake


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τbrake = −B S1 S2 q̇
hip
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dq
hip
pitch = −1.0 rad is inspired by biomechan-

ics results.
dq̇

hip
pitch is evaluated with respect to the system

behavior at touch down:
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τbrake decelerates the swing leg at the end of
support to initiate the extension phase:

S1 =




q
hip
pitch

dq
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pitch − ϕy


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n1 (
dq

hip
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)
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(
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(
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Finally, S1 and S2 are kept between 0 and 1.

RESULTS
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PERSPECTIVES
We incorporated evolutive gains that change of value progressively to reach one or various

objective.
The spring-mass model has to be studied in more details. It can provide an efficient foot

placement prediction in the frontal plane. Moreover, it is possible to study its stability basin
and to make a foot placement which as far as possible from this basin boundaries.

Finally, as demonstrated by A. Seyfarth et Al. [3, 4], it is possible to extend the spring-mass
model to the walking motion.

ROBOT
The robot simulated is M2 which was

developed at the MIT Leg Laboratory.
It was augmented with three reaction
masses that help to stabilize the body.
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Figure 3: Snapshots of the bipedal running simulation at 3.5m.s−1
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Figure 4: Simulation results. The graphs show data of 100 successive gait cycles of one simulation. Each cycle begins and ends at left foot
touchdown.

Table 1: Running simulation main characteristics (average) at a forward speed of 3.5m.s−1. They are, respectively: stride rate and length,
duration of the cycle, stance and flight, leg stiffness, and both vertical ground reaction force peaks in unit per body weight (BW).

Stride Duration (sec.) Leg Stiffness Vertical GRF (BW )
Rate (Hz) L (m) Cycle Stance Flight (kN.m−1) 1st Peak 2nd Peak

1.07 3.24 0.93 0.21 0.25 16 2.85 3.36

4 Results

We simulated the running robot with the Yobotics! Simu-
lation Construction Set [1]. A stable running simulation at
3.5m.s−1 was obtained with human like gait, see Fig. 3. The
general results are shown in Fig. 4 and Table 1.

5 Open questions

The main question we are now trying to answer is the fol-
lowing: is it possible to implement a spring-like behavior
for walking as suggested in [3] and to obtain accordingly a
unified control method for walking and running?
In parallel, we have raised the following point. The human
being is able to perform countless kind of motions. The dy-
namic walking community mainly focuses on understand-
ing and generating the locomotion one. However, could we
learn more about controlling such complex systems that are
humanoid robots by trying to perform highly dynamic mo-
tions (for instance, acrobatic ones)? And could it be used for
understanding/generating locomotion?
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