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Kinematic and dynamic simulation of
an octopod robot controlled by
different central pattern generators
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Abstract
The goal of the study was to perform both kinematic and dynamic simulation of an octopod robot walking on a flat and
hard surface. To drive robot legs, different non-linear mechanical oscillators were employed as central pattern genera-
tors. Aside from using some well-known oscillators, a new model was proposed. Time series of robot’s kinematic and
dynamic locomotion parameters were computed and discussed. Displacement and velocity of the centre of gravity of
the robot, ground reaction forces acting on the robot legs, as well as some aspects of energy consumption of a walking
robot were analysed to assess the central pattern generators. The obtained kinematic and dynamic parameters showed
some advantages of the applied generator. In particular, the gait of the robot was most stable when the robot was driven
by the proposed central pattern generator model.
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Introduction

Multi-legged robots are a type of mobile machines,
which have gained significant importance in many engi-
neering applications. They are inspired by the anatomy
and locomotion of various animal species and have
become the inspiration for numerous studies aimed at
mobile robots. The growing interest in multi-legged
robots is mainly caused by their ability to move on dif-
ferent, often uneven, terrains. The research on walking
machines was started by McGhee and Frank,1 who
developed the first quadruped (four-legged) robot
named ‘Phoney Pony’ in the 1960s. Since that time,
numerous quadruped machines have been built.2–7

Aside from them, hexapod (six-legged) robots, such as
those presented in papers,8–15 have been also developed
and studied. An interesting state-of-the-art related to
six-legged robots can be found in papers.16,17

Recently, octopod (eight-legged) robots have gained
much research attention. To mention a few, a biomi-
metic SCORPION,18 OctoRoACH,19 or searching
and rescuing Halluc II20 octopods have been devel-
oped. The SCORPION robot has eight homogeneous
legs and the main body consisting of three parts. The
legs joints are controlled by typical DC motors with
high gear transmission ratio. When it comes to

OctoRoACH, its C-shape elastic legs are driven by
independent drives located on each (two) sides of the
robot, respectively. The motion of the device is realized
by adjusting the speed of movement of the legs as well
as the swing of the robot’s mechanical tail. Halluc II is
a robotic vehicle consisting of eight wheels and legs
designed to drive or walk on a rugged terrain by using
the wireless network and a system of cameras and sen-
sors that monitor the distance to potential obstacles.

In comparison with wheeled vehicles, biologically
inspired multi-legged robots are better at adapting to
unknown and unstructured environments, which
results, for instance, from their ability to overcome
obstacles. Therefore, they can be used in places, where
wheeled machines cannot fulfil their tasks. On the con-
trary, it should be mentioned that the leg–ground inter-
action of the walking robot varies over time, depending
on the shape of the terrain. The amplitude of the
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ground reaction force during the leg–ground interac-
tion has a great impact on the dynamic behaviour of
joint torques and the energy consumption of the robot.
The forces and torques in the joints of the robot legs
should be reduced, which can protect individual com-
ponents and the whole mechanical structure of the
robot as well as improve their stability during walking.
The choice of movements of the robot legs has also a
significant influence on the kinematics and dynamics of
the whole robot. A brief literature review of some exist-
ing control methods applied to various bionic legged
robots is presented in paper.21 For instance, the impe-
dance control method has been widely employed to
both the motor-driven22,23 and the hydraulically driven
legged robots.24,25

In general, multi-legged robots have poor energy
efficiency. Therefore, performing typical tasks, such as
locating and deactivating bombs, exploring planets,
tasks in the underground mining, or security surveil-
lance in prohibited areas, can be limited. In such situa-
tions, effective reduction of energy consumption would
help the robot work for a longer time and minimize the
size of actuators, thereby increasing the load-to-mass
ratio and reducing the cost of the system. Hence, the
reduction of power consumed by the walking robot,
conducted by means of the appropriate control of robot
legs, seems to be a good solution.

In this work, we focused on the modelling of the tra-
jectory of the tip (end) of the robot leg and the analysis
of the kinematic and dynamic parameters of the robot
walking on a flat surface. The study was mainly moti-
vated by the growing interest in legged robots26–29 and
the possible practical implementation of the octopod
prototype in the future.

It should be noted that the present research can be
extended with the use of achievements related to the
control of robots walking on irregular terrains as sys-
tems of many degrees of freedom (DOFs), based on
concepts reported in some recent papers. For instance,
Deng et al.30 proposed a novel control strategy for the
multi-legged robot walking in dynamic environments.
In their approach, the control strategy constantly
changes the gait and the trajectory, adjusting them to
different environments, tasks, and stability of the
robot. As a result, a library of different kinds of gait
was developed. According to the mentioned control
method, a hierarchical architecture, consisting of man-
machine interface, vision system, gait and trajectory
planner, joint motion calculator, joint servo controller,
compliance controller, and stability observer, were
proposed.

In Wang et al.,31 a central pattern generator (CPG)
and a feed-forward neural network–based self-adaptive
gait control method were presented for a crab-like
robot moving on a complex terrain (more information
on the CPG can be found in section ‘‘Control by
CPGs’’ of this article). The proposed control system
generates the waveform gait control of the robot. A tri-
layer feed-forward neural network was constructed to

establish the one-to-one mapping between rhythmic
signals of the CPG and the joint angles. Based on the
CPG system and the feed-forward neural network, two
reflex mechanisms were put forward to realize the self-
adaptive gait control on complex terrains.

Another approach worth mentioning is the sliding
mode control (SMC).32–34 It is one of the most popular
non-linear strategies, which is characterized by a quick
response and strong robustness. In the literature, one
can find numerous sliding mode technique schemes that
have been developed for different complex dynamical
systems. In general, SMC changes the dynamics of a
non-linear system by means of applying a discontinu-
ous control signal which forces the system to slide along
a cross-section of the system’s normal behaviour.

The authors of this article have been studying the
biologically inspired robots for some time. In Grzelczyk
et al.,17 a prototype of an insect-inspired six-legged
robot for inspection and operational purposes was
described. A detailed discussion on mechanical con-
struction, electronic control system, and devices
installed on the robot body was presented. Also, a CPG
model based on the stick-slip oscillator was proposed.
The obtained results, both numerical and experimental,
exhibited some analogies in the characteristics of the
investigated robot and animals (insects) met in nature.

In Grzelczyk et al.,35 the kinematic, dynamic, and
power consumption analysis was conducted for an
updated version of the six-legged robot. The authors
used the same stick-slip oscillator as in Grzelczyk
et al.17 A study of changes (fluctuations) in the centre
of gravity (COG) of the robot, considered in the verti-
cal and movement directions, was accompanied by the
investigations of ground reaction forces acting on the
robot legs as well as energy consumption of the walking
hexapod. Time series of crucial kinematic and dynamic
parameters of the locomotion of the robot were studied
numerically and validated experimentally.

In contrast to the above-mentioned references, this
article deals with kinematics and dynamics of a differ-
ent multi-legged robot, that is, an octopod controlled
by different CPGs. To conduct the study, the methods
and models for control of the leg as well as models
describing the kinematic and dynamic parameters of
the robot were taken from Grzelczyk et al.17,35 In addi-
tion, a new CPG model was developed and used. The
model is based on a sine function and allows one to
easily control the legs of the investigated mobile device.
It can be generated by computer software or electronic
circuits.36 To conduct the numerical study, different
CPGs as well as different parameters of the robot and
a single stride were used. Eventually, the proposed
CPG model yielded the most preferable kinematic and
dynamic parameters in comparison with other models.
It also turned out to produce the lowest energy con-
sumption of the walking robot.

This article is organized as follows. In section
‘Robot prototype’, the studied octopod robot and its
CAD model are introduced. The kinematic model of

2 Proc IMechE Part I: J Systems and Control Engineering 00(0)



the robot and its basic parameters are presented in sec-
tion ‘Kinematic model’. Section ‘Control by CPGs’
contains a brief literature review on CPG algorithms to
control walking robots, followed by the definition of
the proposed CPG model. Some interesting numerical
simulations obtained for different configurations of a
single robot leg, accompanied by kinematic and
dynamic parameters of the whole walking robot, are
illustrated and discussed in section ‘Numerical results.’
Conclusions from the study are outlined in section
‘Conclusion’.

Robot prototype

In general, the design optimization of robots requires
multiple modifications of their mechanical construc-
tion. Instead of developing prototypes, engineers can
use virtual (computer-aided design (CAD)) models to
perform numerical experiments, the results of which
can be used at the next design step.

For the purpose of this study, a CAD model of the
octopod (see Figure 1) was created in Inventor soft-
ware. The size of the model is about 590mm 3 370mm
3 150mm (length 3 width 3 height), while the total
mass of the robot (estimated using Inventor) is 2.68 kg.
The mechanical design comprises two main parts, that
is, the main body and the legs. All eight legs are identi-
cal and their design was mainly inspired by the mor-
phology of limbs of typical stick insects. They were
reduced to three basic segments, that is, coxa, femur,
and tibia, because other segments (i.e. trochanter and
tarsus) are rarely used in a typical walking process.37,38

The legs are symmetrically distributed on two sides of
the robot body to avoid collisions between them. To
create the model, a CAD three-joint leg mechanism,
accompanied by definitions of links and joints
described in Grzelczyk et al.,17,35 was used. The
designed robot is stable during standing and walking.
In the future, a prototype of the device can be poten-
tially adopted, for instance, for inspection and operat-
ing purposes.

In general, standard DC motors do not have high
accuracy and they require calibration by the control
system. Therefore, to drive the robot legs, 24 popular
electric servomotors Tower Pro Mg995, which are con-
trolled independently by the pulse-width-modulation
(PWM) technique, were proposed. The actuators have
a servo feedback (the inner closed loop feedback of the
position control) and a proportional controller, which
measures and controls joint angles based on the signal
from the sensor (a potentiometer in each servo motor).

Kinematic model

Figure 2 presents a kinematic model of the investigated
robot in two support configurations corresponding to
different phases of the gait cycle. The octopod is placed
in the global Cartesian coordinate system Oxyz, which

is fixed to the ground, and Earth’s gravity field
(g=9:81 m=s2). In each gait phase, the robot stands
on four legs, which form the support polygon (quad-
rangle). The robot body mass (excluding limbs) equals
M=0:92 kg. The legs are denoted by L1, L2, L3, L4
(on the left side of the robot) and R1, R2, R3, R4 (on
the right side), respectively. It should be noted that the
exact position of the COG of the robot slightly
changes, depending on the configurations of the robot
legs. To simplify the model, we assumed that the COG
of the robot is located at the fixed point of the robot
trunk (see Figure 2). Distances between the ground and
the COG in different phases of the robot gait are
denoted by ha(t), hb(t), respectively, whereas RLi(t) and
RRi(t) (i=1, 2, 3, 4) state for ground reaction forces
acting on the individual robot legs (see Figure 2). It
was assumed that friction between robot legs and the
ground is high enough to prevent the legs from sliding
during locomotion.

The legs were arranged in two groups, that is, the
group a consisting of R1, R3, L2, and L4 (Figure 2(a))
and the group b comprising L1, L3, R2, and R4 (Figure
2(b)). To control their motion, the same CPG model
was used, but signals applied to each of the groups was
in anti-phase. In other words, all legs of group a were in
phase to one another and in anti-phase to the legs of
group b (and vice versa). Each leg consisted of three
links/segments corresponding to coxa, femur, and tibia
of insects. A scheme of a single robot leg is presented in
Figure 3. Links li (i=1,., 3) and joints ji form a kine-
matic scheme of the robot limb, which can be treated as
a multibody system with 3 DOFs.26 Moreover, the defi-
nitions of the angular positions ui(t) of the segments li
in the local Cartesian coordinate system O0x0y0z0 are
also shown in Figure 3.

The respective masses mi, lengths li, and distances ai
between the coordinates of joints ji and mass centres of
respective links were m1 =0:116 kg, m2 =0:020 kg,
m3 =0:084 kg, l1 =40 mm, l2 =70 mm, l3 =120 mm,
and a1 =30 mm, a2 =35 mm, l3 =24 mm. In the con-
sidered model, l2 and l3 correspond to femur and tibia,
which are usually the longest segments of insects. More

Figure 1. CAD model of the investigated octopod robot.36
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details on the relative proportions of lengths of the seg-
ments can be found, for instance, in Zhao et al.39

Forward kinematics, describing the relationship
between the coordinates x0(t), y0(t), and z0(t) of the sup-
porting point (the tip of the robot leg) as functions of
angles ui(t) in the local coordinate system O0x0y0z0, has
the form

x0(t)= cosu1(t)(l1 + l2 cosu2(t)+ l3 cos (u3(t)� u2(t))),
y0(t)= sinu1(t)(l1 + l2 cosu2(t)+ l3 cos (u3(t)� u2(t))),
z0(t)= l2 sinu2(t)� l3 sin (u3(t)� u2(t)):

8<
:

ð1Þ

Inverse kinematics, which gives the dependence of
articulated variables ui(t) as functions of Cartesian
variables x0(t), y0(t), and z0(t), is given as follows

u1(t)=

atan y0(t)
x0(t)

� �
if x0(t). 0

p
2 if x0(t)=0

p � atan � y0(t)
x0(t)

� �
if x0(t)\ 0

8>><
>>: ð2Þ

u2(t)=
a(t)+b(t) if

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½x0(t)�2 + ½y0(t)�2

q
� l1ø0

a(t)� p +b(t) if

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½x0(t)�2 + ½y0(t)�2

q
� l1\0

8<
:

ð3Þ

u3(t)=acos
½c(t)�2 � l22 � l23

2l2l3

 !
ð4Þ

where a(t)=acos((l23 � l22 � ½c(t)�
2)=(� 2l2c(t))), b(t)=atan

((z0(t))=(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½x0(t)�2 + ½y0(t)�2

q
� l1)), ½c(t)�2 = ½z0(t)�2 +

(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½x0(t)�2 + ½y0(t)�2

q
� l1)

2.

Control by CPGs

Walking of multi-legged robots is a complex task,
which requires high coordination of all controlled legs,
regardless of the type of the walking surface. For this
purpose, the control system must select one of a variety
of alternative movements. Furthermore, control of
walking robots is usually based on two principles of
biological control, namely, a CPG and a reflex. A

reflex is a movement generated based on a sensor (a sti-
mulus) in a feedback and reflex systems can be used in
control systems of robots. For instance, in the Walknet
robot,40 the local sensory feedback in the legs and cou-
pling between the control of neighbouring legs are suf-
ficient to ensure a stable walk.

In this study, the other concept (CPG) was employed
to develop the control method for the octopod legs. In
general, CPGs are biological neural networks that pro-
duce rhythmic outputs in the absence of rhythmic
input.41 They are a source of tightly coupled patterns of
neural activity that drive rhythmic motions in different
biological processes like breathing, chewing, or walk-
ing. Studies have shown that CPGs have been detected
in numerous vertebrate species,42 including human.43

The first CPG model was proposed in the 1980s by
Cohen et al. who studied the dissection of a lamprey
spinal cord.44 Since that time, many researchers have
been applying CPG algorithms (using linear/non-lin-
ear damped/non-damped mechanical oscillators with
asymptotically stable limit cycles) to control different
biologically inspired multi-legged walking robots.
One can find numerous papers devoted to gait genera-
tion methods based on the CPGs.26,45 Semini et al.25

showed that a hexapod robot can perform different
kinds of gaits by chaos control (however, the pro-
posed model is difficult to be directly applied). An
interesting literature review on CPGs can be found in
the literature.28–30

Below, let us present three well-known and popular
CPG models that can be applied to control leg move-
ments of multi-legged robots. A Hopf oscillator, van
der Pol oscillator, and Toda-Rayleigh lattice are non-
linear mechanical oscillators, which are described by
one-dimensional ordinary differential equations
(ODEs). Two independent Hopf oscillators are gov-
erned by the following first-order ODEs

_Xa(t)= m� X2
a(t)� Z2

a(t)
� �

Xa(t)+vZa(t)
_Za(t)= m� X2

a(t)� Z2
a(t)

� �
Za(t)� vXa(t)

_Xb(t)= m� X2
b(t)� Z2

b(t)
� �

Xb(t)+vZb(t)
_Zb(t)= m� X2

b(t)� Z2
b(t)

� �
Zb(t)� vXb(t)

8>>><
>>>:

ð5Þ

(a) (b)

Figure 2. Kinematic model of the octopod robot in two support configurations: (a) support by the legs R1, R3, L2, and L4 and
(b) support by the legs L1, L3, R2, and R4.
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Two independent van der Pol oscillators are
described by the first-order ODEs

_Xa(t)=Za(t)
_Za(t)=m 1� X2

a(t)
� �

Za(t)� v2Xa(t)
_Xb(t)=Zb(t)
_Zb(t)=m 1� X2

b(t)
� �

Zb(t)� v2Xb(t)

8>><
>>: ð6Þ

while the Toda-Rayleigh lattice is governed by the first-
order ODEs

_Xa(t)=Za(t)
_Za(t)=v2 eXb(t)�Xa(t) � eXa(t)�Xb(t)

� �
+m 1� Z2

a(t)
� �

Za(t)
_Xb(t)=Zb(t)
_Zb(t)=v2 eXa(t)�Xb(t) � eXb(t)�Xa(t)

� �
+m 1� Z2

b(t)
� �

Zb(t)

8>><
>>:

ð7Þ

In the ODEs presented above, Xa(t), Xb(t), Za(t),
and Zb(t) are dimensionless variables, whereas v and m

are constant dimensionless parameters. To control both
leg groups (a and b), we used two independent CPG
models (i.e. two Hopf oscillators and two van der Pol
oscillators) in equations (5) and (6), starting from differ-
ent initial conditions. However, all robot legs can also
be controlled by the same CPG, as it has been already
noted in section ‘Kinematic model’.

Figure 4 presents stable orbits of the above-mentioned
oscillators. The orbits were obtained for fixed values
v=2, m=6 and different initial conditions (marked
with squares). Numerical simulations were carried out by
using the standard fourth-order Runge–Kutta method. It
is clear that the results always converge to the same limit
cycle (bold red curve), regardless of the initial values.
Since the obtained trajectories of oscillations are stable
irrespective of the initial conditions, these oscillators are
often used to generate the trajectory of the tip of a robot
leg. One can easily modify the shape and the period of a
stable orbit by changing the values of m and v. As a con-
sequence, one can control the parameters of a single
robot stride. However, to control the robot leg,
these trajectories must be converted to the workspace of
the leg mechanism and then to the space of joints of the
leg by means of using the inverse kinematics.

In the literature, one can easily find papers aimed at
implementing the Hopf/van der Pol oscillators or the
Toda-Rayleigh lattice to produce rhythmic biologically
inspired movements. For instance, de Pina Filho and
Dutra 46 have modelled a bipedal robot by means of a

coupled hybrid van der Pol–Rayleigh oscillators sys-
tem. In Chen et al.47 and Liu et al.,48 in turn, Hopf
oscillator–based models have been used to control
quadruped and hexapod robots, respectively.

In this article, we propose a new generator model,
motivated by the carried out study of a trajectory of a
leg tip of real insects and various biologically inspired
robots. The model is based on a sine function and is
hereafter referred to as a SINE generator. It is governed
by the following relations

Xa(t)=

� 1

p
modulo(vt,p) if 0\modulo(vt, 2p)ł

p

2

� 1

2
+

1

p
modulo vt� p

2
,p

� �
if

p

2
\modulo(vt, 2p)ł

3

2
p

1

2
� 1

p
modulo vt� 3

2
p,p

� �
if

3

2
p \modulo(vt, 2p)ł 2p

8>>>>>><
>>>>>>:

ð8Þ

Xb(t)= � Xa(t) ð9Þ

Za(t)= sin vt� p

2

� �
� J � sin vt+

p

2

� �� �
ð10Þ

Zb(t)= sin vt+
p

2

� �
� J � sin vt� p

2

� �� �
ð11Þ

where J(� sin (vt+(p=2))) and J(� sin (vt� (p=2)))
are classical unit step functions defined as follows

J � sin vt6
p

2

� �� �
=

1 if � sin vt6
p

2

� �
. 0

0 if � sin vt6
p

2

� �
ł 0

8><
>:

ð12Þ

The stable orbits obtained for the proposed SINE
generator are presented in Figure 5. The orbit presented
in Figure 5(a) corresponds to the legs R1, R3, L2, and
L4, while the orbit in Figure 5(b) corresponds to the
legs L1, L3, R2, and R4. As can be seen from formulas
(8) to (11), the periodic orbit in the space of variables
Xa(t)� Za(t) is in antiphase with respect to the orbit in
the space of variables Xb(t)� Zb(t) (the phase shift
equals p). Therefore, both periodic orbits in Figure 5
are the same. What is more, it can be easily noticed that
the shape of the orbits in Figure 5 resembles the shape

Figure 3. Schematic configuration of a single robot leg (L3 leg
was used as an example).
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of the trajectory of the tip of a real stick insect leg pre-
sented in Dürr et al.37 and Schilling et al.38

All the afore-presented phase trajectories can be
used to control the tip of the robot leg. To modify the
robot gait parameters, one can change phase trajec-
tories by changing parameters of the used CPG model.
Namely, the length and the height of a single stride can
be controlled by means of the size and the shape of
these trajectories and can be changed by multiplying
the variables Xa(t),Za(t) (which correspond to group a
of the robot legs) and Xb(t),Zb(t) (which correspond to
group b of the robot legs). The stride period, in turn,
corresponds to the orbit period. Control parameters of
a single robot stride can be obtained by converting the
applied CPG signals to the workspace of the mechan-
ism of the robot leg in the local coordinate system
O0x0y0z0 in the following manner

x0a(b)(t)= l � Xa(b)(t)
z0a(b)(t)= h � Za(b)(t)� L

	
ð13Þ

where l, h are the length and the height of the single
stride of the robot, respectively, whereas L states for the
distance between the ground and the point of

attachment of the leg to the robot body (in the initial
configuration the robot). One can easily modify the
shape of the orbit by changing the values of l and h.
Finally, the trajectories x0a(b)(t)� z0a(b)(t) must be con-
verted to the joints space of the legs by means of using
the inverse kinematic relations (2)–(4).

Numeration of the octopod legs and a diagram
showing schematically the considered robot gait are
presented in Figure 6. Figure 7 illustrates the method
used to generate signals (i.e. angular positions) for each
leg of the robot. The periodic orbits Xa(t)� Za(t) and
Xb(t)� Zb(t), produced by the used CPG, are con-
verted to the orbits x0a(t)� z0a(t) and x0b(t)� z0b(t) in the
workspace of the robot leg (y0a(t), y

0
b(t)= const:), and

then to the joints space u1a(t), u2a(t), u3a(t) and u1b(t),
u2b(t), u3b(t), respectively. The angles u1a(t), u2a(t),
u3a(t) correspond to the robot legs R1, R3, L2, L4,
whereas the angles u1b(t), u2b(t), u3b(t) correspond to
the legs L1, L3, R2, R4. The robot is supported by the
legs of group a (see Figure 2(a)) in one phase and by
the legs from group b (see Figure 2(b)) in the other one.
As a result, the ground reaction forces act on different
robot legs, depending on the gait phase.

(a) (b) (c)

Figure 4. Phase trajectories of three typical non-linear oscillators for v = 2, m = 6 and various initial conditions: (a) Hopf oscillator,
(b) van der Pol oscillator and (c) Toda-Rayleigh lattice.

(a) (b)

Figure 5. Phase trajectories of the proposed SINE generator: (a) Xa(t)� Za(t) and (b) Xb(t)� Zb(t).
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Figure 8 depicts the examples of stable orbits
obtained for four considered CPG models. The orbits
are presented in two manners, that is, in a normalized
form (Figure 8(a)) and in the form scaled by the rela-
tions equation (13) to the workspace of the leg mechan-
ism (Figure 8(b)). In numerical simulations, the
variables Xa(t), Xb(t) were used to control the move-
ment of the leg tip in the x-direction (direction of
movement of the robot), whereas the variable Za(t),
Zb(t) to control the movement in the z-direction (verti-
cal direction of the robot).

In general, insects oscillate when walking straight.49

However, in multi-legged walking robots, the leg tips
should move along straight lines parallel to both the
course of the robot and the longitudinal axis of the

robot body,50 and the robot should translate without
any oscillations. Therefore, in this study, the coordi-
nates y0a(b)(t) were fixed in each phase of the gait (in this
case, y0a(b)(t)=110 mm). Moreover, it should be
emphasized that we neglected transient processes asso-
ciated with initial and terminal phases of gait, and we
focused only on a rhythmic gait. Transitions between
different phases of gait are planned to be the investi-
gated in future research.

Numerical results

In order to investigate the proposed CPG model and
compare it with other models, numerical simulations
were performed. For this purpose, the standard

Figure 7. Method of generation of angular positions for individual joints of the octopod legs.

(a) (b)

Figure 6. (a) Numeration of the octopod legs and (b) the diagram showing schematically the considered robot gait – white colour
denotes the swing movement, while red and green colours denote the stance movements of the legs of the group a and b,
respectively.
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fourth-order Runge–Kutta method was implemented
in Scilab. Also, the simulation model of the robot gait
was developed with the use of the same software. The
model was employed to obtain crucial parameters of
motion of the walking robot. The initial parameters

of robot gait were set as follows: the stride length
l=100 mm, the stride height h=50 mm,
L=100 mm and the stride period T=3 s (see Figure
8). Thus, the average speed of the robot in the for-
ward direction was equal to 0.0667m/s.

(a) (b)

Figure 8. Stable orbits of the considered CPGs: (a) normalized periodic orbits and (b) the same orbits converted into the
workspace of the leg mechanism (the stride length l = 100 mm, the stride height h = 50 mm, L = 100 mm).

(a) (b)

(c) (d)

Figure 9. Visualization of the robot leg (L4) configurations and trajectory of the tips of legs, obtained for different CPGs: (a) Hopf
oscillator, (b) van der Pol oscillator, (c) Toda-Rayleigh lattice and (d) SINE generator.
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Figure 9 presents legs configurations and stable tra-
jectories plotted by leg tips at regular time intervals,
obtained for different CPGs. The figures explain how
the investigated oscillators can be used to control a

robot leg tip. In all presented cases, the leg tip plots the
stable trajectory in the workspace of the leg mechanism.
Moreover, the plotted trajectories are limited to a two-
dimensional plane, which is parallel to the x0z0 plane of

Figure 10. Configurations of robot legs in different gait phases (at regular time intervals), obtained for the octopod controlled by
the Hopf oscillator.

Figure 11. Configurations of robot legs in different gait phases (at regular time intervals), obtained for the octopod controlled by
the van der Pol oscillator.

Figure 12. Configurations of robot legs in different gait phases (at regular time intervals), obtained for the octopod controlled by
the Toda-Rayleigh lattice.
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the local coordinate system. The presented numerical
simulations refer to a single robot leg (in this case, the
leg L4), and the results for other legs are similar.

As a result of applying the computed angular posi-
tions in the individual joints, the octopod robot moves
in the forward direction. Below, some numerical simu-
lations of the whole investigated octopod robot are
reported and discussed. Figures 10–13 show configura-
tions of the robot controlled by different CPGs,
obtained at regular time intervals corresponding to
consequent phases of a single stride of the robot.
Moreover, side and top views of the configurations of
robot legs, captured at regular time intervals in differ-
ent phases of a robot stride, are also presented in
Figure 14. An analysis of configurations of individual
legs indicates that the distance between the COG of the
robot and the ground changes significantly in some
phases of the robot gait for the Hopf/van der Pol oscil-
lators and the Toda-Rayleigh lattice. In the case of the
proposed SINE generator, no fluctuations of the robot
COG are observed in any phase of the robot motion.

To better illustrate the above observation, numerical
trajectories of the robot’s COG in the xz plane and
time histories of kinematical parameters of the robot’s
COG were studied for all considered CPGs. Positions
zC(t) and xC(t) of the robot’s COG in the vertical and
horizontal directions in the global coordinate system
Oxyz (see Figure 15) were calculated by the following
relations

zC(t)=
z0a(t)j j if z0a(t)j jø z0b(t)j j
z0b(t)j j if z0a(t)j j\ z0b(t)j j

	
ð14Þ

xC(t)=

ð
_xC(t)dt ð15Þ

where

_xC(t)=
_x0a(t)j j if z0a(t)j jø z0b(t)j j
_x0b(t)j j if z0a(t)j j\ z0b(t)j j

	
ð16Þ

During normal gait, the curves of variation of the
position of the gravity centre and acceleration of the

robot in the direction of movement should be possibly
close to zero. Vertical fluctuations zC(t) of the robot’s
COG and trajectories plotted by tips of robot legs
(group a– solid curves, b– dashed curves) are presented
in Figure 16. One can clearly notice considerable fluc-
tuations of the robot’s COG in the case of the first
three oscillators controlling the robot legs, on the con-
trary to the results for the SINE generator. The analy-
sis of all CPG models studied in this article showed
that the COG of the octopod robot moves up and
down periodically (twice per one robot stride) in a
range of a half of the stride height. This is not observed
for the proposed SINE generator. Therefore, the pro-
posed CPG model is advantageous, since it results in
keeping the COG of the robot at a constant level in
each gait phase.

In Figure 17, one can find curves of displacement of
the robot’s COG in both z and x directions, obtained
for different CPGs. The corresponding curves of velo-
city (obtained by numerical differentiation of the dis-
placement curves) are depicted in Figure 18. An
analysis of the results presented in Figures 17 and 18
indicates that, aside from the fact that the distance
between the COG of the robot and the ground signifi-
cantly changes for typical oscillators, some periods of
the robot motion are realized faster while other slower
in the case of the van der Pol oscillator. Therefore, the
above-mentioned fluctuations of the robot’s COG are
largest for this CPG model. In this case, one can
observe the greatest unnecessary accelerations and
decelerations of the COG of the robot in both forward
and vertical directions. For the proposed SINE genera-
tor, fluctuations of the COG of the robot are not
observed in any phase of robot movement. It should be
also noted that the velocities of the robot’s COG were
obtained by simple numerical differentiation of the dis-
placement variations, and therefore can slightly differ
from reality. However, one can notice a tendency of
results, which is similar to the one observed in the case
of displacement curves. Namely, the obtained results
indicate characteristic fluctuations of the velocity of the

Figure 13. Configurations of robot legs in different gait phases (at regular time intervals), obtained for the octopod controlled by
the SINE generator.
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robot (two per one robot stride) for the first three typi-
cal oscillators/CPG models but not for the proposed
CPG model.

It should be mentioned that variations in the displa-
cement and velocity of the robot’s COG, presented in
Figures 15–18, have a great influence on the contact

forces acting on robot legs due to vertical acceleration/
deceleration of the COG. By virtue of these variations,
the values of reaction forces oscillate (increase and
decrease) around the reaction force resulting from the
weight of the robot. As a consequence, most frequent
and largest oscillations of contact forces are expected

(a)

(b)

(c)

(d)

Figure 14. Side and top views of configurations of robot legs, obtained for different gait phases at regular time intervals (t = 0,
t = 4.25 T, t = 8.50 T and t = 12.75 T– from the left to the right) for the octopod controlled by different CPGs: (a) Hopf oscillator, (b)
van der Pol oscillator, (c) Toda-Rayleigh lattice and (d) SINE generator.
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for the van der Pol oscillator, while the smallest varia-
tions in contact forces should be obtained for the pro-
posed SINE generator.

Power consumption is one of the most important
factors and operational restrictions that must be taken
into account in the development of autonomous walk-
ing machines. In some cases, the development of walk-
ing robots has been limited by too high energy
consumption of prototypes. For the last three to four

decades, many researchers have been creating and
investigating methods for optimisation of power con-
sumption of walking robots.51–56 Variations in the
robot’s COG as well as in the speed/velocity and accel-
eration in the direction of the robot movement signifi-
cantly influence the energy demand of a walking robot,
that is, the higher the variations, the higher is the
energy demand. Therefore, the above-mentioned varia-
tions should be as small as possible, and hence the

Figure 15. Trajectories plotted by the COG of the robot in the xz plane of the global coordinate system, obtained numerically for
different CPGs.

(a) (b)

(c) (d)

Figure 16. Fluctuations zC(t) of the robot’s centre of gravity and trajectories plotted by robot legs for different CPGs (solid curves
– group a, dashed curves – group b): (a) Hopf oscillator, (b) van der Pol oscillator, (c) Toda-Rayleigh lattice and (d) SINE generator.
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proposed SINE CPG model is most optimal from the
point of view of energy consumption.

As it has been mentioned before, fluctuations of the
position of the COG of the octopod, caused by changes
in velocity of vertical movement of the robot, have a sig-
nificant impact on contact forces acting on each robot
leg. In our study, these forces were estimated based on
the concept of inverse dynamics implemented in
Mathematica. Equations for translatory motion in the
vertical direction z of the global coordinate system Oxyz
(optionally, with additional load of mass ML transported
by the robot) can be written in the following form

M+MLð Þ€zC(t)+
X4
j=1

X3
i=1

mi€ziRj(t)+
X4
j=1

X3
i=1

mi€ziLj(t)

+ M+ML +8
X3
i=1

mi

 !
g=RR1(t)

+RR3(t)+RL2(t)+RL4(t)

ð17Þ

for ha(t)ø hb(t), and

M+MLð Þ€zC(t)+
X4
j=1

X3
i=1

mi€ziRj(t)+
X4
j=1

X3
i=1

mi€ziLj(t)

+ M+ML+8
X3
i=1

mi

 !
g=RL1(t)+RL3(t)

+RR2(t)+RR4(t)

ð18Þ

for ha(t)\ hb(t). In equations (17)–(18), €ziRj(t) and
€ziLj(t) denote positions of centres of masses of the ith
links of the Rjth and Ljth legs, respectively, whereas

ha(t)= l2 sinu2a(t)� l3 sin (u3a(t)� u2a(t))j j ð19Þ
hb(t)= l2 sinu2b(t)� l3 sin (u3b(t)� u2b(t))j j ð20Þ

Both equations (17) and (18) have four variables
(i.e. ground reaction forces acting on the individual
robot legs). Due to a symmetrical distribution of the
robot legs, the lack of the rotation of the robot body
during gait, and partial compensation of legs mutual

(a) (b)

Figure 17. Fluctuations of curves of displacement of the robot’s centre of gravity, obtained numerically for different CPGs: (a) in
the z direction and (b) in the x direction.

(a) (b)

Figure 18. Fluctuations of curves of velocity of the robot’s centre of gravity, obtained numerically for different CPGs: (a) in the z
direction and (b) in the x direction.

Grzelczyk et al. 13



movements, we assumed that RR1(t)=RR3(t)=RL2

(t)=RL4(t)=Ra(t) and RL1(t)=RL3(t)=RR2(t)=
RR4(t)=Rb(t) for simplification reasons. Owing to this
assumption, it was possible to determine the average
values of forces acting on the legs of the walking robot.
It should be mentioned that although the adopted
assumptions simplify the dynamic model of the robot,
the obtained results are sufficient to compare the key
dynamic parameters of the investigated robot during
gait controlled by different CPG models.

Figure 19 shows time histories of ground reaction
forces acting on robot legs for different CPG models.
Owing to the assumptions described above, the values
of the reaction force R(t) acting between the ground
and each robot leg are the same for all legs. The values
of R(t) oscillate (increase and decrease) around the
reaction force resulting from the weight of the robot
(which equals about 6.6N). The most frequent and
largest oscillations of contact forces occur in the case of
the van der Pol oscillator, while the smallest fluctua-
tions are observed for the proposed SINE generator.
Similar qualitative conclusions can be also achieved for
other stride periods.

The results presented in Figure 19 were obtained by
the appropriate double differentiation of variations in
the displacement of the robot’s COG and displace-
ments of the links of the robot legs (their masses were
taken into account). However, the exact values of con-
tact forces at the moment of changing of supporting
legs also strongly depend on the parameters of the con-
tacting surfaces (i.e. tips of the robot legs and the
ground) as well as the construction of the whole robot.
The applied contact model also has an impact on the
obtained ground reaction forces. However, the men-
tioned contact problem was not considered in detail in
this study.

Moreover, we also investigated the influence of the
parameters of the robot gait (i.e. the period T, the
length l, and the height h of a single stride, as well as
additional load ML transported by the robot) on the
relative oscillations of forces acting on robot legs dur-
ing walking. Figure 20 presents values of the coeffi-
cient h, which describes the relative fluctuations of
the ground reaction force (during interaction of the
robot leg with the ground) with respect to the force
resulting from gravity, defined as follows

(a) (b)

(c) (d)

Figure 19. Time histories of the ground reaction forces (red solid curves denote Ra(t), whereas green dashed curves denote Rb(t)):
(a) Hopf oscillator, (b) van der Pol oscillator, (c) Toda-Rayleigh lattice, and (d) SINE generator.
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h=
Rmax � Rmin

Rgravity
� 100% ð21Þ

calculated for different CPG models. Due to assump-
tions adopted, the coefficient h has the same value for
all robot legs.

The analysis of the results presented in Figure 20
shows that for all presented cases, the highest values of
the coefficient h are obtained for the van der Pol oscil-
lator. As it has been already mentioned, this is mainly
due to large fluctuations of the robot vertical velocity.
Both the Hopf oscillator and the Toda-Rayleigh lattice
working as a CPG also cause vertical fluctuations of
the robot’s COG, but the changes are much smaller
than in the case of the van der Pol oscillator. Therefore,
values of the coefficient h are smaller in these cases.
The least significant differences in forces acting on
robot legs (the smallest values of h) are observed in the
case of the proposed CPG model (SINE generator).
For this model, the vertical position of robot’s COG
does not change, and one can notice only slight

oscillations of COGs of segments of masses m2 and m3,
while the main robot body of the mass M (optionally
with additional mass ML) as well as segments of the
mass m1 do not change their vertical position during
gait.

Figure 20(a) shows that the value of h decreases
with the increase in the period T of a single stride of
the robot, which results from lower velocities of the
robot’s COG in the vertical direction. The influence
of the stride length l on the parameter h can be treated
as insignificant due to similar amplitudes and frequen-
cies of changes in the vertical position of individual
legs (see Figure 20(b)), but the impact of the stride
height h is much higher. Namely, a higher value of h
causes higher fluctuations of vertical positions and
velocities of individual robot elements. As a result,
higher values of h are obtained, which is shown in
Figure 20(c). In turn, the results depicted in Figure
20(d) illustrate that the value of h decreases with the
increase in the additional mass carried by the robot.
However, this appears to be caused by the increase in

(a) (b)

(c) (d)

Figure 20. Values of the parameter h, which characterizes the relative fluctuation of ground reaction forces acting on the robot leg
for different CPGs.
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the value of Rgravity, which also increases with the
increase in ML.

Conclusion

A biologically inspired model of the octopod robot was
presented and modelled to study kinematic and
dynamic parameters of the robot locomotion and some
aspects of robot power consumption analysis. The gait
of the studied machine on a flat and hard ground was
generated by four different CPG models, including
three typical oscillators accompanied by the new, pro-
posed one. The ground was assumed to be relatively
hard to generate greater contact forces between the
robot leg and the ground.

The proposed SINE generator, which is based on
the sine function, is relatively simple in comparison
with other control methods found in the literature (for
instance, solving of a non-linear differential equations
is not required). Furthermore, a detailed analysis of
results shows that for the Hopf oscillator, van der Pol
oscillator, and the Toda-Rayleigh lattice, the change in
the parameter v affects both the frequency and the
amplitude of the oscillations. In the case of the pro-
posed CPG model, the change in the value of this para-
meter has an influence only on the change in the
frequency of oscillations, which makes it easier to con-
trol the parameters of the walking robot.

For comparison purposes, it is especially useful to
study the case when the robot walks on flat, regular
surfaces. The performed analysis shows that the applied
CPG model significantly influences both kinematic and
dynamical parameters of the robot gait. The CPG
model based on the van der Pol oscillator appears to be
the worst to control the gait of the octopod robot
because it produces the largest unnecessary (and
unwanted) changes in the velocity of the robot, both in
the vertical and horizontal (movement) directions of
the robot. These changes have a great impact on the
energy consumption of the walking robot, and thus
both the variations in the COG and acceleration of the
robot in the direction of robot movement should be as
close to zero as possible during normal gait. The pro-
posed CPG model does not produce the unnecessary
fluctuations of the COG of the robot nor variations in
the acceleration/deceleration in the direction of the
robot movement. Therefore, the proposed generator
appears to be more efficient with respect to the energy
demand in comparison with other investigated CPGs.

In conclusion, the configurations of the robot leg and
trajectories plotted by the leg tip in the case of the pro-
posed CPG model indicate good analogies between the
movements of the simulated walking robot leg and the
movements of the animal leg. Moreover, advantages of
the employed CPG model have been clearly emphasized
in this article, especially with regard to the kinematic
parameters (i.e. displacement and velocity of the whole
robot) and dynamic parameters (i.e. ground reaction
forces and overloads acting on the robot legs). This

article contains important information regarding kine-
matic and dynamic parameters that can be used to con-
trol not only the robot legs but also the whole robot.
This is why the results of the study can be useful for fur-
ther analysis of the strength and structural stability of
the whole robot and robot legs as well as a trouble-free
operation or extending the lifetime of robots.

It is also important to mention the limitations of the
study conducted. Namely, to investigate the dynamics of
the multi-legged robot properly, a more realistic model of
contact between all segments of the robot is required,
including both normal and tangential components of the
forces as well as impact and friction at all contact inter-
faces. This issue was not the subject of this work.
However, the obtained forces make it possible to clearly
conclude that the proposed CPG model has significant
advantages in comparison to other models presented in
this work. What is more, although fluctuations of the
robot’s COG are negligible in the case of the proposed
algorithm, there may occur some deviations of the robot’
s COG from the assumed trajectory in a real robot con-
trol system, which can be caused, for example, by control
errors and dynamics of drives installed in individual robot
joints. The authors believe that further research in this
area may be interesting and should constitute the next
stage of the work. Other, more detailed cases of the robot
gait and control of the position of the robot moving on
an irregular terrain is also worth taking into account in
the future research activities. Other directions of develop-
ment include the use of the SMC technique to study the
control problem of the investigated octopod and exami-
nation of transitions between different phases of gait.
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et al.), Lodz, 11–14 December 2017, pp.229–238.Singa-
pore: Defence Science & Technology Agency.
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