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The closure of the set of the equations is
simplified to the determination of the turbulent
viscosity µ

t
, which is usually determined by

introducing the equations of the turbulence model.
For this case, a two equation k-ε turbulence model
was applied [9] and [10]. Additional equations read:
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Fig. 1.  Mesh model of the impeller, diffuser, return channels and the electrical motor.
Outlet region is not shown here.
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Fig. 2. Geometry of the centrifugal impeller; a) impeller 3D cross section and b) impeller blade angles
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Fig. 3.  Closed loop test rig

Fig. 4. Pressure/volume flow characteristics curve of the vacuum cleaner suction unit under operation
with air. Dots show measurement point at a high volume flow Q

1
=1.46Q

n
 (measurement point 1)

and at nominal flow Q
2
=Q

n 
(measurement point 2).
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Fig. 5.  Trajectories of a single measurement at nominal volume flow

Fig. 6.  Trajectories of a single measurement at nominal flow after the rotation into a single blade
channel
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0 INTRODUCTION

The theoretical development of a continuous
neural-network sliding-mode controller
(CNNSMC) based on the theory of continuous
sliding-mode controllers is presented in the paper.
Derived equations of the CNNSMC were verified
on the real laboratory teleoperated SCARA
mechanism, which is used as remote educational
tool. An inverse dynamic model of a robot arm
mechanism is needed to design a robot controller
but such a modelling of dynamic system is not an
easy task. Besides that, the users of the remote robot
experiment are unable to physically remove the
disturbing causes of a robot’s dynamics and, what
is even more obstructive, the disturbance dynamics
is completely unknown to “the user of the
experiment”. The consequence is that the
conventional procedures for estimating of robot
dynamics, which are used in non-teleoperation
robot applications, can not be used for the purposes
of teleoperating applications.

When using the CNNSMC as a control
algorithm however, unknown robot dynamics is not
a control problem anymore, because the

approximation of changed robot dynamics is
computed independently of the remote user. The
additional advantage of application is the
possibility for the on-line tuning parameters of
CNNSMC, which improves the performance of a
robot’s controller and makes application more
appropriate as an educational tool.

Students are able to learn how the
parameters of CNNSMC have an affect on its
performance because of the possibility of on-line
tuning parameters and observing the responses of
regulation using graphs and numerical indicators.
They can improve their knowledge of the neural
network control algorithm and, what is more
important, with the use of internet connections
experiments can be executed on a real SCARA from
somewhere outside a laboratory .

The developed software, which consists of
CNNSMC and graphic user interface (GUI), is
being executed on a DSP. DSP is via analog outputs
and digital inputs connected with servo-electronics,
which is designed for the generation of the required
current of DC driving motors and for measuring
the position of robot axes with incremental
encoders. On the other hand, the DSP-2 robotic
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controller via serial bus and by using library
ComVIEW connected with the laboratory server,
where the developed VI is running. By using the
technology Remote Panels the laboratory server is
also responsible for publishing the developed VI
on web and for serving the remote client of
experiment. Hardware implementation of
experiment is shown in Figure 1.

1 SYSTEM COMPONENTS

The DSP-2 Library for Simulink [1] is a
MATLAB/Simulink add-on toolbox, which provides
rapid control prototyping support for DSP-2 robotic
controller. The library contains a set of device
driver’s blocks for all available I/O ports of the DSP-
2 robotic controller, including blocks for analog I/
O, digital I/O, incremental encoder and blocks for
communication between the PC and DSP-2 robotic
controller (TCP/IP, USB in RS232). Simulink Real
Time Workshop and the DSP-2 Library for Simulink
enable developers to model applications in the
Simulink block-diagram environment and, after
successful simulation, quickly verify the designed
algorithm with the DSP controller or DSP-2 robotic
controller on a real device.

The LabVIEW virtual instrument named
ComVIEW has been used for serving fly data
visualization and parameter tuning tasks for the DSP-
2 robotic controller. When the DSP target is selected
in the Simulink model, a LabVIEW virtual instrument
is automatically created from the ComVIEW
template VI during binary code generation. A
ComVIEW template contains an empty front panel

and a fully functional block diagram. The block
diagram implements functions for VI initialization,
executable code download to the DSP-2 robotic
controller, functions for transmitting and receiving
messages between the PC and the DSP-2 robotic
controller. During VI creation, numerical controls
and indicators are automatically added to the VI front
panel template, where the number of controls and
indicators depends on the number of DSP
communication blocks used in the Simulink model.
Links between DSP signals and VI front panel
objects are established programmatically using the
DSP Connection Manager Window. This window
appears on the PC immediately after the
downloadable binary code starts executing on the
DSP target system. Using mouse clicks, the user can
create links between the VI front panel indicators
and the DSP output signals, and links between the
VI front panel controls and the DSP input signals or
DSP parameters. When these links are set, a
communication link is established between the VI
running on the PC and the code being executed on a
DSP controller. Whenever the controls on the VI
front panel are changed, LabVIEW automatically
downloads them via serial port, to the DSP controller.
At the same time, all arrived DSP output signals are
read from the PC serial port and displayed on VI
control panel as graphs numerical indicators. In the
scope mode, a small portion of code running on the
DSP controller handles data acquisition and storage
management. The selected DSP signals are, firstly,
captured and then stored in the temporary
controller’s memory. After that, the captured data is
transferred to the PC.

Fig. 1. Schematic implementation of the
developed experiment for teleoperation of the

SCARA via internet

Fig. 2. On the DSP-2 robotic controller the
developed software is being executed
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Remote Panels is a LabVIEW add-on toolkit
developed by National Instruments that enables the
viewing and controlling of LabVIEW VI’s over the
Internet. Using this toolkit, the LabVIEW VI can
be published on the internet with no additional
programming. Afterwards, the virtual instrument
can be remotely observed or controlled by using
standard web browser. The remote user can fully
access the user interface that appears on the web
browser and, consecutively, has complete control
of the remote application. Other users can point
their web browser to the same URL to view a
remote experiment. To avoid confusion, only one
client can control the application at a time.

ComVIEW VI and the LabVIEW server are
run on the same lab server. ComVIEW VI performs
communication between the lab PC and the DSP-2
robotic controller, while the LabVIEW server
enables remote operation of the ComVIEW VI. User
of telerobotics application must have a LabVIEW
Run-Time Engine installed on home computer in
order to perform remote experiments.

The DSP-2 robotic controller [2] (Fig. 2) is
composed of a DSP-2 controller and a DSP-2 add-
on robotic board.  The key components of the DSP-
2 controller are the floating point digital signal
processor, used for control algorithm execution, and
the Xilinx FPGA, which implements peripheral
interfaces. The DSP-2 robotic controller contains
all the necessary peripheral for 4-axes robot control
i.e. this system has 16 digital inputs, 8 digital
outputs, 4 analog inputs/outputs, and 4 incremental
encoder interfaces.

3 DESCRIPTION OF THE SCARA

The SCARA (Fig. 3) has two links. Position
of the first link in the joint space is presented as

the first degree of freedom ( 1θ ), and position of
the second link in the joint space is presented as
the second degree of freedom ( 2θ ) and θ  is the
vector of the real positions.

Each link is driven by a DC motor, and a
gear-box with a transmission ratio 173/19. By using
gear-boxes, any nonlinear inertia influences of the
presented robot mechanism are decreased, but not
completely. Additional dynamic nonlinearities are
brought to the system as friction, which is
proportionally large (about 20% of maximum
torque) in the used SCARA.
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(1),

where T is a vector of the drive torque on the robot’s
joints, M is an inertial matrix, h is a torque vector
due to the centrifugal forces, centripetal forces, and
Coriollis forces, F is a torque vector due to friction
forces and T

n
 stands for a torque vector due to

unknown disturbances, θ�  and θ�� are vectors of real
velocities and accelerations of the robot joints. This
well known mathematical note of a robot
mechanism dynamics (1) can be expressed with an
n-dimensional state-space system of equations with
regard to the control value u:

(2).

New terms are defined as:

(3),

where d is an unknown disturbance, B is an actual
input matrix, B

~
 is an estimated input matrix, u is a

control vector, x is a state space vector of
mechanism, and t stands for time.

4 DEVELOPMENT OF CNNSMC

The main advantages of the sliding mode
control are the robustness to parameter
uncertainty, loading disturbance, and fast
dynamics response. However, these properties are
valid on the sliding surface under the conditionsFig. 3. The SCARA is shown

( ) ( , ) ( )T M h F Tn� � � � �� � � ��� � �

( , ) ( , ) ( , )x f x t B x t u d x t� � ��

, ,  ( , ) ( , ) ( , )n mx u B x t B x t B x t�� �� � ���
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of modelling imprecision absence, external
disturbances, and switching time delays. The
control law of the sliding mode technique contains
a discontinuous component and may, on the
sliding surface, excite those high frequency
dynamics neglected in modelling, due to high
control activity. Practical sliding mode control
implementations exhibit high frequency
oscillations in the plant output, called chattering.
This cause harmful effects such as torque
pulsation in robot electrical drive and,
consequently, imprecise positional control of a
robot tip. Various methods have been proposed to
eliminate chattering. The most commonly cited
approach is smooth approximation of the
switching element by saturation, so that a narrow
boundary layer is introduced near the sliding
surface. The control law is constituted by two
components: a continuous law derived from the
plant model using the Lyapunov theory, and a
saturation law [3]. The first component is required
to slide-down on the sliding surface, while the
saturation law controls the unknown parts of the
robot dynamics.

A number of researchers have suggested
methods for alleviating the chattering effects and
improve precision in the sliding mode position
control of robot mechanisms. In [4] are developed
perturbation estimation schemes; other authors
suggested supplementing the control input with a
predictive correction term [5]. Recently, soft
computing techniques fuzzy logic [6], neural
network [7] and genetic algorithm [8] have been
used to estimate the robot non-linear dynamics, thus
needing only the continuous law derived from the
robot dynamics using the Lyapunov theory.

Our approach uses a neural network as an
estimator for a part or, even complete, robot
dynamics. We decided to use a neural network
because of its high convergence speed in robot
dynamics estimation, robust sliding-mode control
scheme, and as little preliminary knowledge on the
estimated mechanism dynamics model as possible.
In our case, only nominal (average) values were
used for inertia matrix parameters. Differences
between actual inertia matrix parameters and
nominal inertia matrix parameters represent
structured uncertainties. Torque terms due to
Coriollis forces and friction forces were neglected
and they represent non-structured uncertainties. If
we did not have a robust control scheme, the robot

behaviour would be unpredictable during the first
few moments of learning.

A well-known mathematical note of robot
mechanism dynamics (Eq. 1) is transformed into
an n-dimensional state-space system of equations
with regard to the control value u (Eq. 2), because
the theory of Lyapunov for searching the control
law can only be used in the following way.

Our goal is to prove the stability of function
for the robot system. This means that after transient
time, defined with parameters of the matrix G, the
difference between the actual and the desired vector
of state, space variables x and x

r
 will equal zero

and will be stable for all disturbances. Function
0),( =txσ  will be stable if the Lyapunov function

V>0 and the first Lyapunov time derivative of
function is 0<V� . According to the following
definition:

(4),

where x
r
 and x are the vectors of the desired and

actual state space variables and G is the matrix
defining the control of system dynamics, we cannot
prove the robot system’s stability (Eq. 2).
Nevertheless, we can look for suitable conditions
for control law u, where the robot system will be
stable. This is done in the following way.

For the simplest Lyapunov function V, to
determine the control law u, the Equation (5) has
been selected:

(5),

The following equation is derived from(5):

(6).

Owing to the fact that V�  is not always less
than zero for all x

r
, x, and G, the first desired

Lyapunov negative time function derivative is
defined as:

(7),

where D is a diagonal matrix with positive diagonal
elements. If the Equation (7) and the derivative of
Lyapunov’s function (Eq. 6) are made equal, the
result is:

(8).

The Equation (8) is valid if both, or at least
one, of the multiplicators equals zero. Since the
first multiplicator, the term Tσ  does not equal zero,

)())()((),(
r

xxGt
r

xtxGtx −=−=σ

/ 2TV � ��

TV � ��� �

TV D� ����

( ) 0T D� � �� ��
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the control law can be calculated on the basis of
the second multiplicator:

(9).

If the Equation (4) is differentiated and the
Equation (2) is inserted into the recently calculated
derivative, we obtain the following result:

(10).

After the Equation (10) has been inserted
into the implementation condition of control law
(Eq.(9)), the result is as follows:

(11).

Since the term )( duBf +⋅∆+ is unknown
and not measurable it is, therefore, approximated
with the neural network N = [o

1
 ... o

i
]T by changing

Equation (11) into:

(12).

Since the term ( )f Bu d�� �  is unknown
and non-measurable, a classic supervised weight
learning of the neural network can not be used.
Therefore, a so-called on-line estimator has been
developed for estimating a learning signal (the
difference between the target and the output of a
neural network). The result after Equation (4) has
been differentiated, is as follows:

(13).

After the Equations (12) and (13) have been
inserted into the basic equation of mechanism
dynamics, the result is as follows:

(14),

where is substituted Z f Bu d� �� � .
C0
 ����
 ���
 2���������
 ��
 B0�4����D

��������
 ��2
 ���
 �=������
 �"�� 
 ���
 ���2����� 

<����
 ���
 0��3
 ���������2
 ,0
 ���
 2�����4�2

�������
��<
��=(
"��
��3���
��,�� 
�
����28

(15).

The next condition (16) has been developed
from Equations (14) and (15). To make 0<V� and
consequently 0→σ  possible, the condition
expressed in Equation (16) has to be fulfilled during
the time during in which the neural network is
approximating the unknown part of robot
dynamics ( )f Bu d�� � :

(16).

To learn about the output layer of neural
network with two layers, a modified BPG rule has
been used:

�"'� 

where:

(18).

To learn the hidden layer of a neural network
the traditionally back propagation rule is used.

From now, the detailed equations of control
law for a SCARA mechanism with two degrees of
freedom will be derived:

(19),

where T, h, fG  and nT  are column vectors of  the 2 by
1 dimension, M is the matrix of the 2 by 2 dimension,
and [ ]T

21 θθθ = is the column vector of the 2 by 1
dimension of two axes of the SCARA. The previous
equation can also be rewritten in the following form:

(20),

where:

(21)

and where ˆ ˆˆ ˆ, , andf nM h G T  are estimated values
of , , andf nM h G T .
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(22),

where the variables are defined as:

(23).

Coefficients of the matrices G in D should
be selected in such a way that they enable the fastest
convergence of neural network algorithm possible.

The column vector N is of the 4x1 dimension
and represents the outputs of the neural network
with i=1-4. The learning procedure for all the
weights of an output layer is:

(24),

where:
(25)

and where j = 1...20, I = 1...6, l = 1...4, and g’ = 1 is
the first derivative of the output function.

The neural network inputs are: two actual
positions, two actual velocities and two differences
between the reference and the actual position in
joint coordinates.

Figures 6 and 7 show, that the developed
CNNSMC is appropriate as a control scheme for
the robot control. In the Figure 6, the positional
error for the positional reference values in joint
space is shown. The reference value is described
as follows:

(26).

At the beginning of test experiment the
positional error is proportionally huge. The reason
is a random value of the neural network weights at
the beginning of experiment. After first few moments
neural network becomes stable and the positional
error during movement of robot is approximately 5
mm. After 30 seconds the reference values in joint
space ( 1_ 2_,ref ref� � ) are constant. Measured static
error after 30 seconds is equal to zero.

For measurement of sum square positional
error (SSEp) of the robot in Cartesian space, the
Equation (27) is used. The result (Fig. 6) shows
the convergence ability of a CNNSMC for the
above described experiment.

(27),

where _ref iX  and _ref iY  are reference
coordinates in Cartesian space, X

i
 and Y

i
 are

actual coordinates in Cartesian space and i is the
number of measurements. It is determined with
the equation:

Fig. 4. Control scheme of CNNSMC for SCARA teleoperation is shown
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(28),
where T

s
 is the sample time and T

p
 is the time period

of measurement.

5 IMPLEMENTATION OF EXPERIMENT

Telerobotic application is designed for
educational purposes of students. Only predefined
conditions for using it are reliable internet
connection and installed LabVIEW’s free library
LV Run Time Engine. When a user is intending to
take a control over the telerobotic application, the
internet address of application is written to the
internet browser program. The falling menu appears
using the right-mouse click. There the option
Request control of VI must be selected.

After control is established, the dialog
window appears. The user name and user e-mail
address must be written there, because the results
of the experiment are sent via an e-mail. When the
button SEND E-MAIL on the control panel is
chosen, the results are sent to a defined e-mail
address. The results are attached in folder
rezultati.zip, which consists of:

rezultati.rtf the front panel and block
diagram of the used virtual instrument is attached
in this folder.

rezultati.dat the text-data of all measured signals
is contained in this folder (in column form). The first
column is time data, and the other columns contain the
measured data. This format can easily be imported to
MATLAB, where it can be observed in graph form.

After the initial procedure of a web-based
educational tool is completed, the front panel of
the virtual instrument appears (Fig. 7). By using
the switch on the top left rectangle of the control
panel, it is possible to choose from three different
running modes of the SCARA. The holding robot
in the fixed-point is the first running mode, rotating
robot links with sine reference in a joint-space is
the second running mode, and defining the top
coordinates of the robot arm in the Cartesian space
by mouse clicking on the working area, which is
presented as the grid on control panel, is the third
running mode.

When the second running mode of the robot
mechanism is chosen, the user is able to change
the rotation frequency of the SCARA’s axes from
zero to half-radian per second in joint space and
the amplitude of rotation from zero to pi radians
and two graphs appear on the control panel of the
virtual instrument. The referenced and actual
position values of the first robot axis are shown on
the upper graph, and the referenced and actual
position values of the second axis are shown on
the bottom graph. In addition, a positional error of
robot, the SSEp in the joint space and the Cartesian
space, values of some weights of neural network
and the first output from neural network, can also
be shown on both graphs.

In the middle of the control panel, within
the small rectangles, the numerical values of the
robot’s position in the joint space, the values of
some neural network’s weights, the value of the
first output from the neural network, the values of

2
2000

0.001
p

s

T s
i

T s
� � �

Fig. 5. Measured dynamic error for reference
position movement (Eq. 26) and measured static

error (after the 30s period of experiment is
elapsed) of the SCARA’s tip

Fig. 6. The SSEp of SCARA’s tip for the reference
position movement (Eq. 26)
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sum square errors in the joint space and Cartesian
space, and the positional error value of the robot’s
top in Cartesian space, can be observed in the same
control panel.

By using the numerical controls on the left
middle rectangle on the control panel, the user can
change the values of CNNSMC parameters at
predefined intervals. The performance of
CNNSMC changes when changing these
parameters. The work is to find the best parameters,
which would ensures that the performance of
CNNSMC is optimal. Values of parameters are
shown in Table 1.

6 HYPOTHETICAL USE OF THE
DESCRIBED EXPERIMENT IN REALISCT

MANUFACTURING ENVIRONMENT

The research field of production technology
is often focused in the development of intelligent
distributed production plants. The intelligent
production plant is a machine, a part or whole

production plant, which is able to self-adapt of
modifications of the production process and
environment, which has also influence on the
production process. By involving the optimization
algorithms (e.g. genetic algorithm), the intelligent
production plant is able to optimize the production
process as well.

The developed experiment for teleoperating
of the SCARA by CNNSMC is possible to
implement in realistic manufacturing environment
as a part of intelligent distributed production plant.
The self-adapting ability of CNNSMR and
possibility of teleoperation the experiment via the
internet connection are the qualities, which classify
the developed experiment in the class of the
intelligent production plant.

If the control system dynamics of hypothetic
production process is changed because of the load
modifications and the variation of the friction forces
value in bearings (usage and environment
temperature), the developed CNNSMC is able to
self-adapt on the dynamics changes. But, when the

Fig. 7. By using the standard Internet browser, the remote user is able to access the control panel of
experiment
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Table 1. The remote user of experiment is able to set the values of CNNSMC’s parameters within the pre-
defined intervals

system dynamics is changed even more, the self-
adapting ability of CNNSMC can not optimize the
regulation process. In that case, the remote user is
able to fix the parameters of proposed controller to
optimize the performance of CNNSMC again. The
value of the reference position and speed of the
production plant degrees of freedom is possible to
set by teleoperation process as well.

7 CONCLUSION

The paper shows the intelligent interface,
based on the neural network control approach for
adaptation to environment disturbances (e.g.
friction etc.) for telerobot application. The
intelligent interface is used as a web-based
educational tool for teaching neural network robot
control techniques in telerobotics. When the robot
dynamic is changed, this information is unknown
to the user and because of this he is unable to
dispatch it manually. This is not a problem for
control however, because when CNNSMC is used,
the approximation of changed robot dynamics is
computed independently of the remote’s user. The
presented application’s additional advantage is the
possibility of on-line tuning parameters using
CNNSMC, with the numerical controls of GUI,
thus improving the performance of the robot’s
control and also making application more
appropriate as an educational tool for students. With
the possibility of on-line tuning parameters and
observing responses of control using graphs and
numerical indicators, students are able to learn how
the parameters of CNNSMC affect performance.
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0 INTRODUCTION

The service provided by the elevator system
of any modern building is necessary for the efficient
functioning of the building. This service has to be
not only reliable, but also satisfactory to the
passengers. Elevator group control systems can be
utilized to control the cars as a group and convey
the passengers to their destinations comfortably and
promptly. It is viewed as a combination of on-line
scheduling, resource allocation and stochastic
optimal control problems similar to robotics or
automated manufacturing systems. However,
elevator control systems are harder to deal with
than other systems because the states of the system
are dynamically changed in large state space and
coming events are unpredictable in many cases [1].
In offering a solution to elevator control problem,
the traditional control systems often yield
unsatisfactory results because they lack in
considering number of technical characteristics and
possibilities to be taken in to account. They also
possess limitations and their flexibility is still
restricted even if they are adapted to utilize
computers.  The selection and distribution of the
most suitable cars in the building is a function of
the call assignment. Landing and car calls are often
allocated to suitable cars by taking into account of

the minimum cost concept that operates by
performing a trial allocation to all available cars
and allocating the call to the car giving the lowest
cost. The criteria for determining a suitable cost
function depends on either quantity of service and/
or quality of service. The quality of service is a
measure of the elevator capacity consumed to serve
a specific set of calls, indicated by total journey
times of all the cars [2].
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Neural network embedded elevator control
module is situated in the simulation program and
allocates the both landing and car calls to suitable
car according to the control algorithm. Inverse-Stop
Passenger method was proposed by Al-Sharif [12].
This module can continuously learn passenger
arrival rate patterns throughout the day of the
elevator system, and predict the passenger arrival
rates for each floor and destination in the building.
In an elevator system, when a landing call is
registered at a given floor, the information the group
control system receives is the floor identification
and desired direction of travel. The next stopping
floor as the destination is not known. The
information could be used by the elevator control
algorithm to send the best car to answer the landing

call. Conservative approaches can not provide such
flexibility and autonomous behavior. As a preferred
embodiment of this technique, population behavior
is modeled using neural network approach as
described by Rumelhart and McClelland [13].
Artificial neural network application in
identification of vertical traffic pattern uses a
feedforward neural network to perform this task
[14]. Another neural network application in elevator
control intends to be a new method using artificial
neural networks to predict the response time of an
elevator to a landing call.

2.1 The Structure of Artificial Neural Networks
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Fig. 1. Overall diagram of an elevator control system
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The problem of AGV consists of the operational
control strategies of dispatching and routing of a
set of AGVs and can be solved by using a lot of
heuristic algorithms as Petri nets, fuzzy logic and
neural networks. Hao and Lai [23] have described
a neural network approach for the AGV problem
and proposed neural network models to perform
dispatching and routing tasks for the AGV under
conditions of single or multiple vehicles which are
based on Kohonen’s self-organizing feature maps.
Bostel et.al. have proposed a new navigation
technique for AGV’s based on neural networks [24].
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Vehicle travel time of AGV is a fundamental
parameter for solving various flexible
manufacturing system design problems. The
feedforward neural networks embedded system
presented in this paper possesses generality for
transportation systems. It is mostly used in elevator
engineering, but it could be used for single vehicle
or multi vehicle AGV’s control up to 3 vehicles in
flexible manufacturing systems, if it is adapted and
generalized for fixed route path problem using
average waiting time and average travel time
concepts as described in elevator traffic calculation.
This control system could be applied the static
production environment where the product mix or
machine routings are assumed to be stable over
time. It can also be used to determine and estimate
the vehicle waiting times of AGV. It is believed
that the models can be applied to a number of call-
a-ride cases, such as AGV travel.
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Wrinkling occurs in areas which are not in
contact with tool [3]. In incremental forming of
spherical tank-ends, the only two contacts occur
between the plate and the edge of lower concave
tool, and between the plate and upper convex tool.

The following analysis assumes that
tangential stresses before buckling are neglectable
and plate thickness is uniform.

Well known Timoshenko’s energy method
with various combinations of boundary conditions
was used in analysis of thin plates elastic buckling.
The shape of deformed plate is presumed and
critical buckling criterion can be obtained when
internal energy of buckled plate equals the work
performed by plane membrane forces. If internal
energy for every possible deformation is larger than
the work performed by membrane forces, the plate
is in stable equilibrium.

The process usually starts with presumed
function which describes plate deformation. It is
usually a double sine function, with shape depending
on plate shape (circular, rectangular, elliptical, etc.).
For circular plate, the function can be:

(1),

where w
0
 is amplitude of wrinkles, m is number of

wrinkles per perimeter, n is number of wrinkles in
radial direction, r

a
 is lower tool radius, r

r
 is outer

diameter of the plate.
The following boundary conditions apply:

(2)

�:�'

Equations describing internal energy and
work are very complex in this case and it is common
to use numerical methods to solve this problem.
Analytical calculations, as the one presented in [4],
can show what influences critical buckling stress
and wrinkling in incremental forming process.
Proposed double-sine function, when visualised,
corresponds to mode shapes obtained by
experimental and numerical results presented here.
Nevertheless, this function can be used only to
confirm the assumption that buckling mode shapes
play significant role in wrinkling occurrence during
incremental forming.
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Metal cutting causes several types of wear

which can be ascribed to a few mechanisms as
illustrated in Figure 2 [26] and these mechanisms
are defined by the international standard ISO
3685:1993 [27].

In references [28] and [29] typical tool wear
features are illustrated in finish turning and VB and
VB

max
 measures are defined.
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which is of complex form and is derived
experimentally.
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Tillage quality expressed by a reliability
function R =  f(t,W) (t: working time, W: wear land
on the tool) will be directly affected by the wear
law followed.  If the latter is known experimentally
or theoretically, an optimizing approach is possible
regarding the appropriate selection of tool and soil
processing conditions.
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The shipbuilding production is a complex
and lengthy process, which demands careful
planning and timely decision-making.
Characteristic of an intermittent process like
shipbuilding is a large number of working activities
of different duration. Thus, it is necessary to ensure
work-in-process storage areas, which demand an
adequate space and a rather intensive use of
transport devices. Position of machines, transport
equipment and other devices within the process
does not change. The major changes in the process
are caused by diverse production programs.
Products of different purpose and geometries pass
through the same production process and incur
different work-loads on workshops, equipment and
work-in-process storage areas, which might cause
interruptions in production [1].

Problems encountered in complex systems
are efficiently resolved by simulation methods.
Mathematical and statistical analyses do not play
a major role in such systems, since they are not
realistically described by mathematical equations.
The literature does not offer an unequivocal
definition of simulation. The term “simulation”
would mean imitation, and the simulation
procedure, according to one of definitions, is a set
of activities ranging from real system modelling
to experimenting with a model and analysis of
results [2]. The simulation enables prediction of
steps taken in real production process and

recognition of unfavourable situations, such as
interruptions or bottlenecks in production. It is also
possible to monitor the effects of parameter changes
on overall process before the production in
workshop starts, when error corrections are much
more difficult and expensive.

9�;��
 �,���
 �2�������
 2����6
 ��
 ���

��;,���6���
���
�����)
>�
����
���3
��C
������D

������
 �
 ��
 ;�����
 ��6
 ���������
 ���
 ��
 ��

�2�������
 2����6
 �
 �
 ����
 ���
 �����
 6������

2�	���
 ��
 ��;,���6���
 ;��6������
 ;����)

��6����
 ��
 ��)
 ["]
 ��6
 E�����2
 ��
 ��)[�]
 ���

;��������
�����
C��	
��
3��2
���
2�6�����
��6

������1�����
 ��
 ;��6������
 ;����
 ��6
 ���

�2;�������
��
���
��������
�
�
��22���������
����)

&����
��
��)
[�]
�����6���
������������
�;;�����
��

2�6�����)
 B������
 �2�������
 2�6��
 ��
 ���

;��6������
;����
�
6���6�6
��
��2,��
��
2�����

2�6��
 ����
 ���
 ������6
 �;������3)
 �2�����

�2�������
 2�6��
 ����6
 ,�
 ����
 ���������6
 ��6

����31�6
 �����)
 Their approach also includes
methods that integrate these sub-models into an
overall model in order to run different scenaria and
identify global performance measures.
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2 AN EXAMPLE OF SIMULATION METHOD
USE IN SHIPBUILDING WORKSHOP

PRODUCTION PROCESS MANAGEMENT

The simulation method use in management
of production processes will be shown using an
example of situation analysis for a shipbuilding
workshop [11]. The data obtained from the shipyard
will be used to build a simulation model of the
shipbuilding workshop, define the production
program and carry out computer-supported
experiments. Analysis of results of an individual
experiment and comparison of results of a larger
number of experiments creates a database facilitating
quality decision-making on the production process
changes. Taylor ED software is used for modelling,
visualization and results analysis.
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Fig. 1. Shipbuilding process design elements obtained by simulation procedure
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Simulation model of the shipyard workshop
was verified and validated, ensuring the confidence
in suggested improvements of the technological
processes.

Experiments with model are used to analyse
different technological solutions for a production
process, and to anticipate situations in case of
investment into new equipment or when alternative
production programs are considered which might
affect particular stages in the production process.
Differently defined experiment scenaria include
changes in model parameters, and carrying out of
a number of experiments in a short period of time
enables a broadly based research, resulting in a
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database that makes it possible to evaluate status
of all the production process stages according to
the criteria such as efficiency of equipment and
devices, process duration or capacity of interim
stores. The analysis conclusions are used for
efficient management and decision-making process
in a real system.

An advantage of simulation procedure use
in production process management is that it enables
creation of a realistic model of the production
process and final product, and an approximation
of situations encountered in a real production
system to be used in production process control
and management. Complex production processes,
such shipbuilding, are too complicated to be
resolved by mathematical analysis, and simulation
methods have proven better for analysis and
understanding of their behaviour. Their application
is possible in already defined production processes
as well as in those, which are in a design stage.

Application of the state-of-the-art program
packages enables a more extensive use of simulation
procedures in production process control and
management than before. This is certainly due to
advancement in computer technology and capacities,
primarily in their operation speed and graphic
software. Advancement in program packages
resulted in their being user-friendlier; the users need
not involve in programming, coding and testing of
programs. Instead, they may focus on modelling,
experiments with model and analysis of results.

An advantage the state-of-the-art program
packages have is an option of 2D and 3D visualisation
of production process model, which facilitates an
experiment monitoring, detection of errors in model
creation and pinpointing of interruptions or
bottlenecks in the production process.

4 REFERENCES

[!] +��,��	�� 
*)
��2�������
��
2�����2���
��

���
 ���	��;
 6�������
 ���
 ,���6���
 ;���� 

�����
@���)
$�������3
��
4����, 
5�����3

��
 ����������
 �����������
 ��6
 7����

8����������� 
����)
���
'��������)

[2] •iljak, V. Simulation by computers. Zagreb:
Školska knjiga, 1982. (in Croatian).

[3] Medeiros, D.J., Traband, M., Tribble, A.,
Lepro, R., Fast, K., Williams, D. Simulation
based design for shipyard manufacturing
process. Proceedings of the 2000 Winter
Simulation Conference, Orlando, USA.

[4] Williams, D., Finke, D.A., Medeiros, D.J.,
Traband, M.T. Discrete simulation
development for a proposed shipyard steel
processing facility. Proceedings of the 2001
Winter Simulation Conference, Arlington,
USA.

[5] Kiran, A., Cetinkaya, T., Cabrera, J.
Hierarchical modelling of a shipyard
integrated with an external scheduling
application. Proceedings of the 2001 Winter
Simulation Conference, Arlington, USA.

[6] McLean, C., Shao, G. Simulation of
shipbuilding operations. Proceedings of the
2001 Winter Simulation Conference,
Arlington, USA.

[7] Dain, O., Ginsberg, M., Keenan, E., Pyle, J.,
Smith, T., Stoneman, A., Pardoe, I. Stochastic
shipyard simulation with SimYard.
Proceedings of the 2006 Winter Simulation
Conference, Monterey, USA.

[8] Nedess, C., Friedewald, A., Wagner, L.,
Hubler, M. Simulation of material flow
processes in the planning of production spaces
in shipbuilding. On-line: www.tudelft.nl.

[#] ���������� 
%) 
��3���&H��� 
�)
���������	

�����
���������	
���		�	�
�	
�����
�������*)

B������<
CCC)��6����)��)

[!�] ���6����� 
M) 
4�;����0 @) 
+��,��	�� *)
��2�

;��,������
 ��
 ��;,���6���
 ;����

2�����2���
,3
�2�������
2����6)
��
��	�

1�	�����
 ��
 ��
 2	���	����	��
 ��������

����������	
 ��
 ��
���������	��	 
 '���� 

I���� 
!"�!=
��3 
����)

[!!] &�12���0 
 �)
 @������������
 ;����
 ��

��;,���6���
 C��	��; 
 .��6������
 ;������)

$�������3
��
4����, 
5�����3
��
����������

�����������
��6
7����
8����������� 
���()
���

'��������)

Ljubenkov.pmd 10. 04. 08, 14:20139



140

��������	�
�����	
�
�������
��
����������
�����������
��������� 
!���!�"

�����������	
�	�	�����	��	�	�����	��

��������	�
�����	
�
�������
��
����������
�����������
��������� 
!���!�"

#$%
�
#$&
�'()'!(*+��)�"'

��������	��
��
���������
������	��
���	��
���
��������������

����
��
��������	����	����	���������	�������	���������������

�������� ����
�	���������!�� ����"
���

%�,-�.
/�	����0��1
�
2���
3���-�
�
4����0
3���,�

�#5
#�������6 
7��
8����
3������
&����� 
2���

��	����	������	�����������	������	�������������	������	���	������������	�����������	������	����	��������

��������	�������	��	������������	� 	���	��	�����������������	������	�������	���� ����	��		���	�����	�����	���

������	�������	!�"#	�����	��	���������	� 	����������	���� ���	�$�������	���	��������	�����������	���	���������

�������	%���	��������	������	���	������	�������������	������	��	����������	���	�����������	�����������	������

����	��������	��������	�������	�������	��	�������	��������	&��	������	��	�������	������	��	�����	��	�����

�����	 ���	�������	�����������	������	����	���������	��������� 	�����	 ��	 �������������	&���	 ���� 	�����	 ���

������� 	��	���� �����	������	��	���������	��	��������� 	�����	���	�'%	������	��	����	�������	������	��

�����	�����	������	���	��������� 	�����	���	�	������	������	��	������	�������������	�������

9
����
�������
��
����������
�����������)
7��
�����
������0)

#�$�
���%���������
������	��
���	��
�&����������� ���� ���
��&�
���
��
������	���

:�;��
�������0*

!)�)���+

:�;��
����;��0*
��)()���"

*Corr. Author’s Address: �#5
#�������6 
7��
8����
3������
&����� 
�����. 
:����
&�0�*
"!(�(!�+�� 
2��� 

	�,-�.<-�	����0��)��

0 INTRODUCTION

����
 �������������
 �����0
������
����

�����
 ;��������
 �,;�������
 -�����
 ���6
 ���

���,���6
���
����
��
�������)
4��
,��
,������� 

���
 �������
�������
��
 ���
,�������
���
������6

�����
 ���
 �����
 �������)
 5��
 ���
 �������
 ��� 

��	���
����
�������
���
��0������
��
����������

���� 
�
�6;�����6
,���
��
����
���
����,���
������

�������
��
���
�,�
,�������
=������
���
�����
��

����)
#����
��= 
���
���
�������������
������
���

������
 �����;��
 ��������
 �
 ����������0)

>�6=��0
 ?!@ 
 :������
 ?�@
 ��0
 :��	�6
 ?'@
 ����

����������0
 ������
 �����;��
 ��;�
 =���
 =�0�

�����
 ��
 ����)
 >�=���0
 ?�@
 0����,���0
 ���

�������
 ��
 ���
 ;��-��,
 ��
 �
 ����
 �����;��

�����������
;����
=���
�
�������0
����
�-����
��
�

������
 ���0)
 :������
 ��0
 >�6=��0
 �����0���0

������
�A������
���
����
������
��0
������
=�0��

;����
=���
0��������
�;�����
��;�)

B�	����	��
 ?�@
 ��0
 5��
 ?+@
 �����0���0

������
 ���,�������
 ���
 ���
 �������������
 ��

��������;��
,�������)
B�	����	��
0�����
�A������

���
 ��������
 ;����
 =���
 ��������
 ����)
 4��
 �������

=�0��
 ��������;��
 ;����
 5��
 �����0���
 ������

�A������)
 >�
 0�����
 ����
 �A������
 -6
 ��
 ��

�A����-���,
�������� 
-��
��
0�0
���
����������
���

������
��
��������;6
�����)
5��
��������;6
�����
 �

0�����0
�
���
�����
��
�=�
������
,�0���
��
-���

,���
 0��������)
 5��
 ����6�
 ;������0
 ����

������0 
����
5��C
�A������
���
�;;����-��
���6

���
�
;������
�����
��
��������;6
�����)

2�
���
;�;�� 
���
������
��
��������;6
�����

��
 ���
 ���
 �������������
 ������
 ��
 �����������

�������=�0��
 ;����
 =���
 ��������
 �;�����
 �

����������0)
 5���
 ;����
 ���
 ��0��
 ������
 ��

���0����������
 ������
 ���0)
 2�
 ���
 ����
 ;��� 
 ���

������
 ���,���
 ,�0��
 �
 ����0���0
 ���
 ��������

��������;��
 ��0
 �����;��
 �����������
 ;����
 =���

��������
�;�����)
D���
����0���0
,�0�� 
���
������

��
��������;6
 �����
��
 ���
 �������������
 ������

�
 ����������0)

1 THEORETICAL STRESS
CONCENTRATION FACTOR FOR FINITE

WIDTH PLATE

7
 �
 =���
 	��=�
 ���
 �����������
 ���

�������������
 ������
 �5�&4�
 ���
 ���,��
 ���
 �

0�����0
�����0���
��
?�@
��0
?"@*










































































































































�!� 

=����
���
���
σ
,�E


��;�����
���
,�E�,�,
���

��
-�
�E;����0
��
���
,�,-��
��0��
���
������
���0

��0
 ���
 ���,��
 ���
 σ
��,


 �
 ���������
 ���,��

max

nom
TK

�

�
�

Bakhshandeh.pmd 10. 04. 08, 14:16140



141

��������	�
�����	
�
�������
��
����������
�����������
��������� 
!���!�"

�������������	��	(�����	)������������	������	���	�������%����	*����������	����������	+�����

2

3

2

W

a
2

11

w

a
12

W

a
13

81

M








−





















−






 −+






 −

−

=

���)
 2�
 �
 �����������
 ;����
 ��0��
 ������
 ��

���0����������
 ������
 ���0
 (
 �4��)
 !� 
 σ
���

 �

���������0
-��0
��
���
=����
����������
��
���

;����
����
�����
�
?�@*








































































































































��� 

=����*

(	�
��������
����� 
������,
��
�0��
��
;���� 

%
�
;����
�����=�0�� 

�
�
;����
����	��)

2�
 ���
=�6 
 0�����0
 ���������
 ���
 �
 ��

����
���
���
�=�6
����0
���)
5�&4
���������0
���,

�A������
�!�
��0
���
�
0�����0
-6


&�


��0
�
���6

�����
=���
 ������������
=�0�
;����
=���
 ,���

�;����� 
 �)�)
=���
 �;;��������
 ��������
 0�,���

;��-��,)

��,�
 �����
 ��
 ���
 5�&4
 ����
 -���

��,;���0
 -6
 �,�
 ,����
 ���������
 :������ 

:��	�6 
5��
��0
B�	����	�� 
��0
���
��;��0���0
��

�
 ��,-��
 ��
 ,���������
 0����
 ��E�
 ��0

=���0=�0�)

4��
 �
 ������
 =�0��
 ;���� 
 ���
 ���

�������������
 ������
 ���
-�
 ���������0
-6
��
��

�������=�0��
 ����������
 �4D&�
 ������
 ?+@
 ��0
 ?�@)

4D&
������
�
�
����
������
0�����0
�
���
���

�������������
������
��
��
��������
��
�
�������=�0��

;����)
5�� 
���
���
�������������
��
�������=�0��

;����
���
-�
���������0
=���
;�����������
��
4D&

������
��0
���
�������������
��
��������
;����
=���

�,����
 �;�����
 ��0
 ,�������
 ���������;��
 ��

�����;���)

4D&
 ������
 ���
 �����;��
 ,�������
 �

��0�;��0���
 ��
 ,�������
 ;��;�����
 ���
 ���
 -�

0����,���0
 ���������6
 -6
 ��
 ��
 �����
 �������

������A��)
 D�����
 ��
 ��������;��
 ,������� 
 ���

������
,��
-�
�-�����0
=���
���
����6�
-6
��

��
 ��������6
 �A������
 ��
 ,����6
 ����
 ������

���,���
,����0
?+@)

7����0���
 ��
 ������������
��
5��
��
 �����������

��������;��
 ;����
 =���
 ����;�����
 �;�����
 ��0��

������
��
���0����������
�E���
���0
�4��)
!� 
���
4D&

������
 �
 �����0���0
 ��
 ���
 ���,
 ��
 �����=���

�A������*
































�'� 

=����*










































































































��� 

λ	,	�'� 

TgK�

�
���
�������������
������
��
��������
;���� 



&�



�
���
�������������
������
��
������
;����)

5��
 ,������������
 ������
 - 
 �
 ���6
 �

��������
 ��
�'%
 ��0
 �
 ��0�;��0���
 ��
 ,�������

;��;�����)

4��
�
��������
�;����� λ	,	�'�
F
!
=���
����

���
BC>�;����C
����
�=���
=)�)�
λ ?+@ 
�A������
�'�

-���,�*









































































���)

5��
 �A������
 ���
-�
��0
 ���
��������;��

��0
 �����;��
 �������=�0��
 ;����
 =���
 ��������

�;�����
��0��
������
��
���0����������
������
���0

���
�'%
�;
��
�)(
?+@)

4��
 �����������
 ��
 ���
 �������������

������
 ��
 �
 �������=�0��
 ;����
 -��0�
 ��
 4D&

Fig. 1. A finite-width plate containing a central
elliptical opening
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Table 1. Net stress concentration factor for isotropic plate
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Fig. 6. Net stress concentration factor distribution of isotropic plate with a/W = 0.1
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3 RESULTS AND DISCUSSION
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Table 2. Net stress concentration factor for orthotropic plate

* Eqs. (5), (8), (10)
** Eq. (11)
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Fig. 7. Net stress concentration factor distribution of orthotropic plate with a/W = 0.1
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4 CONCLUSION
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Fig. 8. Difference of analytic and FE method results
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Fig. 9. Net stress concentration factor respect to
orthotropy ratio and a/W ratio

Bakhshandeh.pmd 10. 04. 08, 14:16146



147

��������	�
�����	
�
�������
��
����������
�����������
��������� 
!���!�"

�������������	��	(�����	)������������	������	���	�������%����	*����������	����������	+�����

5��
 �������6
 ��
 ����6�����
 ,����0
 �

0�;��0���
��
��������;6
�����
��0
�'%
�����
��0
��

�
����-��
���
�'%
≤
�)�)
2��������
���
�'%
����� 

���
 �������6
 0������
 �������
 ���
 ���������
 ��

��������;6
 �����
 �
 ,���)
 7�
 �'%
 �����
 �)� 

0����;���6
 -��=���
 ����6�����
 ��0
 ��,������

,����0
 �
 ��
 ����
+L
  
=����
 �
 ����;��-��
 ��

�����������
�;;��������)
5�������� 
5��C
�A������

���
 ���
 -�
 ��0
 �����0
 ��
 ��0���
 ��0
 ��,�

����,���
 ������
 ���,���
 ����6�
 ���
 ���

����������0
�����
��;
��
�)��)

5 REFERENCES

[1] Heywood, R.B. Designing by photoelasticity.
Chapman and Hall, 1952.

[2] Peterson, R.E. Stress concentration factors.
John Wiley & Sons, 1974.

[3] Pilkey, W.D. Peterson’s stress concentration
factors. New York: John Wiley & Sons Inc.,
2nd Edition, 1997.

[4] Howland, R.C.J. On the stresses in the
neighborhood of circular hole in a strip under
tension. Phil. Trans. Roj. Soc.,Vol. 229, 1929,
p. 49-86.

[5] Lekhnitskii, S.G. Anisotropic plates. Gordon
and Breach, 1968.

[6] Tan, S.C. Finite-width correction factors for
anisotropic plate containing a central opening.
J. of Composite Materials, Vol. 22, 1988, p.
1080-18.

[7] Wang, Q.Z. Simple formulae for the stress
concentration factor for two – and three-
Dimensional Holes in Finite Domain. J. of
strain analysis, 37, 2002, p. 259-264.

[8] Tan, S.C. Laminated composites containing
an elliptical opening. II. Experiment and
Model Modification. J. of Composite
Materials, Vol. 21, 1987, p. 949-20.

[9] Hwai-Chung,W., Bin, M. On stress
concentrations for isotropic/orthotropic plates
and cylinders with circular hole. J. of
Composites, Part B: engineering, 34, 2003,
p. 127-134.

[10] Manual: MSC.Nastran for Windows: Quick
Start Guide. MacNeal-Schwendler
Corporation, 2004.

[11] Reddy, J.N. Mechanics of laminated composite
plates and shells: Theory and analysis. 2nd
Edition. New York: CRC Press, 2004.

Bakhshandeh.pmd 10. 04. 08, 14:16147



148

��������	�
�����	
�
�������
��
����������
�����������
��������� 
!���!�"

����������	
��
�
���������
����	

��������	�
�����	
�
�������
��
����������
�����������
��������� 
!���!�"

#$%
�
#$&
��'(��

����������	
��
�
���������
����	

����
)�*�����	+
�
,���
-��.��
�
/����
��0�1
�
�2���2
-���	��

#�������3
��
4��.����� 
5�����3
��
����������
����������� 
��������

����
�����
������	�
	��
����������	
��
�
����	
	��	
������
	��
�������	
��
�
����
������
�
���	�	���

����	
����������
���
�����
���
����	���	���
��� ��
��	��	���
��	����
	��
�����
������
	��
����	!�
������

�����	�����
����	���
��	����
	��
�����
���
	��
������
������	��
	��
�����
	��	
�������
	��
����	�
�
���	���

��������
	��	
��	�������
��	��	��
������
��
����
	�
�������
�
���������
����
��	����
���
�������������

������
��
	������		��
����
�
�����
�����
"���������	�
��
�������
������	�
���
	��#��	���
��
	��
����	
����

���������
��	�
��������	
���	���
������	����
$����
������	���
��
	��
����	!�
�������	
���
������	���

6
����
�������
��
����������
�����������(
7��
�����
������2(

���������
����������
����	��
���	����
������	���
���������
����	���
������

/�8��
�������29
!�("(���'

/�8��
����8��29


�'(:(���'

*Corr. Author’s Address: #�������3
��
4��.����� 
5�����3
��
����������
����������� 
7�	��1���
: 
�,�!���
4��.����� 

�������� 
 ����(.�*����	;�(������(�

0 INTRODUCTION

In relation to the development of modern
endoscopes, there is increasing interest in snake-like
robots achieving motion in a desired direction by
undulation of the body as shown in Fig. 1. Such robots
make feasible new solutions to complex problems,
such as the non-destructive testing of mechanical parts
in technical devices, flexible machining of
geometrically complicated cavities and various
surgical operations in medicine [1].
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1 CONSTRUCTION OF THE SNAKE-LIKE
ROBOT

The aforementioned propulsion principle is
applicable to achieve robotic movement in two or
three dimensions. In our research we have considered
just two-dimensional cases on a flat plane. Hence the
joints axes between the links are parallel to each other
and normal to the plane. The robot was composed of
six links connected by hinges (Fig. 3). Between the
links there are five torque actuators.

For our research it is not necessary for the
robot to withstand high mechanical loads and the path
following tolerance is not very strict. Therefore, the
robot needs not to be built of highly accurate and rigid
parts with tight tolerances. Consequently, we have
assembled the robot from simple flexible plastic

elements [5]. These elements also enabled the simple
changing and improvement of the structure. The final
version of the robot is presented in Figures 4 and 5.

As torque actuators we used DC electric servo
motors, of the type usually used in remote control
model aircraft. These motors are convenient for
developing robot prototypes because they have a built-
in feedback loop that simplifies control of their
position angles. Furthermore, these motors are
designed to work with radio control and receiving
units permitting remote control. The servo motors are
positioned on the turning axis of the joints between
adjacent links. The motors do not need any additional
gears, since they generate enough torque for the
change of the angles between links. The motors
receive control signals from the radio receiver unit
placed on the head of the robot.

To assure anisotropic friction, we need suitable
contact of the robot with the ground. Different
materials have already been tested for this purpose
by other researchers [2]. Passive wheels have been
found to be the most appropriate, since they have a
very high coefficient of friction in the transverse
direction and almost no friction in the direction of
rolling. Consequently, we have also utilized passive
wheels. Initially, we used plastic wheels, but these

�
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�������	 Fig. 2. Scheme of a snake-like robot structure
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lacked sufficient transverse friction for good
propulsion. To increase friction, we replaced the
plastic wheels with rubber wheels.

As a power supply for the radio receiver and
servo motors we utilized rechargeable electrical
accumulators. It is important to achieve uniform and
sufficient friction along the robot. For this reason a pair
of accumulators is placed on each link as extra weight.

2 CONTROL OF THE SNAKE-LIKE ROBOT

The propulsion of the robot results from
friction of the wheels due to undulation of the body
on the surface. This undulation is achieved by
controlling the angles between links by servo motors
[4]. A control variable φ

s
(t) determines the values of

the angles between the links. To control the movement
of the robot along a prescribed planar path this control
variable was determined by a sum of two control
signals. The first component causes undulation of the
robot body, while the second one causes an average
bending that corresponds to the curvature of the
prescribed path. The corresponding control variable
φ

s
(t) is described by the following function:
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( ) ( )( )sin 2 1s trt R t s Rφ πν ϕ= ⋅ ⋅ − − +

( ) ( )( )2 sin 2 1s trt R t s Rφ ξ πν ϕ= ⋅ ⋅ − − +
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3 EXPERIMENTAL RESULTS

Measurements of average velocity and head
trajectory were made on the robot creeping on various
surfaces.
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To analyze the influence of surface on the
effectiveness of creeping we conducted a set of
experiments on surfaces of linoleum (R

a
 �  0.5 µm),

spongy plastic (R
a
 �  10 µm) and smooth plastic (R

a
�  0.1 µm). We found that propulsion of the robot is
most effective on the spongy plastic material, which
has the highest roughness R

a
. The results on linoleum

were also satisfactory, while creeping on smooth
plastic was rather ineffective.
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4 CONCLUSIONS

We have developed a snake-like robot capable
of creeping along a prescribed planar path on various

surfaces. The robot is controlled by a personal
computer, where a user enters control parameters by
keyboard or joystick. Application of a joystick offers
convenient and continuous manual control of the
robot’s movement.

In our experiments, velocity and head
trajectory of the robot were measured. We tested seven
different sets of control parameters and roughly
estimated the influence of the control parameters on
the movement. The highest achieved velocity of the
robot was approximately 0.26 m/s. A surface with a
high coefficient of friction has proven to be the most
suitable for effective propulsion.

At this stage we have only used open-loop
control. The next research step is to upgrade the open-
loop into a closed-loop control, where the controller
constantly receives feedback information from the
robot. The feedback information can contain position
coordinates, indication of obstacles, etc. By applying
the closed-loop control of the robot, increased tracking
accuracy and reliability of the robot can be expected.

Fig. 8. Shape of a snake-like robot at phase delay
ϕ = 1 rad
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Some work has already been done on a development
of a control system with a feedback loop that includes
an infrared optical tracking sensor, where we achieved
some promising preliminary results. Our long term
goals are to fully implement closed-loop control and
to utilize an artificial neural network for autonomous
optimization of the robot movement.
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Sl. 1. Shematski prikaz razvitega preizkusa za
daljinsko vodenje SCARA robota preko
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Sl. 2. Na DSP robotski karti se izvaja razvita
programska oprema
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