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Abstract
The authors have proposed a control system of a

quadruped locomotion robot by using nonlinear oscillators.

It is composed of a leg motion controller and a gait pattern

controller. The leg motion controller drives the actuators of

the legs by using local feedback control. The gait pattern

controller involves nonlinear oscillators with mutual inter-

actions. In this paper, capability of adaptation of the pro-

posed control system against variance of the environment is

verified through numerical simulations and hardware exper-

iments: With the input signals from the touch sensors at

the tips of the legs, the nonlinear oscillators tune the phase

differences among them through mutual entrainments. As a

result, a gait pattern corresponding to the states of the sys-

tem or to the properties of the environment emerges. And

the robot changes its gait pattern adaptively to variance of

the environment and establishes a stable locomotion while

suppressing the energy consumption.

1 Introduction

Locomotion is one of the basic functions of a mobile
robot. Using legs is one of the strategies for accomplish-
ing locomotion. It allows the robot to move on rough
terrain. Therefore, a considerable amount of research
has been done on motion control of legged locomotion
robots. This paper deals with the motion control of a
quadruped locomotion robot.
Usually, motion control of a walking robot has been
achieved by using a model-based approach[1][2]. The
model-based approach is based on control theory; the
design of the trajectories of the legs are implemented
through optimization based on the model of the robot.
The motion controller which realizes the designed tra-

jectories of the legs is also based on the model of the
robot.
In the future, a walking robot will be required which
can carry out tasks in the real world, where the geo-
metric and kinematic conditions of the environment are
not specially structured. A walking robot is required
to realize the real-time adaptability to a changing envi-
ronment. However, it is difficult for the robot with the
model-based control system to carry out various tasks
in a changing environment or to adapt to variations of
the environment.
The walking motion of an animal seems to offer a so-
lution to the problem; During a walking, a lot of joints
and muscles are organized into a collective unit to be
controlled as if it had fewer degrees of freedom but to
retain the necessary flexibility for a changing environ-
ment [3].
Based on the latest achievements of neurobiology and
ethology, a new approach to robotics has been develope-
d. Brooks[4],[5] has proposed the subsumption architec-
ture as a principle of design of an autonomous mobile
robot which can carry out tasks in the real world. The
control system is composed of behavior-generating unit-
s. Each unit responds to the changes in the environment
and generates a stereotyped action. Responses from all
units compete with each other, but only one of them
determines the action of the robot. Using the subsump-
tion architecture, Brooks developed a six-legged robot,
Genghis to walk over a rough terrain. Although the
trajectory of the body was not specified, the robot suc-
cessfully navigated on a rough terrain.
On the other hand, research has been done on a con-
trol system for walking robot which enables to adapt to
variances of the environment based on the CPG(Central
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Pattern Generator) principle[6]∼[11]. M.A.Lewis et al.
developed a VLSI CPG Chip and using the chip, they
implemented experiments of control of an underactuat-
ed running robotic leg: Periodic motion of the hip is
driven by an oscillator, and then by controlling phase
of oscillator using sensor signal, they established a sta-
ble running motion of the leg[6]. K.Akimoto et al. de-
signed a locomotion controller for hexapod robot by us-
ing CPG[7]. Oscillators, which are assigned for each leg,
drive the periodic motion of each leg. The phase of os-
cillator is controlled by evaluating energy consumption
of motors at joints of the legs. By using this control sys-
tem, they realized a hexapod robot which can change
the gait pattern adaptively to the walking velocity.
This paper deals with the design method of the con-
trol system of a quadruped locomotion robot by using
nonlinear oscillators: A nonlinear oscillator is assigned
to each leg. The nominal trajectory of the leg is deter-
mined as a function of phase of its oscillator. We design
the local feedback controller for each joint of the legs us-
ing the nominal trajectories as the reference. Touch sen-
sors at the tips of the legs are used as triggers on which
the dynamic interactions of the legs are based. The
mutual entrainment of the oscillators with each oth-
er generate a certain combination of phase differences,
which leads to the gait pattern. As a result, a gait pat-
tern that can satisfy the requirements of the state of the
system or the properties of the terrain emerges and the
robot establishes a stable locomotion. The performance
of the proposed control system is verified by numerical
simulations and hardware experiments.

2 Model

Consider the quadruped locomotion robot shown in Fig.
1, which has four legs and a main body. Each leg is
composed of two links which are connected to each other
through a one degree of freedom (DOF) rotational joint.
Each leg is connected to the main body through a one
DOF rotational joint. Legs are enumerated from leg 1
to 4, as shown in Fig. 1. The joints of each leg are
numbered as joint 1 and 2 from the main body toward
the tip of the leg. We define r(0)i and θ(0)i (i = 1, 2, 3)
as the components of position vector and Euler angle
from inertial space to the coordinate system which is
fixed on the main body, respectively. We also define
θ
(i)
j as the joint angle of link j of leg i.

Leg 4
Leg 1

Leg 2

Leg 3

Main body

Fig. 1 Schematic model of a quadruped robot

The state variable is defined as follows;

qT =
[
r
(0)
k θ

(0)
k θ

(i)
j

]
(1)

(i = 1, · · · , 4, j = 1, 2, k = 1, 2, 3)

Equations of motion for state variable q are derived us-
ing Lagrangian formulation as follows;

Mq̈ +H(q, q̇) = G+
∑

(τ (i)
j ) + Λ (2)

where M is the generalized mass matrix and the term
Mq̈ expresses the inertia. H(q, q̇) is the nonlinear term
which includes Coriolis forces and centrifugal forces. G
is the gravity term. τ (i)

j is the input torque of the ac-
tuator at joint j of leg i. Λ is the reaction force from
the ground at the point where the tip of the leg makes
contact. We assume that there is no slip between the
tips of the legs and the ground.

3 Control system

The architecture of the proposed control system is shown
in Fig. 2. The control system is composed of leg motion
controllers and a pattern controller. The leg motion
controllers drive all the joint actuators of the legs so
as to realize the desired motions that are generated by
the gait pattern controller. The gait pattern controller
involves nonlinear oscillators corresponding to each leg.
The gait pattern controller receives the commanded sig-
nal of the nominal gait pattern as the reference. It also
receives the feedback signals from the touch sensors at
the tips of the legs. The gait pattern is determined by
the phase differences between the nonlinear oscillators.
A modified gait pattern is generated from the nominal
gait pattern through the mutual entrainment of the os-
cillators with the feedback signals of the touch sensors.
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The generated gait pattern is given to the leg motion
controller as the commanded signal of the locomotion
pattern of the legs.

Commanded
gait pattern

Gait
pattern
controller

Leg motion
controller

Commanded
leg motion

Signal of the
touch sensor

Fig. 2: Architecture of the control system

3.1 Design of the gait

3.1.1 Design of the trajectories of the legs

The position of the tip of the leg where the transition
from the swinging stage to the supporting stage occurs
is called the anterior extreme position (AEP). Similarly,
the position where the transition from the supporting
stage to the swinging stage occurs is called the posterior
extreme position (PEP)[12]. We determine the nominal
trajectories which are expressed in the coordinate sys-
tem which is fixed on the main body. First, we define
the nominal PEP r̂(i)eP and the nominal AEP r̂(i)eA. The
index ∗̂ indicates the nominal value.
The trajectory for the swinging stage is a closed curve
given as the nominal trajectory r̂(i)eF . This curve in-
volves the points r̂(i)eA and r̂(i)eP . On the other hand, the
trajectory for the supporting stage is a linear trajectory
given as r̂(i)eS . This linear trajectory also involves the
points r̂(i)eA and r̂(i)eP . The position of each leg on these
trajectories is given as functions of the phase of the cor-
responding oscillator. The state of the oscillator for leg
i is expressed as follows;

z(i) = exp(j φ(i)) (3)

where z(i) is a complex number representing the state

of the oscillator, φ(i) is the phase of the oscillator and j
is the imaginary unit.
The nominal phases at AEP and PEP are determined
as follows;

φ̂(i) = φ̂
(i)
A at AEP, φ̂(i) = 0̂ at PEP (4)

The nominal trajectories for swinging sage r̂(i)eF and for
supporting stage r̂(i)eS are given as functions of the phase
φ̂(i) of the oscillator and are alternatively switched at
every step of AEP and PEP.

r̂(i)e (φ̂(i)) =



r̂
(i)
eF (φ̂

(i)) 0 ≤ φ̂(i) < φ̂
(i)
A

r̂
(i)
eS (φ̂

(i)) φ̂
(i)
A ≤ φ̂(i) < 2π

(5)

Swinging stage Supporting stage

Trajectory of the leg

PEP

r̂
(i)
eP

AEP

r̂
(i)
eA

PEP

r̂
(i)
eP

AEP

r̂
(i)
eA

PEP

r̂
(i)
eP

AEP

r̂
(i)
eA

Fig. 3 Trajectory of the leg

The nominal duty ratio β̂(i) for leg i is defined to rep-
resent the ratio between the nominal time for the sup-
porting stage and the period of one cycle of the nominal
locomotion.

β̂(i) = 1− φ̂
(i)
A

2π
(6)

3.1.2 Design of the gait pattern

The gait patterns, which are the relationships between
motions of the legs, are designed. The gait patterns for
a quadruped robot are divided into three groups: One
is group of the patterns in which three legs support
the main body at any instant during locomotion such
as Walk. Another is group of the patterns in which
two legs support the main body at any instant during
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locomotion such as Trot, Pace, Bounce. The other is
group of the patterns in which less than one leg support
the main body at any instant during locomotion such
as Gallop. In this paper, the former two groups are
considered.
Each pattern is represented by a matrix of phase differ-
ences Γ(m)

ij as follows;

φ(j) = φ(i) + Γ(m)
ij (7)

where, m = 1, 2 represent transverse walk pattern and
rotary walk pattern, respectively. m = 3, 4, 5 represent
trot pattern, pace pattern and bounce pattern, respec-
tively.

Leg 1
Leg 3
Leg 2
Leg 4

Trot Transverse Walk

Fig. 4: The trot and the transverse walk patterns

3.2 Locomotion control

3.2.1 Leg motion control

The angle of joint j of leg i is derived from the geomet-
rical relationship between the trajectory r̂(i)e (φ̂(i)) and
the joint angle. θ̂(i)j is written as a function of phase
φ̂(i) as follows;

θ̂
(i)
j = θ̂

(i)
j (φ̂(i)) (8)

where ∗̂ indicates the nominal value. The commanded
torque at each joint of the leg is obtained by using local
PD feedback control as follows;

τ
(i)
j = KPj (θ̂

(i)
j − θ(i)j ) +KDj(

˙̂
θ
(i)

j − θ̇(i)j ) (9)

(i = 1, · · · , 4, j = 1, 2)

where τ (i)
j is the actuator torque at joint j of leg i.

3.2.2 Gait pattern control

We design the phase dynamics of the oscillators corre-
sponding to each leg as follows;

φ̇(i) = ω + g(i)1 + g(2)2 (i = 1, · · · , 4) (10)
g
(i)
1 = −K

(
φ(i) − φ(j) − Γ(m)

ij

)
(11)

g
(i)
2 = (φ̂(i) − φ(i)

A )δ (12)

at leg i touches the ground (13)

where K is a constant number and δ is Delta-Function.

Function g(i)2 is designed in the following way: Suppose
that φ(i)

A is the phase of leg i at the instant when leg i
touches on the ground. Similarly, r(i)eA is the position of
leg i at that instance. When leg i touches the ground,
the following procedure is undertaken.

1. Change the phase of the oscillator for leg i from
φ

(i)
A to φ̂(i)

A .

2. Alter the nominal trajectory of the tip of leg i
from the swinging trajectory r̂(i)eF to the support-
ing trajectory r̂(i)eS .

3. Replace parameter r̂(i)eA, that is one of the param-
eters of the nominal trajectory r̂(i)eS , with r

(i)
eA.

The oscillators form a dynamic system that affect each
other through two types of interactions. One is continu-
ous interactions from g

(i)
1 which depends on the nominal

gait pattern. The other is the pulse-like interactions g(i)2

which is caused by the feedback signals from the touch
sensor. Through these interactions, the oscillators gen-
erate gait patterns that satisfy the requirements of the
environment.

4 Numerical simulation

Numerical simulations are implemented to verify the
performances of the proposed control system. Table 1
shows the physical parameters of the robot which are
used in numerical simulations.

Table 1
Main body

Width 0.20 [m]
Length 0.36 [m]
Height 0.05 [m]
Total Mass 8.4 [kg]

Legs

Length of link 1 0.188 [m]
Length of link 2 0.193 [m]
Mass of link 1 0.918 [kg]
Mass of link 2 0.595 [kg]

The nominal time period of the swinging stage is chosen
as 0.20 [sec].
First, numerical simulations are carried out to evaluate
stability of the locomotion. A steady locomotion is a
periodic motion and its stability can be verified by using
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Floquet Theorem. Selecting q = (θ(0)1 , θ
(0)
2 , θ̇

(0)
1 , θ̇

(0)
2 )

∈ R4 as the state variables of periodic motion, Poincaré
map along the periodic orbit of q at Poincaré section
is obtained. If the maximum norm of eigen values of
Poincaré map of periodic orbit of q is smaller than one,
the periodic motion is stable. Numerical simulations
are implemented and then stability of the locomotion
is evaluated by checking the maximum norm of eigen
values of Poincaré map. One example is shown in Fig. 5.
The nominal duty ratio β̂ is selected as a parameter. We
can find that the robot established stable locomotion in
a wide parameter range.
Then, in order to clarify capability of adaptation of the
proposed control system, we investigated variance of
the gait patterns. An order parameter D(m) is defined,
which is to measure the similarity between the obtained
gait pattern and the nominal gait pattern.

D(m) =
1
4
trace(Ŵ (m)TW ) (14)

Wij =
< ζiζj >√

< ζi >
√
< ζj >

< ∗ >=
∫

∗dt

ζi =




1
1− β Swinging stage

− 1
β

Supporting stage

Figure 6 shows the variances of parameter D(m)

against the variance of the nominal duty ratio β̂. From
Fig. 6, we can find that although trot pattern is giv-
en as the nominal gait pattern, similarity between the
obtained gait pattern and transverse walk pattern in-
creases as duty ratio β̂ increases. The gait patterns
generated in a steady locomotion are examined. Fig-
ures 7(a) and 7(b) are examples of the obtained gait
pattern. In these figures, solid line indicates supporting
stage and blank is swinging stage and the nominal gait
pattern is set to trot. The figures show that in the case
where duty ratio β̂ is small, trot is established whereas
in the case where duty ratio β̂ is large, transverse walk
is established.
Variance of the gait pattern according to change of the
walking speed during locomotion is also checked. The
nominal gait pattern is fixed to transverse walk. Figure
8 (a) is the case where duty ratio β̂ is fixed to 0.75
up to 10 [sec], from 10 [sec] to 15 [sec] duty ratio β̂ is
commanded to change from 0.75 to 0.50 continuously,
and after 15 [sec] duty ratio β̂ is again fixed to 0.75. To
the contrary, Fig. 8 (b) is the case where duty ratio β̂
is changed from 0.50 to 0.75 during the period from 10
[sec] to 15 [sec]. The figures show that as duty ratio

β̂ decreases, the gait pattern changes from transverse
walk to trot smoothly, while as duty ratio β̂ increases,
the gait pattern changes from trot to transverse walk
smoothly.
Figure 9 shows the state transition diagram with re-
spect to three parameters of the environment, walking
velocity, load offset and inclination angle of the ground.
In Fig. 9, suffix ∗0,∗L and ∗H indicate that the value *
is zero, low and high, respectively. For example, when
the commanded walking velocity V are changed from a
small value to large one and other values are given as
zero, the obtained gait pattern changes from transverse
walk(T.Walk) to Trot. The transition from one gait
pattern to another in the figure is observed through nu-
merical simulations when the condition parameters are
changed. This figure shows that the proposed control
system has capability to emerge various gait patterns
according to the conditions of the environment.
Lastly, variance of energy consumption of actuators Ec

is investigated, selecting duty ratio β̂ as a parameter.
Energy consumption of actuators Ec is defined as

Ec =

<
∑
i,j

τ
(i)
j θ̇

(i)
j >

< v >
(15)

where, v is walking velocity.
Figure 10 shows the result where ”fixed” means that the
gait pattern is fixed to a transverse walk. From Fig. 10,
we can see that the value of Ec of the proposed control
system and their variance with respect to the variance
of the duty ratio are smaller than those where the gait
pattern is fixed.
From this result, it may be noted that by changing its
gait pattern according to variance of the environmen-
t, the quadruped locomotion robot with the proposed
control system can suppress the energy consumption.
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Fig. 5. Stability of locomotion

2322



0

0.2

0.4

0.6

0.8

1

1.2

1.4

0.5 0.55 0.6 0.65 0.7 0.75

S
im

ila
ri
ty

Duty Ratio

Transverse Walk
Rotary Walk

Trot
Pace

Bounce

Nominal gait pattern: Transverse walk (Γ(1))
Fig. 6. Similarity of the gait pattern

6 8 10 12 14 16 18 20

Le
g 

N
o.

Time [sec]

(a) β̂ = 0.50

6 8 10 12 14 16 18 20

Le
g 

N
o.

Time [sec]

(b) β̂ = 0.75
Nominal gait pattern: Trot (Γ(3))
Fig. 7. Gait pattern diagram

6 8 10 12 14 16 18 20

Le
g 

N
o.

Time [sec]

(a) β̂ = 0.75 → 0.50

6 8 10 12 14 16 18 20

Le
g 

N
o.

Time [sec]

(b) β̂ = 0.50 → 0.75
Nominal gait pattern: Transverse walk (Γ(1))

Fig. 8. Gait pattern diagram

T.Walk R.Walk

PaceTrot Bounce

(V |L0, I0)

(L|VL, I0)

(I|VL, L0)

(V,I|L0) (V |L, IH)

(V, L|I0)
(V, I|L0)

(V, L|I0)

(I|VH , L0) (I, L|VH)

(L|VH , I0)

(V |LH , I0)

Walking velocity V = (VL, VH)
Load offset L = (L0, LH)
Inclination of the ground I = (I0, IH)

Fig. 9. State transition diagram

0

2

4

6

8

10

12

14

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

E
ne

rg
y 

co
ns

um
pt

io
n 

[J
/m

]

Duty Ratio

Proposed
Fixed

Fig. 10. Energy consumption

5 Hardware experiment

Performance of the proposed control system is verified
by hardware experiments. Figure 11 shows the mechan-
ical system. This quadruped robot has two DOF for
each leg. Each joint is driven by Harmonic Drive DC
actuator. Maximum actuator torque is 4.6 [Nm] and
maximum rotational speed is 3.5 [rad/s]. Load cell is
equipped at the tip of each leg and play roles of touch
sensor and force sensor. Actuator drivers and amplifiers
for force sensors are mounted on the main body.
Figure 12 shows data processing system. The controller
is programmed on DSP board (TI 320C44 × 2). Sam-
pling frequency is 1.0 [kHz]. Signals from force sensors
are input to 12bit A/D converters and are sent to D-
SPs. Optical encoder signals from the actuators at the
joints are input to 24bit pulse counters, are transformed
to angle data and are also sent to DSPs. Torque com-
mands for actuators are calculated on DSP board on
real-time using proposed control method, and sent from
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16bit D/A converters to the actuator drivers. Personal
computer is connected to DSPs through PCI bus and
plays roles of supervisor of DSPs and debugger for con-
trol program. Figure 13 shows the photograph of the
hardware equipment.
Figures 14(a) and 14(b) are examples of the obtained
gait pattern of steady locomotion. In these case, the
nominal gait pattern is set to transverse walk. The
robot established steady locomotion for each duty ra-
tio β̂ by changing its gait pattern.
Variance of the gait pattern according to change of the
walking speed during locomotion is investigated. The
nominal gait pattern is fixed to transverse walk. Fig-
ure 15(a) is the case that duty ratio β̂ is fixed to 0.75
up to 10 [sec], from 10 [sec] to 15 [sec] duty ratio β̂ is
commanded to change from 0.75 to 0.50 continuously,
and after 15 [sec] duty ratio β̂ is again fixed to 0.75.
To the contrary, Fig.15(b) is the case that duty ratio β̂
is changed from 0.50 to 0.75 during the period from 10
[sec] to 15 [sec].
From these results, it is also verified as well as numerical
simulations that the robot using the proposed control
system has a capability of adaptation to variance of duty
ratio β̂ by changing the gait patterns autonomously.
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Fig. 13: The hardware model
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6 Conclusions

We proposed a control system for a walking robot with
a hierarchical architecture which is composed of leg mo-
tion controllers and a gait pattern controller. The leg
motion controller drives the actuators at the joints of
the legs by use of high-gain local feedback based on
the commanded signal from the gait pattern controller.
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Whereas the gait pattern controller alternates the mo-
tion primitives by synchronizing with the signals from
the touch sensors at the tips of the legs, and stabi-
lizes the phase differences among the motions of the
legs adaptively. The robot with the proposed control
system changes its gait pattern according to variance
of the environment while suppressing the energy con-
sumption. In this paper, the nominal gait pattern is
given as the command. In the future, we are planning
to design the control system in which the nominal gait
pattern is selected or generated according to the state
of the robot. Using such a control system, it is expect-
ed that adaptability of the robot to variations of the
environment will be highly improved.
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