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11th International DAAAM Baltic Conference 
INDUSTRIAL ENGINEERING 
20-22 April 2016, Tallinn, Estonia 
 

NUMERICAL SOLUTION OF A CLASS OF FRACTIONAL 
DELAY DIFFERENTIAL EQUATIONS VIA HAAR WAVELET 

 
Aziz, I; Amin, R & Majak, J. 

 

Abstract: In this paper, Haar wavelet 
collocation method is applied for the 
numerical solution of fractional delay 
differential equations. The method is 
applied to linear and nonlinear fractional 
delay differential equations. The numerical 
results are compared with the exact 
solutions and the performance of the 
method is demonstrated by calculating 
the maximum absolute errors and mean 
square roots errors for different number 
of collocation points.  The numerical 
results show that the method is simply 
applicable, accurate, efficient and robust. 
Keywords: Fractional calculus, Caputo 
derivative, Haar wavelet, fractional 
delay differential equations. 
 
1. INTRODUCTION 
 
The subject of fractional calculus deals 
with generalizations of differentiation 
and  integration of arbitrary orders and 
dates back to  correspondence between 
L’ Hospital and  Leibniz towards the end 
of 17th century. This was followed by 
the contributions from Euler and 
Lagrange in 18th century. Abel solved 
the integral equations encountered in the 
tautochrone problems using fractional 
derivatives, a notion not so well 
formulated then. The work of Abel gave 
further stimulus to the development of 
the subject. The pioneering works of 
Liouville, Riemann, Grunwald and 

Letnikov in the middle of 19th century 
finally led to formulation of fractional 
integrals and derivatives with subsequent 
development of fractional calculus [1]. 
The fractional derivatives have less 
properties than the corresponding 
classical ones. As a result, it makes these 
derivatives very useful in describing 
anomalous phenomena [2].   Recently, an 
important attempt to give a physical 
meaning to the initial conditions for 
fractional differential equations with 
Riemann-Liouville fractional derivatives 
was suggested in [3]. 
Fractional calculus has been used to 
model physical and engineering 
processes that are found to be the best 
described by fractional differential 
equations. For that reason we need a 
reliable and efficient technique for the 
solution of fractional differential 
equations. Fractional delay differential 
equations have recently been applied in 
various areas of engineering, science, 
finance, applied mathematics, 
bioengineering and others [4]. 
The use of wavelets has come to 
prominence during the last two decades. 
They have wide- ranging applications in 
scientific computing, and it is no surprise 
that they have been extensively used in 
numerical approximation in the recent 
relevant literature. Some of the recent 
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work using wavelets can be found in the 
references [5–7, 12-14]. 
In the present work, we will consider 
fractional delay differential equations 
with time-delay τ in the state of the 
following form [8]: 
 
𝐷𝛼𝑢(𝑡) = 𝑎 𝑢(𝑡 − 𝜏) + 𝑏 𝑢(𝑡) + 𝑓(𝑡), 𝑡 > 0, 
𝑢(𝑡) = 𝜑(𝑡), 𝑡 ∈ [−𝜏, 0],   
𝑢(0) = 𝑢0,        (1) 
 
where 𝑢(𝑡)  is the state function, 𝑢(0)  is 
the initial condition, a and b are 
constants, f is a continuous function on 
[0,𝑇],𝑇 > 0,𝜑(𝑡) is the  delay condition 
continuous on [−𝜏, 0] , and 𝐷𝛼  is the 
fractional derivative of order α which 
will be considered in the Caputo sense in 
this paper. 
The Caputo fractional derivative operator 
Dα  of order α was introduced by M. 
Caputo in 1967 and is defined as [9]: 
 

𝐷𝛼𝑓(𝑥) =
1

Γ(𝑛 − 𝛼)�
𝑓(𝑛)(𝑡)𝑑𝑡

(𝑥 − 𝑡)1+𝛼−𝑛
,𝛼 > 0,

𝑥

0
 

        (2) 
where 𝑛 − 1 < 𝛼 < 𝑛,𝑛 ∈ ℕ, 𝑥 > 0. 
The paper is organized in the following 
structure. In Section 2, Haar wavelet is 
introduced. The numerical method for 
the solution of fractional delay 
differential equations based on the Haar 
wavelet is developed in Section 3. In 
Section 4, numerical experiments are 
performed. Finally, some conclusions are 
drawn in Section 5. 
 
2. HAAR WAVELET 
 
The Haar wavelet family for 𝑥 ∈ [0,1)is 
defined as [5]: 

           ℎ𝑖(𝑡) = �
1 𝑡 ∈ [𝜉1, 𝜉2),
−1 𝑡 ∈ [𝜉2, 𝜉3),
0 elsewhere,

            (3) 

where 

𝜉1 =
𝑘
𝑚

, 𝜉1 =
𝑘 + 0.5
𝑚

, 𝜉3 =
𝑘 + 1
𝑚

. 

In the above definition integer 𝑚 = 2𝑗 , 
𝑗 = 0,1, … , 𝐽 , indicates the level of the 
wavelet and integer 𝑘 = 0,1, … ,𝑚 − 1  is 
the translation parameter. Maximum 
level of resolution is 𝐽. The index i in Eq. 
(3) is calculated using the formula 
𝑖 = 𝑚 + 𝑘 + 1. In case of minimal values 
𝑚 = 1,𝑘 = 0, we have 𝑖 = 2.The maximal 
value of i is 𝑖 = 2𝑀 = 2𝐽+1. 
Any square integrable function 𝑢(𝑡) 
defined on [0,1)  can be approximated 
using Haar wavelet series as 
 
                 𝑢(𝑡) ≃ ∑ 𝜆𝑖ℎ𝑖(𝑡)𝑁

𝑖=1 .                 (4) 
 
Let 𝑝𝑖,1(𝑥)  denotes the integral of Haar 
function as defined below. 
 

𝑝𝑖,1(𝑡) = � ℎ𝑖(𝑧)𝑑𝑧
𝑡

0
= �

𝑡 − 𝛼 𝑡 ∈ [𝜉1, 𝜉2),
𝛾 − 𝑡 𝑡 ∈ [𝜉2, 𝜉3),

0 otherwise.
 

         (5) 
 
3. NUMERICAL PROCEDURE 
 
In this section, proposed numerical 
method will be developed to find 
numerical solution of linear as well as 
nonlinear fractional delay differential 
equations using Haar wavelet collocation 
method. For Haar wavelet collocation 
method the highest derivative involved is 
approximated using Haar wavelet in the 
following way 
 
              �̇�(𝑡) = ∑ 𝜆𝑖ℎ𝑖(𝑡)𝑁

𝑖=1 .                    (6) 
 
The approximate expression for the 
solution 𝑢(𝑡)  is obtained by integrating 
the above equation and thus we have 
          𝑢(𝑡) = 𝑢0 + ∑ 𝜆𝑖𝑝𝑖,1(𝑡),𝑁

𝑖=1              (7) 
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where 𝑢0 = 𝑢(0). 
 
Linear Case 
 
Consider the initial value problem for a 
linear fractional delay differential 
equation with finite delay 𝜏 > 0, given in 
Eq. (1). Applying the Caputo derivative, 
we obtain 

1
Γ(𝑛 − 𝛼)� 𝑢(𝑛)(𝜏)(𝑡 − 𝜏)𝑛−𝛼−1𝑑𝜏

𝑡

0
 

                  = 𝑎 𝑢(𝑡 − 𝜏) + 𝑏 𝑢(𝑡) + 𝑓(𝑡)   (8) 
 
We will describe the method for 𝑛 = 1 
only. For other values of n, a similar 
procedure can be adopted. For 𝑛 = 1, the 
above equation becomes 
 

1
Γ(𝑛 − 𝛼)� �̇�(𝜏)(𝑡 − 𝜏)−𝛼𝑑𝜏

𝑡

0
 

                  = 𝑎 𝑢(𝑡 − 𝜏) + 𝑏 𝑢(𝑡) + 𝑓(𝑡).  (9) 
 
Next applying the Haar wavelet 
approximations we obtain 
 

��
1

Γ(𝑛 − 𝛼)� ℎ𝑖(𝜏)(𝑡 − 𝜏)−𝛼𝑑𝜏
𝑡

0

𝑁

𝑖=1

− 𝑏 𝑝𝑖,1(𝑡)� 𝜆𝑖

= 𝑎 𝑢(𝑡 − 𝜏) + 𝑏 𝑢0 + 𝑓(𝑡). 
      (10) 
Discretizing the above equation, we 
obtain 

��
1

Γ(𝑛 − 𝛼)� ℎ𝑖(𝜏)�𝑡𝑗 − 𝜏�
−𝛼
𝑑𝜏

𝑡𝑗

0

𝑁

𝑖=1

− 𝑏 𝑝𝑖,1�𝑡𝑗�� 𝜆𝑖

= 𝑎 𝑢�𝑡𝑗 − 𝜏� + 𝑏 𝑢0

+ 𝑓�𝑡𝑗�, 
𝑗 = 1,2, … ,𝑁,     (11) 
where 𝑡𝑗 , 𝑗 = 1,2,⋯ ,𝑁  are the 
collocation points defined as: 

𝑡𝑗 = 𝑗−0.5
𝑁

, 𝑗 = 1,2,⋯ ,𝑁.                     (12) 
 
The following notation is introduced: 
 

𝐺𝑗𝑖 =
1

Γ(𝑛 − 𝛼)� ℎ𝑖(𝜏)�𝑡𝑗 − 𝜏�
−𝛼
𝑑𝜏

𝑡𝑗

0

− 𝑏 𝑝𝑖,1�𝑡𝑗�, 𝑖, 𝑗 = 1,2,⋯𝑁. 

                                                            (13) 
With this notation Eq. (11) can be written 
in matrix form as: 

𝑮𝑮 = 𝑩, 
where 
𝑮 = [𝐺𝑗𝑖]𝑁×𝑁 ,𝑮 = [𝜆𝑖]𝑁×1,𝑩 = [𝐵𝑖]𝑁×1. 
The entries in the matrix G are calculated 
as [10]: 

𝐺𝑗𝑖 = 0, 0 ≤ 𝑡𝑗 < 𝜉1, 

𝐺𝑗𝑖 = (𝑡𝑗−𝜉1)1−𝛼

Γ(1−𝛼)(1−𝛼) − 𝑏 𝑝𝑖,1�𝑡𝑗�, 

𝜉1 ≤ 𝑡𝑗 < 𝜉2, 

𝐺𝑗𝑖 =
�(𝑡𝑗 − 𝜉1)1−𝛼 − 2(𝑡𝑗 − 𝜉2)1−𝛼�

Γ(1 − 𝛼)(1 − 𝛼)
− 𝑏 𝑝𝑖,1�𝑡𝑗�, 𝜉2 ≤ 𝑡𝑗 < 𝜉3, 

and 
𝐺𝑗𝑖

=
�(𝑡𝑗 − 𝜉1)1−𝛼 − 2(𝑡𝑗 − 𝜉2)1−𝛼 − (𝑡𝑗 − 𝜉3)1−𝛼�

Γ(1 − 𝛼)(1 − 𝛼)
− 𝑏 𝑝𝑖,1�𝑡𝑗�, 𝜉3 ≤ 𝑡𝑗 < 1, 
whereas the entries in the matrix B are 
given below: 

𝐵𝑗 = �
𝑎 𝜑�𝑡𝑗 − 𝜏� + 𝑏 𝑢(𝑡𝑗) + 𝑓�𝑡𝑗� 𝑡𝑗 < 0
 𝑎 𝑢�𝑡𝑗 − 𝜏� + 𝑏 𝑢(𝑡𝑗) + 𝑓�𝑡𝑗� 𝑡𝑗 > 0

 

Hence the unknowns 𝜆𝑖, 𝑖 = 1,2,⋯ ,𝑁  are 
calculated as 

𝑮 = 𝑮−1𝑩 
The approximate solution at the 
collocation points is finally calculated by 
substituting 𝜆𝑖, 𝑖 = 1,2,⋯ ,𝑁 in Eq. (7). 
 
Nonlinear Case 
 
We consider the nonlinear fractional 
delay differential equation in the 
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following form: 
𝐷𝛼𝑢(𝑡) = 𝑓�𝑡,𝑢(𝑡),𝑢(𝑡 − 𝜏)�. 

By applying a similar procedure 
discussed for the linear case we obtain 

1
Γ(1 − 𝛼)� �𝑡𝑗 − 𝜏�−𝛼�𝜆𝑖ℎ𝑖(𝜏)

𝑁

𝑖=1

𝑑𝜏
𝑡

0
 

= 𝑓 �𝑡,𝑢0 + �𝜆𝑖𝑝𝑖,1(𝑡),𝜑(𝑡)
𝑁

𝑖=1

� 

Substituting the collocation points we obtain 
a nonlinear system which can be solved 
using Newton’s method or Broyden’s 
method. 
4. NUMERICAL EXPERIMENTS 
 
In this section three test problems are 
considered to illustrate the accuracy and 
efficiency of the proposed method. 
 
Test  Problem  1. Consider  the  
following linear fractional  delay 
differential  equation  [8]: 

𝐷
1
2𝑢(𝑡) = 𝑢(𝑡 − 1) − 𝑢(𝑡) + 2𝑡 − 1 

+
Γ(3)

Γ �5
2�
𝑡
3
2, 

𝑢(𝑡) = 𝑡2, 𝑡 ∈ [−1,0]. 
The exact solution of the above problem 
is 𝑢(𝑡) = 𝑡2. 
 
Test Problem 2. Consider  the  
following linear fractional  delay 
differential  equation  [8]: 

𝐷
1
2𝑢(𝑡) = 𝑢(𝑡 − 1) − 𝑡 
𝑢(𝑡) = 𝑡, 𝑡 ∈ [−1,0]. 

The exact solution of the above problem 
is given by 

𝑢(𝑡) = −
2

Γ �1
2�
√𝑡. 

 
Test Problem 3. Consider the following 
nonlinear fractional delay differential 

equation [11]: 
𝐷1.5𝑢(𝑡) = 𝑢(𝑡 − 0.5) + 𝑢3(𝑡) +

2
Γ(1.5)

𝑡0.5 − (𝑡 − 0.5)2 − 𝑡6, 

𝑢(𝑡) = 𝑡2, 𝑡 ∈ [−0.5,0], 
subject to the boundary conditions 

𝑢(0) = 0,𝑢(1) = 1. 
The exact solution of the above problem 
is 𝑢(𝑡) = 𝑡2. 
 
Discussion 
 
Numerical results in terms of maximum 
absolute errors for all the three test 
problems are shown in Table 1.  It is 
observed from the table that maximum 
absolute errors are decreased with the 
increase in number of collocation points. 

 
Table 1: Maximum absolute errors 
N Test Problem 1 Test Problem 2 Test Problem 3 

2 
4 
8 

16 
32 
64 
128 
256 
512 
1024 
2048 

2.2 ×10−2 
7.1 ×10−3 
2.8 ×10−3 
1.1 ×10−3 
4.0 ×10−4 
1.4 ×10−4 
5.2 ×10−5 
1.9 ×10−5 
6.7 ×10−6 
2.4 ×10−6 
8.4 ×10−7 

1.2 ×10−1 
8.6 ×10−2 
6.1 ×10−2 
4.3 ×10−2 
3.0 ×10−2 
2.1 ×10−2 
1.5 ×10−2 
1.1 ×10−2 
7.6 ×10−3 
5.4 ×10−3 
3.8 ×10−3 

1.6 ×10−1 
1.5 ×10−1 
1.2 ×10−1 
9.0 ×10−2 
6.5 ×10−2 
4.6 ×10−2 
3.2 ×10−2 
2.3 ×10−2 

— 
— 
— 

 
5. CONCLUSION 
 

A new numerical method is developed 
using Haar wavelet for the numerical 
solution of fractional delay differential 
equations. The numerical results show 
that the method is efficient and accurate. 
The performance of the method is equally 
good for fractional delay differential 
equations. The method is applicable to 
both linear and nonlinear problems of 
fractional delay differential equations. 
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Abstract: The paper presents simulation of 
a hydraulic drive containing pilot operated 
pressure relief valve and two-directional 
flow regulating valve. Multi-pole mathe-
matical models of components were pre-
sented in Part 1 of the paper. An intelligent 
simulation environment CoCoViLa with 
feature of automatic synthesis of 
calculation algorithms is used as a tool. 
Simulation examples for calculating steady 
state conditions and dynamic transient 
responses are presented and discussed. 
Key words: hydraulic drive, pilot operated 
pressure relief valve, two-directional flow 
regulating valve, intelligent programming 
environment, simulation. 

1.  INTRODUCTION  

An overview and a brief analysis of 
existing simulation tools for fluid power 
systems are presented in [1]. Most of tools 
are based on composing and solving 
differential equation systems.  
When simulating non-elementary fluid 
power systems it is difficult to ensure that 
all the dependences are present and 
described correctly.  
In the current paper an approach is used, 
which is based on using multi-pole models 
with different oriented causalities [1]. 
Multi-pole models enable to describe fluid 
power systems more adequately, taking 
into account straight and backward impacts 
of flow and potential variables.  
It is feasible to build up model of a fluid 
power system in structural way, defining 
significant inner and outer variables of 

system components and relationships 
between variables.  
During simulations calculations are 
performed at the level of components 
considering structure of the entire system.  
In such a way solving large equation 
systems can be avoided. 
A visual simulation environment 
CoCoViLa with feature of automatic 
synthesis of calculation algorithms is used 
as a tool.  
Proposed methodology is used in modeling 
and simulation of a hydraulic drive 
containing a two-directional flow regu-
lating valve in cylinder outlet. 

2.  SIMULATION ENVIRONMENT 

CoCoViLa is a software tool for model-
based software development with a visual 
language support that performs automatic 
synthesis of programs from logical 
specifications [2, 3]. 
CoCoViLa consists of two components, 
Class Editor and Scheme Editor. The Class 
Editor is used for implementing visual 
languages for different problem domains. 
This is done by defining models of 
language components as well as their 
visual and interactive aspects. The Scheme 
Editor is a tool for drawing schemes, 
compiling and running tasks defined by a 
scheme and a goal.  
Using a visual simulation environment 
CoCoViLa enables to describe multi-pole 
models graphically which facilitates the 
model developing. When simulating 
automatic synthesis of calculation algo-
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rithms provided by CoCoViLa is used. 
This allows focus on designing models of 
fluid power systems instead of constructing 
and solving simulation algorithms. 

3.  SIMULATION PROCESS 
ORGANIZATION 

Typically two kinds of simulations, static 
and/or steady state conditions and dynamic 
transient responses are considered.  
To perform integrations and differen-
tiations in calculations the system behavior 
in time must be followed. Therefore, the 
concept of state is invoked. State variables 
are introduced for components to 
characterize the elements behavior at the 
current simulation step. The simulation 
process starts from the given initial state 
and includes calculation of following state 
(nextstate) from previous states (from 
oldstate and state). Final state (finalstate) 
is computed as a result of simulation. 
Program for calculating nextstate from 
oldstate and state is generated 
automatically by CoCoViLa. 
Integrations in multi-pole models are 
performed only in component models to 
calculate their outer variables. For 
integrations during dynamic calculations 
the fourth-order classical Runge-Kutta 
method is used. 
As component models contain limited 
number of output variables possible 
equation systems are mostly no more than 
of 2nd-3rd order.  
Time step length and number of simulation 
steps are to be specified individually for 
each specific simulation task. 
Static and/or steady state and dynamic 
computing processes are organized by 
corresponding process classes (static 
Process, dynamic Process).  
A special method has been used that allows 
perform simulations on models containing 
feedbacks between components. The 
method is based on hierarchical structure 
of entire model and encapsulation of 
calculations in models of subsystems and 
components. One variable in a feedback 

loop is split into two variables, evaluated 
by an initial approximate value and 
iteratively recomputed. Recomputing 
algorithm is automatically synthesized by 
CoCoViLa. State variables and split vari-
ables must be described in component 
models. When building a particular simu-
lation task model and performing simu-
lations state variables and split variables 
are handled and used automatically. 
When building up a simulation task 
scheme all the parameters of components 
must be provided with values. In all the 
simulation tasks input variables must be 
evaluated by Source classes. Time is 
controlled by Clock. 
Initial values of state variables and 
variables requiring iterations characterize 
the model in the beginning of the 
simulation. Dynamic simulation time step 
must be chosen short enough in order to 
calculate transient responses of higher 
frequencies and rapid transitions. In the 
simulation examples concerning fluid 
power systems under discussion time step 
Δt = 1e-6 s is used.  
Maximum number if iterations, adjusting 
factor for iterations, allowed absolute and 
relative errors are to be specified for 
calculating variables in loops. 
Physical properties of working fluid 
(density ρ, kinematic viscosity ν and 
compressibility factor β) are calculated at 
each simulation step depending on average 
of input and output pressure in the 
component. In all the simulations below 
hydraulic fluid HLP46 is used. The initial 
values of physical properties of airless 
fluid HLP46 at zero pressure and at 
temperature 40oC are: ρ = 873 kg/m3, ν = 
46e-6 m2/s,   β = 6.1e-10 1/Pa. Air content 
in fluid: vol = 0.02. 

4.  SIMULATION OF STEADY STATE 
CONDITIONS  

Simulation task of steady state conditions 
of a hydraulic drive with two-directional 
flow regulating valve in cylinder outlet is 
shown in Fig. 1. 
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Fig.1. Simulation task of a hydraulic drive with two-directional flow regulating valve in 
cylinder outlet for steady state conditions 
Multi-pole models:  ME- electric motor,  PV - 
hydraulic pump, TubeG – tubes, pisG_F-
v_st1 – piston, acH_st – actuator, RQY_SR – 
pressure compensator throttle opening 
consisting of a number of separate slots of 
triangular form, ResH_Or_A – regulating  
throttle orifice, VQA_S_21  – pressure com-
pensator spool with spring, VPM_C_rel_st  –  
main poppet valve with spring, RP_C_rel_st – 
main poppet valve slot,  VPP_C – pilot poppet 
valve with spring, RPP_C –  pilot poppet 
valve slot, ResG, ResH – hydraulic resistors, 
IEH – interface elements, WG – efficiency 
coefficient calculator [4, 5, 6]. 
Inputs: load force F2, regulating throttle 
orifice area A, constant position angle al of the 
pump regulating swash plate, spring prelimi-
nary deformation fV0, outlet pressures p3. 
Outputs: actuator velocity v2, efficiency 
coefficient eG of the entire hydraulic drive. 
Simulation manager: static Process 2.5D. 
Parameters of the system have been 
described in detail in Part 1 of the paper. 
Parameter values listed below are chosen 
on the basis of the constructive aspects and 
have been adjusted step by step as a result 
of simulations in order to ensure the fluid 
power system well functioning. 
VPP_C: d1=0.0048 m, d2=0.005 m, β=15 deg, 
G=8e11 N/m, ds=0.001 m, Ds=0.008 m, n=8, 
m=0.02 kg, Ff0=0, kfr=0, h=0. 
RPP_C: μ= 0.8, d1= 0.0048 m, d2= 0.005 
m, β= 15 deg.  

VPM_C_rel_st: d1=0.021 m, d2=0.022 m, 
β=45 deg, G=8e11 N/m, ds=0.0009 m, 
Ds=0.016 m, n=8, fV0=0.0007 m. 
RP_C_rel_st: μ=0.8, β=45 deg, d1=0.021 m, 
d2=0.022 m.  
pisG_F-v_st1: dpi=  0.10 m, dr1= 0 m, 
dr2= 0.056 m, Ffpi0= 100 N, Ffr20= 50 N, 
h= 100. 
acH_st: Ffr0= 10 N, h= 3e4 Ns/m. 
TubeG: d= 0.019 m, l= 2 m. 
ME: rotation frequency om0= 154.46 rad/s. 
PV: working volume V= 6.935e-6 m3/rad. 
RQY_SR: number of slots n= 3. 
VQA_S_21: parameters are discussed and 
values are described in [5]. 
The first ResG in relief valve: l= 0.005 m, 
d= 0.001 m, μ= 0.7. 
The second ResG in relief valve: l= 0.005 m, 
d= 0.0015 m, μ= 0.7. 
ResH: l= 0.03 m, d= 0.0012 m, μ= 0.7. 
Results of simulation of steady state con-
ditions depending on the load force value 
from  -5e4 N to 10.5e4 N for three diffe-
rent values of the regulating orifice area    
A =(12, 8, 4) e-6 m2 are shown in Fig.2 and 
Fig.3. 

 
Fig.2. Graphs of simulations  
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In Fig.2 actuator velocity (graphs 1) 
decreases slightly until F < 7.5e4 N, after 
that it drops down fast. Increasing the load 
force causes efficiency coefficient (graphs 
2) to rise. Efficiency coefficient  reaches 
maximum at load force ~9e4 N, after it 
drops down fast. 

 
Fig.3. Graphs of simulations  
In Fig. 3 throttle orifice volumetric flow 
(graphs 1) determines actuator velocity 
behavior (see graphs 1 in Fig. 2). Increa-
sing the load force causes pressure at 
throttle orifice inlet (graphs 2) decrease 
and flow regulating valve spool  
displacement  (graphs 3) increase.   
Results of simulation of steady state con-
ditions depending on the throttle orifice 
area from 4e-6 m2 to 12e-6 m2 for two 
different values of load force F = (1.0, 
10.5) e4 N are shown in Fig.4 and Fig.5. 

 
Fig.4. Graphs of simulations  
In Fig.4 both actuator velocity (graphs 1) 
and efficiency coefficient (graphs 2) 
increase linearly if throttle orifice area 
increases. 

 
Fig.5. Graphs of simulations 
In Fig.5 throttle orifice volumetric flow 
(graphs 1), and flow regulating valve spool  
displacement  (graphs 3) increase almost 
linearly. Throttle orifice inlet pressure 

(graphs 2) decreases almost linearly. 

5.  SIMULATION OF DYNAMICS  

Simulation task of a hydraulic drive with 
two-directional flow regulating valve in 
outlet for dynamics is shown in Fig.4. 
Additional multi-pole models to models of 
steady state conditions: CJh – clutch, TubeY, 
TubeG – cylinder inlet and outlet tubes, pisY 
– piston, cylY – cylinder, veZ1, veZ2 – 
volume elasticities of cylinder chambers, acY– 
actuator [4, 5, 6]. 
Inputs: load force Fac2, regulating orifice area 
A, constant position angle al of the pump 
regulating swash plate, constant outlet 
pressures p3. 
Outputs: actuator velocity v2, outlet 
volumetric flows Q3, cylinder position xfi. 
Simulation manager: dynamic Process3D.  
The following parameter values are chosen 
and have been adjusted as a result of dyna-
mic simulations in addition to those used in 
simulations of steady state conditions. 
VPM_C: d1=0.021 m, d2=0.022 m, β=45 deg, 
G=8e11 N/m, ds=0.0009 m, Ds=0.016 m, n=8, 
fV0=0.0007 m, m=0.06 kg, Ff0=0, kfr=0, h=0. 
RP_C_rel_dyn: μ=0.8, β=45 deg, d1=0.021 
m, d2=0.022 m.  
pisY: dpi=0.10 m, dr1=0 m, dr2=0.056 m, 
Ffpi0=100 N, Ffr20=50 N, h=100 Ns/m,  
er=1e-10 m/N. 
cyl1: dpi=0.10 m, dr1=0 m, dr2=0.056 m, 
efi=1e-9 m/N, ebu=1e-9 m/N, Fffi=20 N, 
h=5e5 Ns/m, m=20 kg. 
veZ1, veZ2: length of piston stroke lch=0.4 m. 
acY: Ffr0=10 N, h=3e4 Ns/m, m=20 kg. 
TubeG, TubeY: d=0.019 m, l=2 m. 
The first ResH in relief valve: l=0.005 m, 
d=0.0004 m, μ=0.7. 
The first ResG_Ch: l=0.02 m, d=0.0012 m, 
μ=0.8. 
The second ResG_Ch: l=0.01 m, d=0.0015 m, 
μ=0.8. 
ResH in flow regulating valve: l=0.03 m, 
d=0.0012 m, μ=0.7. 
Results of simulation of dynamic responses 
caused by applying the hydraulic drive step 
load force F2 = 5e3 N from mean value 0 
(step time 0.01 s) as input disturbance are 
shown in Fig.7 and Fig.8. Throttle orifice 
area has constant value 5e-6 m2. 
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Fig.6. Simulation task of dynamics of a hydraulic drive 
In Fig.7 input load force step change 
(graph 3) initially causes actuator velocity 
(graph 2) to drop. After the load force takes 
a new level, actuator velocity stabilizes 
with damped oscillations. Actuator moves 
almost linearly (graph 1). 

 
Fig.7. Graphs of actuator  
In Fig.8 decreasing actuator velocity 
(graph 2 in Fig.7) causes throttle orifice 
volumetric flow (graph 1) and pressure at 
throttle orifice inlet (graph 2) to decrease 
with damped oscillations. Flow regulating 

valve spool moves to the new position 
(graph 3). 

 
Fig.8. Graphs of flow regulating valve 
Results of simulation of dynamic responses 
caused by applying the hydraulic drive step 
change A=1e-6 m2 of throttle orifice area 
from mean value 5e-6 m2 (step time 0.01 s) 
as input disturbance are shown in Fig.9 and 
Fig.10. Load force is of constant value 0. 
In Fig.9 input throttle orifice area step 
change (graph 4) initially causes actuator 
velocity (graph 2) to oscillate, to increase 
to the new level and to stabilize with 
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damped oscillations. Actuator moves 
linearly (graph 1). 

 
Fig.9. Graphs of actuator 

 
Fig.10. Graphs of flow regulating valve 
In Fig.10 input disturbance (graph 4 in 
Fig.9) causes throttle orifice volumetric 
flow (graph 1) and flow regulating valve 
spool (graph 3) to follow the input. 
Opening throttle orifice causes pressure at 
throttle orifice inlet (graph 2) to drop.  

6.  CONCLUSION 

In the paper simulation of a hydraulic drive 
with two-directional flow regulating valve 
in cylinder outlet has been considered.  
As a result of number of step by step 
simulations of steady state conditions and 
dynamic transient responses a set of 
optimal parameters for the hydraulic drive 
was proposed. 
Using methodology described here enables 
to try out different configurations and find 
optimal parameters in design and develop-
ment of various fluid power systems. 
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Abstract: The paper presents composing 
of models (Part 1) and simulation (Part 2) 
of a hydraulic drive containing pilot ope-
rated pressure relief valve to ensure neces-
sary feeding pressure and two-directional 
flow regulating valve in cylinder outlet to 
control actuator speed of the drive. Multi-
pole mathematical models of components 
are presented. An intelligent simulation 
environment CoCoViLa is used as a tool.  
Key words: hydraulic drive, pilot operated 
pressure relief valve, two-directional flow 
regulating valve, multi-pole model. 

1.  INTRODUCTION  

When composing a hydraulic drive 
designer needs to meet lot of requirements 
(maximal load, maximal speed, reaction 
speed, efficiency coefficient, etc.). First, a 
functional scheme must be chosen 
containing all the necessary hydraulic, 
mechanical and electrical components 

(pump, cylinder, valves, mechanical 
actuator, electric motor, electronic control 
system, hydraulic resistors, tubes, etc.).  
Second, models of components including 
necessary input and output variables must 
be described. In the paper multi-pole 
models with different oriented causalities 
are considered that enable adequately 
describe physical processes in components 
[1-3] and perform calculations effectively. 
A visual simulation environment 
CoCoViLa [4] supporting declarative pro-
gramming in a high-level language and 
automatic program synthesis is used as a 
tool for modeling and simulation. 

2. HYDRAULIC DRIVE WITH TWO -
DIRECTIONAL FLOW REGULA-
TING VALVE 

Functional scheme of a hydraulic drive 
with two-directional flow regulating valve 
is shown in Fig.1. 

 

Fig.1. Functional scheme of a hydraulic drive with two-directional flow regulating valve in 
cylinder outlet
Pump PV is driven by electric motor ME 
through clutch CJh. Outlet of the pump is 
provided with pilot operated pressure relief 
valve PRV to ensure necessary feeding 

pressure. Tubes T1 and T2 are located in 
inlet and outlet of hydraulic cylinder CYL. 
Two-directional flow regulating valve 
FRV to control actuator speed of the drive 
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is placed in cylinder outlet. Piston and 
actuator are denoted respectively as PIS 
and AC.  
In the next sections pilot operated pressure 
relief valve PRV, piston PIS and cylinder 
CYL are considered in detail to 
demonstrate how they are described using 
multi-pole mathematical models. 
Two-directional flow regulating valve 
FRV is described in detail in [5]. Electric 
motor ME, clutch CJh, pump PV are 
described in [2]. Tubes, hydraulic resistors 
and interface elements are described in [3]. 

3.  MULTI-POLE MODELS 

In general a multi-pole model represents 
mathematical relations between several 
input and output variables (poles) [1]. 
Using multi-pole models enables metho-
dical, graphical representation of mathe-
matical models of large and complicated 
systems [6]. In this way we can be con-
vinced of the correct composition of mo-
dels and we don’t need to check the solva-
bility. It is possible to directly simulate 
statics or steady state conditions without 
using differential equation systems. 
Implementing multi-pole models for each 
component gives us the possibility to use 
distributed calculations. Integrations are 
performed in each model separately. In 
case of loop dependences between compo-
nent models a special iteration method is 
used. 

4   PILOT OPERATED PRESSURE 
RELIEF VALVE 

4.1  Multi-pole model of pilot operated 
pressure relief valve 
Pressure control valves are used to limit 
(safety valve) or control (relief valve) 
pressure in a fluid power system [6 - 8]. 
Pilot operated pressure relief valve con-
tains pilot valve and main valve. Pilot 
valve operates as safety valve and main 
valve operates as relief valve.   
Design of the pilot operated pressure relief 
valve PRV (Mannesmann Rexroth) used in 
the paper is shown in [5].  

In the hydraulic drive (Fig.1) pressure 
valve is used as a relief valve, therefore 
volumetric flow is considered as input.  
Multi-pole model of the pressure relief 
valve dynamics is shown in Fig. 2.    

 
Fig. 2. Multi-pole model of a pilot operated 
pressure relief valve dynamics 
Multi-pole models: VPM_C – main poppet 
valve with spring, RP_C_rel_dyn – main 
poppet valve slot, VPP_C – pilot poppet valve 
with spring, RPP_C – pilot poppet valve slot, 
ResG_Ror, ResH_Ror, Res_Ch –  hydraulic 
resistors, IEH – interface elements. 

4.2   Mathematical models of pilot valve 
4.2.1   Pilot poppet valve with spring 
VPP_C  for statics 
Inputs: inlet and outlet pressures p1 and 
p2, spring preliminary compressibility fV0. 
Outputs: volumetric flows Q1 and Q2, dis-
placement y of the poppet valve.    
Lifting force to the pilot poppet valve  

F1 = π * d12 * p1 / 4 + π * (d22 – d12) * 
(p1 – p2) / 8 * sin(β * π /180), 

where  
   d1    diameter of spool sleeve, 
   d2    outer diameter of poppet seat,  
   β      half of poppet cone angle, deg. 
Opposite force to the pilot poppet valve  
                  F2 = π * d22 * p2 / 4. 
Stiffness of the spring 

c = G * ds4 / (Ds3 * n * 8), 
where  
   G     shear modulus,  
   ds    diameter of spring wire,  
   Ds   diameter of spring, 
   n      number of turns of the spring. 
Displacement of the pilot poppet valve 

y = (F1 – F2) / c – fV0. 
Volumetric flows: 

Q1 = 0,   Q2 = 0. 
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4.2.2   Pilot poppet valve with spring 
VPP_C  for dynamics 
Inputs: inlet and outlet pressures p1 and 
p2, spring preliminary compressibility fV0. 
Outputs: volumetric flows Q1 and Q2, 
displacement y of the poppet valve.    
Difference of valve velocity used in 
Runge-Kutta method for integration 

dv = (Δt /m)*(F1 – F2 – (y + fV0)*c – 
(Ff0+kfr*(p1+p2)/2)*sign(v) – h*v), 

where  
   Δt     time step, 
   m      mass,  
   Ff0   constant part of friction force,  
   kfr    coefficient of friction force, 
   v       velocity of valve, 
   h      damping coefficient. 
Difference of valve displacement 

dy = Δt * v. 
Effective areas of valve:                         

A1 = π * d12 / 4,   A2 = π * d22 / 4. 
Volumetric flows: 

Q1 = (A1+A2)/2 * v,  Q2 = Q1. 

4.2.3   Pilot poppet valve slot RPP_C  
Mathematical model RPP_C is used for 
both, steady state conditions and dynamics. 
Inputs: inlet and outlet pressures p1 and 
p2, displacement y of the poppet valve. 
Outputs: volumetric flows Q1 and Q2. 
Pilot poppet valve slot area 
Ad = μ*π*(d1+d2)/2 * y * sin (β* π /180), 

where 
   μ   discharge coefficient. 
Pressure drop in poppet valve slot 

dp = p1 – p2. 
Volumetric flows:   

Q1 = Ad * (2 / ρ * dp)1/2,  Q2 = Q1, 
where  
    ρ   oil density. 

4.3   Mathematical models of main valve 
4.3.1   Main poppet valve with spring 
VPM_C_rel_st  for statics 
Inputs: pressure p2, displacement y of 
poppet valve, pressure drop dp in poppet 
valve slot. 

Outputs: pressure p1, volumetric flows Q1, 
Q2.    
Opposite force to the main poppet valve 

F2 = π * d22 * p2 / 4. 
Lifting force to the main poppet valve  

F1 = (y + fV0) * c + F2. 
Output pressure 

p1 = F1 / A. 
Volumetric flows: 

Q1 = 0,  Q2 = 0. 

4.3.2   Main poppet with spring VPM_C 
for dynamics 
Inputs: inlet and outlet pressures p1 and 
p2.  
Outputs: volumetric flows Q1 and Q2, dis-
placement y of poppet valve. 
Difference of valve velocity used in 
Runge-Kutta method for integration 
dv = (Δt /m)*(F1 – F2 + Fj – (y + fV0)*c -

(Ff0 + kfr*(p1 + p2) /2)*sign(v) – h*v). 
Difference of valve displacement 

dy = Δt * v. 
Volumetric flows:                                  

Q1 = (A1+A2)/2 * v,  Q2 = Q1. 

4.3.3   Main poppet valve slot 
RP_C_rel_st  for steady state conditions  
Inputs: inlet and outlet pressures p1 and 
p2, volumetric flow Q1. 
Outputs: displacement of poppet valve y, 
volumetric flow Q2, pressure drop dp.  
Main poppet valve slot area        

Ad = Q1 / (2 / ρ * (p1 – p2))1/2. 
Displacement of main poppet valve 

y=Ad / (μ*π*(d1+d2)/2*sin(β*π /180)). 
Output volumetric flow  

Q2 = Q1. 
Pressure drop in main valve slot 

dp = p1 – p2. 

4.3.4   Main poppet valve slot 
RP_C_rel_dyn  for dynamics 
Inputs: outlet pressure p2, volumetric flow 
Q1, displacement y of poppet valve. 
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Outputs: inlet pressure p1, volumetric flow 
Q2, pressure drop dp.   
Main poppet valve slot area          

Ad = μ*π*(d1+d2)/2*y*sin(β* π /180). 
Inlet pressure 

p1 = p2 + (Q1 / Ad)2 * ρ / 2. 
Volumetric flow  

Q2 = Q1. 
Pressure drop in main poppet valve slot 

dp = p1 – p2. 

5. MATHEMATICAL MODELS OF 
PISTON WITH ROD 

5.1   Piston with rod pisG_F-v_st_1  for 
steady state conditions  
Inputs: pressure p1 in the cylinder left 
chamber, volumetric flow Q2 at the right 
end of a piston, force F to the piston rod. 
Outputs: volumetric flow at the left end 
and of a piston Q1, piston rod right end 
velocity v, iterated pressure in the right 
chamber of a cylinder p2e. 
Output volumetric flow 

Q1  =  Q2 / A2 * A1. 
Velocity 

v  = Q2 / A2. 
Pressure 

p2  =  (1/A2)*(A1*p1 – F –  
Ffpi*sign(v) – Ffr*sign(v)  – h*v), 

where 
A1, A2   active areas of the piston,    
Ffpi   piston sealing friction force, 
Ffr     piston rod sealing friction force, 
h        equivalent friction coefficient of a 
          piston with a rod. 

5.2   Piston with rod pisY_F-v_st_1  for 
dynamics  
Inputs: pressures p1 and p2 in the cylinder 
left and right chambers, piston right rod 
velocity v, velocity of cylinder lid vli. 
Outputs: volumetric flows Q1 and Q2 at 
the ends of a piston, force on the piston F, 
piston right rod displacement x1 (x2). 
Force on the piston  

F  = A1*p1 – A2*p2 – Ffpi*sign(v) – 
Ffr*sign(v) – h*v, 

where 
Ffpi   friction force of the piston sealing, 
Ffr     friction force of the piston’s right 
          rod sealing. 

  Difference of piston rod displacement     
dx = v * Δt. 

  Piston right rod displacement: 
x1 = x + dx – er2 * F, 

x2 = x1, 
where 
   x      piston displacement at the previous  
           simulation time step, 

er2   elasticity of piston right rod. 
Volumetric flows: 

Q1 = A1 * v,   Q2 = A2 * v. 

6.  MATHEMATICAL MODEL OF 
CYLINDER  

Multi-pole model of cylinder is described  
only for dynamics. For steady state 
conditions, model of cylinder does not 
exist. 
Inputs: pressures p1 and p2 in the cylinder 
chambers, friction force Ffpi of piston 
sealing, friction force Ffr of the right piston 
rod sealing.  
Outputs: volumetric flow Qfl depending 
on the cylinder flange shift, volumetric 
flow Qli depending on the cylinder lid 
shift, cylinder fixing displacement xfi, 
cylinder fixing velocity vfi, cylinder lid 
velocity vlie.   
Force acting to a cylinder bush 
 Fbu = A2 * p2 + Ffr + Ffpi. 
Force, acting to a fixing   
 Ffi = Fbu – A1 * p1.    
Fixing nonlinear elasticity efi1 depending 
on force:           

if (abs(Ffi) > 6.25e4) {efi1 = efi/2;} 
    else  
    {efi1 = efi – (2e-3)*efi*( (abs(Ffi))1/2);} 
where 

efi  basic fixing elasticity. 
 
 

22



Difference of fixing velocity used in 
Runge-Kutta method for integration 
dvfi = (1/m)*(Ffi – Fffi*sign(vfi) – h*vfi –  
   1/efi1*xfi – (Ffpi + Ffr)*sign(vfi)* Δt, 
where 

Fffi   fixing friction force,  
m      cylinder mass, 
h       damping coefficient. 

Difference of fixing displacement  
dxfi = vfi * Δt. 

Velocity of cylinder lid 
vli = (efi1 + ebu) / efi1 * vfi, 

where 
ebu    elasticity of cylinder bush.  

Volumetric flows: 
Qfl = A1 * vfi,   Qli = A2 * vli. 

7. TWO-DIRECTIONAL FLOW RE-     
GULATING VALVE 

Flow regulating valves are used when the 
working speed of hydraulic drive should 
remain almost constant in case of different 
loads at the user [7- 9]. 
Two-directional flow regulating valve FRV 
(see Fig.1) contains adjustable throttle and 
connected in sequence pressure compen-
sator ensuring constant pressure drop in the 
throttle. 

Design, mathematical models and simu-
lation of a two-directional flow regulating 
valve are described in detail in [5]. 
Multi-pole model for dynamics of a two-
directional flow regulating valve FRV is 
shown in Fig. 3. 

 
Fig. 3. Multi-pole model of a two-directio-
nal flow regulating valve for dynamics  
In Fig. 3 multi-pole models: RQY_SR – 
pressure compensator slots, ResH_Or_A – 
regulating throttle orifice, VQA_S_21 – 
pressure compensator spool with spring, 
IEH –  interface elements, ResG_Ch, 
ResH  –  cushioning resistors.  

8. MODEL OF A HYDRAULIC 
DRIVE FOR STEADY STATE 
CONDITIONS 

Multi-pole model for steady state 
conditions of a hydraulic drive with two-
directional flow regulating valve in 
cylinder outlet is shown in Fig. 4. 

 

 
Fig.4. Multi-pole model of a hydraulic drive for steady state conditions
Multi-pole models:  ME – electric motor, PV 
– hydraulic pump, RQY_SR – pressure 
compensator slots, ResH_Or_A – regulating  

throttle orifice, VQA_S_21 – pressure com-
pensator spool with spring, VPP_C – pilot 
poppet valve with spring, RPP_C – pilot 
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poppet valve slot, VPM_C_rel_st – main 
poppet valve with spring, RP_C_rel_st – main 
poppet valve slot, pisG_F-v_st_1 – piston, 
acH_st – actuator, TubeG – tubes, ResG, 
ResH – resistors, IEH – interface elements. 

9.  CONCLUSION 

In the paper multi-pole modeling of a 
hydraulic drive with two-directional flow 
regulating valve is considered. The 
hydraulic drive includes pilot operated 
pressure relief valve to ensure necessary 
feeding pressure and two-directional flow 
regulating valve in cylinder outlet to 
control actuator speed of the drive. 
Multi-pole and mathematical models of 
pilot operated pressure relief valve compo-
nents, hydraulic cylinder and piston are 
proposed. Multi-pole model of the entire 
hydraulic drive for steady state conditions 
is presented.  
Models described in the paper are used 
when simulating steady state conditions 
and dynamic transient responses of a 
hydraulic drive (see Part 2 of the paper).  
Using multi-pole modeling and visual 
representation of models gives a user a 
convenient and efficient tool for describing 
and manipulating models of complex fluid 
power systems. 
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PRIORITIZATION OF KEY PERFORMANCE INDICATORS FOR 
SMALL AND MEDIUM ENTERPRICES 

 
 

Kaganski, S.; Karjust, K. & Majak, J. 
 

 Abstract: Performance measurement, as 
a new approach of monitoring enterprise 
activities, was primarily introduced and 
successfully realized in the manufacturing 
industries. In the last years, measurement 
methodology is becoming more popular 
and widely spreading. A high amount of 
different researches has been carried out 
in this area. As result-different 
frameworks, systems and method were 
created for SMEs. Key performance 
indicators (KPI) are known as assessing 
tool for performance measurement.  The 
main idea is based on measuring present 
processes and comparing them to previous 
and also to the best in the specific sector.  
The indicators would provide exactly 
information regarding bottlenecks and also 
would help to eliminate weak spots in 
companies. The continuous measurement 
of all processes is one of the ways to 
achieve success and optimize production. 
[1] 
In the following sections, the SMARTER 
goal setting method, oriented to KPIs is 
briefly introduced and the fuzzy AHP 
model in connection to SMARTER criteria 
has been established. 
Key words: Small and medium enterprises, 
key performance indicators, Analytical 
hierarchy process, SMARTER criteria. 
 
1. INTRODUCTION  
 
Due to globalization, hard competition, 
privatization and deregulation in each field 
and sector, implementation of new 
technologies, optimization of production 
processes, knowledge establishment and 
innovation potential of company have 

emerged the main factors of competitive 
advantage [2,3]. Businesses currently must 
operate within a dynamic environment of 
fierce competition, shrinking budgets, and 
heavy price pressures [4]. As a 
consequence, organizations deal with many 
key performance indicators (KPIs) in 
different areas [5]. However, due to the 
high amount of different metrics and their 
various impacts on enterprise’s health in 
total, the management had being faced with 
difficulties in right indicators selection and 
in decision making. In addition, KPIs that 
have changed situation in one company do 
not supposed to work in another. 
Numerous amounts of factors, starting 
from labor’s education and qualification 
skills, condition of machine park to the 
financial component (budget, revenue, 
investments) and their influence on present 
moment, are making impossible to 
standardize metrics so that they could work 
at different company with same efficiency. 
The objective of this paper is to introduce 
the Fuzzy AHP and the opportunity to rank 
metrics based on SMARTER criteria. 
 
2. SMARTER GOAL SETTINGS 
 
In any company, goals are guiding 
enterprise’s effort, supporting and 
optimizing resources, helping in moving 
straight ahead to their visions. In other 
words, the goal setting is one of the 
important processes that should be done at 
first place by management [6]. However, 
by setting objectives, which are 
complicated, there is a risk that they can be 
too overwhelming to everyone. 
Furthermore, KPIs, which are reflectors of 
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enterprises goals, should be based on 
criteria, that make them suitable for further 
studies. [5] In 1981, G.T. Doran has 
proposed SMART way of setting 
objectives. Although, many organizations 
have applied SMARTER model 
considering the fact, that two additional 
criteria are good reminder to managers that 
they are staying on top of the process. [7] 
Specific - Goals should be detailed and as 
specific as possible. Loose, broad or vague 
goals are not desirable. When goals are 
specific, it is much easier to hold someone 
to account for their achievement. Taking 
into account KPI- the clear understanding 
of what its measures, should be. 
Measurable - Each objective, process or 
KPI should be measurable. The measure 
itself could be quantitative or qualitative, 
but measurement shall comply with 
standards and requirements, depending of 
the main goal. 
Achievable – Objectives should be set at 
right level. They need to be ambitious and 
realistic however, making them too simple 
won’t be motivating. In addition, each KPI 
should have the standard value that should 
be achieved.  
Relevant (if sometimes it’s linked with 
agreed then it’s similar to achievable) – 
every colleague in a team or as individual, 
need to understand and compare how the 
objective is relevant to their role and main 
course of the team. Furthermore, KPIs 
should provide insight in the performance 
of the company in obtaining its strategy. In 
case, when KPI is not measuring a team’s 
or enterprise’s goal or doesn’t affect the 
organizations’ performance, it’s useless. 
Time-specific (or time-sensitive) – Work or 
tasks should have deadlines. Having the 
frame for completion would provide 
possibility to monitor and analyze the 
progress. In addition, each KPI has a 
meaning if every knows the time frames in 
which it is measured and realized. 
Explainable or Evaluated – Very often, 
KPIs have been measured without 
understanding of their purpose and whole 
process. Managers need to ensure, that 

everyone, who is involved in measuring 
process, is aware of goals. In addition, 
from point of “evaluated”, KPIs should 
evaluated performance and progress of 
what is measured (is it performance of a 
team, or of a process) 
Relative or Reviewed – KPIs should be 
relative and ensure that their definitions 
and goals still could be applied when 
enterprise is growing or volumes are rising. 
[5,7,8] 
 
3. AHP and FUZZY AHP APPROACH 
  
Analytical hierarchy process (AHP) is a 
mighty method, which was developed by 
Saaty in 1980s [9] to simplify the decision 
making process. It includes qualitative and 
quantitative techniques and provides 
possibility to decompose difficult and 
complicated problems into sub-problems 
where each level shows a set of objectives 
or criteria relative to each sub-group. 
[5,10,11] Although, the nine-point scale 
simplifies the choice of criteria and 
provides information regarding dominance 
of each element over others regarding 
importance to each criteria of the higher 
levels of the hierarchy and individual 
points of view are made in groups, taking 
into account the pertinent decision maker 
and are handled as foundation for analysis 
on the reasons for specific judgements, 
[12,13] there is the one week spot, which 
occurs during the setup of comparisons 
matrixes. When the number of 
characteristics is rising in hierarchy, more 
matchings between attributes needs to be 
applied. Therefore, consistency test should 
be carried out till comparisons matrixes 
would become consistent. To reduce the 
time and eliminate confusions in case of 
large matrixes, Fuzzy AHP method [10] 
should be applied. In comparing to Saaty’s 
scale (Table 1), the membership scales is 
been used and values are lying between 
range [0,1] (Table 2) Furthermore, 
proposed methodology is more straight 
forwarded and easier to use for decision-
makers. [10,11] 
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Importa
nce 

Definition Explanation 

1 Equal importance Two criteria/elements contribute equally to the 
objective 

3 Moderate 
importance 

One element is slightly over another 

5 Strong importance One element is strongly over another 
7 Very strong 

importance 
Criteria/element is favored very strongly over another 

9 Absolute/Extreme 
importance 

The evidence favoring one activity over another is of 
the highest possible order of affirmation 

2, 4, 6, 
8 

Used to express intermediate value 

Table 1. AHP nine-point scale [13,14] 
 
Scale values The relative 

importance of the two 
sub-elements 

0.5  Equally important 
0.55 (or 0.5 0.6) Slightly important 
0.65 (or 0.6 0.7) Important 
0.75 (or 0.7 0.8) Strongly important 
0.85 (or 0.8 0.9) Very strongly 

important 
0.95 (or 0.9 1.0) Extremely important 

Table 2. Scale for Fuzzy AHP pair-wise 
comparison 
 
 
4. INTEGRATION OF FUZZY AHP 
WITH SMARTER CRITERIA  
 
The ´Fuzzy AHP hierarchy has been built 
based on SMARTER criteria and combined 
with 13 KPIs (Table 3) that were sorted by 
group of experts (outlier’s detection 
methods, like Tukey’s, Adjusted Boxplot, 
Standard deviation method, Z score and 
Modified Z score, were used)  optimized 
from amount of 41 KPIs. [15]. The goal, 
which was established for this approach, is 
the acquiring of sustainable KPIs for 
improvement of productivity, effectiveness 
and finding out optimal parameters to 
check and monitor with production 

monitoring system. On the first level, 
comparison between SMARTER criteria 
should be established. On the second level, 
the sub-criteria (KPIs) should be compared 
to each criteria from first level. (Fig. 1) 
Example of fuzzy comparison matrix at 
sub-criteria level is illustrated on table 4.  
The calculation of the priority weights (W) 
should be foreseen as next step: 
 
(𝑊 = 𝑤1,𝑤2, … ,𝑤𝑛) [10] 
 
𝑤𝑖 = 𝑏𝑖

∑ 𝑏𝑖𝑛
𝑖=1

, (1) where   

 
𝑏𝑖 = 1

(∑ 1
𝑟𝑖𝑖

)−𝑛𝑛
𝑖=1

  

 
r is the value of pair-comparision from 
fuzzy comparison matrix, n is the amount 
of criterias (in our case n=7 at first level 
and n=13 at sub-criteria level. 
Expert group (in number of 10 people) that 
have at least 5 years experience in 
production or in similar to main research of 
this paper field, would be formed. The 
main idea is to raise the quality of analyze 
data. As a result, the ranking list for 13 
KPIs would be created.  
 

27



 
Fig 1. AHP hierarchy integration with SMARTER criteria. 
 
 
Table 3. KPIs selected for study

KPI abbreviation 
in comparison 
matrix 

Definition 

KPI1 Inventory turnover 
KPI2 % of additional freight 

costs 
KPI3 Product quality/quality 

ratio 
KPI4 FPY (firs pass 

yield)/Throughput 
yield 

KPI5 DPU (defects per unit) 
KPI6 Employee’s efficiency 

KPI7 changes 
implementation time 

KPI8 Actual production 
Time 

KPI9 OEE (Overall 
Equipment 
effectiveness) 

KPI10 NEE (Net Equipment 
effectiveness) 

KPI11 OTD (On time 
delivery) 

KPI12 Tact time 
KPI13 Unit/Line Reliability 
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Table 4. Example of fuzzy comparison matrix at sub-criteria level 
 Specific 
 

K
PI

1 

K
PI

2 

K
PI

3 

K
PI

4 

K
PI

5 

K
PI

6 

K
PI

7 

K
PI

8 

K
PI

9 

K
PI

10
 

K
PI

11
 

K
PI

12
 

K
PI

13
 

KPI1 0.5             
KPI2  0.5            
KPI3   0.5           
KPI4    0.5          
KPI5     0.5         
KPI6      0.5        
KPI7       0.5       
KPI8        0.5      
KPI9         0.5     
KPI10          0.5    
KPI11           0.5   
KPI12            0.5  
KPI13             0.5 
Table 4. Example of fuzzy comparison 
matrix at sub-criteria level. 
 

 
 

 
 
5. FURTHER RESEARCH 
 
The comparison matrixes would be 
completed by experts and weights would 
be calculated based on equation 1. The 
acquired results would help to arrange 
ranking list of selected KPIs. Data 
collection and whole EAM model testing 
on different companies are foreseen as next 
steps. The optimization and improvement 
processes of EAM and KPI selection 
model should take part continuously. To 
summarize: 

• KPIs priority calculation and 
ranking 

• Data collection from different 
SMEs 

• Optimization and improvement of 
EAM as continuous process and 
integration to the production 
monitoring system [16, 17] 

6. CONCLUSION 
 
Considering “harsh economic 
environment” nowadays and wish of every 

enterprise be successful in their field by 
earning revenue, the measurement and 
optimization of processes remains one of 
the major task for the managers. The KPI 
should provide ability to follow up present 
situation at company and to discover 
critical spots not only at production but at 
whole enterprise. Described approach of 
synchronization Fuzzy AHP and 
SMARTER criteria for achieving 
important steps in KPIs selection and 
ranking was described in this article. 13 
KPIs which were selected for previous 
study are seen as key stones of 
enhancement the position of SME. 
Furthermore, the future steps were defined 
for next researches. The KPI selection 
model could become powerful tool in 
management’s hands, which would serve 
as general key in decision making process, 
considering improvement and optimization 
of production. In addition, model should 
reduce analyze time and make processes 
more understandable 
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DESIGN AND DEVELOPMENT OF THE OPTICAL SYSTEM FOR
THE NANOSATELLITE USING RAPID MANUFACTURING

Koop, R.; Braziulis, D.; Olabode, O.F.; Pecollari, K.; Gunasekaran, B.; Juurma, M.;
Tamre, M. & Hiiemaa, M.

Abstract:  An  international  team  of
Master’s  students  from  the  Tallinn
University of Technology in cooperation of
MEKTORY Space Center design a unit size
nanosatellite for camera based low Earth
observation  mission.  It  is  important  that
image acquired with the optical system of
the  satellite  stays  in  focus  even  during
thermal  expansion  and  after  possible
deformations  caused  by  vibration  or
thermal  shock  to  obtain  clear  image.
Proposed  solution  allows  adjusting  the
focus and locking lens into place avoiding
misplacement  at  launch  sequence
vibrations and separation shock. 
Mirror  and  mirror  mount  are  also  to
withstand similar conditions.  Both mirror
and lens are contained in a special casing
that  provides  protection  against
contamination  and  a  frame  protects  the
sensor  from possible  vibrations.  Problem
of stray light in optical systems was also
investigated  and  solutions  appropriate  to
space  application  is  chosen  and
implemented.

Key words: Nanosatellite, Optical System, 
Image, Line scan sensor, Low Earth Orbit.

1. INTRODUCTION 

The  Optical  system for  the  Nanosatellite
required  design  that  could  withstand  the
extreme  conditions  of  space.  In  order  to
meet  the  needed  standard,  required
calculations were made and parts as well as
their materials were carefully chosen. The
best  coating  solution  was  also  proffered
and the prototype was manufactured.  The
result of this stage of the project gives the

needed  confirmation  to  proceed  with  the
design for integration of the optical system
into the full system of the Nanosatellite.

2.  DESIGN  OF  THE  OPTICAL
SYSTEM
 
2.1 Depth of Focus
Depth of focus is a tolerance in the length
from  the  lens  to  surface  of  the  sensor,
where focus of the resulting image remains
acceptable.
There  are  many  ways  for  estimating  the
depth  of  focus.  A  formula  used  in
astronomy was chosen for the estimate.
Depth  of  focus  is  estimated  with  the
following formula:

∆ f=±2λ N 2 ,                                      (1)
where:
Δf – depth of focus,
λ – wavelength,
N – lens f-number. [1]

The  shortest  wavelength  for  this  optical
system is 400 nm so the estimated depth of
focus is.
Δ f=±5 ∙10− 6m

Test  conducted  on  the  first  prototype
showed the tolerance, in which there is no
appreciable  drop  in  image  quality  to  be
much larger. This can be attributed to the
specific  qualities  of  the  combination  of
sensor and optics. The final Δf  determined
to be:
Δ f=±5 ∙10− 4m
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2.2  Choice  of  Material  and  Details  of
Design
Choosing materials  requires  consideration
of four main aspects.  Thermal expansion,
material  approval  for  use  in  spacecraft,
outgassing and weight.
For  the  optics  design  proposed,  the
preliminary  estimation  of  maximum
variation in depth of focus is 
Δ f=±2 λN 2

=±10−4m
Temperature  variance  the  satellite  has  to
cope  with  is  Δt=  ±  200  ͦC.  The  nominal
value for focal distance is fnom=3,39·10-2  m
From these limits the maximum coefficient
of thermal expansion for the material must
be  less  than  Lt=7,37·10-5  m/m/  ͦC.  This
criteria fits many materials.
List of approved materials for construction
of  the  CubeSat  is  based  on  the  NASA-
STD-6016 standard. An important measure
of  performance  is  outgassing.  Outgassing
is  a  property  of  a  material  to  release
trapped  gases  and  debris  when  put  in  a
vacuum  and  heated.  NASA  technical
manual  “Outgassing  data  for  selecting
spacecraft  materials”  is  the  basis  for
outgassing information.
Two  main  options  for  addressing  this
criterion are choosing a material from the
approved list or testing the chosen material
according  to  the  appropriate  testing
procedure.  Less time consuming and cost
effective  is  to  do  without  testing  and
choosing  an  approved  material.  This
criterion  diminishes  the  suitability  of
additive  manufacturing  techniques,
including SLS (Selective Laser Sintering).
Even though a base material, for example
aluminum 6061 is selected from approved
materials  list,  the  process  of  SLS
introduces  a  high  likelihood  of  trapped
gasses and debris.
6061  aluminum  alloy  is  the  material  for
satellite  frame and also  fills  all  the  main
criteria.
Coefficient of thermal expansion for 6061
alloy is  Lt=2,35·10-6  m/m/ ͦC.  Density for
6061 alloy is 2700 kg/m3. [2]

This gives the aluminum parts final weight
of 47g and maximum thermal expansion in
the optical path 
Δ f=±1,56 ∙10− 4m

A lot of modifications were made. Starting
from the dimensions of the optical system
section floor which was at maximum point
100x100x50 mm. After which it was found
out  that  there  was  even  less  space  to  fit
into, because of the electronics PCB board
that needed 40 mm more space for cables
and taller components. Material choice that
was  appointed  by  mechanics  team  was
Aluminum  6061  in  chemical  form
AlMg1SiCu according to EN573 standard.
Aberrations  also  had  to  be  considered
while making the right component design
that  suited  our  requirements.  Thermal
expansions had to be considered, because it
could affected the parts dimensions cosine
misalignment  and  aberrations  within  the
system. Choice of the right lenses for the
system.  Also  decision  on  the  right
manufacturing  methods,  tolerances  and
surface roughness.
Before integrating the final design into the
complete  assembly of  the  nanosatellite,  a
simple  version  of  the  solution  was  made
using rapid prototyping. Simplified model
was  made  from  materials  that  Tallinn
University  of  Technology  had  provided.
We  took  PE  and  POM  plastics,  because
they are fairly strong, similar at strength to
aluminum, easy to handle and the cutting
edge  of  the  blade  is  preserved  during
milling.

Rapid prototype was used to make different
tests  and  to  understand  if  the  concept
solution was right. Big challenge was to fix
mirror  at  the  right  place  with  the  mirror
mount  that  could  withstand  vibrations
without  moving  mirror  to  maintain  right
focal length.  Solution was to  make metal
spring  that  will  be  milled  and  bent
according to mirror dimensions.
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The  mirror  used  was  made  from  fused
silica,  having  a  low  thermal  expansion
coefficient  of  0,52·10-6/°C,  The  19  mm
diameter,  6  mm thick  mirror  has  surface
flatness  λ/10  at  632,8  nm  over  clear
aperture.  However  light  with  wavelength
of range 450 nm to 20 μm can be reflected
using the mirror. The mirror is mounted to
reflect the incident light at an angle of 45°
to the sensor. The low thermal expansion of
the mirror gives an advantage considering
the  thermal  variation  in  space,  the  fused
silica  material  will  ensure that  the  image
reflected to the sensor is not distorted. In
order  to  accommodate  for  the  vibrations
during launch, the mirror is secured to the
optical  compartment  with  a  leaf  spring
which  also  behaves  favorably  under
thermal  variations.  The  leaf  spring  also
accommodates  the  little  expansion  that
may be transferred from the mirror. 
For  leaving  the  right  spare  material  to
compensate  for  the  material  compressed
during bending, the bend angle calculation
had  to  be  made  by DIN 6935 (1975-10)
standard.

v=2∙ (r+s )∙ tan
180 ° −β

2
−π ∙

∙(180 °−β180 ° )∙(r+ s2 ∙ k)
,           (2)

where:
r – radius 8,268 mm,
s – sheet metal thickness 0,5 mm,
β – bending angle 51,18 º,
k – correction factor,
v – spare of material.

First  the  correction  factor  had  to  be
calculated by using formula:

k=C+A ∙ log
r
s

,                              (3)

where: 
constant C = 0,65,
A = 0,5,
k=1,26,
v=17,31 mm.

The  calculated  value  helped  to  design
spring  flat  pattern  and  bend  spring
correctly.
Lens  had  to  gather  all  the  light  on  the
sensor, so it was decided to cut lens empty
part  off  making  it  shorter.   As  result
gathering  more  light  and  be  easier
integrated  to  the  design  concept.  By
calculations 2,013 W/m2 light radiance will
reach the sensor. 
The lens holder had to be easily adjustable
and fix the lens strongly in place to ensure
invariable  focal  length.  Also it  had to  be
strongly fixed to the base plate. At first the
lens holder was planned to be 3D printed,
but the tolerances of the 3D printing was
±0,15 mm and it does not suit our needs.
So  the  milling  was  chosen  for  this
aluminum  part  manufacturing  with
tolerances of ±0,0016 mm

In  agreement  and  collaboration  with  the
PCB  team,  we  came  with  the  idea  of
constructing a  frame support  between the
base  plate  of  the  system  and  the  PCB
where the sensor is located. This frame is
important,  because  it  not  only  gives  the
support between the layers during vibration
but also serves as a protection capsule for
the most fragile element, the sensor. 

The base is also constructed in such a way
to  support  the  whole  lens  system.  It  will
also  be  connected  to  the  frame  of  the
Satellite. 

To protect  system from the  dust,  connect
lens and mirror special  casing was made.
This  component  has  an important  role  of
for  the  system  that's  why  it  is  also
manufactured  also  from  aluminum  using
milling  machines  with  tolerances
±0,0016mm DIN EN ISO 1302 (2001-06). 

For the final design no major changes were
made.  The design  concept  we chosen for
first  prototype  was  used  to  make  final
model. Most of the model components are
made  from  Aluminum  6061  (Base  plate,
lens holder, dust shielding) and milled by
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milling  machine  by  DIN  EN  ISO  1302
(2001-06)  standard.  Fixation  is  still  done
by M3 bolts with non-magnetic properties.
The  base  plate  is  made  bigger  for  easier
fixation  to  the  mane  satellite  body  and
some  extra  cut  outs  for  the  cables  were
made.   The  part  that  was  added  is  lens
hood.

Information about tolerances and standards
were taken from the book “Mechanical and
metal Trades Handbook” [3] 

The  final  design  is  shown  in  the  figure
below.

Fig. 1. Final Prototype of Optics Chamber

2.3 Minimizing Stray Light in Cameras
with  the  Help  of  Light  Absorbing
Coating
Stray light are light that are not intended to
enter  the  optical  system.  These  light
interfere with the useful light and reach the
image  sensor,  thereby producing  noise.[4]
These  stray  light  must  be  eliminated  by
either reflecting them out of our system or
by absorbing them or  by scattering  them
before  they  reach  the  image  sensor.  By
doing so we can improve the quality of the
image  produced.  This  reduction  can  be
accomplished  with  the  help  of  light
absorbing coatings or by using baffles.

The coatings are used to form lambertian
surfaces on top of the aluminum alloy 6061
used to construct the optical system. When
a  stray  light  falls  on  a  surface  with
lambertian  properties,  it  gets  scattered  in
all directions thereby the intensity reduces
a  lot  and  hence  the  noise  is  reduced.  In
non-technical  terms  light  is  said  to  be
absorbed. This effect can be achieved with

the help of coating that is  applied on the
interior surface of the camera. The type of
coating used should be such that it satisfies
the criteria for spaces application.

2.4 Criteria to Consider for Space 
Applications

2.4.1 Temperature Resistance
Assume a metal plate placed on the lower
earth orbit, its temperature will vary from
-170°C to 123°C,  [5] and it will get to its
positive extreme when it is facing the sun
and  the  negative  extreme  when  no  light
falls  on  it.  This  will  make  the  metal
contract  and  expand  repeatedly  and  this
may  affect  the  coating  to  wear  off  or
produce  dust  inside  the  optical  chamber
which  is  counterproductive  to  the  aim of
the coating. Hence the coating technology
chosen should be  able  to  withstand these
extreme temperature conditions.

2.4.2 Vibration resistance
During  the  launch  and its  journey to  the
lower earth orbit, the optical system will be
subjected to various shocks and vibrations
due to gravitational forces and the rocket
propulsion systems.  These can also affect
the coating applied. So the coating should
have good adhesive qualities so that it can
withstand these conditions. 

2.4.3 Outgassing
Outgassing refers to gas molecules trapped
inside  the  coating  that  may  escape  out
when there is enough pressure difference.
Gas molecules may also form due to some
chemical  reactions  inside  the  coating.
During the process of escape, this gas can
remove  a  piece  of  coating  along  with  it
which  may  float  around  in  the  optical
chamber  and  produce  noise  due  to  the
weightless environment of the lower earth
orbit. The European Space Agency has set
several  standards  to  measure  the
outgassing, two of which include CVCM,
WVR,  RML  and  TML.  So  the  coating
chosen  should  satisfy  these  standards  set
by the ESA.
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2.4.4 Carbon Nanotube Coating (CNT)
This  technology  was  first  introduced  by
NASA in  the  SPIE  optics  and  photonics
conference. This type of coating is made up
of  thin layer  of  hollow carbon nanotubes
with  multiple  walls  of  pure  carbon.  The
layer has millions of these tiny tubes and
each  tube  is  about  10  000  times  thinner
than  human  hair.  They  are  arranged
vertically like a tall shag rug/carpet. [6]
It  works  by  trapping  light  between  the
walls  of  the  nanotubes  and  between
adjacent nanotubes. 
These coatings  have very low reflectance
of  less  than  1  %  in  the  wavelengths  of
interest in the visible and IR range which is
150 nm to 1500 nm.

2.4.5  Advantages  over  Anodized  Black
Coating, Paints and Powder Coats
-On  an  average  the  conventional  coating
processes can only absorb 90 % … 97 % of
incoming light.
-They  do  not  remain  black  at  all
temperature. When they get cold they take
a shiny silver color. 
-Black paints  have  radiative  properties  at
longer wavelength 
-To  prevent  these  radiative  emissions
epoxies are loaded with conductive metals
to create a black coating.
-This  adds  weight  which  is  an  undesired
quality for space applications. [6]

3. CONCLUSION 

Using rapid manufacturing, the optical 
system for the Nanosatellite was designed 
and developed. This design is ready to be 
integrated into the whole Nanosatellite 
system.
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EMPOWERING SYNERGY DYNAMICS IN CHAOS CONTROL IN 
HIERARCHICAL TEAMWORK  
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 Abstract: In the present paper the 
methodology of a probabilistic prognosis 
of the time needed for the design and 
commissioning of new automated factories 
is presented. The methodology is based on 
empirical research of the statistics of 
human shortcomings collected by the first 
author from the experience of the start-up 
of 26 different factories all over the world. 
It is shown that human shortcomings in 
hierarchical teamwork lead to a real 
chaos, which must be taken under control 
by temporary mapping and well-timed 
dynamic empowering the synergy level by 
reasonable rework and tune-in. The 
practical use of this methodology has 
proved that losses of labour costs caused 
by human shortcomings can be cut by up 
significantly. 
Key words: factory automation, teamwork 
management, chaos control, synergy 
deployment, design structure matrix 
technology, discrete event modelling. 
 
1. INTRODUCTION 
 
One of the key problems at planning the 
necessary financial recourses for a new 
automated factory project is the 
determination of the time for its design and 
commissioning. At first sight, it seems to 
be a comparatively simple task. However, 
in reality it turns out to be a very complex 
budgetary headache due to human 
shortcomings (faults, mistakes and 
strategic miscalculations), which are an 
inseparable part of human activities in their 
professional work [1]. Experiences of 
starting up new automated factories have 
shown that in order to reach the stage of 

normal production extra resources of 5-
10% of total labour costs on average are 
necessary. It is a good ground for 
researching this phenomenon and finding 
ways to cut down these excessive costs. 
The authors of the present paper have been 
studying the phenomenon of the so-called 
“bad” engineering for over 20 years with 
the aim avoiding it by increasing synergy 
in cooperating teamwork [2]. The latest 
research has been devoted to synergy-
based chaos control in complex 
hierarchical teamwork similar to the 
realization of factory process control 
systems’ projects [3].  
The automated factory design and 
commissioning team is a typical 
hierarchical system structure of working 
groups. Such a multi-agent dynamic 
distributed intelligence system, where the 
information about the completed tasks is 
transferred in scheduled time from one 
team to another, is highly sensitive to 
tainted information [4, 5]. Imperfect 
information flow leads to poor decisions 
and chaotic decision-making by downward 
agents leading to chaotic behaviour in the 
whole automated factory design and 
commissioning teamwork. Taking into 
account that human shortcomings have an 
accidental nature it makes chaos control an 
extremely complicated and nonlinear task, 
which cannot be solved by classical 
methods [4, 6]. 
To overcome the above described situation 
a two-level approach was outlined. On the 
first level [3] an exhaustive synergistic 
information transfer system was created 
with the aim of suppressing the growth of 
chaos from the very beginning. For this 
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purpose the most suitable tool was found to 
be the Design Structure Matrix (DSM) 
technology.  DSM is a powerful tool for 
describing human relations, making up the 
most capable teams and scheduling and 
evaluating their activities [7, 8]. All this 
allows creating an optimal communication 
and cooperation scheme between 
individuals and project groups, where the 
competences and capabilities of team 
members can be made maximal use of in 
the synergy growing manner. In the present 
follow-up paper to the [3] the second level 
activities of chaos control in automated 
factory design and commissioning process 
are presented. The goal of the second level 
tasks is to work out a methodology for 
probabilistic estimation of the automated 
factory project time. 
  
2. OUTLINING THE RESEARCH 
PLAN 
   
The present follow-up research is focussed 
on the aspects of optimal timing control in 
the automated factory design and 
commissioning project teamwork. The 
special feature of this research is the reality 
that all time-dependent input parameters 
related to human shortcomings are fully 
accidental. Therefore, it is possible to rely 
only on soft computing solutions [9]. As a 
result, one can see that the estimated 
project duration consists of statistically 
determined average time corrected with on-
line activities to reduce this sight duration. 
To attain such a timing ability it is 
necessary to develop the inhibitive chaos 
control system by temporal mapping of the 
situation and by well-timed dynamic 
correction of the synergy level by 
reasonable rework and tune-in. The key 
problem here is reasonable mapping of the 
growing chaos and correction of the 
chaotic trajectories to suppress the chaos 
by empowering the synergy in teamwork. 
For the present research a unique advanced 
database of human shortcomings was 
completed by the first author on the basis 
of the experiences gained during the start-

up process of 26 different factories all over 
the world [3]. As a result, factual statistical 
data about human shortcomings can be 
used as inputs and the results of the 
theoretical research can be verified with 
reality.  
Now it is appropriate to point out the use of 
the concept of synergy dynamics in the 
present research. In the present situation 
the synergistic approach is applied to a 
larger hierarchical socio-technical 
teamwork system. Therefore, it is 
substantial to focus on the quality of 
cooperation and information transfer.  
In this context the quantitative evaluation 
of synergy moves to the foreground. The 
most appropriate way to comprehend the 
essence of synergy seems to be the use of a 
percentage scale (Fig. 1), where 0 
represents a synergy-free system or a 
system completed without any intent to 
incline from the formal fitness demands 
and 100% means reaching maximum 
synergy, where everything is squeezed out 
of physical, communication and 
cooperation processes.  
 

 

 

 

 
 

 
 
 
 
Fig. 1.  Relation of positive and negative 
synergy to rework amount. 
 
Negative synergy -100% marks a 
catastrophe situation, where the whole 
process is failed and further activities of 
restoration must be provided. The level of 
synergy must be maximally close to market 
demands for ordinary products including 
factory process control systems. In 
principle, the growth of synergy can also 

-100%                                0                 100% 

Catastrophe –  
system does 
not function 

Present market 
level of similar 
systems’ 
performance 

Synergy level 

Work and rework amount 

Rework for system restoration 

Upgrading the system performance 
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be measured by rework time put into the 
empowering the synergy (see Fig. 1). 
Although the framework for describing 
communication activities is DSM, the most 
suitable mathematical tools for the analysis 
of time-dependent processes appears to be 
an advanced simulation technique – 
Discrete Event Modelling enriched with 
Latin Hypercube Sampling [10]. This type 
of modelling makes it possible to find the 
best communication map to minimise the 
time for rework and iterations during 
project execution. 
 
3. GROWTH OF THE HIERARCHIC 
CHAOS AND ITS MAPPING 
 
The fundamental basis for the development 
of any new chaos control approach is a full 
description of all the inputs, agents, their 
activities and interfaces between them 
during the whole automated factory design 
and commissioning process (see Fig. 2).  
This scheme consists of teams formed by 
commercial sub-projects, tied with 
financial agreements and bound together 
by the owner’s team’s activities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Effective execution of project tasks by 
team members requires the planning of 
information flow between team members 
and different companies involved. The 
scheduling of teamwork is supervised by 
the project manager and team leaders. 
However, a lot of direct communication 
also occurs between team members, but 
their schedule is somewhat random and not 
fully controlled. The initiator of 
information exchange is usually the team 
member who needs certain input to 
perform a specific task.  
The visualisation of a communication 
pattern of an example project organisation 
is given in Fig. 3. All the communications 
between the team members are represented 
by different colours of arrows, where violet 
arrows stand for moderate interaction and 
res arrows strong interaction. The direction 
of the arrow represents the initiator of 
communication. Communication can also 
be bidirectional by means of mutual 
discussions and meetings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Taking into account everything mentioned 
above one can see that human 

Fig. 2 Typical factory process automation team organisation scheme and shortcomings map 
in DSM matrix form  
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shortcomings in the form of faults, 
mistakes or strategic miscalculations, 
which spread in any of arrow lines in Fig. 3 
and multiply at every summing agent in the 
form of a wrong decision, cause a real 
chaos in the whole hierarchical system. As 
the formation of human faults and mistakes 
is fully accidental and therefore project 
activities are also somehow chaotic, an 
indisputable need arises to get control over 
the whole process and decompose this 
puzzle in some way. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A suitable tool for it is mapping the 
trajectory of shortcomings, which is shown 
in Fig. 4. Possible trajectories of 
shortcomings with their “mirroring back” 
to the person giving rise to the shortcoming 
are mapped with different line types. The 
shortcomings may be disclosed in any 
stage of project development and naturally 
in multiple ways “mirrored back” to all 
agents in the influence area of this 

shortcoming.  Obviously, the clarification 
of a shortcoming needs some additional 
cooperation effort and it gives arise to the 
synergy level of task solution with the aim 
of meeting market needs. The key problem 
of the present research is how to manage 
these numerous maps, which the next 
chapter of the paper is devoted to. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. METHODOLOGY FOR CUTTING 
DOWN PROJECT DURATION 
 
The precondition for the use of the 
proposed methodology for the prognosis of 
project duration for automated factory 
design and commissioning is the execution 
of the first level activities of the present 
research [3]. In this context project duration 
is also divided into two stages. At first it is 

Fig. 3. Graphical representation of hierarchy and communication in the automation project, a 
reality scheme based on Fig. 2 
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necessary to compute the average 
probabilistic duration of the project 
proceeding   from   the statistics   of human 
shortcomings. The second task is to keep 
the chaos under control by skilled handling 
with discovered acute shortcomings 
trajectories. 

 
 
Fig. 4. The shortcomings’ trajectories 
 
A thorough analysis of human 
shortcomings’ database, considering the 
origin of problems in the communication 
network and the efforts needed for their 
elimination in shortcoming blocking zones 
is visualised in Fig. 2. The percentage of 
effort needed to finalise the project is 
introduced to the clustered matrix form. 
The critical percentage, where the 
communication matrix needs to be 
improved, was set to 0.3% or one working 
day of all the time needed for rework. The 
values below 0.3% were considered as 
casual problems, which do not need to be 
regulated.  
The analysis shows that the majority of the 
problems falls to the area of clustered 
meta-teams A, B, C and D, indicating the 
need for reforming them in order to reduce 
communication insufficiency. The most 
common, company-based team structure is 
shown with black bordered rectangles. 
Additionally, there are some problematic 
areas outside meta-teams, which need 
special attention. As some of these 
problematic fields were not considered as 
part of the scheduled communication map, 
the matrix needs to be upgraded by new 

communication marks or increasing 
communication level. As some new 
communication schedule marks are located 
outside meta-teams blocks, it is reasonable 
to schedule the communication between 
the meta-teams by appointing liaisons for 
certain subjects communicated. 
Turning back to the current project it is 
necessary to recognize that the chaos in 
current hierarchical system communication 
schedule starts with a single wrong 
decision or shortcoming in the 
communication process, inducing the 
following wrong decisions and therefore 
exponential growth of chaotic behaviour of 
the whole system. The trajectory of the 
actual process starts to differ from the 
predicted one and causes the multiplying 
amount of shortcomings in the hierarchical 
communication system (see Fig. 4). To 
reduce the influence of chaos, it is 
necessary to introduce perturbations 
(additional communication lines or 
distribution of time inside the project) to 
lead the process trajectory towards the 
desired one. Further, it is also necessary to 
add time and synergy dimensions to the 
existing scheme All efforts to return 
trajectories closer to the market level on 
the synergy scale need some additional 
cooperation efforts, which lead to the 
empowering of the synergy of the process 
concerned in case the most effective 
strategy is chosen for with an appropriate 
control of the current result. 
The only way to solve the above described 
entirely probabilistic task is to find a 
mathematical modelling technology from 
the field of soft computing [9]. It is a very 
complicated area as at iterations the new or 
corrected information can appear at any 
moment of the process of rework where 
iterations take place among sequential, 
parallel and overlapped tasks. At the same 
time the amount of repetitive work is 
reducing according to the learning curve. 
For the solution of the listed problems 
Discrete Event Modelling seems to be the 
most promising [10]. This approach allows 
computing probability distribution of lead-
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time in the project network and therefore 
evaluating the effectiveness of the chosen 
strategy of elimination of the consequences 
of discovered shortcomings. The results of 
modelling have shown that it is possible to 
reduce the average project duration 
significantly depending on the experience 
of the project team. For a usual one-and-
half-year project this means several weeks 
of reduced labour costs of automation team 
plus avoided losses from unreceived 
production. 
 
5. CONCLUSION 
  
A methodology for the prognosis of the 
project execution time for hierarchical 
automated factory design and 
commissioning teamwork is proposed. The 
methodology is based on real projects’ 
human shortcomings’ database used for the 
prognosis of the target time to attain the 
market level performance of the factory. 
The essence of the methodology is 
proactive chaos control by temporary chaos 
mapping and well-timed dynamic 
empowering of the synergy level by 
reasonable rework and tune-in. It is shown 
that by empowering the synergy in 
teamwork it is possible to cut down the 
project target time and corresponding 
labour costs remarkably. 
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Abstract: Main actors of globalized 
economy are big international firms. 
International companies develop, produce, 
distribute and market their goods and 
services globally. However people, 
consumers and companies tend to live in 
different conditions, to use products 
differently and to have different 
perceptions about the products. This means 
that most of the products have to be 
modified, adapted and communicated to 
the local customer. 
Product adaption to the particular market 
should have be done from three aspects: 
cultural adaptation, legal adaptation and 
adaption to local climatic conditions and 
geography. 
Cultural adaptation mean that product 
design and product ergonomics are 
acceptable for the local clients. Legal 
adaptation of products means taking into 
account local legislation and standards.  
Product adaptation to local conditions 
means adaptation to local climate 
conditions, security issues and other 
factors. 
Product adaptations starts with the 
observation of local use of referred 
products. This requires good observational 
skills of sales people and methodology of 
reporting. 
Keywords: exporting export marketing, 
product development. 

 

1. INTRODUCTION. ESTONIAN 
EXPORT OF ENGINEERING 
PRODUCTS 

Export development is priority area for 
economic development in several 
countries. If to exclude raw material 
exporters then most of small economically 
successful countries also are big exporters. 
Developed countries export mainly 
sophisticated products and services 
containing engineering and customer 
know-how.  Despite to the fact that such 
products are quite expensive they are often 
necessary to build infrastructure and for 
production. 

Product adaptation is a process that aims to 
customize the products to the needs of 
different customer groups. Product 
adaptation is well studied for consumer 
goods but less for engineering goods [1].  

In consumer goods industries product 
adaptation often contains mainly marketing 
activities. When exporting of engineering 
goods both product technological features 
and marketing aspects should be taken into 
account. 

2. ESTONIAN EXPORT 

Machinery and equipment trade constitutes 
substantial part of Estonian foreign trade. 
Approximately one third of exports and 
imports are machinery and equipment 
products that require more or less intensive 
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engineering activities like: design, 
adaptation of design to production, 
sourcing, planning and others. Big share of 
machinery and equipment in Estonian 
foreign trade doesn’t necessary always 
show high-technology level but rather good 
integration between Estonian metal sector 
enterprises with international and mainly 
Scandinavian multinational firms. Big part 
of Estonian machinery sector foreign trade 
are intra-firm trade with Nordic origin 
global firms. 

 

 

 

3. RELOCATION OF 
ACTIVITIES AND 
INTERNATIONALIZATION 

Growth of global firms, 
internationalization and real globalization 
are involving several processes. Uppsala 
model of internationalization supposed that 
in the first period foreign clients are served 
from home country [2]. With the extension 
of scale and scope of export activities 
certain processes are shifted closer to the 

customers. First process that in 
internationalized is often creation of local 
sales office. Second level of 
internationalization contains transfer of 
production activities and establishing of 
production unit near clients location [3]. 

Earlier globalization thirty and twenty 
years ago supposed that manufacturing 
activities are shifted to lower labour cost 
and closer to growing market locations. 
Engineering activities still remained in core 
areas and near to the corporate 
headquarters. This is not anymore the 
dominant case. Technology governance is 
still the case but nowadays globalization   
contains also the transfer of engineering 
activities. There are several reason why 
engineering activities had been shifted to 
foreign countries [4]. Primarily reason are: 
stronger need to adapt to local conditions, 
difficult to understand preferences of local 
customers, well available and cheap 
engineering graduates pool, wish of FDI 
recipients to create more white-colour jobs 
and others.  

4. PRODUCT CUSTOMIZATION 
AND ADAPTATION 

Engineering products adaptation to foreign 
markets or even to particular customer 
groups involves wider scope of activities 
than customization of consumer products. 
Adaption of engineering products for 
foreign markets could be split into next 
categories: legal adaption 

4.1 Legal adaptation 

Legal customization is easiest form to 
understand. Products should be in the 
compliance with local legislation and 
standards. That can sometimes be 
confusing because in some countries exist 
federal and local laws and knowing of all 
existing rules can be complicated.   
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Estonia as a part of European Union 
already produces he products that are in 
compliance with EU legislation.  European 
Union legislation sets general level for 
products safety and conditions for the free 
movement of goods.  

Part of legal adaptation are product 
standards. In European countries following 
the technical conditions in standards is 
voluntary but in some countries could be 
mandatory.   

Part of business strategy and legal 
adaptation is intellectual property 
protection. Possible cases of illegal coping 
and counterfeit should be taken into 
account. 

Rules in most of the countries require the 
translation of technical manuals and 
instructions. This process can be quite 
costly, requiring high quality translators. 
Translation of manuals is not only 
technical task. In some countries people 
like more visual cartoon like illustrations 
and in some countries more texts are used. 
Company ordering the translation of 
product manual should also take into 
account technology knowledge of main 
consumers. May be more detailed and 
explaining manuals are needed in some 
countries. 

When your products are used in public 
procurement is good to know how these 
processes are organised in target market, 
what the main rules are and how the 
procurement system functions. 

4.2 Cultural adaptation 

Cultural adaptations of products deals with 
the circumstances under which the 
products are customly used in target 
country. It is partly cultural and partly 
technical problem.  

Basis of customization are habits and the 
perceptions of the consumers. IN some 

countries the product can be used as luxury 
product and in some countries middle 
range product. Same product can be in 
private consumption and used as 
professional tool. 

Local consumer could have certain 
colouring and packaging preference. 
Common colours for domestic appliances 
in Northern Europe are white, silver and 
black. Consumers is other regions could 
prefer different colours. Certain colours 
can be preferred by up-market clients [1]. 

Clients could request additional quality, 
environmental and other certificates. 

4.3 Technical adaptation 

Clients could require different sizes and 
parameters of machinery and equipment.  

Clients could also have additional 
preferences for safety, productivity and 
ergonomics parameters. For example 
agricultural machines in small agricultural 
plots in Northern Europe tends to be 
smaller that agricultural machinery sold in 
Australia and USA.  

Operators working long hours in cabins 
could demand accessories that make work 
more comfortable. Additional ergonomics 
and comfort accessories adding can be part 
of commercial offer. 

Devices work often in different climate and 
human related conditions. Among the 
climate conditions are extreme cold, hot 
climate, high humidity and other factors. 
Human behaviour and unsecure 
environment could insist that there are 
extra security measures like additional 
locks and immobilizers on device. 
Sometimes even insects and rats have 
caused breakdown of devices after eating 
the cable insulation.  

Infrastructure influencing the use of your 
product can be different in target market. It 
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could be that mobile phone 
communication, water or electricity are not 
available in some locations  

Decision to purchase new equipment can 
be influenced by compatibility with 
previous accessories and supply materials. 
Previously acquired accessories and spare 
parts could constitute substantial value and 
therefore influence the purchasing 
decision. 

4.4 Market (economic adaptation) 

Economic adaptation means customization 
of your products for customer groups with 
different purchasing power and other 
economic parameters. Countries are in 
different economic development stage and 
it is hard to believe that they customers in 
less developed countries are able to buy 
products at the same price as customers in 
Western Europe. General rule is cheaper 
products are made for developing 
countries.  

Lowering the price of your products could 
be done by using cheaper components, 
smaller number of additional functions and 
by using of local assembly if possible. 

In some countries people use products 
longer and repair them. In some countries 
repair of same products is uncommon and 
after some periods products are simply 
scrapped or sold to foreign markets. 

Different requests from customers initiate 
the firms to offer different products and 
create product variation. Solution for cost 
efficient product portfolio can be using of 
modularized design [5]. 

Pricing models and business behaviour in 
developing markets often differs from 
saturated markets.  

5. PRINCIPLES OF 
ADAPTATION TO LOCAL 
MARKET CONDITIONS 

When company product are unique and 
needed in foreign markets customers are 
probably willing to buy them without 
substantial customization. However this is 
quite rare in real life and in saturated and 
stable markets newcomers offer mostly 
products that are cheaper or with modified 
functions. By getting the market 
knowledge newcomers get the market 
information and start to modify their 
products and add new features for those 
products. 

Selling of engineering goods abroad is 
exercise not only for marketing department 
who must speak foreign language but for 
all units of firm [6]. Well organised and 
sustainable export starts already from 
product design and financing. With 
customer demands should be familiar 
people in manufacturing and logistics 
units. 

Communication with clients doesn’t end 
after the sales of machine. Expensive 
capital good products customers ask in 
most of cases maintenance and guarantee 
services.  

Point of considerations are operating in the 
case of urgencies when equipment breaks 
down and in other extra situations.  

Exporting is therefore not only the 
customization of products but 
organizational changes and creation of 
enterprise networks with customers. 

6. HOW TO START PRODUCT 
CUSTOMIZATION 

Customization of your engineering 
products for target markets starts form the 
learning of customer habits and product 
using practices.  

Easiest and simplest way to the final 
product using information have resale, 
distribution, servicing and other specialist 
who are in direct contact with final 
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customers. Creation of helpful 
communication between final users and 
sales people require time and efforts. 
Methods like focus group, joint testing and 
lectures can be used.  

When speaking to final customers sales 
people should show and act more like 
product development consultants rather 
than simple sales people. When joint 
development gives certain results in the 
form of new product solution is good to 
share those goals with final customers. For 
example pilot customers receive their 
samples cheaper. In exchange to pilot 
products they give detailed feedback and 
their opinions.  

Good solution in one foreign market could 
serve as success factor in next foreign 
market. 

 

CONCLUSIONS 

After the collapse of Soviet system and 
privatization, enterprises in Estonia and 
other newly free countries started to look 
for new markets and modernization. On 
general level machinery and metal goods 
made in Western Europe had higher quality 
and were more modern than products made 
in former Eastern bloc.  

First modernization investments were 
made into new production equipment and 
premises. It was logical solution and new 
machinery helped to produce higher quality 
goods in more efficient way. This trend has 
continued last two decades.  

However material or tangible side is only 
part in enterprises life. With available 
funds is relatively easy to acquire new 
equipment and production machinery. 
Creation of customer base, links with loyal 
customers especially in economically well 
off countries require equally investments 
and dedication. Big number of purchasing 

decisions are personal and price is only one 
factor affecting the purchase. 

To the certain extent managers of the first 
wave after liberalization of former Soviet 
bloc underestimated the client relations and 
other non-tangible factors.  

Learning about the markets and growth of 
new SME-s were two factors that showed 
the importance of tense cooperation with 
customers. 

Knowing the customer decision and 
purchasing process helps not only to create 
better products but assures the smooth 
communication. 
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Abstract: The authors had the idea to try 
to use the Delphi method for generating 
and evaluating projects of roofing. For this 
purpose questionnaires were prepared and 
three rounds of investigation were carried 
out, in which participated 30 experts as the 
respondents for roof installation projects 
evaluation. For the research a set of the 
parameters and sub-parameters to be 
assessed was selected. This set was formed 
as the basis from collected and 
summarized data by the paper's authors. 
The practice has shown that the Delphi 
method in engineering field organizers 
must to have a very good knowledge in the 
field of survey and to provide the greatest 
set of the possible parameters as possible. 
It was found that there is a large difference 
of the experts’ opinion what the 
parameters should be a priority. In order 
to evaluate objectively and to select the 
best roof design, the options have to rely 
on few experts’ opinion and then it is good 
to use their average evaluation as a basis 
for possible options selection. 
 
Key words: Delphi method, decision 
support system, roofing, engineering  
 
1. INTRODUCTION 
 
For modern engineering activities it is 
required to develop methods that would 
enable to generate possible solutions and to 
select the best appropriate set for the 
consumer and producer. Delphi method 
can be used to assess a number of views of 
the experts from various fields. The authors 
had the idea to try to use the Delphi 
method for generating and evaluating 
projects of roofing. 

The goal of the work: to provide a 
research of the Delphi method application 
possibilities in the engineering field of the 
roof installation when for roofing 
modelling the complex Decision Support 
System (DSS) can be used. 
The subject of research: the Delphi 
method application for the complex DSS 
roofing projects evaluation system 
creation. 
 
2. PROBLEM STATEMENTS 
 
According to the authors, the modern 
engineering activity must to be related to 
the DSS application in various fields. 
The DSS objective and purpose is to 
collect, analyse, and visualize the data and 
processes, after they are submitted for the 
experts and building customer assessment.  
We are looking for purposeful engineering 
analysis and for the methods to managing 
creative effort of designing. The analysis 
must be supported by the evaluation criteria 
system. To create this evaluation criteria 
system it is necessary to make study of the 
evaluation subject, to found option that are 
important for the customers, engineers 
designers, builders, and other interested 
groups of influence. 
According to S. Rahman et al. (2012) [1] and 
A. Spanaki et al. (2011) [2] it can be said, 
that the work to improve information 
systems in the field of construction can have 
a great outcome. 
To improve the roofing projects evaluation 
by the experts the Delphi method was 
selected. According to A. Marchais-Roubelat 
and F. Roubelat (2011) [3] the Delphi method 
is important to give access to specific forms 
of knowledge and this knowledge may be 
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characterized according to the type of 
knowledge sought after, its status, its 
temporality, and its field of use and the risk 
of bias that may affect it. The aim is to obtain 
advice regarding the action to be made 
within the scope of an aid to decision-
making. 
In the H. Konu (2015) [4] study the Delphi 
was implemented in order to develop 
services by involving the customers in the 
process. Customer ideas and opinions are 
used in new product and service 
development even though it has sometimes 
been found challenging e.g. by criticising 
that customers do not necessarily know 
what they want. Two Delphi rounds were 
used. The first round was used to collect 
new ideas for different purposes in new 
service development and these ideas were 
then analysed and thematic 
products/product themes were formed by 
using narrative analysis. During the second 
round in the comments related to the 
thematic products, alternative forms or 
products were suggested. 
According to Đ. T. N. Quyên (2014) [5] the 
Delhi method stages consist of the Pre-
Delphi construction of potential indicators, 
panel selection and recruitment, data 
collection and analysis. Data collection and 
analysis was of three rounds. In Round 1, 
proposed set of indicators was discussed, in 
Round 2, experts were asked to rate the 
level of importance of the indicators using 
the scale from 0 to 4. Coefficient of 
Quartile Variation (CQV) was used to 
measure the level of consensus among 
ratings and Coefficient of variation (CV = 
σ/μ) was used to measure the extent to 
which indicators in a factor vary in 
weights, in Round 3, the interviews with 
experts were transcribed, and thematic 
analysis was applied to analyse the data. 
According to L. Yu and K. K. Lai (2011) [6] 
multi-person multi-criteria group decision 
making model is composed of six main 
procedures: to construct the group decision 
making environment, to select different 
decision criteria for decision alternative 
evaluation, to formulate various decision 

alternatives, to use criteria weight 
determination methods to determine criteria 
weights, to give different decision results for 
every alternative, to aggregate different 
decision results into a group consensus in 
terms of the maximum agreement principle. 
The aggregated group consensus value can 
be used as a final measurement for the final 
decision-making purpose. 
According to the B. E. Ribeiro and M. A. 
Quintanilla (2015) [7], participants of 
Delphi method found it difficult to assess 
variables and support their opinion in the 
absence of evidence, and making 
judgements under briefly described 
scenarios; the questionnaire was 
considered to be long and include complex 
questions, making participation in the 
survey rather time-demanding; the design 
of the survey did not allow space for a 
debate on the positive aspects of the 
subject. 
V. Varho et al. (2016) [8] analysed the 
preferred and probable future of the small-
scale renewable energy in Finland 
development. They formed the basis for 
scenario construction. The data analysis 
was mainly performed with cluster 
analysis. The statistical analyses were done 
using IBM SPSS Statistics 21 software. 
The clustering method uses the 
dissimilarities or distances between objects 
when forming the clusters. A hierarchical 
tree diagram, called a dendrogram on 
SPSS, showed the linkage points. 
In the article of Y. Tang et al. (2014) [9], it 
was attempted to present a framework to 
evaluate and compare various technologies 
among the six links of the solar cells 
industrial chain. The Delphi method and 
Analytic Hierarchy Process (AHP) were 
used to determine the priority and ranks of 
the target technologies.  
According to S. J. Barnes and J. Mattsson 
(2016) [10] the first phase of a future study 
would be to build on the current factors to 
develop an event set that can be used to 
construct dynamic scenarios. Such 
dynamic scenarios can be used via a Delphi 
study to determine the strongest “if then” 
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relationships between events that might 
foster either good or bad outcomes, 
identifying the events that have the 
strongest negative and positive interactions 
in bringing about a degree of collaborative 
consumption (ranging from nothing to 
everything). By focusing upon very 
specific subsets, such as cars, we may be 
able to create a series of specific models 
that lead to the best understanding for 
reaching a more comprehensive approach 
to collaborative consumption. 
According to J. Cho and J. Lee (2013) [11] 
the results of the FAHP method indicated 
that marketability is predominant criterion 
for the commercialization of technology 
products. In particular, market potential, 
customer needs, profitability, and market 
competition factors seem to have 
distinctively higher importance, indicating 
that they are the key factors for 
commercializing technology for new 
products. 
According to C. Okoli and S. D. 
Pawlowski (2004) [12] a Delphi study does 
not depend on a statistical sample that 
attempts to be representative of any 
population. It is a group decision 
mechanism requiring qualified experts who 
have deep understanding of the issues. 
Therefore, one of the most critical 
requirements is the selection of qualified 
experts. 
J. Curiel-Esparza and J. Canto-Perello 
(2013) [13] paper presented a methodology 
based on AHP and Delphi processes for the 
selection of utilities placement techniques 
in which the intangibles are also assessed 
to avoid short-sighted urban underground 
planning.  
 
3. APPLICATION AREA 
 
The main application area for the research 
results is engineering activity. The research 
involved Lithuanian experts of various 
field to participate in the Delphi method for 
DSS system elements development and 
roof installation projects evaluation. The 
results of the investigation can be useful 

for DSS in engineering field development 
and worldwide in generally. 
 
4. RESEARCH COURSE 
 
As the first step the aim of the research was 
formulated. At the second step the research 
of the Delphi method application case took 
place. Third step involved the analysis and 
evaluation of the obtained data by using an 
average value method, correlation 
regression analysis, Kendall's coefficient of 
concordance and after the analysis 
adequate conclusions were stated. 
 
5. METHOD USED 
 
The authors had the idea to try to use the 
Delphi method for generating and 
evaluating projects of roofing. For this 
purpose questionnaires were prepared and 
three rounds of investigation were carried 
out, in which participated 30 experts as the 
respondents for roof installation projects 
evaluation: 
1. During the first round of investigation 
the respondents were asked about the set of 
parameters and sub-parameters for 
evaluation and about its evaluation 
expediency. For this purpose, professionals 
who are engaged in the design work, 
roofing installation project owners, and 
other people who have ideas on the subject, 
were interviewed. 
2. During the second round of investigation 
the respondents were asked to determine 
the weights of the parameters for different 
categories of the projects. Roof installation 
project categories were divided into the 
extremes (for very important persons 
(VIP)), protected by the state, expensive, 
mid-price, low-cost items, and other types 
of roof installation projects. 
3. During the third round of investigation 
the respondents were interviewed and the 
priority positions of the parameters were 
determined, which was done according to 
the importance for the successful 
implementation of roof installation projects 
and customer satisfaction (respondents 

50



were asked to identify an order sequence 
number from 1 to 11). The questionnaire 
was developed in order to harmonize the 
opinions of the experts. The results were 
processed using Kendall concordance 
coefficient. 
Kendall's coefficient of concordance KW 
was calculated as: 
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where ri,k is given the rank for the object i 
by the judge number k, n – the total 
number of the objects, and m – the total 
number of the judges. If the KW is 1, all 
the survey respondents have assigned the 
same rank sequence to the list of concerns. 
If KW is 0, then there is no overall trend of 
agreement among the respondents. 
Estimation of the separate parameters for 
each possible alternative of the roof 
installation projects can be accomplished by 
the formula, converting them into 0 – 100 
points system from the 1 – 5 points system: 
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where Vhj – evaluation of j parameter for the 
h project (average points assigned by the 
experts from 1 to 5), maxF –maximum points 
for Vhj parameter evaluation (in our case 5 
points), minF –minimum points for Vhj 
parameter evaluation (in our case 1 point). 
The total evaluation for each of the possible 
roof installation project can be done as a 
weighted average of the separate parameters 
evaluated by the experts (the 0 – 100 points 
system): 
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where Whj – is the weight of j parameter for 
the h project (weight of the parameter is 
positive and common for all valued projects 
of the selected type of the roof and was 

assigned as average of 30 respondents 
answers presented from 1 to 5 points).  
 
6. RESULTS 
 
For the research a set of the parameters and 
sub-parameters to be assessed was 
selected. This set was formed as the basis 
from collected and summarized data by the 
paper's authors. The field study showed 
that for solving roof engineering problems 
the respondents offered only a few 
additions to the authors proposed 
parameters and sub-parameters set. 
Nevertheless, it was found that in general 
the average evaluation points of the 
individual parameters of individual types 
of projects, evaluated by the experts in 
various stages of investigation, were 
correlated. In this regard, in order to 
evaluate objectively and to select the best 
roof design, the options have to rely on few 
experts’ opinion and then it is good to use 
their average evaluation as a basis for 
possible options selection. 
After the analysis of received data and 
application of the Kendall concordance 
coefficient calculation methodology it was 
found that there is a large difference of the 
experts’ opinion what the parameters 
should be a priority. The concordance rate 
of 0.14 was obtained when the maximum 
value is 1. 
During Delphi method investigation, roof 
installation project categories were divided 
into the extremes, protected by the state, 
expensive, mid-price, low-cost items, and 
other types of roof installation projects. 
The weights (Whj) of the parameters were 
obtained very different for all of the 
selected type of the roof installation project 
categories. 
The most differently estimated average 
values of the parameters weights are 
presented in the Table 1. 
For the individual projects assessment it is 
necessary, to evaluate in the Table 1 
presented parameters, plus estimated 
project price (Ph) in €, and the compliance 
with the norms and standards.  
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Parameters The weight of parameter 

for the roof installation 
projects (Whj) 

Expensive 
roof 

installation 
projects 

Low-cost 
(cheap) roof 
installation 

projects 

Parameter of 
geometric 
properties (j=1) 

4,23 3,47 

Parameter of 
aesthetic 
properties (j=2) 

4,5 2,3 

Parameter of 
physical 
properties (j=3) 

4,27 2,97 

Parameter of 
ecological 
properties (j=4) 

3,7 1,87 

Parameter of 
economic 
properties (j=5) 

4,07 4,03 

Parameter of 
durability 
properties (j=6) 

4,27 3,1 

Parameter of 
efficiency 
properties (j=7) 

4 2,8 

Parameter of 
safety 
properties (j=8) 

4,37 3,7 

Parameter of 
warranty for the 
roof (j=9) 

4,2 3,3 

 
Table 1. The average weights of the 
parameters 
 
After Delphi method results implementation 
in the DSS, the customer of the roof 

installation project can view a variety of 
appropriate options, which have been already 
evaluated by the experts, and to decide which 
one to choose. If none of the proposed 
options satisfies the customer, then the new 
stage for potential new options generating 
and evaluation can be implemented. 
 
7. CONCLUSIONS 
 
After examination of the thematic problem 
of this article the following conclusion 
were stated: 
1. The Delphi method in engineering field 
organizers must to have a very good 
knowledge in the field of survey and to 
provide the greatest set of the possible 
parameters. 
2. The relevance and importance of the 
surveyed parameters can be evaluated by 
the experts, but practice showed that the 
number of the new proposals about 
parameters set from the experts was 
limited. Experts only suggest possible 
additional valuable set of the parameters 
that will be evaluated in the next round 
according the Delphi method. 
3. After the analysis of received data and 
application of the Kendall concordance 
coefficient calculation methodology it was 
found that there is a large difference of the 
experts’ opinion what the parameters 
should be a priority. The concordance rate 
of 0.14 was obtained when the maximum 
value is 1 (the minimum value is 0). 
4. The average evaluation points of the 
individual parameters of individual types 
of the projects, evaluated by the experts in 
various stages of investigation, were 
correlated. In this regard, in order to 
evaluate objectively and to select the best 
roof design, the options have to rely on few 
experts’ opinion and then it is good to use 
their average evaluation as a basis for 
possible options selection. 
5. Delphi method opens up new 
possibilities for the development and 
evaluation of the engineering solutions, but 
this method requires special knowledge 
and survey data processing takes quite a 
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long time, in our case it took two months. 
6. Further expert evaluation, after it was 
established and weighed set of the valuable 
parameters, can be done by invited three or 
more experts, to obtain the average ratings. 
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Abstract: Interferences affecting creativity 
of innovation teams were investigated on 
the basis of organizational behaviour and 
leadership psychology statements. The 
research of the processes that taking place 
during team formation, differentiation, 
integration, and maturity stages, was 
made. Also, the article studies the team 
members' relationships change and the 
potential psychological problems of the 
team moving from one stage to another 
stage. It was found that the negative 
influence on the working efficiency arising 
from the composition of the team, work 
process design, and contextual situation 
problems is decreasing when innovation 
team moving through formation, 
differentiation, and integration stages. The 
negative impact of these problems to the 
team work efficiency during maturity stage 
greatly reduced, but remains the most 
important. 
 
Key words: Innovation team, creativity, 
interferences, spirituality 
 
1. INTRODUCTION 
 
Creativity and innovativeness are closely 
linked. Von Stamm (2008) [1] argues that 
innovativeness is creativity and successful 
implementation of created ideas. Creativity 
can bring a radically new idea, service or 
product, which are achieved through 
innovation (Amabile 1997 [2]; Von Stamm 
2008 [1]), but innovation occurs and 
through adapting of existing products or 
services, that were created outside the 
organization (Woodman et al., 1993 [3]). 
The new direction of existential analysis 

psychology pioneer V. E. Frankl (2007) [4] 
distinguishes three categories of values: 
creativity, survival, and provisions. He 
states that a person realizes himself only to 
the extent that implements something 
meaning: self-realization occurs naturally 
as a consequence of the implementation of 
the sense, but not as a goal. Provisions 
values will depend on the people's 
relationship with his life limitations. 
Teamwork specifics in the innovation 
sphere should be associated with 
harmonization of the creative values and 
attitudes. The company provides chance 
for innovative team to implement the one, 
and another category of values. Often, it 
requires a team to implement creative 
values and that force to look into the 
provisions values by causing stimuli and 
restrictions for creative work. 
The goal of the work: is to examine the 
innovation team performance problems 
systematically and, on the basis of 
organizational behaviour and leadership 
psychology statements, to identify 
interferences that affecting creativity. 
The subject of research: innovation team 
work efficient problems and creative 
stimuli. 
 
2. PROBLEM STATEMENTS 
 
Innovative activity is specific. It calls for 
greater creative potential of the team. 
Creative personalities are more sensitive to 
the company's organizational behavioural 
factors. Studies showed that the republic 
industry companies personnel little going 
deeper into the innovation team formation 
process. The team problems and their 
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causes have not been analysed soundly. 
Little attention was paid to the 
organizational behaviour factors having a 
negative impact on unfolding of the 
innovation team members’ creative 
potential.  
 
3. APPLICATION AREA 
 
Main application area for the research 
results is development of the industrial 
enterprises personnel creativity. The 
research involved 60 representatives of the 
personnel with an engineering degree. 
 
4. RESEARCH COURSE 
 
The aim of the research was formulated at 
the first step. At the second step the 
research of the factors that have influence 
on the innovation team creativity took 
place. For research we selected the factors 
that affect the team work efficiency during 
the team formation, differentiation, 
integration, and maturity stages. Third step 
involved the analysis of organizational 
behaviour factors during the team 
development stages. The fourth step 
involved the analysis of the empathy and 
social-psychological reflection skills affect 
on the team members' creativity during 
ideas generation and implementation 
stages.  
 
5. METHOD USED 
 
Applied methods were a survey of scientific 
literature and other information sources, 
structural system analysis, logic analysis, a 
sociological inquiry of people working in 
innovation teams, and regression analysis of 
quantitative survey data. 
 
6. TEAM WORK EFFICIENCY 
PROBLEMS RESEARCH RESULTS 
 
Innovation team forming is the process of 
which management is complex and 
requires experience and knowledge. A 
study the processes that taking place in the 

various stages of the innovation team 
formation was conducted. The study was 
based on the verbal questionnaire survey of 
the innovation teams that working in the 
industry. 
S. P. Robbins (2003) [5] grouped into four 
categories key components that promoting 
creation of an effective team: the work 
design, composition, context, and process. 
The research of the problems arising from 
the composition of the team, work design, 
work process context and impact on 
innovation team's efficiency in various 
stages of its formation was made. 
According to the G. Rice (2006) [6], the 
managers should seek to recruit individuals 
for whom self-direction is a relatively 
salient value type: those individuals who 
consider creativity, curiosity, and choosing 
one’s own goals as being relatively more 
important for them as guiding principles in 
their lives. 
S. da Costa et al. (2015) [7] research results 
confirm that creativity is associated with 
emotional intelligence (e.g., high empathy, 
emotional expressiveness, and good 
capacities of affect regulation), divergent 
thinking, creative personality, openness to 
experience, positive affect, intrinsic 
motivation, and androgyny. To a lesser 
degree it is associated with age, 
intelligence, extrinsic motivation, self-
efficacy, and somewhat less with pro-risk 
attitude and the female sex.  
H. Sarooghi et al. (2015) [8] study suggests 
a strong correlation between creativity and 
innovation at the team level. This finding 
presents another avenue for future research 
since little is known about project 
management practices and leadership 
styles in new venture teams and the 
interaction of activities related to idea 
generation and idea implementation in such 
a context. 
Team work efficiency research was based 
on the questionnaire and verbal survey of 
60 respondents. Team work efficiency - 1y  
and the problems caused by the 
composition of the team - 11x , work design 
- 12x , context - 13x , and work process - 
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14x , were judged on a scale from 1 to 5. 
Innovation teams work efficiency 
approximating function for the formation 

11y , differentiation 12y , integration 13y , 
and maturity stages 14y , were established: 

−−−−= 13121111 154.0145.0132.0432.5 xxxy

14001.0 x− ;                                              (1) 
the correlation coefficient was r = 0,781, 

−−−−= 13121112 092.0126.0084.0418.5 xxxy

14118.0 x− ;                                              (2) 
the correlation coefficient was r = 0,812, 

−−−−= 13121113 061.0075.003.0301.5 xxxy

14135.0 x− ;                                              (3) 
the correlation coefficient was r = 0,779, 

−−−−= 13121114 014.0022.0008.0098.5 xxxy

14056.0 x− ;                                              (4) 
the correlation coefficient was r = 0,785. 
Analysis of the functions parameters 
showed that when the innovation team 
moving through the formation, 
differentiation and integration stages, the 
negative impact on work efficiency 
decreases, and that was caused by the 
problems arising from the composition of 
the team, work design, and context. The 
negative impact on the effectiveness of the 
team is growing constantly when it is 
moving from the team formation to the 
integration stage. When the team reached 
the integration stage, these kinds of 
problems are beginning to decrease. 
During team formation stage similarly 
significant problems arise, but work 
process problems still having small 
negative impact. At the differentiation 
stage the greatest negative impact on the 
work of the team has a problem that arising 
from the work design. During the 
integration stage as the most important the 
work process problems becoming. At the 
maturity stage negative impact of the work 
process problems on the team working 
efficiency was greatly reduced, but still 
remains the most important. 

7. CREATIVITY STIMULUS 
RESEARCH RESULTS 

At present, the majority of the companies’ 
employees are viewed creativity only as an 
opportunity to increase revenue and profits, 
and completely ignores the workers' 
intellectual capacity and independence of 
expression. At the companies any effort to 
recognize the value of an employee 
without any prior conditions and 
requirements, e.g. take it as it is, were not 
added in many cases. An employee can 
feel safe only when feel that was 
considered as it is, when some leaders, 
knowing the potential of personality 
characteristics, believe in potential. Only 
when the leader is able to empathize with 
what the employees thinks, feels, 
perceives, the employees can feel safe to 
express their views. Only by understanding 
and recognizing the human personal 
freedom to act according to the beliefs it 
can be meaningful to talk about the 
employment of creative potential in the 
companies. 
Simontono (2000) [9] presented two 
popular models of creativity. One involves 
the investigation of the creative process, 
product, and personality. Another model, 
according Simontono, is economic-
commercial. The author argues that, under 
this model, any reference to the theory can 
be, but rather encouraged to investigate the 
manifestations of creativity and to invest in 
the "creativity" as in the precious 
commodity. The model principle was 
guided by the business practice in the 
Lithuania. Many business managers do not 
realize that consolidation of the creativity 
as a value in the company is a long process 
and that the length of this process primarily 
depends on how managers perceive the 
value of the reconceptualisation. 
Creativity is associated with personality 
actualization, originality, understanding of 
the life mission, and intrinsic motivation. 
Runco (2004) [10] argues that creativity is a 
complex of various qualities: originality, 
flexibility, dynamism, ability to solve the 
problems, to meet challenges, and to 
determine the changes in both technology 
and culture. Rogers (2005) [11] considered 
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creativity as universal human characteristic 
and to the novelty and originality he raised 
another - social usefulness. The author 
argues that the main factor to unfold 
creativity of personality is the need to 
actualize themselves, to extract their 
potential opportunities and to experience 
the satisfaction of creating. 
According to the Rogers [11] claims, the 
research of organizational behaviour 
factors, affecting team creativity in the 
enterprises, was made evaluating situation 
in its various formation stages. The 
research was based on the innovation 
teams’ members from industrial enterprises 
inquiry form and verbal questionnaire 
survey. 
Team creativity - 2y  and organizational 
behaviour factors: evaluation of the team 
member by preconditions and requirements 
- 21x ; evaluation of the team member 
according to the company administration, 
that supervising the work of the team, self-
imposed system of values - 22x ; company 
administration, that supervising the work 
of the team, lack of empathy skills - 23x . 

Parameters were evaluated on a scale from 
1 to 5. Innovation teams creativity 
approximating functions for formation 21y , 
differentiation 22y , integration 23y , and 
maturity 24y  stages were established: 

−−−= 222121 151.0163.0981.4 xxy

23130.0 x− ;                                              (5) 
the correlation coefficient was r = 0,795, 

−−−= 222122 159.0177.0872.4 xxy

23139.0 x− ;                                              (6) 
the correlation coefficient was r = 0,803, 

−−−= 222123 164.0182.0945.4 xxy

23145.0 x− ;                                              (7) 
the correlation coefficient was r = 0,811, 

−−−= 222124 173.0191.0895.4 xxy

23159.0 x− ;                                              (8) 
the correlation coefficient was r = 0,793. 
Analysis of the functions parameters 
showed that when the innovation team 
moving through formation, differentiation, 
integration, and maturity stages, the 

organizational behaviour factors 
increasingly affecting team creativity. The 
more focused team becomes less tolerance 
to the organizational behaviour stimuli. 
Approximating function parameters 
showed that the greatest stimulus for 
creativity is a team member evaluation in 
accordance with the prerequisites and 
requirements. Company manager’s, who is 
supervising the work of the team, lack of 
the empathy skills does not have a 
significant impact on team creativity. 
These skills are more important for the 
team members, when the skills “to stand in 
another place and watch with his eyes” are 
required. It is easier for individuals with 
extensive experience. When team members 
feel what is going with a colleague, then 
relationships are going otherwise and their 
subjective reflection-psychological climate. 
Empathy principle can be successfully 
applied in the professional activity. This is 
one way of dealing with the most complex 
problem of the innovative work, of how to 
break away from traditional thinking. 
Social-psychological reflection skills are 
also needed to communicate with other 
team members. This understands of how 
other perceives you. This ability to “look at 
itself from the side”. A look at the own 
behaviour, language, the propositions 
“from the side”, it is possible to understood 
other reaction to a certain gesture 
discrepancy to the language content and 
form of presentation, or the statements 
presented persuasively, etc. When 
innovation team consists of the specialists 
of different fields, without skills of 
reflection, lots of time is spent in order to 
understand the whole problem and to find 
common points of contact with the 
integration of different areas knowledge for 
the specific tasks. 
The research of the empathy and social-
psychological reflection skills affect on the 
team members' creativity during ideas 
generation 31y  and implementation 32y  
stages was made. Team member creativity, 
lack of empathy - 31x  and lack of the 
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social-psychological reflection - 32x , were 
evaluated on a scale from 1 to 5. Team 
members appreciated each other. 

323131 293.0391.0892.4 xxy −−= ;          (9) 
the correlation coefficient was r = 0,892, 

323132 411.038.0937.4 xxy −−= ;          (10) 
the correlation coefficient was r = 0,873. 
Approximating function parameters 
showed that during the ideas generation 
stage for the team member's creativity 
significant negative impact has the lack of 
empathy skills. Lack of the social-
psychological reflection skills was an 
important internal stimulus for creativity 
during ideas the implementation phase. 
 
8. CONCLUSIONS 
 
After examination of the thematic problem 
of this article following conclusion are 
available: 
1. Organisational behaviour interferences 
that affecting creativity of innovation 
teams can be reduced by the 
transformational leadership principles 
implementation in to the practice. 
Transformational leader can motivate to do 
more than the employees expect. In order 
to be a transformational leader and to make 
influence on the innovation team work, it is 
needed to use all energy and insight to 
inspire subordinates by the enthusiasm, 
trust, and loyalty. 
2. Stated (Robbins 2003 [5]), that many 
managers fail to change that to lead the 
teams. They have to obtain these skills: to 
exchange information in patience way; to 
trust the others; to relinquish the power; to 
know when to intervene. Therefore, it is 
very important the level of emotional 
intelligence. Team members are motivated 
not only by the belief that efforts will be 
linked to the salary, but also the perception 
of how much fair contribution and reward 
ratio is. Employee assess what he puts in 
the specific work (contributions), and what 
he get (reward), then compares 
contribution and reward ratio relative to the 

other team members' contribution and 
reward ratio. 
3. Organisational behaviour interferences 
that affecting creativity of innovation 
teams can be reduced by the spiritual 
organization's principles implementation 
into the practice. Spirituality at work is 
defined (Ashmos et al., 2000 [12]) as a 
recognition that people have an inner life, 
which promotes meaningful work taking 
place in the context of the community, and 
that this work is meaningful to develop 
abilities. During the studies (McCormik 
1994 [13]; Leigh 1997 [14]; Mirvis 1997 
[15]; Robbins, 2003 [5]) it was found that 
spirituality in the organization positively 
related to the creativity. The literature 
examines what distinguishes spiritual 
organizations from unspiritual. Wagner-
Marsh and Conley (1999) [16] highlights 
the following features inherent spiritual 
organizations: a strong sense of purpose, 
focus to the employees’ personal 
development, confidence and openness, 
empowerment of employees, freedom of 
tolerance. Spiritual organizations 
developing their own culture for the 
meaningful objectives. Although the profit 
for the organization managers and 
investors is important, but it may not be the 
most significant value of the organization. 
Spiritual organizations not only gives for a 
person a job, but also recognizes its value. 
They seek to establish such a relationship 
and psychological climate at work that 
encourages a person to learn constantly and 
to do improvements. It is not easy to 
develop such workers freedom in the 
organization that they would open their 
views. People would rather not like to 
present not real but socially acceptable 
assessments and views. So, sometimes 
employees not tell what they think, but 
presented an opinion, which will be 
obliged to follow, which was supported by 
the leaders and supported by colleagues. It 
is therefore necessary to monitor the 
actions of employees, particularly in the 
event of a crisis situation. 
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4. Company organizational behaviour 
affecting unfolding of the personnel 
creativity. Analysis of the approximation 
function parameters showed that when the 
innovation team moving through stages of 
formation, differentiation, integration, and 
maturity, organizational behaviour factors 
increasingly affecting the creativity of the 
team. The more focused team becomes less 
tolerance to the organizational behaviour 
stimuli. 
5. Approximation function parameters 
showed that the greatest stimulus for 
creativity was a team member assessment 
in accordance with the preconceived 
prerequisites and requirements.  
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Abstract: This paper presents the design 
of a PID controller and two different fuzzy 
logic controllers of Mamdani and Sugeno 
to control the non-linear model of a ball 
rolling on a beam using Matlab and 
Matlab Simulink. Results from simulations 
are analyzed to provide comprehensive 
understandings on the ability use of 
different controllers. The paper also 
investigates the performance ability of 
these controllers for tracking on different 
references such as step, sinusoidal and 
square waves. Finally, advantages and 
disadvantages of each control strategies 
are concluded.  
Key words: fuzzy logic, Matlab, Simulink, 
ball and beam system, PID, Mamdani, 
Sugeno. 
 
1. INTRODUCTION 
 
This paper tests the control performances 
of a conventional PID controller with two 
different fuzzy controllers. It permits the 
readers having in-depth understandings of 
the performances stability of fuzzy logic to 
control the motion of a ball on a beam 
system. Control the balance and the motion 
of the ball on the beam is always the 
challenges for either conventional or 
intelligent control strategies. This ball and 
beam is widely illustrated on engineering 
textbooks because of its complicity and 
tangibility to evaluate the performances the 
stable ability of different controllers. 
This study investigates the control 
performances of a PID, a Mamdani fuzzy 
logic, and a Sugeno fuzzy logic to control 
the motion of a ball on a beam controlled 

by an electrical motor. This system is a 
complicated and nonlinear. Therefore, 
selection of fuzzy logic control becomes 
one of the best choices since the use of 
fuzzy logic can avoid the building of 
complex mathematic model. Fuzzy logic 
rules can be formulated as the human 
behaviors and can be based on very 
uncertain and imprecise inputs. A good 
example for the use of fuzzy logic control 
can be read in reference [1].  
There are still few studies on comparison 
of different fuzzy methods to control 
nonlinear systems. Reference [2] introduces 
the use of a fuzzy static and a fuzzy 
dynamic. It shows that the fuzzy static can 
control the ball motion faster than that of 
the fuzzy dynamic. Reference [3] provides 
the design of a PID and compares to a 
fuzzy controller. Similarly, reference [4] 
shows the design of 3 different PID 
controllers and then, compares to a fuzzy 
controller.  
There are also few studies on stability 
ability of different fuzzy controllers. 
Reference [5] uses a fuzzy in outer loop 
and a PID in inner loop to maintain the 
system stability. Similarly, reference [6] 
proposes an adaptive controller in the inner 
loop and a fuzzy in the outer loop for 
maintaining stability of the system. 
Reference [7] presents a combination of a 
genetic algorithm (GA) controller and 
fuzzy controller. However the system is 
complicated and slow in the performances. 
Several other recent researches propose the 
use of dual-control systems and/or sliding 
modes to ensure the Lyapunov function 
have not taken into account the fact already 
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stated in reference [8] that, even all the 
controllers are stable but the switching 
sequence among those controllers can 
destabilize the whole system. It means that 
even if all controllers are globally stable 
but the switching among those stable 
controllers can lead to instability. 
Therefore, it is needed to find a common 
Lyapunov function for all those controllers. 
This common Lyapunov will guarantee the 
stability for all switching sequences.  
The structure of this paper is as follows: 
Section 2 briefs the mathematical 
modeling; Section 3 designs PID; Section 4 
designs fuzzy Mamdani; Section 5 designs 
fuzzy Sugeno. And finally conclusions are 
withdrawn in section 6. 
 
2. MATHEMATICAL MODELLING 
 
The motion of a ball on a beam is 
illustrated on Fig1 where the beam 
connects to a motor with a distance (d), 
position of the ball (r), the beam length (L), 
the beam angle (α) and the motor angle 
(θ). 

 
Fig1. Ball and Beam Model 

 
It is assumed that the ball can roll on the 
beam without any slipping. Using the 
Lagrangian method of energy balance, the 
Lagrangian of a system (L) is the 
subtraction of the kinematic (K) and the 
potential energy (U): 

= −L K U  (1) 
The kinetic energy of the beam: 

2
1

1
2

α= K J  (3) 

where J is the moment of inertia of the 
beam. The kinetic energy of the ball: 

2 2 2
2 2

1 1
2 2

α = + + 
 

bJK m r mr
R

 (4) 

where bJ is the moment of inertia of the 
ball and R is the radius of the ball, m is the 
mass of the ball.  The potential energy: 

sinα=U mgr  (5) 
where g  is the gravity constant. 
Substituting (2), (3), (4), and (5) into (1), 
the Langrangian of this system is: 

( )2 2 2
2

1 1 sin
2 2

α α = + + + − 
 

bJL m r mr J mgr
R

 (6) 

Apply the first Lagrange rule, the motion 
equation of the ball on the beam is: 

2
2 sin 0α α + + − = 

 
bJ m r mg mr

R
 (7) 

The linearization of system in (7) can be 
achieved at the angular velocity, 0α ≈ , 
then: 

2

sinα−
=
 + 
 


b

mgr
J m
R

 
(8) 

The beam angle alpha (α) and the motor 
shaft angle theta (θ) are related by the 
mechanical connection as: 

α θ=L d  (9) 
Equations (8) and (9) are used to develop 
different controllers in the nest parts. 
 
3. DESIGN PID 
 
The motor angle theta (θ) determines the 
ball acceleration ( r ) by the Lagrangian 
equation (8), then going through an 
integrator → the ball velocity ( r ), and 
going through another integrator → the 
ball position output ( r ) as shown in Fig2. 
 

 
Fig2. System Dynamics Modelling 
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From the dynamics of this system, two PID 
controllers are designed: one PID 
controller for the motor shaft angle theta 
(θ) in the inner loop, and another PID 
controller for the outer loop as shown in 
Fig3. The first PID controller will support 
the out loop feedback. The system becomes 
more stable since the input signal for the 
second PID controller in outer loop is 
provided by the first PID controller. 
 

 
Fig3. Design of a PID controller 

 
The following parameters data is used for 
the whole following simulations: Mass of 
the ball  (m) of 0.11kg; Radius of the ball 
(R) of 0.015m; Lever arm offset (d) of 
0.03m; Gravitational acceleration (g) 
9.8m/s^2;  Length of the beam (L) of 1.0m; 
Beam moment of inertia (JL) of 9.99e-6 
kg.m^2; Ball moment of inertia of 

22 / 5=bJ mR . The construction of a PID 
controller in Matlab Simulink is shown in 
Fig4.  
 

 
Fig4. Matlab Simulink PID controller 

 
The PID system is tested for the ball 
position (r) tracking a sinuous wave 
frequency from low to high. The tracking 
performances of the PID controller become 
worse at higher frequency. Fig5 shows the 
PID tracking performance for a sinuous 
wave at amplitude of 1 and frequency of 
0.8 rad/sec. The overshoot has increased to 
more than 15%. 

The PID is destabilized after 40 secs for 
tracking a sinuous wave frequency of 0.81 
rad/sec as shown in Fig 6. The PID 
controller cannot perform tracking of any 
square wave due to the singularity in its 
integrators to converse acceleration and 
velocity to its positions. 
 

 
Fig5. PID tracking performance 

 

 
Fig6. PID controller instability 

 
Two fuzzy controllers will be built in the 
next parts and compared to this PID 
controller. 
 
4. MAMDANI FUZZY DESIGN 
 
Two fuzzy controllers will be developed 
and compared to the above PID. The inputs 
for the fuzzy control is the position error 
and the velocity of the error generated from 
the tracking performance. The control 
output is the angle of the beam angle alpha 
(α) and/or the motor shaft angle theta (θ) 
in (8) and (9). A Mamdani fuzzy logic 
controller in Matlab Simulink is designed 
as shown in Fig7. 
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Fig7. Fuzzy logic controller 

 
Mamdani fuzzy is the most popular among 
fuzzy methods since it is intuitive, suitable 
for the human behaviours, and easy to 
develop. This method is based on the 
simple logic rules. For example: If x is A 
or/and y is B, then z is C. As mentioned 
earliar that the fuzzy control does not need 
any complex mathematical model. The 
inputs will be fuzzificated as fuzzy sets. 
Then, fuzzy rules are developed based on 
the fuzzy operator (OR or AND). Afther 
that, aggregation of the rule outputs is 
proceeded, and finally, defuzzification is 
taken as the structure shown in Fig8. 
 

 
Fig8. Fuzzy Logic Mamdani 

 
The membership function of the inputs and 
output of this Mamdani fuzzy is developed 
in Table 1. 
 

Table 1. Mamdani fuzzy rule values 
Mamdani codes Position (P) Velocity (dP)  Theta 

NB: negative 
big 

[-1.2 -1 -0.45 -
0.2] 

[-2.9 -1.9 -0.9 
-0.4] 

[-8 -7.5 -2.5 
-1.5] 

NM: negative 
medium 

[-0.45 -0.2 -
0.05] 

[-0.9 -0.4 -
0.2] 

[-2.2 -1.2 -
0.2] 

NS: negative 
small [-0.2 -0.05 0] [-0.4 -0.1 0] [-0.7 -0.2 0] 

ZR: Zero [-0.025 0 
0.025] [-0.05 0 0.05] [-0.25 0 

0.25] 
PS: positive 

small [0 0.05 0.2] [0 0.1 0.4] [0 0.2 0.7] 

PM: positive 
medium [0.05 0.2 0.45] [0.2 0.4 0.9] [0.25 1.2 

2.2] 

PB: positive big [0.2 0.45 0.95 
1.45] 

[0.4 0.9 1.9 
2.9] 

[1.5 2.5 
7.75 8] 

 
Performances of this Mamdani fuzzy and 
the above PID for tracking a sinuous wave 
frequency of 0.2 rad/sec are illustrated in 
Fig9. It shows that the fuzzy Mamdani 
responses lower and higher overshoot than 
the PID at the starting time. But the 

overshoot error of the fuzzy will become 
lower than PID after 15 secs. 

 
Fig9 PID and Fuzzy Mamdani  

 
As indicated earlier that the PID tracking 
performance will be destabilized at 
frequency of 0.81 rad/sec after 40 secs 
while the Mamdani fuzzy control is still 
maintained well stability. However, the 
tracking error becomes larger as the 
Mamdani responses slower as shown in 
Fig10. 

 
Fig10 PID Instability and Fuzzy Mamdani 
 
Next part, another fuzzy method namely 
Sugeno is designed and compared to this 
Mamdani fuzzy. 
 
5. SUGENO FUZZY DESIGN 
 
Sugeno fuzzy method is more compact and 
more computationally effective than 
Mamdani since Sugeno applies the use of 
adaptive control for constructing its fuzzy 
rules. This method based on the 
linearization of the fuzzy memberships. In 
this part, a Sugeno fuzzy controller is 
designed as shown in Fig11 to compare to 
the Mamdani fuzzy.  
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Fig11 Fuzzy Logic Sugeno 

 
In Sugeno, the fuzzy rules are commonly 
defined as if x is A or/and y is B, then 
= + +z ax by c , as a linear equation. For 

the Sugeno of zero order, the output z will 
be a constant as 0= =a b . The Sugeno 
method provides better application for 
mathematical analysis. In this Sugneo 
design, the two inputs are the ball positon 
(P) and the ball velocity (dP), the one 
output is the angle (θ): Theta = 
a*P+b*dP+c, in which a, b, c are the 
coefficients calculated as shown in Table 2. 
Since the PID cannot track the square 
wave, the two fuzzy methods are now 
tested for only square waves to indicate the 
superiority of fuzzy over PID. Figure 12 
shows the comparison of Mamdani and 
Sugeno tracking a square wave amplitude 
of 0.5 and frequency of 0.1 rad/sec. Both 
methods perform the tracking very well. 
Sugeno generates a little bit higher 
overshoot and slower transient time.  
 

Table 2. Sugeno fuzzy rule values 
Sugeno codes Position (P) Velocity(dP) Theta= 

a*P+b*dP+c 
NB: negative 

big 
[-1.2 -1 -
0.45 -0.2] 

[-2.9 -1.9 -0.9 
-0.4] [0.1 0. -3.5] 

NM: negative 
medium 

[-0.45 -0.2 -
0.05] 

[-0.9 -0.4 -
0.2] [0 0. -1.2] 

NS: negative 
small 

[-0.2 -0.05 
0] [-0.4 -0.1 0] [0.1 0. -0.3] 

ZR: Zero [-0.025 0 
0.025] [-0.05 0 0.05] [0.1 0. 0.] 

PS: positive 
small [0 0.05 0.2] [0 0.1 0.4] [0. 0. 0.3] 

PM: positive 
medium 

[0.05 0.2 
0.45] [0.2 0.4 0.9] [0. 0. 1.2] 

PB: positive 
big 

[0.2 0.45 
0.95 1.45] 

[0.4 0.9 1.9 
2.9] [0. 0. 3.2] 

 
Then, the amplitude of the square wave is 
gradually increasing to test which fuzzy 
method will be destabilized first. Fig 13 
shows that at the amplitude of 1.03, 
Sugeno is destabilized and jumps out of the 
tracking reference after 40 secs. While 
Mamdani still performs very well it 
tracking performance. It is also noted that 

Sugeno responses faster in transient time, 
higher overshoot while Mamdani looks 
slower, but lower overshoot and more 
stable. 
 

 
Fig12 Fuzzy Mamdani vs Sugeno 

 
Finally, the amplitude of the reference 
wave is increased continuously to test the 
limit that the Mamdani is also destabilized. 
Fig14 shows at the square wave amplitude 
of 3.1, the Mamdani fuzzy becomes 
destabilization and jumps out the tracking 
after 52 secs. Sugeno had jumped out 
already from the tracking performance 
after only 10 secs. 
 

 
Fig13 Fuzzy Sugeno Instability 

 
 

 
Fig14 Fuzzy Mamdani Instability 
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In all simulations, Mamdani always shows 
its best performances and achieves the 
highest level of stability over Sugeno and 
PID. Even though, Mamdani seems having 
a little bit slower response in transient time 
 
6. CONCLUTIONS 
 
A PID controller and two fuzzy methods 
are designed and tested. This study shows 
the superiority of fuzzy logic methods over 
the PID for tracking square waves due to 
the singularity in the integrators at PID. 
Therefore, initial conditions for integrators 
in PID must be changed to avoid this 
singularity. For the two fuzzy methods, 
Mamdani proves it’s most popular use 
among fuzzy methods since it is more 
suitable for human behaviors’ and easier to 
be developed. Sugeno is also a good fuzzy 
selection since it can work well with linear 
equations in its rules are based on adaptive 
techniques. 
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Abstract: Investigations of structure and 
mechanical properties of heat resistant 
12Cr1MoV steel after ion-beam, electron-
beam and ultrasonic treatments were 
carried-out. The comparison of changes to 
take place under various types of surface 
modification and their influence onto 
fatigue durability of the heat-resistant 
12Cr1MoV steel was performed. 
 
Key words: surface, steel, treatment, 
fatigue 
 
1. INTRODUCTION  
 
The vast majority of products and machine 
parts under operation experiences cyclic 
loads that can give rise to fatigue failure. In 
this regard, one of the most actual 
problems in mechanical engineering is 
development of technique for increasing 
fatigue durability of materials [1]. 
The method based on ion implantation 
technique as well as installation for 
vacuum arc treatment was developed in 
ISPMS RAS that allows by beam 
irradiation of metal ions to modify the 
surface layer structure at the depth of 
several microns. It is more than an order 
higher as compared to the traditional 
modes of ion implantation [2]. It is of 
scientific and practical interest to study the 
influence of this type of treatment on 
changing the structure and mechanical 
properties (including fatigue life) of a 
number of structural steels used in the 

industry. Preliminary studies have shown 
technological prospects of zirconium ion 
beam for surface modification. 
Heat-resistant 12Cr1MoV steel was chosen 
as an object of the study. One of the main 
reasons of fracture of machine parts made 
of this steel is fatigue fracture due to 
thermomechanical effect [3]. Thus, the 
development of methods for increasing 
fatigue durability as well as study of 
mechanisms responsible for deformation 
and fatigue fracture of surface modified 
12Cr1MoV steel is an actual problem.  
The effect of ion-beam vacuum arc 
treatment (IBT) on the structure and 
mechanical properties of 12Cr1MoV steel 
is offered to compare with two other types 
of surface modified techniques such as 
electron-beam (ELT) and ultrasonic (UST) 
treatment. The purpose of the study is to 
compare the effect of ion beam treatment 
on the structure and fatigue life of 
12Cr1MoV steel with an electron-beam 
and ultrasonic ones.  
The aim of this work is to study the relief 
and the methods of its technological and 
operational formation. 
 
2. OBJECTS AND METHODS OF 
RESEARCH 
 
Heat resistant 12Cr1MoV steel is intended 
for the manufacturing of parts and products 
of power equipment to operate at the 
temperature range of 570...585 °C. 
Standard thermal treatment for this steel is 
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normalization (960...980 ºC) and a 
subsequent high-temperature tempering 
(740...760 ºC). Specimens of 12Cr1MoV 
steel for testing were cut out from a pipe 
fragment by the electric spark method. The 
specimens have the shape of rectangular 
plates of 70×10×1 mm with a stress 
concentrator in the form of central hole 
with the diameter of 2 mm. Static tension 
tests were carried-out at electromechanical 
testing machine Instron 5582. Cyclic 
tension tests were performed at the servo-
hydraulic testing machine Biss UTM 150. 
Ion-beam treatment. Vacuum-arc ion-
beam treatment (IBT) of specimens was 
performed with the use of high-current 
vacuum-arc source of metal ions on the 
installation UVN-0.2 Kvant (Table 1) [4]. 
The rotation of the specimens during 
irradiation was realized by planetary 
scheme where each specimen is rotated 
either around its own as well as general 
axis. According to the pyrometry data the 
surface of specimen during irradiation 
experienced short-time heating up to the 
temperatures of 700...900 °C. Time of the 
treatment by the ion beam made 
~4 minutes at the entire time of specimen 
exposure in the chamber of 18 minutes. In 
this regard, it can be said that in addition to 
the irradiation, the specimens experienced 
cyclic thermal effect that would lead to 
structural changes not only in a thin surface 
layer, where zirconium ions can penetrate. 
The loading parameters at fatigue cyclic 
tension tests are: the maximum load was 
320 MPa, the minimum one – 115 MPa. 
Electron-beam treatment. The irradiation 
was carried-out the use of the device ELS 
0.5–6. Surface modification was performed 
by a direct electron beam with longitudinal 
movement relative to the axis of 
specimens. The electron beam was 
defocused across its width. Parameters of 
the treatment are given in Table 1. Fatigue 
tests were fulfilled with the cycle 
asymmetry Ra=0.1 at the maximum load of 
320 MPa and frequency of 20 Hz. 
Ultrasonic treatment. The modification of 
specimens was performed with the use of 

industrial equipment for ultrasonic impact 
treatment, which includes: IL4 generator 
and a working unit that converts electrical 
oscillations into mechanical ones. Fatigue 
test parameters were the same as those 
described for the specimens subjected to 
EBT. 
 

Table 1. Parameters of ion-beam and 
electron-beam treatment of steel 

 
IBT Cur- 

rent I, 
А 

Vol- 
tage 
U, V 

Speed of 
rotation, 

vrot, rev/min 

Time t, 
min 

Pres-
sure 

PAr, Pа 
100 –900 0.5 18 0.007 

ELT U, kV I, mА F, cm Ifocus, 
mА 

V, 
m/s 

Cool- 
ing  

media 
28 30 17 380/55

1 
15 Air 

 
3. RESULTS AND DISCUSSION 
 
Metallography. The microstructure of the 
specimen in as-received state possesses 
ferrite-pearlite structure shown in Fig. 1, a. 
As the result of the ion-beam treatment 
not only a thin surface layer to be formed 
due to the penetration of zirconium ions 
was modified. The underlying layers 
including the core were modified as well. 
The increase of the grain size form 27±3 
µm for the specimens in the initial state up 
to 48±6 µm in the surface layer with the 
depth up to 130 µm (Fig. 1, b) of the 
irradiated specimens evidences for the 
heating to high temperatures (up to 
~900 °C). Heating to the pointed 
temperature during the ion beam treatment 
and partial subsequent cooling should give 
rise to thermal cycling. Such periodic 
heating and cooling to take place under 
IBT of 12Cr1MoV steel have led to the 
formation of ferritic-sorbite structure in the 
core of the specimens, that was 
accompanied by reducing the grain size by 
33 %.  
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a b 

  
c d 

Fig. 1. Optical micrographs of cross-section 
of specimens 12Cr1MoV steel: a – as-
received state; b – after the IBT; c – after the 
ELT; d –  after the UST 
 
Average size of ferrite grains after the 
electron-beam treatment was 24±2 µm 
which is by ~11 % less than that of the 
specimen without the treatment. There are 
no obvious marks of modified layers 
formation being judged by the optical 
micrographs of cross-section at used 
magnifications (Fig. 1, c). Ultrasonic 
treatment has led to deformation of grains 
and formation of texture in the surface 
layer at the depth of 50...60 µm (Fig. 1, d). 
Microhardness. In the specimen subjected 
to the ion-beam treatment surface layer 
softening to the depth of ~100...150 µm is 
observed while at the greater depth the 
microhardness has increased by ~20 % 
(Fig. 2, a, Table 2). Microhardness after the 
electron-beam treatment increased by 
~7 % (140 MPa), and this change occurred 
uniformly over the entire bulk. Since the 
specimen had small cross-section it can be 
expected that heating during the irradiation 
was uniform. Thus, this processing type 
cannot be regarded as a surface 
modification one but rather the technique 
of thermal treatment. It is similar to the 
normalized annealing or normalization. 
The depth of the hardened layer after the 
ultrasonic treatment was about 
50...100 µm, which is quite consistent with 
the data on cross section microstructure. 

 

 
a 

 
b 

Fig. 2. Microhardness changing as a 
function of distance from the surface of 
12Cr1MoV steel specimen (a); stress-strain 
curves for the specimens (b): 1 – as-
received state; 2 – after the ELT; 3 – after 
the UST; 4 – after the IBT. 
 
Static tension tests. Fig. 2 shows the 
loading diagram of 12Cr1MoV steel 
specimens (see Table 2 as well). After the 
ion-beam treatment an increase in the 
tensile strength of irradiated steel by 
∆σ = 155 MPa (↑ 28%) is revealed. The 
electron beam treatment leads to the 
increase in tensile strength from 
σ = 425 MPa up to 440 MPa (~↑ 4%) and 
to the decrease in elongation from ε=15 % 
to 13.5 % (~10% ↓). Thus, the comparison 
of data of the structure, microhardness and 
mechanical properties have shown that the 
increases of the strength of 12Cr1MoV 
steel after the EBT is related to the thermal 
influence during irradiation, which is 
similar to normalization. After the 
ultrasonic treatment tensile strength has 
increased to 480 MPa (by ~11 %) while the 
elongation decreased by ~14 %. Thus, the 
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ultrasonic impact treatment of 12Cr1MoV 
steel has led to a pronounced increase in 
yield stress as compared to the specimens 
after the EBT. 
 

Table 2. Mechanical properties of 
12Cr1MoV steel after various treatments 

under study 
 

Type of 
speci- 
mens 

Micro- 
hard- 

ness, GPа 

Chan- 
ges 

Tensile 
strength, 

MPа 

Elonga- 
tion, % 

Initial state 1.75 
±0,07 – 425 15 

After ELT 1.92 
±0.1 

Increa- 
se by 
9% 

440 
(↑4%) 13.5 

After UST 2.7 
±0.1  

(surface) 

Increa- 
se by 
35% 

480  
(↑11%) 14.0 

After IBT 1.5±0.06  
(surface) 

Decrea- 
se by 
14% 

580  
(↑28%) 14.0 

 
Table 3. Results of fatigue test  

 
Modifi- 
cation 

Specimen Number of 
cycles prior  
to failure, 

×103 

Chan- 
ges 

IBT Without 
treatment 

127±0.6 – 

After IBT  232±32.6 ↑ 45% 
ELT and 

UST 
Without 
treatment 

69±6.8 – 

After EBT 101±30 ↑ 32 
After UST 115.7±5.7 ↑ 40% 

 
Cyclic tension tests. Results of the test are 
given in Table 3. According to the 
presented data the ion-beam treatment 
ensures two-fold increase in the number of 
cycles prior fracture, while the time before 
the main crack nucleation was also 
increased by ~2 times. Analysis of the 
graph to illustrate the dependence of crack 
length vs the number of cycles has shown 
that the main reason relates to the time of 
initiation and growth rate of the main 
crack. Increased fatigue life after the 
electron beam treatment is caused in the 
first turn by improving the mechanical 
properties of steel that occurred as a result 
of microstructure changing. The main 

reason for increasing the number of cycles 
before fracture after the ultrasonic 
treatment is increased mechanical 
properties of the surface layer, which 
should suppress fatigue cracks origin. 
 
4. CONCLUSIONS 
 
Ion-beam treatment. It is shown, that the 
result of Zr ion-beam treatment of 
12Cr1MoV steel specimens with the 
thickness of 1 mm is the structure 
modification that occurs across the entire 
cross section. There is a decrease of 
microhardness in the surface layer to the 
depth of 130 µm while in the core, it is 
somewhat higher in contrast with non-
treated specimen. 
At cyclic tension tests there was shown that 
the structure modification resulted in delay 
of nucleation and growth of the main 
fatigue crack. As the result, an increase in 
the fatigue life of the irradiated specimen 
of steel 12Cr1MoV was made up to 
2 times. 
Electron-beam treatment. This regime of 
12Cr1MoV steel specimen’s treatment 
gave rise to structure modification over the 
entire cross section of thin specimen that 
was found through microhardness 
measurement. As the result, the tensile 
strength was increased while the value of 
elongation at break was reduced. The 
fatigue durability as compared to 
specimens in the as-received state has 
enhanced by 30 %. This type of treatment 
cannot be regarded as surface modification, 
as the structure changes occurred over the 
entire section of the specimen.  
Ultrasonic impact treatment. Ultrasonic 
treatment under used mode of the treatment 
resulted in a marked increase of the 
microhardness in the surface layer at the 
depth of 50...100 µm while keeping 
constant its value in the core. The resultant 
surface hardening has led to the higher 
flow stress, tensile strength as well to a 
slight decrease in the value of elongation at 
break. Implemented structural modification 
ensures hindered initiation and 
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development of main fatigue cracking that 
enhanced the fatigue life by 40 %. 
The revealed variation in fatigue durability 
increase of 12Cr1MoV steel specimens 
under the various treatments (by 2 times at 
the ion beam, by 30 % at the electron-beam 
and by 40 % at the ultrasonic impact one) 
is related to the intensity of plastic 
deformation process development in the 
surface layer that are characterized by 
gradient nature of the microhardness 
change that can delay the nucleation and 
propagation of (micro)cracks. 
 
REFERENCES 
 
1. Stephens, R.I., Fatemi, A., Stephens, 
R.R., Fuchs, H.O. (2001). Metal Fatigue in 
Engineering (Second ed.). John Wiley & 
Sons, Inc. p. 69. 
2. Panin, V.Е., Sergeev, V.P., Panin А.V.  
Surface layer nanostructuring of 
constructional materials and deposition of 
nanostructured coatings, (Tomsk: TPU, 
2008). 286 p. 
3. Smirnov, А.N. Investigation of the 
microstructure and phase composition of 
12Cr1MoV steel after prolonged use, 
Bulletin of Kuzbass State Technical 
University, 2004, 2(39), 67-72. 
4. Panin, S.V., Youssif, S.K. Sergeev, V.P. 
et al. Multiple cracking as a way to 
increase the resistance of surface-hardened 
materials to the fracture. Advanced 
Materials, 2011, 1(13), 177-186. 

 

 
Professor Sergey Panin, ISPMS SB RAS 
RAS, Tomsk, 634050, Russia 
 
Ilya Vlasov, Laboratory of Physical 
Mesomechanics and Non-Destructive 
Testing, ISPMS SB RAS, Russia 
 
Professor Viktor Sergeev, Laboratory of 
Coatings Materials science and 
Nanotechnology, ISPMS SB RAS, Russia 
 
PhD student Artem Ziganshin, Laboratory 
of Physical Mesomechanics and Non-

Destructive Testing, ISPMS SB RAS, 
Russia 
 
Professor Olegas Prenkovskis, Vilnius 
Gediminas Technical University, Vilnius, 
Lithuania 
 
Professor Pavlo Maruschak, Ternopil 
National Ivan Pul’uj Technical University, 
Ternopil, Ukraine 

 
 

70



11th International DAAAM Baltic Conference 
"INDUSTRIAL ENGINEERING" 
20-22 April 2016, Tallinn, Estonia  
   

TEMPERATURE MONITORING DURING INJECTION MOLDING 
PROCESS  

  
Raz, K.; Chval, Z.  

  
 

Abstract: The article deals with 
possibilities of modern advanced 
simulation methods for determining the 
basic principles in mechanical system 
thermal flow. 
Main aim of the article is to create 
comprehensive image about temperature 
changes of mechanical system.  This paper 
uses results of experimental measurement 
and also results from advanced simulations 
using finite element method. 
The result is a recommendation for 
temperature verification and comparing of 
approaches for the temperature 
determination. All analyses are performed 
on the example of injection molding 
process. 
Key words: injection molding, 
temperature, thermal simulation, plastics 
 
1. INTRODUCTION  
  
Injection molding is nowadays an 
important manufacturing process and it is 
used to produce plastic parts due to low 
costs and production times.  
During production process, plastic granules 
are fed to the machine through a hopper. 
The granules are forced against the wall of 
the barrel by a screw and melt due both 
friction heat generated and the conduction 
from the heating units along the barrel. The 
molten material is transferred to the tip of 
the screw and pressured against nozzle. 
This stage of process is called the 
plastification stage. Then the injection 
stage begins. It is characterized by the 
following four phases- filling, packing, 
cooling and ejecting. 

Mold, as a main part of molding machine, 
has two parts into which the plastic 
material is injected. Surfaces of mold are 
precisely machined and they are forming 
the final shape.  
One of the most important parameters 
during this process is mold temperature. 
Generally, mold temperature is in range 
from 25 to 65 degrees Celsius. These 
values are highly material-dependent.  
Decreasing of mold temperature leads to 
higher time of filling and also higher 
production time. Also resultant parameters, 
such as shear stress and cooling time are 
dependent on mold temperature.  
According this knowledge is important to 
know exact temperature. In real process is 
temperature measured using thermal 
sensors, but this is only in one place. 
During process is mold heated from 
previous operations we should know this 
starting temperature distribution in cavity 
of mold [1,2,3]. 
 
2. EXPERIMANTAL DEVICE 
 
For our experiment was used injection 
molding press Babyplast (Fig. 1).  
During injection process was used high 
density polyethylene HDPE Unipetrol 
Liten ML with melting temperature 220°C. 
On Fig. 2 is visible one half of mold, on 
which will be temperature monitored. 
Control systems of injection molding press 
are evaluating mold temperature as one 
constant temperature inside whole mold. 
As is visible on following simulations and 
measurements, temperature is not constant 
and values on control panel can be much 
lower than real temperature in mold cavity. 
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Fig. 1. Experimental injection molding 
device  

 

 
 

Fig. 2. View into one half of mold  
 

3. TEMPERATURE MEASUREMENT  
 
For getting exact values of temperature can 
be used different approaches. Each has 
advantages and disadvantages. In 
production process is important during 
starting production to get temperature and 
changing molding press parameters 
according these values. 
 
3.1 Experimental measurement with 
thermographic camera 
 
Modern approach is using of 
thermographic camera. We used Flir E6 
device for measuring. Thermographic 
camera is device for quick measurement. 
Results are pictures with resolutions 160 x 
120 pixels.  
Problem with using this is in necessity to 
look on the surface. So it is not possible to 

get temperature when mold is closed. 
Using this method is possible to get values 
on visible surface mold, but temperature is 
affected by reflections of shiny parts. 
 

 
 

 Fig. 3. View from thermographic camera  
 

3.2 Virtual simulation of molding 
process 
 
Fast method is using finite element method 
for simulations. There are more 
possibilities for that.  
 

 
Fig. 4. CAD model used for FEM 
simulations 
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For virtual simulation was used precise 
model according Fig. 4. For companies are 
FEM simulations good chances for getting 
results in short time. On the other side, the 
cost of simulation software is relatively 
high. 
 
Simulation using Moldex 3D 
 
Moldex 3D is a commercial software for 
simulation of plastics injection process. For 
image about temperature in mold can be 
used temperature of part in time of 
ejection. This can be used only as a really 
coarse view on temperature because 
temperatures of mold and plastic part are 
not same, but at time of ejection are closer 
to each other [4]. 
This method is not suitable for getting 
temperature of mold, because of these 
problems.  
 

 
 
Fig. 4. Temperature of plastic part at the 
time of ejection 
 
Simulation using NX Nastran 
 
NX Nastran is one of the most complex 
simulation software used worldwide. For 
our problem was used advanced thermal 
solver with transient setup.  
Initial conditions were 22 °C temperature 
of mold material and 220 °C of plastic.  
 
 

 
 
Fig. 5. Temperature distribution on one 
half of mold 
 
Simulation shows us higher range of 
temperatures comparing with real 
measurement. 
Biggest problem in this kind of simulation 
are values of heat transfer coefficients [5]. 
It is really hard to get exact values and it is 
absolutely necessary to perform their 
experimental determination. In our case 
were used default values in NX Nastran 
material library [6]. 
 
4. CONCLUSION 
  
According results from our simulations and 
real measurements is obvious that mold 
temperature is not constant on surfaces of 
mold cavity and sprue.  
Influence of mold temperature on quality 
of product is not so significant, comparing 
with parameters such as injection pressure, 
packing time, clamping force or injection 
temperature.  
But influence of mold temperature should 
not be neglected. In following table (Table 
1.) are values from different approaches. 
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Approach 
Lowest 
temperature 
(°C) 

Highest 
temperature 
(°C) 

Thermo-
camera 25,9 29,4 

Injection 
simulation 42 47 

Thermal 
simulation 22,2 32,2 

 
Table 1. Table of temperatures 
 
There are more possibilities how to get 
temperature results. Difference between 
them is significant.  
• Using temperatures from injection 

process simulation has problem with 
not considering mesh and temperature 
distribution in mold. Other simulation 
modules have possibility to identify 
mold temperature, but are expensive. 

• Real measurement with thermographic 
camera is accurate, but cannot be used 
during injection process and error 
caused by time delay of measurement 
is not possible to neglect. 

• Results from simulation software such 
as NX Nastran are accurate, but highly 
heat transfer coefficients-depended. 

• Using of thermal sensors inside mold is 
the most accurate method, but number 
of these sensors in mold geometry is 
limited and they cannot show us 
temperature distribution in whole 
cavity. 

 
The most suitable option for measuring of 
mold temperature is in combination of 
methods mentioned above. It means 
creating a simulation, validating it by 
measurement at some specific points and 
then temperature controlling using thermal 
sensors in these points. Next step in this 
area of research should be creating an 
experiment for validation thermal FEM 
simulations. 
 

5. ADDITIONAL DATA ABOUT 
AUTHORS 
 
Ing. Karel Raz, Ph.D., researcher,  
Regional Technological Institute,  
University of West Bohemia, Univerzitni 
8, Plzen, 306 14, Czech Republic.  
Email: kraz@rti.zcu.cz.  
Tel: +420 377 638 751. 
 
6. ACKNOWLEDGMENT 
 
The present contribution has been prepared 
under project LO1502 ‘Development of the 
Regional Technological Institute‘ under the 
auspices of the National Sustainability 
Programme I of the Ministry of Education 
of the Czech Republic aimed to support 
research, experimental development and 
innovation.  
 
7. REFERENCES  
 
1. Sepe, M., The Importance of Melt and 
Mold Temperature, Plastics Technology, 
2011. 
 
2. Bozzelli, J., Injection Molding: 
Understanding Pressure Loss in Injection 
Molding, Plastic Technology, 2010.  
 
3. Bozzelli, J., Injection Molding: How to 
Set Second-Stage (Pack and Hold) 
Pressure, Plastic Technology, 2011.  
 
4. Miller, M., Avoiding and Solving 
Injection Molding Problems Using Shear 
Rate Calculations-Part 1, Plastics Today, 
2007. 
 
5. Crawford, R. J., Plastic Engineering, 
Butterworth-Heinemann, Oxford, 2001. 
 
6.  Bozzelli, J., Injection Molding: Develop 
Guidelines-Not Strict Procedures-For a 
Robust Molding Process, Plastics 
Technology, 2015. 
 
 

74



11th International DAAAM Baltic Conference 
"INDUSTRIAL ENGINEERING" 
20-22 April 2016, Tallinn, Estonia  
   

FLOW ANALYSIS OF THE OPTIMAL PANTOGRAPH POSITION 
AND DESIGN  

  
Raz, K.; Chval, Z.  

  
 

Abstract: This article deals with 
possibilities of using modern and advanced 
computational methods to determine how 
mechanical system is influenced in air 
flow. 
Simulations of different orientations and 
positions of mechanical system in air flow 
are performed. The main aim is to identify 
the most suitable design in terms of total 
energy of whole system.  
This article also examines the effect of flow 
redirecting and effect of this phenomenon 
on drag forces and energy consumption. 
Analyses are performed on example of a 
pantograph mounted on roof of railway 
vehicle. 
 
Key words: Pantograph, Finite Element 
Method, Computational Fluid Dynamics, 
train, flow 
  
1. INTRODUCTION  
  
Nowadays is necessary to decrease energy 
consumption of all devices. Also energy 
consumption of trains should be decreased. 
One of possible ways is decreasing of 
resistance against air flow and improving 
of aerodynamical properties.  
One of most important parts is pantograph. 
Drag forces during train movement can 
influence a lot dynamics of pantograph. 
Pantograph, as a device, is located on the 
top of the train and is directly exposed to 
the air flow. It affects also energy 
consumption of the train, and captures 
electrical energy from catenary. This 
article has the main aim to analyse, using 
advanced CFD simulation, how the drag 
acts in the pantograph, how can be 

significant to the train’s dynamics, and 
propose solutions to minimize that. 
 
2. PANTOGRAPH DESIGNS AND 
POSITIONS USED AMONG 
PRODUCERS 
  
Among producers of electrical trains is no 
rule for choosing position of pantograph. 
Generally nowadays have trains two 
pantographs. One in front and one in rear 
are of train.  As is visible on following 
pictures, some trains uses forward and 
some backward orientation.  
 

 
Fig. 1. Train with backward position of 

pantograph – Position P1  
 

 
Fig. 2. Train with forward position of 

pantograph – Position P2 
 

According research among producers, the 
main configuration is when the pantograph 
is mounted forward (i.e. the middle join is 
located in front of the pantograph, see 
figure 2), despite the Bombardier producer 
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is making some of their trains with 
pantograph in the backward position (see 
figure 1) [1]. 

 
3. DETERMINATION OF OPTIMAL 
POSITION  
 
The software which was used to do all the 
models and simulations is Siemens NX 10 
with advanced flow solver NX Nastran. 
The simulations were done with the input 
velocity of train 100 km/h, atmospherical 
pressure of 0.101325 MPa and gravity of 
9.81 m/s2. Any change in these conditions 
is described and noted in following text. 
For flow analysis is very important to 
choose most suitable model of flow.  
The most commonly used are: 
•   K-epsilon 
•   K-omega 
•   SST (Shear Stress Transport, mixture of 
previous) 
 
After an evaluation, the best model for the 
simulations is the SST — Shear Stress 
Transport model. Because at the same time 
that we are interested in the behaviour of 
the flow near to the walls, we also would 
like to know how it behaves through into 
the flow domains. This model is complex 
and suitable for our this kind of simulations 
[2,3,4]. 
 
 
3.1 Orientation of pantograph geometry 
with respect to air flow 
 
As it has already shown before, there are 
two possibilities to mount the pantograph 
on the train, P1 (backward) or P2 (forward) 
position. In order to decide which position 
is the more suitable one (in terms of flow 
attributes), simulations were done to 
analyse the lift and drag forces, which are 
generated by each position. Also 
evaluation of velocity gradients and 
profiles is very important. 

 
 
Fig. 3. Velocity profile [km/h] for position 

P1 (upper) and P2 (lower), show as 
streamlines 

 

 
 

Fig. 4. Velocity profile [km/h] for position 
P1 (upper) and P2 (lower), section cut 

through geometry of air; legend same as 
Fig. 3 

 
On previous pictures (Fig. 3 and Fig.4) is 
visible air flow around geometry of 
pantograph. It is obvious, that backward 
position indicates bigger area of flow with 
higher speed (see Fig. 3, blue colour 
borders, Fig. 4, green colour borders).  
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Pantograph 
position 

Lift force 
(N) 

Drag force 
(N) 

P1 92,04 397,24 
P2 177,64 389,12 
Table 1. Lift and drag forces generated by 
each position 
 
From CFD simulation is possible to get 
results of lift and drag forces. This result 
tells force in Newtons, in direction of 
movement (drag) and in vertical direction 
(lift) [5]. As is visible in Table 1, drag 
force, which is force against air flow in its 
direction, is lower on forward position P2. 
Lift force is higher on this position, but this 
force helps us to stay connected to 
catenary. According these results is 
position P2 chosen as one to continue in 
simulations. 
 
3.2 Position on train roof 
 
For choosing best position on train roof are 
used two types of simulations. The easiest 
one is simulation only of a train and 
finding of a place with lowest velocity 
gradient caused by geometry of train. 
More complex is simulation of train with 
pantograph and finding optimal position.  
 

 
Fig. 5. Velocity profile [km/h] around train  

As we can see in the figure 5, there is a 
region right above the train (starting with 
green) that has the lowest speed in the flow 
around the train’s upper body, meaning 
that is the region which could be the best 
place to allocate the pantograph, because 
will generate less drag. We have to avoid 
to place the pantograph in the zone with 
high speed (i.e. yellow to red). 
 
In regions where the velocity is higher is 
also drag force higher, according equation 
for aerodynamic force (1). 
 

F = .ρ. .C.A  
 (1) 

 
F: Aerodynamic force 
ρ: Fluid viscosity 
V: Velocity of the body 
C: Aerodynamic coefficient 
A: Transversal area of the body 
 
Importance of decreasing resistance against 
air flow is higher when higher speed is 
used (speed effect on aerodynamic force is 
by square) as is visible in equation (1).  
 
Suitable distance to allocate the pantograph 
is around 4840mm from the front of the 
train (in our case). 

 
This position and design is simulated in 
next step in complex model with train and 
pantograph.  Using this complex 
simulation we can get confirmation of 
position from previous simulation. But 
simulation time of this task is at least 5x 
higher comparing previous one. 
 
On following picture is velocity profile for 
pantograph position 4840 mm from train 
front area.  
As is visible, areas with higher velocity, 
more than 120km/h, are not attaching 
geometry of pantograph. According 
equation (1) is at this position lower energy 
consumption, comparing pantograph in 
more frontal positions. Of course is much 
more suitable put pantograph just in the 
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middle, but it is not suitable in terms of 
design of train and electrical equipment 
attached on roof. 
 

 
 

Fig. 6. Velocity profile [km/h] around train 
and pantograph- position 4840 mm  

 
4. CONCLUSION 
  
This article shows advantage of using 
advanced CFD simulations methods, which 
can lead to minimizing energy 
consumption caused by resistance against 
air flow.  
As is visible among producers of electrical 
high speed trains is not unified design of 
pantographs. Our research shows, that 
forward position is better, because drag 
force is smaller, and also lift force is 
higher. Higher lift force caused not so big 
needs on springs generating contact force 
between catenary and pantograph. 
 
For our simulation was considered 
universal and general design of pantograph 
with basic attributes of all commonly used 
pantographs. Special designs of 
pantographs were not considered. Research 
will continue with placing of sheet for 
directing the flow outside geometry of 
pantograph and verification using real 
experiments.  
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  Abstract: In the past few years the 

amount of machines that utilise additive 

manufacturing technology has risen 

remarkably. More companies are 

providing the service of additive 

manufacturing (or 3D printing in commons 

terms) and it has become more accessible 

to non-professionals and novice engineers. 

But the selection of those technologies is 

still complicated. The reason behind this is 

that the selector has to be knowledgeable 

about the different materials, machines and 

technologies. To make a reasonably 

informed decision a lot of research has to 

be done.  

In order to make the decision making 

process easier, this paper proposes a new 

approach to technology selection in the 

field of additive manufacturing. This is 

done by answering a questionnaire that 

defines the product’s functional 

requirements. The composition and some 

of the programming has been described in 

this paper. Also a case study has been 

presented  

Key words: additive manufacturing, 

functional requirements, technology 

selection, 3D printing   

 

1. INTRODUCTION 
 

It has been 29 years since the first additive 

manufacturing (AM) technology became 

commercially available [1] but because the 

patents expired only recently the amount of 

additive manufacturing machines, 

companies that produce them or offer a 

service in this field has risen remarkably 

[1]. This means that additive 

manufacturing technologies have become 

more widely usable by the general public. 

This in turn means that the focus in this 

field of manufacturing is even more turned 

to individual products, small patch 

manufacturing and mass customization. It 

should be emphasised that the individual 

orders of products has increased 

significantly and companies providing 

additive manufacturing services have tried 

to include non-engineers to try to create 

something themselves.  

This increase has also been supported by 

the rapid development of IT technologies 

such as Internet of Things, cloud-based-

manufacturing, 3D scanners, development 

and increased accessibility of computer 

aided design (CAD) software over the 

years. 

Because the whole manufacturing process 

in AM is highly computerized and no 

technical drawings on paper are any more 

actually needed the CAD model can be 

transferred from computer straight to the 

machine. This allows monitoring the whole 

process with much more ease compared to 

more traditional fields of manufacturing. 

This means that AM would be suitable for 

using real time monitoring of the shop 

floor [2]. 

The scientific strides in material sciences 

which has increased the attainable accuracy 

in geometrical measurements and 

improved the mechanical properties of the 

products manufactured thus increasing 

their functionality and where these 

products can be used. 

One of the problems in the field of AM is 

the technology, material and machine 

selection. The existing solutions for 

selection require the potential customer to 
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have extensive and up-to-date knowledge 

about the whole field. This is especially 

evident when we look at the online price 

quoting, ordering and also special software 

for additive manufacturing machines 

selection.   

 

2. ADDITIVE MANUFACTURING 

TECHNOLOGY SELECTION  
 

The two biggest manufacturers and 

developers of additive manufacturing 

machines and technologies are 3D Systems 

and Stratasys. Both of these companies 

have an online environment, where one can 

order parts by choosing technology, 

machine and the material. 3D Systems has 

the QuickParts ™ environment [3] and 

Stratasys Rapid Quotes [4]. Both of these 

environments let you upload your CAD file 

with the correct extension and get a price 

estimate. There are also smaller service 

providers of AM but the selection process 

remains the same [5]. 

The difficult part of ordering products is 

that the customer has to define what AM 

technology to use, after that to select the 

suitable machine, then define the material 

used and finally define the after treatment 

method and it’s extent. The selection from 

all the available options means that the 

customer must do a lot of research on all of 

this information. For example selecting 

between these machines - SDSL, PolyJet, 

FDM XD7 or DMLS SD40 is impossible 

without doing some research. After the 

machine selection the customer has to 

select material from ABS M30-White, 

ASA White, PC White or ABSi 

Translucent Natural which also requires 

some knowledge about the materials. Few 

categories have a short description 

accompanying them, but usually not 

enough to make an informed decision. One 

of the objectives of using this kind of 

service is to reach out to the non-

engineering community and let them create 

their own products with ease. But going 

through the laborious selection process is 

counterproductive to that objective. 

One of the selections options in these 

environments is “Technician’s choice” 

which means that a qualified worker has to 

look at the individual product and decide 

the correct technology, machine and 

material. In addition the customer can 

specify any special needs that are expected 

from the product which also adds to the 

technician’s workload. In the next section 

of the paper a new approach has been 

described using functional requirements to 

determine the optimal AM technology 

without extensive knowledge of the field 

and reduce the workload and time spent 

when selecting the suitable machine both 

for the customer and technician.  

 

3. USING FUNCTIONAL 

REQUIREMENTS TO DETERMINE 

OPTIMAL ADDITIVE 

MANUFACTURING TECHNOLOGY 
 

Functional requirements (FR) define what 

a product must accomplish or what is its’ 

purpose without limiting how the 

functionality must be achieved.  

FRs are usually used when defining the 

goals of a software program [6] because 

very often it doesn’t matter which kind of 

programming language to use. Some of 

languages are more suitable for certain 

functionality but it’s often more important 

which kind of language the programmers 

are fluent in. FR have also been used in 

mechanical engineering to acquire 

information about functional design [7]. 

AM technologies and machines are capable 

of producing any geometrical shape and 

this is why the functionality of the product 

becomes even more important - you can 

physically manufacture the product with 

any AM machine, but only a few of them 

can provide the functionality needed for 

the product. An example of this would be 

side-release buckles that has to be 

elastically flexible. So not only do we need 

to know which machine is capable of 

creating this product geometrically but also 

provide the needed functionality. 
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Fig. 1. Example of the questionnaire to 

determine functional requirements 
 

To help to define the FR for the product a 

questionnaire has been compiled, shown in 

Fig 1. It consists of 17 questions and the 

questions have been presented in two 

formats - “yes/no” and “selection from a 

list”. Example of this is shown in Fig 2. 

This kind of presentation of questions is 

necessary because free form answers 

would need analysis by the technician and 

it would defeat the purpose of the 

questionnaire because the technician could 

as easily just look at the CAD model. 

Although determining FR from a text file 

could be something to look into in the 

future as research has been done in this 

field [8]. 

 

Any number of AM machines can be 

compared in the questionnaire provided 

that the company has them. The machines 

are compared with each other so the 

answers to all the questions are relative to 

each other and are not connected to 

absolute values. In Fig. 3. it is shown how 

“selection from a list” question type is 

processed. Three machines are compared 

with each other in this paper: Printer1 – 

Formiga 100, Printer 2 – ZPrinter 310 and 

Printer3 – 3D Touch. These machines are 

selected because they all use different 

technologies and are all available for 

testing in Tallinn University of Technology 

(TUT). 

The example is about the necessity of 

installing or using the product in order to 

define the requirements for wear and 

abrasive qualities. Certain materials are 

very sensitive about this functionality 

(especially plaster based materials). 

Question processing for “yes/no” type is 

done in similar fashion, but the list is only 

two entries long. 

The first choice in the list is “Upto10” 

which means using/installing the product 

up to 10 times and according to that the 

three machines in this example are given 

points. Because up to 10 is a very low 

number for installing or using the product 

then only machine No. 2 (Printer2) 

receives any points because the machine 

uses material that is easily abraded (it’s 

plaster based). For the other machines from 

the standpoint of abrasion using/installing 

the product only 10 times is clearly a waste 

because the materials are capable of so 
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much more and this is the reason why other 

machines didn’t receive any points. For the 

same reason the second choice - 

“UpTo100” would give the least amount of 

points to machine No. 2 compared to the 

other machines.  

The points are given in the scale of 10, 

where 1 is the least suitable for a function 

and 10 is the most suitable machine for this 

function.  

All the scores for each answer are 

determined by an expert and adding new 

machines to the comparison needs an 

expert’s evaluation on that machines 

functional capabilities compared to the 

already existing machines in the software. 

After the questionnaire has been filled the 

customer also needs to upload the CAD file 

of the product. At the moment the STL, 

STEP and STEP-NC are usable formats 

and for all of them the software has a 

module for calculating the volume of each 

file. In Fig. 1. the button for uploading of 

the file is shown. 

When all the questions have been answered 

and CAD file successfully uploaded then 

all the scores for each machine are added. 

The result is then multiplied by the 

priorities coefficient which are defined by 

the customer. The customer has to select 

between three priorities which are 

contradictory - cost, quality and time. 

These coefficients are very often the most 

important factor for the customers when 

choosing the AM machine/technology. The 

coefficients are evaluated on the scale from 

1 to 5 where 5 is the most important 

priority. The result of the multiplication of 

each machine score and priorities 

coefficient are then compared with each 

other and results are presented as shown in 

Fig. 4. The machine with the highest score 

is the recommended AM machine. But the 

results also show alternative solution - 

what would the cost be if the customer 

would use another machine. This allows 

the customer to rethink their priorities and 
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also to change some of the answers in the 

questionnaire. 

As mentioned the selection of the machines 

is a multi-criteria optimisation problem. 

The proposed solution in this paper is for 

showing the concept but it can be improved 

using methodology described for selection 

and manufacturing of composite parts [9]. 

Also the results show why some of the 

machines are excluded from the most 

suitable solution. As shown in the example 

in Fig. 4. two machines have been 

excluded because the product has to have 

flexible parts and is subjected to strong 

forces. Because the two AM machines are 

incapable of producing this kind of 

functionality, they are not the optimal 

solution even though these machines would 

produce the product with lower cost. 

 

The proposed solution for using FR to 

determine optimal AM technology uses C# 

programming language and Internet 

Information Services (IIS), an extensible 

web server created by Microsoft. This 

means the AM selection process is done 

through an Internet browser, no download 

necessary. 

The questionnaire described in previous 

sections is based on the products ordered 

from TUT over the past few years. A 

random selection was chosen and their FR 

were defined. These functions were 

categorised and analysed and the most 

important functions were brought out. In 

addition the estimated cost of the product 

was noted. This was useful to see if the 

price estimation from the software were 

correct. 

The functions compared in the 

questionnaire cover the following areas: is 

the nature of the product a prototype/show 

piece or practical use, what kind of 

temperatures the product will be subjected 

to, is there moisture in the environment, 

what kind of wear will the product be 

subjected to, what will the products cross-

section look like, is the product going to be 

a cover or a gear (very often ordered 

products) and is the product going to be 

hand-held. All together there are 17 

different questions defining the products 

FR. 

 

A case study has been conducted to verify 

this software program. After the 

questionnaire was completed the products 

chosen for creating the questionnaire were 

run through the program. The results were 

with about 85 % accuracy (for both the 

selected machine and estimated price) 

because very often the customer had 

decided on what kind of machine to use 

before the product was manufactured and 

no alternatives were considered. In 

addition the questionnaire is still not final 

and needs additional testing and 

development. 
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4. CONCLUSIONS AND FURTHER 

RESEARCH 
 

A new approach has been presented in this 

paper for the technology selection in the 

field of AM based on functional 

requirements. Based on the case study we 

can say that using functional requirements 

can be used to determine AM technology 

and - machine and is a viable solution. 

Furthermore the proposed solution reduces 

the amount of time and knowhow required 

by the customer to select the optimal AM 

machine. The software can also be used by 

technicians working with AM machines to 

reduce their workload. The “Yes/no” and 

“Selection from a list” question types are 

an easy and suitable way of determining 

FR of a product and to evaluate which 

machine is the most suitable to 

manufacture it. 

In addition to the case study a closed beta-

testing is planned. The companies that have 

ordered parts from TUT would be the 

suitable testers. After that the questionnaire 

can be adjusted, the values for each of the 

machines re-evaluated and tested again. In 

parallel with that the purpose and meaning 

of each question needs to be analysed to 

see if there are important functions missing 

from the questionnaire or there are 

overlaps in the questions and adding 

functionalities that have become available 

with new materials and machines. 

Additional machines can also be added to 

the software and the next one would be the 

metal powder bed fusion machine Realizer 

SLM50 recently purchased by TUT but a 

small database for products manufactured 

with it would be required first. 

At the moment the STEP, STEP-NC and 

STL formats can be used. The plan is to 

add volume calculation modules for the 

more popular CAD software file types but 

the first thing planned is to add STL binary 

format (at the moment the ASCII is only 

usable). 

Further plans are to expand this approach 

to other, more traditional fields of 

manufacturing. 
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ANALYSIS OF SELECTION CRITERIA FOR VACUUM GAUGES 
AND ITS ACCURACY 

Stekleins A., Gerins E., Kromanis A.

Abstract: Vacuum technological process 
can be performed using specific 
equipment and in order to reach desired 
result it is essential to focus on the 
pressure inside a vacuum chamber. 
Pressure can be measured using various 
types of vacuum gauges with different 
operating principles. During 
technological process a high level of 
vacuum should be reached, therefore it's 
essential to select proper gauge for 
reliable and correct vacuum 
measurements. One particular vacuum 
gauge cannot be selected for broad 
vacuum range because due to physical 
reasons it is impossible to construct 
vacuum gauge, which can be reliable and 
carry precise pressure measurements in 
the entire range of vacuum. Gauge 
operating principles and pressure 
measuring ranges are not the only factor 
that affects vacuum gauge selection 
process. Vacuum gauge operating 
conditions influence measurement 
accuracy due to high risk of 
contamination, vibrations, temperature, 
etc. Vacuum gauge mounting on the 
chamber is also one of the main factors 
for accurate pressure measurements. 
    This paper is focused on analysis of 
selection criteria for vacuum gauges and 
its accuracy. The analysis of different 
type vacuum gauges is given, in order to 
understand operating principles, their 
main advantages and disadvantages. 
Accuracy and repeatability of several 
vacuum gauges are compared. 

As an example of the vacuum gauge 
accuracy problem one specific 
experiment is given. Diaphragm and 
ionization gauges were selected for 
experiment due to their pressure 
diapason, accuracy, repeatability and 
ionization gas correction options. Those 
vacuum gauges are most commonly used 
for vacuum technological processes. 
Main idea of the experiment is to show 
the consequences of unreliable and 
uncalibrated ionization gauge. 
Keywords - vacuum gauge, selection, 
pressure, accuracy 

1. PRIOR ART OF VACUUM 
GAUGES 
The prior art mainly discloses three types 
of vacuum measurement gauges which 
are used to measure a pressure inside 
vacuum chamber... 
In measurement of vacuum mainly two 
pressure units are frequently used: Torr 
and mbar. Pressure in vacuum chamber 
can vary starting from 103 Torr up to 10-7 
Torr, it all depends on the technological 
process to be performed. Knowledge of 
vacuum amount within the chamber is 
main priority during technological 
process in order to achieve desired 
product quality. 
Pressure range in nanotechnology can be 
very wide, therefore a vacuum gauge 
must be selected depending on conditions 
and requirements of the technological 
process. 
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Fig. 1. Pressure ranges for several vacuum gauges [5]

To understand, which vacuum gauge can 
be selected in specific situation, we need 
to know their constraints and measuring 
range (Fig. 1.) [5].  

1.1. Low vacuum gauges 

To measure the low vacuum, vacuum 
gauges with mechanical operating 
principles are used, where a pressure 
affects a flexible component of the 
vacuum gauge. Such a flexible element 
can be a membrane or small tube, where 
it deforms upon applying pressure (Fig. 
2.) [8]. 

 
Fig. 2. Capacitance manometer [8] 

An example on this principle is the 
capacitance manometer, and such gauge 
is effective from 103 torr to 10−4 torr, and 
beyond. Akram (2012) discusses potential 
accuracy and stability of diaphragm 
vacuum gauge and possibility to use it as 
main gauge for low vacuum or at least it 
can be considered to be one of the first 

choices for low vacuum measurement and 
mainly due to the high membrane 
sensitivity [1]. Deformations of flexible 
element in mechanical gauges are 
measured with electrical or optical 
methods [2]. 

1.2. Medium vacuum gauges 

Vacuum gauges for medium vacuum use 
different operating principle. It uses 
thermal conductivity as one of the gas 
characteristics. Therefore, mechanical 
low vacuum gauges are not an option, 
because molecular density differs and 
mechanical force cannot make an impact. 
Thermal conductivity is defined as the 
amount of heat transfer per unit time 
across the unit area of small plane located 
perpendicular to the direction of heat 
flow divided by the temperature gradient 
[1]. As an example for measuring medium 
vacuum Pirani vacuum gauge can be 
used. Pirani measuring gauge uses 
thermal conductivity principle where 
pressure and gas ability to transfer heat 
are bonded together.  
Pirani gauge main principle is simple: 
vacuum gauge utilizes the thermal 
conductivity of gases at pressures than 
approx. 10 to 100 hPa. The surrounding 
gas dissipates the heat to the wall of the 
tube. In the molecular flow range, the 
thermal transfer is proportional to the 
molecular number density and thus to the 
pressure and when the temperature of the 
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wire is kept constant, its heat output will 
be a function of pressure.. However it will 
not be a linear function of pressure, as 
thermal conductivity via the suspension of 
the wire and thermal radiation will also 
influence the heat output. [6].  
In a gaseous environment the hot wire 
loses heat in four different ways such as: 
radiation, conduction along the wire to 
the end supports, heat conduction by the 
gas molecules and gas convection [8]. 
We have used Pirani vacuum gauges 
before, but we also have noticed that after 
some time the gauge accuracy starts to 
fail. We are of the opinion that it can be 
related to the fact that vapour condensates 
on gauge sensing wire during 
technological process and thermal 
conductivity changes. 
Prior art discusses vacuum gauges with 
accuracy +/- 15%, which is not 
acceptable, because it is almost 
impossible to reach repeatability in 
technological process with this kind of 
instability in measurements. 

1.3. High vacuum gauges 

In high vacuum we cannot use thermal 
conductivity characteristics and the same 
refers to mechanical vacuum gauges with 
their operating principle due to molecular 
density changes when high vacuum is 
being reached. 
In this vacuum diapason another physical 
principle is used, such as ionization of 
gas. The vacuum gauges with this 
operating principle are called ionization 
vacuum gauges. Ionization gauge consists 
of two gauges such as Pirani gauge for 
low vacuum measurement and Bayard-
Alpert gauge for high vacuum 
measurement. In ionization gauges, the 
positively charged molecules are attracted 
by ion collector, indicating positive-ion 
current, which is ultimately calibrated in 
pressure [1]. 
Ionization gauges can be divided into 
several types: filament gauge (Bayard-
Alpert), which use thermionic emission 

of electrons from a hot wire, while cold 
cathode gauges (Penning, Inverted 
Magnetron) use electrons from a glow 
discharge of plasma. 

Fig. 3. Typical Bayard-Alpert vacuum 
gauge configuration [7] 

Fig.3 illustrates Bayard-Alpert vacuum 
gauge and its operating principle, where 
electrons boil from the hot filament and 
are accelerated towards the anode grid, 
besides that current of highly energetic 
electrons traverse the inner volume of the 
grid cage and ionize some of the gas 
molecules the encounter in their path, exit 
the grid and are immediately directed 
back into its inner volume by the 
electrostatic field, resulting in a multiple-
pass ionization path that ultimately end 
by collision with a grid wire. The ions 
formed inside the anode grid are 
efficiently collected by the grounded 
collector wire that is located along the 
axis of the cylindrical grid and connected 
to the controller’s electrometer also if the 
electron emission current and the 
temperature of the gas are constant, then 
the ion current is proportional to the 
number density and the pressure of the 
gas. In the result, the positive ion current 
provides an indirect measurement of the 
gas pressure. [7] 
Ionization vacuum gauge is commonly 
used to measure high vacuum.  The gauge 
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is configured to switch on gas correction 
if in a technological process a gas, such 
as argon or other gas, is used. This can be 
also a drawback of the device, because 
gas compositions can be different, which 
forces to work with respective gas 
correction. Correction coefficient 
difference can make a significant impact 
on pressure measuring accuracy. Vacuum 
gauge cannot measure pressure accurately 
if technological process is performed with 
one type of gas, but it has been calibrated 
with another gas. It becomes even more 
problematic when combination of several 
gases is used in the vacuum chamber. 

2. VACUUM GAUGE 
ACCURACY 

Vacuum gauge accuracy is one of the 
main factors and selection criteria when 

choosing a vacuum gauge. It's very 
important to maintain desired pressure in 
vacuum chamber during technological 
process, therefore a vacuum gauge with 
high accuracy must be selected.  
Vacuum gauges has their own pressure 
measuring ranges and based on their 
operating principles have respective 
accuracy. For example, INFICON 
company ionization vacuum gauge 
(model HPG 400) provides +/-15% of 
reading accuracy in pressure diapason 
from 10-5 to 1 mbar. Consequently, the 
gauge accuracy range is up to 30%, 
which is too high for vacuum 
technological processes. Main goal of all  

 
Fig. 4. Spinning rotor gauge measuring range and its accuracy [1] 

technological process is to provide 
repeatability of the process. For example, 
in applying different coatings in a 
vacuum chamber we need to operate in a 
very small pressure range, with respective 
gas flows and other parameters, but also 
we need to apply coating with same 
properties over and over again, but it can 
be problematic with a large deviations in 
a vacuum measurements. In order to be 
able to allocate the largest possible 
measuring range to the individual type of 
vacuum gauge, one has to accept the fact 

that the measurement uncertainly rises 
very rapidly, in some cases up to greater 
extent, particularly at the upper and lower 
range limits [1]. This behaviour of 
VISCOVAC (Spinning Rotor Gauge-
SRG) is shown in Fig.4 [1]. 
Fig. 4 illustrates a difference between 
spinning rotor gauge measuring range and 
precise measurement range. Precise 
measurement range for this particular 
example is approximately from 8x10-5 to 
2x10-1 mbar, accuracy remains in 5% 
boundary. Correct usage of vacuum 
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gauge is based on the shown example and 
described analysis, which gives a 
theoretical conception of precise 
measurement range. 
For most room temperature 
measurements the effects of ambient 
temperature variations on Bayard-Alpert 
gauge readings are insignificant. 
Determining the gas temperature is a 
difficult task in tabulated Bayard-Alpert 
gauge, because most molecules 
equilibrate with envelope, but the 
envelope temperature is not symmetric 
because of asymmetric location of the 
filament. [7] 
Another, but not less important is 
magnetic field influence on vacuum 
gauge sensitivity, which has strong effect 
on charged molecules trajectories. 
Vacuum technological process, its 
maintenance and control are the main 
aspects for research and below described 
experiments.  

3. EXPERIMENTS 

In research for vacuum gauge accuracy, 
the experiments were designed and 
conducted. During the technological 
process it is hard to rely on specific 
vacuum gauge especially if ionization 
gauge is taken as an example. Mainly two 
types of vacuum gauges were selected: 
INFICON diaphragm vacuum gauge 
CDG 025D and ionization gauge HPG 
400 [9, 10]. Diaphragm vacuum gauge is 
not affected by gas, therefore it is more 
reliable than ionization gauge. During 
experiment an inert gas (argon) was fed 
into the chamber. The deviations were 
identified between ionization gauge 
measurements with argon correction 
coefficient and without it. In Table 1 and 
Table 2 HPG ionization gauge is shown 
as second measuring device and 
diaphragm gauge as the third. In Table 1 
an argon correction is turned off, 
respectively in Table 2 the argon 
correction is turned on. 

Argon was fed into the chamber in 
volume 100 sccm or 14,4%. With argon 
correction turned on the gauge reaches 
satisfied level of the vacuum. In order to 
reach pressure measurement without 
correction and change it from 8.58 up to 
6.88-4 torr, argon must be reduced to 11.2 
% or 78 sccm.  
 

No. Gauge Pressure (Torr) 
1 8,59E-4 
2 8,58E-4 
3 1,70E-3 

Table 1. HPG 400 pressure measurement 
with argon in a chamber and without gas 
correction 

 
This experiment illustrated pressure 
measurement difference and possible 
solution with special effect, which result 
in argon flow reduction. 
 
 

Nr. Gauge Pressure (Torr) 
1 8,52E-4 
2 6,88E-4 (cor) 
3 1,70E-3 

Table 2. HPG 400 pressure measurement 
with argon in a chamber and gas 
correction 

After preliminary statistical analysis we 
concluded that the difference in 
measurements is equal to 22 sccm. The 
difference in measurements can be 
identified, where argon correction is 
directly related to the coating quality and 
product in common. In current 
experiment one of the technological 
waste factors such as argon was selected. 
From economical point of view we could 
reduce argon flow by 22 sccm if selected 
pressure measurement by ionization 
gauge is correct. In the result, significant 
amount of argon can be saved. The aim of 
the research is to understand why 
different gauges measurement results are 
not identical and how much it influences 
final product quality. In order to analyse 
vacuum gauges, their technical data and 
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possibilities, advantages and 
disadvantages special vacuum chamber 
must be build, as well as device accuracy 
and sensitivity must be checked, and 
interconnection between accuracy and 
period of use must be found.  

4. CONCLUSION 

Prior art identifies basic knowledge of 
vacuum systems, their functions, 
elements and important stages during 
coating process. It was concluded that the 
gauge selection is based on several 
principles, but mainly it is essential to 
consider gauge pressure measuring range, 
its operating principles, sensitivity and 
accuracy. There are other factors, which 
also may influence vacuum gauge 
measurement accuracy and durability, 
such as contamination, vibration and 
environment.  
Consequently, simple experiment with 
different vacuum gauges showed that 
main problem is deviation of measured 
pressure. Therefore, said deviations must 
be analysed more carefully to reach the 
desired results. Even small changes in 
pressure can significantly influence 
coating characteristics, which must be 
secured by producer to match certain 
quality criteria. 

5. FURTHER RESEARCH 

During technological process certain 
parameters correlate, for example 
voltage, dynamic coating speed and 
pressure. Reaching better vacuum will 
result in increase of dynamic coating 
speed. Therefore, it is essential to 
understand vacuum gauge behaviour in 
different environments, test it in different 
pressure measuring ranges, as well as 
check its sensitivity and obtain full 
picture of process and its accuracy, which 
influence coating process and final 
product quality. In order to reach stated 
aims it is necessary to develop an 
experimental vacuum chamber. The 
design of chamber in principle is similar 

to vacuum calibration chamber. The basic 
design is to have a small chamber in 
order to get high vacuum, with enough 
connection spots for vacuum gauges. Said 
chamber should be provided with two 
types of pumps: for low vacuum 
mechanical pump, and for high vacuum a 
turbo pump. Small chamber with 
powerful turbo pump and mechanical 
pump backing it up should provide 
interesting experiments for vacuum gauge 
accuracy, sensitivity and stability. 
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Abstract: Current solution for calibrating 
and testing of Synthetic Aperture Radar 
(SAR) is using small aircraft. This proce-
dure wastes time and resources. In addi-
tion, aircraft does not provide reproducible 
conditions. The aim of this research is to 
develop a stable system which can be used 
for SAR calibration and testing on the 
ground to save resources and reduce time 
used for this procedure. A modular system 
was developed that enabled reduced vibra-
tion motion and accurate measurements. 
The vibrations of the developed rig were 
less than the baseline measurements (air-
craft tests). It was determined that the ma-
jor source of high frequency/low amplitude 
vibrations was the electric motor and the 
frame structure caused low frequency/high 
amplitude vibrations. 
 
Key words: Synthetic Aperture Radar, Vi-
bration, Modular test rig 
 
1. INTRODUCTION 
 
Synthetic Aperture Radar (SAR) is a mi-
crowave radar technology used to capture 
and reproduce images of landscapes and 
targets. The radar emits waves that are re-
flected from objects depending on their 
characteristics. Soft materials absorb some 
of the energy of the signal reducing the 
amplitude of the signal while harder ones 
reflect it almost unchanged. This signal can 
be visualized into pictures that can be fur-
ther processed to reduce noise from indi-
vidual images by combining data from 
multiple images. The non-optical nature of 
SAR imaging combines all weather opera-
tion and high resolution [1]. SAR panels 
are used by integrating them in airplanes 

and satellites [2]. To ensure the condition 
and correct way of operation, SAR panels 
need to be tested and calibrated. 
Currently, for calibration and testing, SAR 
panels are mounted on small airplanes. 
This procedure is time consuming and 
costly. In addition, due to environmental 
variables airplanes do not provide repro-
ducible conditions. There are two main 
different error sources related with SAR 
calibration on airplanes. The first error 
sources, such as baseline length and incli-
nation, are not expected to change with 
time. The other set of sources are related to 
the data recorded during flight, e.g. attitude 
angles, aircraft position and vibrations [3]. 
The problem with reproducibility can be 
solved by using calibration methods based 
on so-called “sensitivity equations”. These 
sensitivity equations are used afterwards to 
filter out the disturbance in the gathered 
data caused by previously mentioned error 
sources and to serve as a datum for homing 
i.e. zeroing the exact location of SAR. In 
order to use this calibration method, the 
movements of the airborne calibration plat-
form need to be recorded in an accurate 
manner. However, this method does not 
reduce the costs and time needed for cali-
bration and testing. [3, 4] 
The aim of this research is to develop a 
system which can be used for SAR calibra-
tion and testing on the ground to save re-
sources and reduce time used for this pro-
cedure. It is desired that a minimum of 
correction and post processing be done on 
the output SAR signals to correct for er-
rors. In order to successfully develop this 
kind of device for SAR calibration it is 
essential to be able to control important 
parameters such as position and speed of 
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the SAR panel. In addition, the vibrations 
should be limited below the vibration am-
plitude of airborne calibration and testing. 
The distance between the SAR panel and 
the target used for calibration and testing 
(Y direction Fig. 1) should not vary more 
than 10 % of the wavelength used by the 
radar which is 30 mm. Other features for 
this product are modularity (i.e. varying 
length of linear movement), transportabil-
ity, ease of assembly and disassembly and 
movement speed control for the SAR pan-
els. Fig. 1 represents the setup for the cali-
bration rig.  
 

 
Fig. 1. Setup of calibration rig from top 
view. 

2. CALIBRATION RIG 
 
The base structure supporting the carriage 
and the linear roller rails is designed and 
made out of aluminum extrusion since 
aluminum profile systems provide the pos-
sibility to modify the system when needed 
without great development costs. [5] 
The hull on the carriage is designed out of 
aluminum sheet and aluminum extrusions 
in a way that more levels can be added to 
increase the amount of installation surface. 
The carriage design and instrument place-
ment is presented in Fig. 2). 
To ensure linear and stable movement for 
the carriage linear rails and rollers are used 
in this system. Rollers are preferred over 
linear ball bearings because the small ball 
bearings in the latter cause high pitch vi-
brations. [6] In addition, to provide smooth 
movement rollers can also carry a larger 

load over their linear ball bearing counter-
part.  
 

 
1 SAR Panel 
2 Laser 
3 Stepper Motor 
4 Cart 

Fig. 2. The carriage design and instrument 
placement 

The linear movement and the power trans-
fer is achieved by installing a 200 step/rev 
stepper motor on the carriage. The motor is 
installed on the base plate of the carriage 
and the power is transferred through a fric-
tion wheel to the aluminum extrusion. This 
solution enables modularity without in-
creasing the number of components of the 
system (such as in a rack and pinion solu-
tion). To reduce vibrations in the system 
caused by high accelerations, acceleration 
and deceleration functionality was imple-
mented to the stepper motor controller. 
The relative distance in X direction needed 
by the SAR imaging unit is measured with 
laser class 1 laser distance measurement 
sensor using time of flight measurement 
method (Table 1).  
 
Wavelength  658 nm 
Frequency 400 Hz 
Repeatability  0.5 mm 
Accuracy ± 3 mm 
Range:  0.2 – 50 m 
Table 1. Characteristics of the laser 

The laser distance sensor was selected to 
achieve wide measurement range and sta-
bility against harsh environments and the 
distance measurement does not require any 
changes when the length of the base struc-
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ture is changed. The laser distance sensor 
is installed on the carriage and a reflector 
at the other end of the system.  
 
2.1. Operation principle 
The carriage setup is presented in Fig. 1. 
The carriage moves linearly along the di-
rection of the rails. The SAR panel is in-
stalled perpendicular to the direction of the 
movement facing the object.  
The main operation principle of the test 
and calibration rig is presented in Fig. 3. 
The dashed line represents position data of 
the SAR carrier measured for the CPU. 
The system is not a closed loop driven sys-
tem. 
 

  
Fig. 3. Operation flow of the rig 

The operation flow presented in Fig. 3 
starts from the user input. In the first step 
user gives a desired command to the opera-
tion CPU. The control command given by 
the operator is the desired distance trav-
elled at a desired speed. 
The absolute position of the carrier is not 
important and thus the start and stop posi-
tions are irrelevant information. The rela-
tive distance measurement is used to trig-
ger the SAR panel signals depending on 
the desired distance interval. 
The SAR panel emits and receives radio 
waves during the movement. After the de-
sired maneuver is completed, the operation 
CPU analyses and processes the received 
data in order to form an image. 
 
2.2 Measurements 
Vibrations and displacements are measured 
in Y direction (Fig. 1) at three different 
speeds, 0.10 m/s, 0.25 m/s, 0.35 m/s, and 

0.50 m/s. The payload of the carriage on 
each measurement is set to 50 kg in order 
to simulate the real operating conditions of 
the calibration rig. The accelerometer is 
fixed on the SAR panel mount in Y direc-
tion. The vibration measurement setup is 
Bruel and Kjaer Nexus conditioning ampli-
fier with piezoelectric acceleration sensor. 
The measurements are performed at 5 kHz 
measurement frequency. 

3. RESULTS 

Results of the Y-axis vibration measure-
ments are presented in Figures 4, 5, 6 & 7. 
These figures represent vibrations in ampli-
tude of acceleration versus time. 
 

 
Fig. 4. Y-axis vibration measurement at 
0.10 m/s. 

 
Fig. 5. Y-axis vibration measurement at 
0.25 m/s. 

Each figure shows three clear and distinct 
periods of time when the cart vibrates sig-
nificantly more than during rest of the 
time. 
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Fig. 6. Y-axis vibration measurement at 
0.35 m/s. 

 
Fig. 7. Y-axis vibration measurement at 
0.50 m/s. 

The first difference occurs during the start 
acceleration of the cart. The second differ-
ence occurs when the cart passes the dis-
continuity point where two rail modules 
are joined. The final difference happens 
during deceleration of the cart. For exam-
ple, on Figure 5 with target velocity of 0.25 
m/s, first difference occurs between 0 – 1.2 
s, second difference occurs between 2.7 – 
3.1 s and the third between 5.4 – 6.1 s. 
Vibration amplitude and duration caused 
by the start movement increases while the 
target velocity of the cart is higher. The 
same behavior of the vibrations occurs 
when cart passes discontinuity points of the 
rails. Opposite behavior occurs during de-
celeration of the cart. 
During constant velocity and when not 
passing discontinuity points of the rails the 
vibration amplitudes are relatively low, 
stable and unexpected amplitude peaks do 
not occur. 
 
 

4. DISCUSSION 
 
Increased vibrations, due to higher target 
velocity, are caused by longer acceleration 
time needed to reach desired velocity. Sim-
ilarly increased vibrations in discontinuity 
points are caused by higher movement 
speed. Decreased vibrations during decel-
eration at higher speeds result from proper-
ty of stepper motors to vibrate at higher 
amplitudes at lower speed.  
Due to higher vibrations during accelera-
tion and deceleration of the cart, operating 
the SAR panel during these events is inad-
visable. Signals received while passing 
discontinuity should be filtered out to im-
prove uniformity and overall quality of the 
picture. 
To develop calibration and testing system 
of improved quality, problems due to dis-
continuity points of the rails should be tak-
en into consideration. This improvement 
ensures that higher percentage of the de-
signed rail system can be used for calibra-
tion and testing purpose, thus increasing 
quality and uniformity of the acquired SAR 
image. 
To further reduce vibrations of the system 
the stepper motor used in this setup can be 
replaced with a less vibrating motor type, 
however this is not required since the vi-
brations are low and predictable. In addi-
tion, more sophisticated vibration isolators, 
such as springs and special vibration 
dampeners could be added to the system 
between the vibration source and rest of the 
system. 
The measurement results could be im-
proved by implementing a rail system 
which has more accurate manufacturing 
tolerances and improved joints between 
each rail. In addition, measurements should 
be performed with longer system to better 
imitate real operation and testing condi-
tions, thus providing better results. 
The main goal of this research was to de-
velop a calibration and testing rig for SAR 
panels to save time and resources spent on 
the calibration procedure. This goal was 
achieved. In addition, it was shown that it 
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is possible to develop a sufficient calibra-
tion platform which surpasses the require-
ments set for the apparatus.  
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Abstract: The paper presents a model of 
precision parts assembly. The model is 
applicable for solving problems of 
creating systems of analysis and 
synthesis of product tolerances. The 
model is based on simulation of mating 
parts surfaces. To simulate mating parts 
an upgraded algorithm of the nearest 
points (ICP) is used. The model was used 
for the numerical simulation of assembly 
of parts that are joined by cylinder and 
plane surfaces. The developed model can 
be used to improve the accuracy of 
manufacturing processes, and repair of 
complex industrial products. 
Key words: uncertainty evaluation, 
manufacturing, assembly, tolerance 
synthesis. 
 
1. INTRODUCTION 
 

Key Product Characteristics (KPCs) is 
largely dependent on the geometrical 
accuracy of parts and assembly units. 
Conjugation of surfaces of machine parts 
forming the assembly dimensional chains, 
which include master links. A dimensional 
chain consists of separate partial parts (input 
dimensions) and ends with a closed part 
(resulting dimension). For example, in the 
turbomachinery resultant sizes may be 
radial and face runouts of rotor surfaces and 
clearance formed between the tips of the 
blades and the stator. Dimensional chains 
are formed by mating surfaces of adjacent 
components. During manufacture of parts 
the size errors are formed affecting the 
mutual position of the surfaces and the error 
of surface shapes. When calculating 
dimension chains two problems such as 
Tolerance analysis - direct tasks, control; 

Tolerance synthesis - indirect tasks, 
designing can be solved. To solve 
dimension chains we can use the following 
methods: an arithmetic method of 
calculation, a statistical method of 
calculation, a method of group 
interchangeability. Mentioned methods do 
not accurately account for the surfaces form 
error of parts in the calculation of dimension 
chains. For precise metering inaccuracies of 
form and position of parts surfaces it is 
necessary to develop a method that takes 
into account imperfect mating surfaces of 
parts. The basis of the method will be a 
model of precision parts assembly that 
allows defining attainable relative position 
of mating parts. This paper describes a 
model of precision parts assembly. Many 
sources [1-4] are devoted to aircraft engine 
manufacturing and assembly technologies. 
2. PROPOSED METHOD 
 
Formation of dimensional relationships in 
the process of manufacture and assembly of 
machines is largely determined by surface 
conjugation. The mating of surfaces is 
complex process and it has a probabilistic 
uncertainty, which is defined by the 
assembly conditions (manufacturing 
procedure) and geometrical deviations. The 
uncertainty of the mating surfaces involves 
variation of relative positions of the 
assembled parts surfaces. In general, the 
relative position of the parts is described by 
six components. Three components define a 
linear arrangement. The other three 
components determine the angular 
placement. The assembly conditions include 
a fastening technique for assembling parts, 
its orientation in space and the direction of 
the application vector of assembly force. 
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The paper deals with the assembly model of 
mating surfaces, which are considered as 
absolutely rigid bodies. Such an assumption 
is justified when relatively rigid parts are 
assembling as well as in the case of the 
stepwise computation taking into account 
the deformation of parts and their surfaces 
under the influence of assembly effort. 
Determination of the uncertainty of the 
mating surfaces of parts is performed by 
varying assembly conditions and the 
relative positions of the assembling parts. 
We consider the creation of a model of the 
assembly process by the example of mating 
two parts with cylindrical and flat surfaces. 
This conjugation is very common in the 
structure of different mechanisms and 
machines. 
 
2.1 Mathematical model for mating 
surfaces 
The model of conjugation of curves or 
surfaces is based on the method of best fit 
with set of constraints on the intersection 
of surfaces. The conjugation of two 
surfaces with form deviations can be 
characterized by the size of the clearance G 
between the surfaces. In the case of the 
intersection of the surfaces the negative 
clearance is formed that is interference. In 
general terms, the clearance / interference 
can be represented as a spatial function, 
every point of which is determined by the 
difference of point’s coordinates of the 
mating surfaces. The spatial function of 
clearance characterizes the achievement of 
co-state for parts surfaces and depends on 
the V  vector of relative surfaces position. 
In general the relative position vector 
includes three linear and three angular 
parameters for the respective axes. Let us 
set the clearance function is ( )VG . 
We developed an iterative algorithm to 
calculate the conjugation of parts. The co-
state algorithm assumed iterative 
movement of mating surface relative to 
another one with the 1D application vector 
of assembly effort. To calculate the 
function ( )VG  the best fit of surfaces is 
performed at each stage.  A common 

algorithm for solving the problem of the 
best fit is an iterative algorithm of the 
nearest points (ICP) presented in [5]. 
According to this algorithm at the each 
iteration of the search the rotation angles 
and displacements along the coordinate 
axes are calculated by methods of 
nonlinear optimization. Taking into 
account the assembly force application 
vector the objective function of algorithm 
can be defined as follows: 
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where pn is the number of matching points; 

i_surfp 1  is the vector of the first surface 
coordinates; 
T  is the displacement vector (contains 3 
displacements along the coordinate axes); 
R  is the rotation matrix (contains 3 angles 
of rotation around the coordinate axes); 

i_surfp 2  is the vector of the second surface 
coordinates corresponding to i_surfp 1 ;  

iw  is the weighting factor for the distance 
between the points of the surfaces. 
The weighting factor for each point is 
calculated as follows: 

ii nDw −−= 1δ ,   (2) 

where δ  is constant which equals to the 
maximum value of the difference between 
assembly force application vector and 
normal vector at the point of the mating 
surface; 

in  are the normal vectors of the ith point of 
the first mating surface. 
To search for function parameters (1) we 
apply the method of sequential quadratic 
programming, which is one of the methods 
of nonlinear optimization To eliminate 
intersection of two surfaces we use a 
inequality system presented in [6], it apply 
restrictions on the clearance function )(VG : 
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The algorithm takes into account the 
mating conditions, which are formalized by 
the motion vector

1D  in view of surfaces 
crossing terms. 
 
2.2 Model of mating surfaces 
The mating surfaces have a complex shape 
due to the deviations [7]. Curves and 
surfaces of complex shape are described by 
spline equations in CAD-systems and in 
measurement assurance of measuring 
apparatus. The spline is piecewise 
polynomial to the power K with a 
continuous derivative to the power K-1 at 
the points of segments connection called 
setting points. For the mathematical 
representations of complex surfaces we 
used normalized cubic spline to the power 
3 also known as Hermitian curve and 
described in [8]. 
To describe surfaces of parts with 
geometric deviation form we use surface 
formed by bicubic patches (Coons 
patches). Described surface represents a 
segment corresponding to the parameters 
values 10 ≤≤ u , 10 ≤≤ v . The Coons patch 
is formed by the conjunction of boundary 
spline curves and it is defined by: 

∑∑
= =

=
3

0

3

0
),(

i j

ji
ij vuavuP ,            (4) 

where ija is an algebraic vector coefficients 
with constituents x , y  and z . 
Combining of Koons patches makes 
possible to determine the surface of any 
shape and size. The spline surface is 
defined in the parameter space u  and v . 
 
3. RESULTS 
 
The paper presents the connection of the 
shaft flange and the disc including flat and 
cylindrical surfaces, which are shown in 
Fig. 1. 

 
Fig. 1. Assembly configuration 
 
We can determine the clearance function 
G2 between the flat surfaces and the 
clearance function G1 between the 
cylindrical surfaces. Cylindrical surfaces 
are designed to align disc axis relative to 
the shaft axis. The flat surfaces are 
required for fixing the axial position of 
disc. 
The mating cylindrical surfaces have a 
diameter cylρ  equal to 200 mm. The 
boundaries of the mating flat surfaces are 
circles with a radius .plρ equal to 235mm. 
Two surfaces are provided on the disc 
surface for determining the axial and radial 
runouts. The radius of the disc surface 

diskρ for determining the mechanical and 
radial runouts is 300mm. The height Н of 
the cylindrical surfaces of the shaft and the 
disc is 10mm. 
The coordinates of the cylindrical surfaces 
are calculated by the equations 
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where t  is the angle of the cylindrical 
surface section, which varies in the range 
of 0 to 360 degrees; 
h is the height of the cross section along 
the z –axis and it changes from 0 to N. 
For flat surfaces of the shaft flange and 
disc the coordinates of the points are 
calculated by the following equations: 

100











=
⋅=
⋅=

,constz
,tsiny
,tcosx

ρ
ρ

     (6) 

Where ρ  is sectional radius which varies 
in the range ];[ .. plcyl ρρ  for the shaft and in 
the range ];[ . diskcyl ρρ for the disc. 
Cylindrical surface are determined at 360 
evenly distributed points in two sections 
parallel to the XOY plane. The flat surface 
of the mating shaft is a limited area located 
between two circles. It is given by three 
arrays of points arranged in a circle with a 
radius Rcyl, (Rcyl + Rpl) / 2 and Rpl. The 
flat surface of the disc is also a limited area 
located between the two circles. It is 
described by three arrays of pixels 
arranged in a circle with a radius Rcyl, 
(Rcyl + Rdisc) / 2 and Rdisc. Each circle 
points array has 360 points respectively. 
3.1 Simulation of deviation of 
surfaces form 
Simulation of form deviations of 
cylindrical surfaces was carried out by 
harmonic function and in the case of the 
flat mating surface of the shaft by a 
quadratic function.  The functions of form 
deviations, which we used, are performed 
below: 
1) For a cylindrical surface of the shaft in 
XOY section: 

)2/sin())cos(1()2/
cos()3/)sin(1(

22

111

ππ +⋅⋅−⋅+

+⋅⋅−⋅=

tktA
tktAdFcyl ,  (7) 

Where 1A , 2A  are the amplitudes of 
harmonics, mm; 

1k , 2k  are harmonic frequencies; 
2) For the cylindrical surface of the disc 
mating with the shaft in the XOY section: 

)2/sin()4/)cos(1()4
cos()2/)sin(1(

22

112

π+⋅⋅−⋅+

+⋅⋅−⋅=

tktA
tktAdFcyl ,     (8) 

3) Form deviation of the shaft side plane is 
described by a quadratic equation. For the 
i-th section of the side plane the deviation 
is calculated by the formula: 

.
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2
....

At))ρ(ρ

)ρ/(ρ)A(dF

plcyl

cylplplpl

+−

⋅−−=
,            (9) 

iρ is the radius of the current section 

.plA is the maximum value of the form 
deviation of the side plane. 
Between the cylindrical surfaces assigned 
guaranteed clearance s of 10 and 20 
microns. Table 1 shows the parameters of 
imposed deviations. 
 
Table 1. Values of the form deviations of 
the mating surfaces. 
Parameter 

1A , 
µm 

2A , 
µm 

1k  
2k  

.A pl
,µ

m 
s, µm 

Value 20 12,5 3 6 50 10, 20 

 

3.2 Estimate results of the uncertainty of 
the parts assembly 

To estimate the uncertainty of the assembly 
parameters of shaft and disc with 
deviations form, the characteristics of 
which are summarized in Table 1, parts 
assembly simulation was produced 
multiple times using conjugation model 
discussed in Section 2.1. Assembly options 
were differ in the direction of the assembly 
effort vector 1D  and in the initial angular 
position α  of the disc relative to the shaft 
by the rotation of the first plane XOY at a 
pitch of 9º. The value of the vector 1D  and 
the angular position α  of the disc are 
shown in Table 2. 
 
Table 2. Parameters of parts assembly 
conditions 

Parameter  Values 

1D  (0,0,1); (0.44,0 0.89);(0.7,0,0.7); 
(0.89,0,0.44); (1,0,0) 

α  0º -351º 

 
Thus the calculation is made for 200 
conjugations with two clearance values. 
To estimate the influence of form deviation 
on assembling accuracy we used following 
assembly parameters: centrρ  radial runout of 
the cylindrical surface of the disc; z∆  
displacement of an end plane of the disc 
relative to the shaft plane along Z axis; rF  
face runout of the disc relative to shaft end 
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calculated as the difference between the 
maximum and minimum values of the disc 
coordinates of points in the section with 
radius of 300mm along Z axis. For each 
realization the aξ calculation error of 
conjugation was calculated, it is equal to 
the value of the gap function. 
Histograms of the distribution of spatial 
conjugation uncertainties are shown in Fig. 
2. 

 
Fig. 2. Histograms of the distribution of 

spatial conjugation uncertainties 
An expectation and a root-mean-square 

deviation were calculated for each 
considered uncertainty parameter, as well 
as for conjugation calculation error. The 
results are shown in table 3. 

 
Table 3. Error parameters for 

conjugation of the shaft with disc. 

Parameter 
Clearance 10 µm Clearance µm 
М RMSD MAX MIN 

centrρ , µm 6,14 2,98 12,87 6,02 

rF , µm 39,34 41,78 48,86 45,14 

z∆ , µm 63,67 13,97 66,66 14,97 

aξ , µm -27,30 9,73 -4,40 2,14 

 
Analysis of the results revealed that the aξ  

value is relatively low when the value of 
the clearance equal to the form deviation. 
However, if the clearance is smaller than 
the form deviation the value in modulus 
increases significantly. The appearance of 
a considerable value of aξ  indicates 

occurrence of interference in the shaft-hole 
assembly. An expectation and a root-mean-
square deviation of the centrρ  parameter 
increased approximately 2-fold as 
clearance increased 2-fold. Face runout, 
which is characterized by the difference 
between the largest and smallest distances 
from the end disc surface points to the 
plane perpendicular to the Z axis of disc 
rotation, reaches a significant value in both 
cases. Face runout in this case depends on 
the clearance between the cylindrical 
surfaces and form deviation of the shaft 
end surface wherefore disc takes up the sag 
about the Z axis. The minimum value of 

z∆  is the form deviation of end surface. z∆  
displacement along the axis of rotation 
reaches a maximum when force vector 
(1,0,0) is applying, i.e. in the plane 
perpendicular to the axis of rotation. 
 
4. CONCLUSION 
 
The paper describes the estimation model of 
uncertainties of spatial mating of high-
precision parts. The model can be used to 
create methodologies for calculating 
dimensional chains with a view to taking into 
account the form errors of mating surfaces of 
the parts. The development of such methods 
will allow evaluating the effect of 
geometrical deviations of their elements in 
the assembly accuracy. Implementation of 
the model is shown on the example of shaft 
and disc assembly. The assembly is made on 
cylindrical and flat surfaces. Form precision 
of cylindrical surfaces is 0.02 mm and 0.05 
mm for flat surfaces. A clearance which 
equals 0.01 mm and 0.02 mm is supported 
between the cylindrical surfaces. Mating 
uncertainties were determined for the 
geometric parameters of coordinates of the 
disc axis center. 
The results of conducted research led to the 
conclusion about the significant influence of 
the form deviation of the mating surfaces on 
the uncertainty of their conjugation. Form 
deviations of manufactured parts have a 
significant impact on their relative position. 
Use of estimates of the uncertainty for 
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calculating complex assemblies with 
complex form deviations makes possible to 
evaluate manufacturing tolerances and to 
solve task of tolerances assignment. 
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Abstract: Selective laser sintering 
technology can be used to create three 
dimensional objects out of various 
materials. This method uses a high-
powered laser to solidify powdered 
material into thin layers which are 
produced sequentially on top of one 
another until the object is finished. The 
powder layer thickness and uniformity 
directly affects the resolution and quality 
of the object. The adjustability of the 
powder distribution apparatus allows the 
use of various materials and provides a 
method for system optimization. Modular 
construction of these components is a 
priority and will allow future modification 
with relative ease.  
Key words: 3D printing, polymer, powder 
 
1. INTRODUCTION 
 
Additive manufacturing (AM) is an 
umbrella term referring to a wide set of 
technologies that use the method of slicing 
a three-dimensional (3D) computer aided 
design (CAD) model to layers and then 
forming these layers one by one into a 
complete product. [1] A commonly used 
synonym for additive manufacturing is 3D 
printing, but because this term also refers 
to a specific additive manufacturing 
method, American Society of the 
International Association for Testing and 
Materials (ASTM) recommends using the 
term additive manufacturing instead [2]. 
The Selective Laser Sintering (SLS) 
technique can be described as follows. The 
workpiece is formed by distributing a thin 
layer of powdered material, typically 

0.1mm onto a working platform. Material 
is then melted by a laser to form the 
geometry layer described by the CAD 
model. This cycle is repeated until the 
desired shape has been produced. The 
workpiece (or pieces, several parts can be 
formed simultaneously) is formed into a 
box of powdered material and this defines 
some of the fundamental properties of the 
technology. [1] Workpiece support, which 
is needed for fused deposition modeling 
(FDM), is not an issue as the unsintered 
powder supports the workpiece. [2] 
The method is not without limitations 
however. For example, selecting SLS as 
the manufacturing method hinders the use 
of enclosed internal features, as 
unnecessary powder is trapped inside an 
enclosed structure. This largely eliminates 
one of the major upsides of additive 
manufacturing described by [2] as being the 
capability to include support structures 
inside a construction. 
There are currently two major 
manufacturers of SLS machines: EOS 
Gmbh and 3D Systems Inc [5]. The 
manufacturers have some differences in 
their solutions, mainly in the feeding and 
preheating of the powder. The powder 
distribution is achieved either by using a 
counter-rotating roller or spread out by a 
blade. The powder is fed to the distribution 
system either by vertical moving feed 
chambers or a mixing station. The heating 
solutions differs mainly in where and what 
type of heaters are used. 
The build capacities range from 
200x250x300 mm to 550x550x750 mm, 
build rates from 7-48 mm/hour with layer 
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thickness ranging from 0.06-0.18 mm. The 
materials that can be printed are 
DuraForm®, Polyamide, Polystyrene, 
Alumide and Carbonmide. The cost for 
commercial machines ranges from 
$250,000 to $1 million, making them hard 
to acquire [6]. 
To further research in this field, there is a 
need for a cost effective test rig to allow 
for materials research. The studies of the 
type presented in [3] for FDM are very 
important in the process of making additive 
manufacturing techniques more 
mainstream. This type of study presents 
ways of exploiting the properties of the 
material and manufacturing method to full 
extent, but creating such studies require the 
researchers to either purchase a 
commercial machine or build their own. 
The system described by this study 
provides the research unit with a solid basis 
to start materials studies from. 
The system described by this study was 
designed with the idea of easily replacing a 
subcomponent with an enhanced one 
without requiring a complete redesign of 
the whole system. The experiment itself 
builds on the results of a study performed 
by another team on the same subject a year 
ago [4]. 
Providing an efficient and reliable system 
to distribute and collect the powdered 
material is the main research goal of this 
study. 
 
2. METHODS  
 
This study addressed the powder 
distribution method and apparatus. The 
focus was to develop a system that could 
operate without user interference for an 
extended period of time. Because the SLS 
process is time consuming, it is not feasible 
for the user to oversee the process 
continuously. Because the device would be 
used for research purposes, it would need 
to be constructed in a way that allows 
future developments to be implemented 
easily. The structure of the design can be 
seen in the schematics in Fig. 1 and Fig. 2. 

 
Fig. 1. Front view of the proposed 
apparatus. 
 
The main components of the SLS 
apparatus have been denoted in table 1. 
The assembly is not limited to these 
components but these are the ones most 
interesting from the point of view of this 
study.  
 
Part 
No Description Quantity 

1 Main elevator and 
build platform 1 

2 Feeder elevator 2 
3 Laser 1 
4 Frame 1 
5 Guiderail 2 
6 Blade 1 
7 Flyer 1 

Table 1. BOM for the SLS apparatus 
 
The design can be roughly divided into 
following main functions. 
 
2.1 Frame 
Firstly, a frame is needed to hold the 
machine together and provide fixing points 
for the necessary attachments. The criteria 
for the frame solution would be to be rigid 
enough to provide enough stability for the 
printer to function correctly. The starting 

105



 
Fig. 2. The working area of the apparatus. 
 
point was a modular frame combined with 
a sheet metal table top to provide fixings 
for the guide rails. This initial state was 
enhanced by providing additional rigidity 
to the working platform by the means of 
the extra elevators. 
 
The design can be roughly divided into 
following main functions. 
 
2.2 Feeder elevators 
Secondly, a system to provide more 
powder into the process is needed. Again, 
simplicity was determined to bring most 
value. A simple solution was determined to 
be system of two feeding elevators deep 
enough to provide adequate amount of 
reserve powder to ensure autonomous 
function. The elevators can be seen in 
Fig. 3. 
Being able to function without supervision 
was deemed to be of importance because of 
the possible long production cycles of an 
additive manufacturing machine. The 
solution was determined to be two feeder 
elevators are controlled via a ball screw 
and a stepper motor just as the build 
platform is. This allows for each elevator 
to alternate in a feeder elevator and 
overflow bin role. One will raise up and 
provide powder to the blade for spreading 
and the other will be lowered for collecting 
excess powder and allowing it to be 
recycled in the following iterations of the 
process. 
 

 
 
Fig. 3. Feeder elevators 
 
The most central function of the apparatus 
is naturally the main elevator, housing the 
build platform and its’ actuators, shown in 
Fig. 4. The laser stays stationary and the 
build platform will move down after each 
layer is completed. This allows for very 
precise movement, 25 µm of each platform 
so the optimal layer thickness can be 
found. The layer thickness may need to 
change depending on the material that is 
being used. This study was completed 
using a nylon based powder. 
 

 
Fig. 4. Main elevator 
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2.3 Powder distribution 
After providing more material into the 
process, a system to add powder onto the 
working platform is needed. The simplest 
solution found was a horizontal blade 
moving along guiderails, actuated by a 
stepper motor. The blade would sweep the 
powder fed by the elevators to the working 
platform, evening the powder at the same 
time. The blade is designed to be easily 
replaceable if changes are needed. The 
blade design is shown in Fig. 5.  

 
Fig. 5. Blade design 
 
2.4 Laser 
Once the material has been evened out on 
the working platform, the device uses a 
laser to sinter the powder into a solid form. 
The laser is a water-cooled version of 
Synrad Firestar Ti100 series with 100 W 
power, using a FH flyer head to control the 
x and y movements. The lens of the laser 
has a focal length from 591 millimeters to 
614 micrometers. The software for 
controlling the laser is provided by the 
manufacturer. The build area for the 
machine is 300x300 mm, which is the size 
of the main elevator. 
 
2.5 Electronics 
Along with the mechanical components, a 
vital part of the design is the electronics 
needed to control the different functions. 
Each elevator and the powder distribution 
system is driven by a Nema 34 stepper 
motor with 4.5 Nm holding torque, 
controlled by CWD860 stepper drivers. 
The 32-bit Smoothieboard [7] 
microcontroller controls all of the physical 
movements as well as the laser output. The 
Smoothieboard is open source and is 
typically used in FDM devices. 

A production machine would also require a 
heating system to keep the material heated 
as close to the melting temperature as 
possible to reduce the energy needed to 
sinter the powder using the laser. The 
development of the heating system was 
determined to be a future development and 
not in the scope of this research. 
 
2.6 Powder material 
The powder material chosen is Polyamide 
12, also called Nylon 12. This 
multipurpose material produces a good 
resolution and surface roughness, 
comparable to the earlier standard material 
polycarbonate, while yielding good 
strength and durability as well and 
therefore chosen as a good reference 
material [8]. Several manufacturers supply 
this material and provide their own 
versions.  
The average grain size is 56 μm with a 
printed part density of 0.93 g/cm3 [9] Usage 
of other materials are limited to the 
surrounding print chambers temperature. 
Polyamide 12 has a melting point of 172-
180°C. 
 
3. RESULTS 
 
As a result of this study, a testing rig for 
SLS related research was designed and 
built. This apparatus serves the purpose of 
a starting point to study different aspects of 
SLS manufacturing, including but not 
limited to studying effects of different 
process temperatures, different materials 
and different design approaches when 
choosing SLS as the manufacturing 
method. 
The focus was on the powder distribution 
and achieving a user independent solution 
that is not highly dependent on process 
parameters or the material used. A simpler 
solution than commercially available was 
achieved, although further research needs 
to be done on the heating chamber. 
The study shows that the proposed solution 
has a valid design principle and the device 
fulfills its’ purpose well. The apparatus is 
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able to function independently after the 
parameters are set and the different 
functions perform as intended. All of the 
components were either readily available 
or easy to manufacture. 
The study established that stepper motors 
used in the apparatus proved to be correctly 
selected in terms of achieving intended 
speeds and torques. The electronics that 
had been selected proved to perform 
acceptably as well. The temperature of the 
shelf where the electronics were mounted 
remained at an acceptable level for the 
duration of a printing run. 
 
4. DISCUSSION 
 
The main contribution of this research was 
to provide a flexible and modular platform 
for further laser sintering research. The 
proposed solution is well suited for use in 
universities as the structure is very simple 
and all parts easily available online at a 
reasonable cost.  
The overall cost of the apparatus of this 
type is naturally determined by the laser, 
since this kind of a laser sells for in the 
20 000 – 30 000 € range. The structure 
proposed in this study provides for a cost-
effective solution around the laser. 
Comparing to the prices referred to in the 
introduction of this paper, this would still 
mean a very cost-effective solution. 
The structural parts were manufactured 
with equipment readily available for 
university and require only non-
professional skill levels to manufacture to 
the level required by this design. Still the 
performance of the solution is good enough 
to suggest a suitable platform for future 
research project. This suggests that this 
type of a solution might be feasible for 
research units compared to commercial 
SLS machines. 
An example of a further study topic would 
be the construction of a heat insulated 
working chamber to provide a more 
suitable temperature for the material to be 
printed in. This deficiency is currently 

patched with a very high powered laser 
compared to the commercial machines. 
Another probable possibility of building on 
the results of this paper would be to 
analyze the capabilities of this machine and 
by examining the different layer 
thicknesses and distributions made by the 
blade, material analysis could be 
performed. The selection of process 
parameters to achieve desired material 
properties should be analyzed. Naturally, 
this could be expanded to other materials 
than the one used in this study. 
To reduce the thermal differences in the 
powder and workpiece, using SLS requires 
the printing area to be heated to an 
appropriate level. The material is then 
close to its’ melting point and thus requires 
only a small amount of energy to be 
delivered by the laser. [2] 
Because of these factors, providing 
adequate heating and insulation is a critical 
step in SLS manufacturing machine design. 
This study provides a starting point for 
taking that step. Further investigations 
should be made into how the powder 
distribution system works with different 
temperatures.  
The properties of the mechanical functions 
in higher temperatures should be analyzed 
in order to build an efficient heat insulated 
chamber. This type of study might also 
find ways to further enhance the functions 
proposed by this paper. Depending on the 
performance of the heating chamber, 
materials of higher melting temperatures 
could also be studied. 
Other materials which could be tested 
include glass-filled polyamide, which has a 
much higher thermal resistance. Alumide is 
a combination of aluminum and polyamide 
powders, which enables easy machining 
and also tolerates high thermal loads. TPU 
92A-1 is a material with flexibility, 
strength, as well as high abrasive 
resistance. [10] 
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DETECTION EFFICIENCY CALIBRATION OF SI-SPAD 
DETECTORS VIA COMPARISON WITH A Si-STANDARD DIODE 
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  Abstract: This paper will focus on 
improvement of the measurement setup for 
detection efficiency calibration of Si-SPAD 
detectors by including a complete 
automation of the calibration facility, an 
improved in-situ measurement of the filter 
transmission and a reduction of the stray 
light effect in the setup. The improvement 
yields a reduction in the measurement 
uncertainty down to 0.2 % at a wavelength 
of 770 nm.  
 
Key words: Si-SPAD detector, detection 
efficiency, calibration, alignment, 
measurement uncertainty. 
 
1. INTRODUCTION  
 
The Silicon single-photon avalanche diode 
is one of the most used single-photon 
detectors due to its stability, robustness, 
price and easy handling. It is used in many 
applications and fields of scientific 
research such as experimental quantum 
optics, quantum cryptography, quantum 
computing, 3D-imaging, vision 
technologies, medicine, biology, 
astrophysics and telecommunication. The 
detection efficiency of the Si-SPAD 
detector is a key parameter in all the fields 
mentioned above. In order to achieve 
reliable, reproducible and traceable 
measurements, the Physikalisch-
Technische Bundesanstalt (PTB), the 
German National Metrology Institute, 
established a measurement setup for the 
detection efficiency calibration of Si-
SPAD detectors [1-3]. The new 
configuration setup for determination of 

the detection efficiency is shown in the 
Fig.1.  

 
Fig. 1.  Schematic view of the calibration setup for 
Si-SPADs by using an integrating sphere with an 
attached Si-detector as a reference standard detector 
[1, 2]. 
 
In the calibration process, the alignment of 
the Si-SPAD detector with respect to the 
absolute position and to the reproducibility 
to re-align is of prime importance. The 
alignment position of the Si-SPAD active 
area to the incident beam has to be carried 
out with high accuracy to achieve low 
uncertainty measurements [4]. An 
alignment position of the Si-SPAD detector 
in a completely automated way will play 
important role for making calibration 
facility in completely automated way. An 
integrating sphere with attached Si-
standard diode and Si-SPAD detector type 
Perkin-Elmer SPCM-AQR with diameter 
180 µm [5] has been used for detection 
efficiency calibration. This paper will 
focus on the improvement of this 
measurement setup by including a 
complete automation of the calibration 
facility, an improved in-situ measurement 
of the filter transmission and a reduction of 
the stray light effect in the setup. The 
improvement yields a reduction in the 
measurement uncertainty down to 0.2 % at 
a wavelength of 770 nm.  
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2. MEASUREMENT PROCEDURE  
 
The measurement procedures consists 
firstly in alignment position in completed 
automated way for setting the Si-SPAD 
detector prior starting the calibration 
process of the Si-SPAD detector and 
secondly  the measurement procedure for 
determination the detection efficiency of 
the Si-SPAD detector.   
The alignment of the Si-SPAD detector 
with respect to the focused beam is carried 
out using motorized XYZ-translation 
stages in an automatic manner. This is 
carried out in three steps: First, two beam 
profile measurements are carried out by 
performing a xy-scan using the Si-SPAD 
itself. These scans are performed in front 
of and behind the objective focal plane. 
These two scans profile corresponds to 
Gaussian profile. Although the absolute 

location of the focal plane it not exactly 
known, it can be roughly estimated, so that 
the scan positions for these two scans are 
easily found. Using this information, the 
focal plane f of the microscope objective is 
calculated by approximating the beam 
profile to a simple geometric beam 
propagation, see dashed line in Fig. 2: 
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where f is the objective focal plane, Z1, Z2 
are the scan positions in the z-axis and d1, 
d2 are the beam profile diameters, 
respectively. Third, a xy-scan is performed 
at the calculated focus position. In this case 
the obtained scan profile corresponds to a 
rectangular distribution, because here the 
active area of the Si-SPAD detector is 
much larger than the laser beam profile. 

 

 
Fig. 2. Schematic view for the determination of the objective focal plane, where f is objective focal plane, d1 
and d2 are beam diameter and z1 and z2 are beam distances. 
 
The centre of the rectangular profile is 
calculated using the centroid algorithm [6], 
expressed below for x- and y-coordinates, 
respectively: 
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where si are the detector signals and xi, yi  
are the scanning positions in x- and y-
coordinates. The diameters of each 
rectangular beam profile (xdiameter and 
ydiameter) are determined by: 
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              min,max, iidiameter xxx −= ,                  (4) 
             min,max, iidiameter yyy −= ,                   (5) 
where xi,max (xi,min) is the maximum 
(minimum) position of the beam diameter 
in x-coordinate direction and yi,max (yi,min) 
is the maximum (minimum) position of the 
beam diameter in y-coordinate direction. 
The procedure used for determining the Si-
SPAD detection efficiency at PTB is 
described in detail in [1]. Unlike in [1], in 
this case an integrating sphere with 
attached Si-photodiode is used as a 
standard detector for measuring the optical 
flux as well as the filter transmission, see 
Fig. 1. The total filter transmission cannot 
be measured directly with the standard 
detector used in our measurement setup, 
because of the high attenuation. Therefore, 
a two-step in-situ procedure is used, as 
described in detail in [1,4]. In the 
measurement, the filter transmission for 
each individual filter (TF2 and TF3) is 
measured. Then, in the second step, the 
overall transmission of the filter 
combination (Tcombined) is measured, where 
both filters are simultaneously positioned 
in the beam path. For a wavelength 
dependent investigation, a tunable laser 
source operating in a wavelength range 770 
nm is used for the investigation. The 
deviation between the total filter 
transmission calculated from the individual 
filter transmission measurements and the 
directly determined total filter combination 
was evaluated by: 

                 
Combined

FF

T
TT

Dev 321
⋅

−= ,                  (6) 

This deviation is taken as the overall 
uncertainty contribution of the filter 
transmission for the determination of the 
detection efficiency of Si-SPAD detectors, 
as already described in [1,2].  
 
3. MASUREMENT RESULTS 
 
The results for alignment position of the 
Si-SPAD detector with respect to the 
different z-positions are shown in Fig. 3. 

 
 

(a) 

 
 

(b) 
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(c) 
Fig. 3. Scanning results for different z -position of 
the SPCM-AQR (PerkinElmer) detector. (a) and (b) 
Scan in front of and behind the focal plane, i.e. 
predominantly Gaussian profiles with their fitting 
curves and (c) Scan at focal plane and therefore 
rectangular profile. 

 
For the z-position of 13.6 mm, i.e. closer to 
the microscope objective than the focal 
plane, the scan profile corresponds 
dominantly to a Gaussian beam profile, see 
Fig. 3a. A second xy-scan was performed at 
a z-position of 15.6 mm, i.e. farer away 
from the microscope objective than the 
focal plane, see Fig. 3b. Based on these 
scans and the determined data, the 
optimum (x,y,z)-position for the detector is 
calculated to xcenter = 235.11 mm, ycenter = 
6.28 mm and z = 14.6 mm using eq. (1) – 
(3). As expected, the scan profile at this z-
position corresponds dominantly to a 
rectangular profile, see Fig. 3c. 
 
4. DETECTION EFFICIENCY AND 
ITS ACCOMPANIED UNCERTAINTY 
 

The determination of the detection 
efficiency of the Si-SPAD accompanied 
with all possible contribution factors for 
evaluation of the measurement uncertainty 
is given by [4],  

          filtSi Fs
QQ
QQ

A
AAhc

32

41
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32

l
h = ,             (2) 

where η is the detection efficiency of the 
SPAD; i.e. the measurand value, h is the 
Planck constant, c is the speed of light, λ is 
the wavelength, A1, A2, A3 are the signal 
amplification factors, Q1, Q2, Q3 are the 
ratios of the signal of the Si-diode attached 
to the integrating sphere and the monitor 
detector signal, Q4 is the ratio of  the 
counter and the monitor detector signal, sSi 
is the spectral responsivity of the 
integrating sphere with the attached Si-
diode, and Ffilt is the factor taking into 
account the use of two filters.  
All the components listed above and their 
associated measurement uncertainties were 
described in detail at [1]. Therefore, in this 
paper we focus only on those factors and 
uncertainty components, which were 
improved. The improvement has been 
focused in the filter transmission 
measurement which will reduce one of the 
major type B components drastically. 
Based on the equation (6) the maximum 
deviation for the wavelength 770 nm 
correspond to 0.03 %. This deviation is 
used, for simplicity, for the estimation of 
the uncertainty of the correction factor FFilt 
for the above wavelength. Thus, the 
standard uncertainty of the correction 
factor that uses two filters is estimated:  

    4101.3
3

−⋅=
⋅

−
=

combined

combinedIndividual
F T

TTu
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. (7)   

The uncertainty contribution of the factor 
which uses two filters is obtained:  
    422 104.9)( −⋅=⋅=

FiltFFiltFiltc ucFu ,      (8) 
where sensitivity coefficient is cFilt = 0.64. 
The new contribution value of the factor 
using two filters is included into the 
uncertainty budget and is used to estimate 
the combined uncertainty uc(η) [1,2]. 
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Finally, the obtained detection efficiency 
of the Si-SPAD detector is: 
               ηSPAD = 0.5968 ± 0.001, 

ηSPAD = 0.5968  ± 0.16 %. 
 
5. CONCLUSIONS  
 
In this paper, the improvement of the 
measurement setup by including a 
complete automation of the calibration 
facility was described. These 
improvements are based on the 
optimization of the Si-SPAD detector 
positioning, which is now performed in a 
completely automated way. The improved 
relative standard uncertainty of the 
detection efficiency of the Si-SPAD was 
0.16 %.  
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Abstract: Construction takes place 
increasingly in a city environment, which 
puts limits to noise and gas emissions 
produced by construction machinery. In 
city environment work is also often done 
indoors, where local emission are not 
allowed. These requirements forces to use 
zero emission machinery, for example fully 
electric machinery. This study aims to 
improve the energy efficiency of a battery 
powered electric mini excavator. 
A start & stop logic system was developed 
to achieve this. The benefits of this system 
was measured using a test cycle. The cycle 
was done using the old and the new 
configuration and the improvement in the 
operation time proved to be at least 50 % 
longer than old one. 

Key words: mobile machinery, start & stop 
system 

1. INTRODUCTION 

Construction takes place increasingly in a 
city environment, which sets limits to noise 
and gas emissions produced by 
construction machinery. In city 
environment work is often done indoors, 
where emission are not allowed. Emissions 
will be strictly regulated by authorities also 
for heavy machinery. These requirements 
forces to use zero emission machinery for 
example fully electric machinery. 
Following new regulations as early as 
possible, a company shows out as an 
environment caring ‘green’ company, 
which is generally good for business.[1] 
Furthermore markets are going to be ready 

for fully electric machinery, which can be 
seen for example from commercial 
production of electric busses. [2] 
Research in electric power construction 
machinery has become more active in 
recent years mainly due to increased 
emission regulations. Research has been 
mostly focused on hybrid technologies due 
to concern of low battery capacities and 
possibility of conversions from existing 
diesel powered excavators. Both series and 
parallel hybrid types have been 
investigated [3]. Most common type of 
excavator hybridization is implementing 
the chassis swing with an electric motor 
and energy recovery with capacitors or 
batteries [3]. There have been available a 
few fully electric powered excavators of 
varying sizes, though they have had 
external power supply [2][4][5]. Fully 
electric or hybrid excavator with separate 
electric motors for hybrid actuators enables 
recovering of kinetic and potential energy, 
which leads to better energy efficiency [6]. 
However, with battery powered large 
electric vehicles such as busses having 
started to prove themselves, there has been 
increasing interest in full electric battery 
powered excavators. There also exists a 
patent from 1999 for a battery powered 
electric mini excavator with an automatic 
power control system based on measuring 
excess hydraulic flow rate [7]. In 2011 
Takeuchi released a prototype battery 
powered electric excavator [8]. 
High price of large lithium batteries is one 
of the key factors that slows down 
generalization of fully electrified mobile 
machinery [9]. The battery can be as 
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expensive as a traditional excavator itself, 
therefore minimizing the battery size and 
cost without decreasing operating time is 
important. The price of the batteries will 
probably decrease significantly in five or 
ten years, but before that, minimum sized 
batteries must be used, in order to keep the 
price of an electric excavator somehow 
comparable to traditional excavator. 
In this study, the main task is to develop a 
motor control which will use the motor 
only when needed. This system will be 
implemented into a mini excavator that 
was converted to battery electric power 
from a conventional diesel excavator. The 
excavator is powered by 10 kW electric 
motor with power source of a 96 V and 60 
Ah lithium-titanium battery. The main 
benefit of this study is to improve the 
energy efficiency of the excavator. In this 
case it means that the operational time of 
the excavator is extended. With better 
energy efficiency smaller and cheaper 
batteries can be used. 
The key for saving power in our excavator 
is to create intelligent controlling system 
for the electric motor. Several possible 
solutions on how to implement a start and 
stop-like control system were considered 
ranging from measuring changes in 
pressure during actuator movement, to 
detection of movement of the control 
levers. A pressure accumulator was 
considered to reduce motor start delay. Due 
to the type of the control valves being open 
centered, measuring pressure changes 
proved to be impossible because when the 
motor and pump are not running there is no 
pressure in the hydraulic system. The open 
center valves cannot tolerate high pressure 
in the center position either. Thus a simpler 
mechanical system was designed using 
limit switches. The intelligent controlling 
system gives also a possibility to collect 
information for new research and revenue 
generation models. The benefits of this 
system will be measured using a test cycle, 
which imitates an actual work cycle as 
closely as possible while being easily 
repeatable. The cycle will be done using 

the old and the new configuration and the 
improvement in the operation time should 
be at least 50 %. 

2. METHODS 

The excavator is based on JCB 8008 CTS 
micro excavator. All mechanical functions 
are powered by hydraulic system. Bucket, 
beam and dozer extension and retraction 
operations are driven by several hydraulic 
pistons. Chassis and tread rotation 
functions are powered by hydraulic motors. 
The hydraulic system has 2-section fixed 
displacement gear pump that is driven by 
the electric motor. Simplified hydraulic 
schematic is shown in Fig 1. The power for 
the electric motor is supplied by DC-AC 
converter from the lithium-titanium battery 
pack. The motor is controlled by a ready-
made control unit at the back of the 
excavator. 
 
2.1 The start-and-stop mechanism 
The start-and-stop system is implemented 
with a microcontroller based control. 
Variables for the microcontroller comes 
from a cable operated limit switch, which 
is activated when one or more of the 
working loop valves of the excavator is 
opened or closed. The valves are operated 
by control levers, which by lever linkages 
move the valve control rods vertically. The 
working principle of the switch mechanism 
is described in Fig 2. When one of the 
main valve control levers is moved, the 
pivoting lever mechanism pulls a cable, 
which operates the limit switch. Fork plates 
in the pivoting levers are connected to the 
valve control rods and they allow some 
bending to compensate angular changes. 
When the limit switch indicates that at least 
one of the valves is open, the controller 
starts the motor. 
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 Fig 1. Simplified hydraulic schematics 
 
The controller is set to turn the motor off 
when none of the valves are open in a brief 
period of a time. Speed control for the 
motor is manual because the motor speed is 
often used to set sensitivity and speed of 
the analogue controls, which is dependent 
on the preferences of the operator. 
Automatically adjusting the motor speed in 
analogue valve control may result in 
unwanted or unexpected behavior. In the 
preliminary basic layout, the pressure 
accumulator is omitted due to increased 
cost and complexity of the system. As the 
electric motor has a sufficiently short start 
time, it is questionable if a pressure 
accumulator is needed. 
 
2.2 Measurements 
To determine how much energy is saved 
using this new control logic system, a test 
cycle was developed. There were two main 
points when planning the test cycle. First 
of all, the test cycle has to be simple 
enough to carry out and easy to repeat 
multiple times. Secondly, the test cycle has 
to be similar to a common work cycle 
when excavator is used at construction site. 
This means beam movements, driving 
forwards, turning the cabin and idling. The 
work cycle was created by thinking a 
regular work period and operating the 
excavator manually. The test cycle 
consisted in total of nine steps: 

Fig 2. Concept model and operating 
principle of the switch mechanism  
 

1. Driving forwards 22 meters 

2. Idling for 5 minutes  

3. Lifting and moving the weight twenty 
times  

4. Idling for 5 minutes 

5. Lifting and moving the weight twenty 
times   

6. Idling for 5 minutes 

7. Lifting and moving the weight twenty 
times 

8. Idling for 5 minutes 

9. Driving forwards 22 meters 

 
In steps 3, 5 and 7, mass of the weight used 
was 90±5 kg. The weight was lifted from 
ground level to 1 m upwards. After lifting, 
beam of the excavator was turned 
90 degrees. Then the weight was lowered 
down to ground level. Performing this step 
takes time approximately 5 minutes. 
Changes made to the excavator influence 
only to idling. Therefore, idling was 
measured with original system and full test 
was done with new system. All 
measurements were done outside on even 
ground paved with asphalt. Temperature 
outside was approximately +5 °C and 
asphalt was slippery but this did not affect 
the measurements. The energy 
consumption was logged by the 
microcontroller. 

3. RESULTS 

In this study an electrified excavator was 
upgraded by adding start and stop feature 
to it. The conversions made to excavator 
only affects to idling period. Therefore, 
modified excavator was able to perform as 
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well as the excavator before conversion. 
Table 1 shows battery voltage, stage of 
charge (SOC), discharge and calculated 
energy consumption for each measurement 
of the test cycle done by excavator with 
new system. Battery charge consumption 
of idle use for 5 minutes was measured 
separately and the result was 0.7 Ah/5 min. 
Saved energy highly depends on how much 
idling there is in working cycle. Our 
estimate is that at least 50 percent is idling 
when working with excavator. Especially, 
when working indoors where more time is 
used on planning where and how to use 
excavator or waiting for dumper to carry 
excavated material away. In test cycle 
showed in measurements paragraph, idling 
takes approximately half of the time used. 
The charge consumption of original system 
was calculated by replacing zero 
consumptions of idling cycles by measured 
idling consumption of 0.7 Ah/5min. 
Thereby with similar cycle the original 
system would have consumed charge of 
8.8 Ah and the charge saving is now 32 % 
with the new system. The energy saving is 
the same at 32 % when calculated with 
average voltage during the cycle. 
 
Table 1. Energy consumption during the 
test cycle. 
 

4. CONCLUSION 

New system saves a lot of energy with 
relatively low costs. An objective for this 
study was to degrease energy consumption 
by 50 percent. The objective was not 
achieved as it was shown in results. 
However, the results highly depend on how 
much idling is assumed to be in working 
cycle. In the end, by decreasing energy 
consumption it is possible to use smaller 
capacity battery. With 26 % charge usage 
saving it is possible to use 40 Ah battery 
instead of current 60 Ah battery without 
decrease in operating time. The difference 
in cost is remarkable. 
For future studies there is possibility to 
upgrade system to be even more intelligent. 
For example the motor control could be 
improved so that motor speed changes 
depending on how much hydraulic power 
is needed. Also more sophisticated 
hydraulic system with pressure 
accumulators should be considered. 
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 Abstract: In order to increase the 
durability and efficiency functioning of the 
automatics devices at the magnetically-
controlled contacts exercised dismantling a 
number of modifications contact systems of 
reed switches and micro-sensor pressures 
(DMD). Proposed by the authors of article 
engineering and design solution of the 
membrane mercurial reed switches, which 
requires bringing modern technology, will 
increase the sensitivity, increase switching 
currents, reducing bounce, improve 
manufacturability, as well as increased 
durability of the membrane contacts. 
Key words: elastic sensor, reed switch, 
membrane, regular microrelief, control 
system. 
 
1. INTRODUCTION 
 
Reed switches are the switching elements 
of the circuits of automation and are widely 
used in relays based on them. The latter are 
widely used in software and logic schemes 
of automation and remote control, alarms 
and protection, weighing and control, 
automatic control valves in radio, 
telephone, and electric appliances, and 
other mouth-discrete devices operation 
[1,2]. 
The tendency of risk mitigation  in 
maintenance of control systems constantly 
forces to pay attention to the  improvement 
of existing designs of switching elements 
and methods of calculating static and 
dynamic characteristics for the purpose of 
increasing sensitivity, increasing switching 
currents, reducing the bounce, improve 
manufacturability, and increase the lifetime 
of the membrane contacts. Mathematical 

modelling of the dynamics of the switching 
elements reduces the amount of costly 
experiments at the design stage [3]. 
Important role in the establishment and 
development of methods for the analysis of 
elastic sensing elements have made such 
scientists as: Andreeva A. N., Korsunov V. 
P., as well as some foreign scientists: 
Reissner E., M. Hamada, K., etc. 
The authors analysed the stiffness and 
frequencies of the membrane elements of 
the reed switch and proposed a several 
modifications. 
It shall contain and be structured in the 
following way: problem statements, 
application area, research course, method 
used, status, results, further research, 
references.  
 
2. ANALYSIS OF STIFFNESS AND 
FREQUENCIES OF MEMBRANE 
ELEMENTS  
 
In modern switching elements of reed 
switches can be used with both round and 
rectangular membrane [1]. On the example 
of square membranes consider the 
characteristics that are most important for 
use as a sensitive element of the contact 
group [1,2]. 
Clamped along the contour of a square 
membrane with size A×A and thickness сп 
loaded by evenly distributed differential 
pressure ∆p (Fig.1). 
If the frequency of the intensity change ∆p 
is much less than the oscillation frequency 
of the main (lowest) tone, move the points 
of the membrane has the form 
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Fig. 1.  The deformation of the square 
membrane  
 
Obviously, the maximum displacement 
corresponds to the centre of the membrane 
with coordinates x = A/2; z = A: 
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Elongation of the membrane in the 
direction of axes x and z; 
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Expressions (2) allow to determine the 
location of the resistors R1, R2 (topology) 
on the membrane. If, for example, the 
plane of their location is defined by y=0, 
the points with coordinates x=0, z=A/2 and 
x=A, z=A/2 and z=0, x=А/2  and z=А, x=А/2 
maximum deformation defined by the 
formula: 
 

.
8 2max

D
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e п

π
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=  

 
At the points with the maximum relative 
deformation of the membrane should be 
placed (implanted) resistors included, 
usually in bridge schemes. At points with 
coordinates x=A/4, z=A/2 and x=A/2, z=A/4 
and z=A/2, x=3A/4 and z=3A/4, x=A/2 
deformation zero, and ethics in the field 
should be placed resistors for temperature 
compensation. 
The point with zero relative deformation 
correspond to points of inflection of lines, 
the resulting cross-sections of the deformed 
middle plane of the membrane planes 
passing through the point with coordinates 
x= A/2, z=A/2 and perpendicular to the xz 
plane. 
Substitute any of the coordinates of points 
with zero relative deformation in the 
expression (1) and get moving inflection 
points: 

( ) .
16
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D
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4. CONCLUSION 
 
The mathematical expression allowed the 
authors to analyze the characteristics of the 
most important when estimating 
sensitivity, bounce and service life of the 
membrane contact [4].  
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 Abstract: Proposed a method for 
improving the reliability of membrane 
systems reed contacts, by reducing the 
bounce and dynamic noise, as well as 
increase the life of the elastic sensing 
element. Proposed design and 
technological solution to the membrane 
reed with modifiable regular microrelief of 
the working surface of the membrane. 
Key words: elastic sensor, reed switch, a 
membrane, a regular microrelief, 
magnetically-controlled contact. 
 
1. INTRODUCTION 
 

Growth of requirements for sensors, 
microsensors and switching elements and, 
primarily, to their metrological 
characteristics and reliability, makes an 
urgent problem of increasing the quality of 
elastic sensitive element. Such important 
characteristics of microsensors and 
magnetic contacts as performance, 
mechanical stability and strength are 
ensured by the quality of elastic sensitive 
element. 

The reed switches are related to the 
switching elements of automatics and find 
wide application in the relay on their basis. 
The latter are widely used in the 
programming and logic circuits of 
automation and remote control, signalling 
and protection, weighing and control, 
automatic valves in radio, telephone and 
electrical equipment [1]. 

A great contribution to creation and 
development of methods of analysis of 
elastic sensitive elements has made: 
Andreev A.N., Korsunov V.P., Vollmer 

A.S., Panovko A.G., Reissner E., Hamad 
M., Fujita K., Kashima H. [1]. 
However, the problem of increase of 
currents of switching, as well as a decrease 
in bounce contact system of reed switches 
is still relevant from the point of view of 
providing high reliability, including, and 
increase the service life of switching 
elements.  
 
2. MODIFICATION OF THE 
MEMBRANE CONTACT SYSTEMS 
OF REED SWITCHES WITH 
REGULAR MICRORELIEF OF THE 
WORKING SURFACE 
 

Operating experience elastic sensing 
elements reed switches convincingly shows 
that their quality and reliability depend on 
the nature of mating parts contacting with 
each other or with the liquid phase (dry 
reed contact surfaces; wetted reed contact 
surfaces, such as mercury), determines the 
state of the surface layer in contact parts. 

To increase the reliability on the surface 
of elastic sensing elements of reed switches 
offered regular microrelief applied [2]. 
Formed on the surface of elastic sensitive 
element regular microrelief creates the 
system regularly situated zones in the 
surface layer and often, and in the entire 
thickness of elastic sensitive element. 
Application of partial regular microrelief II 
or III of the form [2] on the surface of 
motile elastic sensitive elements of reeds 
entails the formation continuous or discrete 
located recesses between which remains 
untouched original, often irregular, micro 
relief of the treated surface. When 
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completely regular microrelief of elastic 
sensitive element of the residual voltage 
under the deformation is distributed evenly 
throughout the material details, especially 
for structures of membrane reed switches, 
as provided by the uniformity of the 
deflection of the diaphragm when triggered, 
relieve tension in the zones thermocouple 
junction with cylinder reed switch, 
increases the stability of the reed switch. In 
addition, decreases the hysteresis value, 
increases the stiffness of the elastic 
sensitive elements, sensitivity reed 
switches, a growing number of operations 
per unit of time and, therefore, are provided 
with long life and high performance reed 
switches [1,3]. 

In mercury wetted reed switches 
contacting surfaces of elastic sensing 
elements, vibration-free for the closure is 
carried out through their amalgamation 
mercury or periodic supply of mercury on 
the contacting surfaces. Application 
vibrations (IV form completely regular 
microrelief) [2] on the surfaces after 
amalgamation elastic sensing elements is 
significantly improved penetration and 
consolidation of mercury molecules inside 
the material elastic sensing elements. In the 
case of periodic supply of mercury to the 
place of contact for polycapillary formed 
on the sensitive surface of the elastic 
element itself, the closure of the mercury is 
displaced from the contact zone. 
Application of type III regular microrelief 
[2] on the surface of elastic sensing 
elements would eliminate this harmful 
phenomenon. Of particular interest may be 
the brand new (in terms of technology) 
reed switch is a combination of membrane 
structures and mercury reed switch. 
Offered on the membrane surface for 
membrane reed switches of any kind 
applied first mercury film by amalgamation 
(centrifugation), and then implement 
vibration forming regular microrelief IV 
species [2]. As a result, apart from 
improvement of the sensitivity (response 
magneto motive force) of the elastic 
characteristics and mechanical sensing 
elements, such as stiffness, elasticity, 
uniformity of deflection, will be 

completely eliminated chatter harmful 
phenomenon (vibration) with the reed 
switch. Rich functionality, high reliability 
and high performance of the reed switches 
make them very promising [4,5]. 

 

Figure 1. Membrane reed switch 
 
In elastic membrane reed switches 

movable sensing element formed as a 
membrane. Sketches of the proposed 
modifications are shown in the figure. 
Figure 1 shows a membrane reed contacts 
one of which is designed as a membrane 
perforation (movable contact), and the 
other - in the form of a ferromagnetic core. 
Magnetic membrane 1 found 2 carries 
contacting with the magnetic core 3 by its 
central disk by the magnetic flux in the air 
gap 4. Core 3 is insulated from the metallic 
shell 5 glass ring 6. Membrane reed switch 
has a larger area of the working gap and 
hence minimal magnetic resistance which 
increases the sensitivity. The membrane 
has a larger area of contact with the core, 
which provides a large switching currents. 
Varying shapes and sizes of cut-outs can 
change the amount of deflection of the 
membrane and the sensitivity of the 
contact. Current technologies allow for the 
amount of movement of the membrane 
under stress in the elastic zone on the order 
of 10-6-10-7 m, which provides a very high 
sensitivity of the membrane structures. 
Both have full contact core regular 
microrelief work surface and in the contact 
zone wetted by mercury, which 
significantly improves the dynamic 
characteristics of the reed switch. 
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Figure 2. Membrane reed switch 

 
The second modification of the 

membrane reed switch, shown in Figure 2, 
involves the performance of both cores in 
the form of contact with mercury 
amalgamated membranes completely 
regular microrelief  IV according to [4,5]. 
Figure 2 marked glass bottle 1 soldered 
magnetic cores that are running corrugated 
membrane 3 with regular topographical 
work surface. Each membrane is separated 
from the main cavity 4 5 autonomous 
cavity within which is set a nonmagnetic 
focus 6. Summary and autonomous cavity 
filled with an inert gas with different 
pressure, which contributes, together with 
an emphasis 6 vibrostability membrane 3. 
Between the membranes 3 set working air 
gap 7. Under action of a longitudinal 
magnetic field of the membrane bend 
towards each other and close an electrical 
circuit. The membrane can be installed in 
only one magnetic core, however, the 
sensitivity of the reed switch is lowered.  
 
 
4. CONCLUSION 
 
The authors proposed parameters with 
regular topographical surfaces [4,5]: for 
surfaces with partially regular microrelief - 
regular roughness depth  h=16 m, the 
relative area occupied by regular 
irregularities Fn = (60-70)%, direction 
angle Θ=50°; for surfaces with completely 
regular microrelief - the height of the 
surface R=(10-16) mm, and the relative 
bearing surface Tr = (60-80)%. With these 
options, work surfaces membrane reed 
switch was reached sensitization elastic 

sensing elements by 5-7% reduction chatter 
switching currents increase by 6-8%, 
which increases the reliability of this type 
of switching elements. 
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 Abstract: In this article short overview of 
existing methods of electromyography 
sensors placement and control strategies of 
the artificial prosthetic hand was made. 
Also the explanation of necessity for 
different strategies was given. The new 
methods and algorithms to process 
electromyographic signal were proposed. 
The experimental results for one of the 
described methods were shortly estimated 
and analyzed. 
Key words: electromyography, signal 
processing, prosthetics, control system 
(12pt) 
1. INTRODUCTION   
  
According to the current level of 
technology it seems strange that the bionic 
prosthesis doesn't appear as common thing. 
The main problems are their high cost, not 
intuitive control system, lack of feedback, 
limited functionality, limited battery life, 
poor dexterity - all of these criteria restrict 
and hinder wide spread of these products. 
Most of bionic prostheses use 
electromyography (EMG) as a way to 
receive signals from the muscle groups in 
the hand of the patient to fulfil control 
tasks, but their interpretation is still causing 
difficulties and far from perfect. Various 
research groups conduct studies in the field 
of signals processing, but the investigation 
shows that only small part of the results is 
used in real devices, which would be used 
by patients with amputation of the hand. 
The aim of the work is to create a set of 
different control strategies for the bionic 
prosthesis and their further implementation 
by using EMG sensors and their direct 

connection to the MatLab environment to 
process signals and to control the wrist 
prosthesis. After this stage the 
effectiveness of the key parameters and 
implementation of strategies for the 
different occasions will be assessed. 
It is necessary to highlight some of the 
most critical parameters, which will effect 
on the strategies and their subsequent 
evaluation. The following parameters were 
chosen: 
• the number of electrodes; 
• the zone of electrodes placement; 
• the height of amputation; 
• the processing speed; 
• the intuitiveness of control system; 
• the number of functional grasps. 
Research groups around the world use a 
different number of electrodes for 
obtaining data from the surface of the 
hand. In particular, there were variants 
with 2 electrodes [4], 4 electrodes [2,3], 10 
electrodes [1], 14 electrodes [6], thereby 
increasing the amount of processed data 
that affect the data processing speed and 
consequently for the convenience user, as 
there is a delay can be critical in some 
situations, the use of the prosthesis. 
Furthermore, there were different variants 
of electrodes placement on the arm of an 
object, depending on the number of 
electrodes and height of amputation. 
 
2. STRATEGIES  
 
The following control strategies were 
identified on the basis of the number of 
electrodes: strategy with one electrode, 
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with two electrodes, with three electrodes 
and n number of electrodes. For all the 
signals obtained via electromyography 
certain requirement was emposed: the 
signal had to overcome the input threshold 
value of 1 mV to prevent involuntary 
muscle tremors. 
 
2.1 Strategies with one electrode 
The several control strategies for a single 
electrode have been proposed. The first 
strategy is receiving a signal, i.e. the 
electrode located on the muscle group 
receives a signal. The signal processing is 
took place in MatLab and hand prosthesis 
performs simple actions - power grip. 
Moreover, the force of the grip can be 
adjusted depending on the duration of the 
muscle contraction. For the opening of the 
prosthesis the muscle contraction should be 
repeated. In this case electrodes were 
placed on flexor digitorum profundus. A 
result after primary filtration and 
processing in MatLab is shown in Fig. 1. 
 

 
Fig. 1. Receiving of a single signal on 
flexion and extension after the initial 
treatment 
 
The second strategy using a single 
electrode was to obtain a specific set of 
commands that are described in [5]. In this 
case, it is necessary to receive a certain 
command signals, and the patient was at 
high speed to reduce / relax the muscle 
group. single muscle contraction, 
prolonged muscle contraction single, 

double muscle contraction intervals 
between innervation than 2 seconds - the 
next signal system has been proposed. 
Display signals in Matlab is given in Fig. 
2. In this case, the patient had had a choice 
of at least three pre-stored grasps. 
 

 
Fig. 2. The examples of three types of 
signals for the second strategy with one 
electrode 
 
The muscle contraction should be repeated 
to exit from the working mode and return 
to the initial position of the prosthetic 
hand. The transition between the different 
types of grasps was assumed via the using 
of the pre-programmed muscle 
contractions. In this case, sensors also were 
placed on the flexor digitorum profundus. 
2.2 Strategies with two electrodes  
In the case of usage of two electrodes is 
also several control strategies have been 
proposed. The general concept was the fact 
that the electrodes are placed on the 
antagonist muscles, in this case it were the 
extensor & flexor digitorium. The first 
strategy proposed to implement a strategy 
similar to the first, with one electrode, 
when a person sends a signal to the 
prosthetic control system and mechanism 
came into one of the pre-programmed 
grasps. The difference lies in the fact that 
the patient have to make contraction of 
extensor muscle to return into initial 
position. This approach is similar to the 
approach implemented by nature. 
The second strategy with two electrodes 
was an extension of the first strategy with 
two electrodes, but with the difference that 
it allowed you to use a larger variety of  the 
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grasps. This was achieved by using two 
electrodes to switch between the grasps. 
The man had to make a simultaneous 
contraction of antagonist muscles to switch 
between grasps, and then repeat the 
algorithm described in the first strategy for 
the two electrodes. In this case were used 
the same muscle groups - extensor & flexor 
digitorium.  
2.3 Strategies with three electrodes 
The control strategy with three electrodes 
brings us to the issue, which had not 
previously been reviewed in the proposed 
strategies - the separate control of each of 
the finger. In this strategy, we have made 
some assumptions. We divided the work of 
fingers into three groups: I - thumb, II - 
index and middle finger, III - the ring 
finger and little finger. We defined 
following muscle groups as places for 
receiving signals via palpation and 
observation of hand movement. The 
electrodes were placed on forearm as 
shown in Fig. 3. For the work of first group 
was responsible brachioradialis muscle 
(musculus brachioradialis); for the second 
square pronator (musculus pronator 
quadratus) and for the third group the deep 
digital flexor (musculus flexor digitorum 
profundus).  
 

 
Fig. 3. The electrodes placement of the 
forearm (first, second and third group) 
 
As a result, several types of grasps of 
healthy human have been analysed and it is 
determined that the data signals can be 
used to control the prosthesis in its simplest 
form, ie man exercising muscle 

contractions and a group of fingers are bent 
in accordance with the wishes of the 
patient. This strategy is quite simple to 
implement, since it is necessary to 
recognize the muscle contractions, which 
directly control designated fingers. The 
algorithm is based on analysis of the three 
channels of the electromyograph, if the 
threshold is exceeded the system 
understands that it is necessary to produce 
flexing of fingers associated with the 
channel. 
 
3. FIRST TRIALS 
 
The first experiments were carried out on 
the above mentioned strategies and 
received data was analyzed. However, the 
equipment used for the experiments does 
not allow the processing of data received 
from the electromyography sensors in real 
time. Therefore another type of sensors 
("Grove - EMG Detector") were used. 
These sensors can be connected to the 
Arduino board with an opportunity to 
process the data in Matlab.  
The electrodes were placed as shown in 
Fig. 4. The signals from the sensors after 
muscle contraction were sent to the 
Arduino Uno. To prevent unexpected 
movements into the body of control code 
threshold was added.  
 
 

 
Fig. 4. Testing control system based on 
EMG signals 
 
After obtaining of the desirable value a 
control system sent a signal to the motors 
to move into pre- programmed position 

130



(desirable grasp). In this version a hand 
could move into one position, but in the 
nearest future it will be available to use at 
least three different type of the grasps via 
using just one electrode (second strategy 
with one electrode). 
 
4. CONCLUSIONS AND FURTHER 
PLANS 
 
As a result of theoretical, practical and 
analytical work It has been proposed and 
partially implemented control strategy with 
one, two, three electrodes and formed a 
work plan with the direction with the n-
number of electrodes.  
Based on the criteria given in the 
beginning, we can say that the most 
attractive in the processing speed is a 
strategy with one or two electrodes, since 
they require minimal signal processing 
time can be used irrespective of the the 
height of the amputation of the patient, as 
well as take up a minimum amount of 
space. In terms of the number of grasps are 
the most effective strategy with three and 
two electrodes operating in switching 
mode. 
The most successful in terms of 
intuitiveness (one of the most important 
parameter, since it directly affects the 
patient's addiction to the prosthesis) was an 
approach with three electrodes and two 
electrodes operating in a mode and mode 
switching with a simple grip. 
These algorithms will be tested in the near 
future in healthy subjects as well as 
subjects with amputations. In addition, it is 
necessary to work out approaches with the 
use of neural networks as in [7], and other 
algorithms to create patterns according to 
the received signals, which will increase 
the amount of seized and increase agility 
wrist prosthesis. 
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Abstract: In this paper healthy knee joint 
motion in sagittal plane and motion of the 
knee joint, supported by orthosis in sagittal 
plane were modelled in MATLAB. Models 
simulate motion during the gait, angles 
between links, which simulate femur and 
tibia controlled by Simulink block Model 
predictive control (MPC). The results of 
simulation have been compared with 
several samples of real motion of human 
knee joint obtained from motion capture 
systems. Based on this comparison 
conclusions about positive or negative 
influence by the active orthosis on the knee 
joint can be made. 
Key words: Knee joint, modelling, active 
orthoses 
 
1. INTRODUCTION 
 
Knee joint is one of most difficult joints 
from the point of biomechanics [1]. Knee 
joint is a movable connections of the 
femur, tibia, fibula and patella. Also 
meniscus, capsular-ligamentous apparatus 
and muscle-tendinous complexes are 
included in the knee joint. Knee joint is one 
of the most complex and vulnerable joints 
in the human musculoskeletal system. This 
caused by the fact that at this point 
articulate the longest levers of the lower 
limb: the femur and tibia [2]. 
Knee joint is represented on the figure 1, 
where: 1, 7 – collateral ligaments, 5, 6 – 
circular ligaments, 2 – tibia, 3 – fibula, 4 – 
femur, 8 – patella. 
Almost every person in explicit or implicit 
form faces with injuries of the knee joint. 

 
Fig. 1. Right knee joint 

 
Orthoses are used for rehabilitation after 
knee joint injuries very often, but choosing 
of orthosis is laborious process, which 
takes a lot of time. Model, which is 
considered in this research, allow simplify 
choosing of orthosis and avoid possible 
complications. 
There are a lot of models of the knee joint 
which simulate parameters of the knee 
joint in different degrees, depending of 
research. It can be two-dimensional planar 
mechanism with four or six links; model, 
where three successive rotates of the knee 
joint are considered; model, with six 
degrees of freedom, where bone’s surfaces 
were obtained by direct measurement. 
Model of the knee joint, supported by 
passive orthosis [3-7]. Despite of variety 
models of the knee joint, articles, where 
model of the knee joint is supported by the 
active orthosis was considered have not 
been found for this moment. 
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2. KNEE JOINT MODEL 
 
In this research mechanism, which 
simulates knee joint motion at sagittal plain 
was considered. Kinematic scheme of this 
mechanism is represented on the figure 2. 

 
Fig. 2. Mechanism, which simulates knee 

joint motion at sagittal plain 
 
It’s planar mechanism, with one degree of 
freedom: 
 
 ( ) 5213 Pnw −−⋅= ,         (1) 
where: 
w – number of degrees-of-freedom, 
n – number of links, including ground, 
P5 – number of the kinematic pairs, which 
has one degree of freedom. 
 
Then 
 ( ) 1102183 =⋅−−⋅=w        (2) 
 
Length of links, which simulate bones and 
others parameters of mechanism 
correspond to the parameters of an average 
man (height – 175 cm, weight – 70 kg), but 
all of this parameters can be changed in 
accordance with the parameters of the 
particular human [8-9]. 
 
 

3. KINEMATICS 
 
Surfaces of the tibia slide over surfaces of 
femur. Assumed that surface of femur is 
two rigidly interconnected spheres (link 5), 
and surface of tibia is plane (link 8). Static 
Cartesian’s coordinate system was 
associated with femur. Beginning of the 
Cartesian’s coordinate system (point O) is 
situated equidistant between two centers of 
spheres. Axis OX is perpendicular to 
sagittal plane, axis OZ is directed left, axis 
OY is directed so that the coordinate 
system OXYZ is right. The equation of the 
surfaces of two rigidly interconnected 
spheres at OXYZ coordinate system can be 
written as: 
 ( ) 2222 Rzyax =++− ,       (3) 
 
 ( ) 2222 Rzyax =+++ ,       (4) 
where: 
а – distance between beginning of the 
Cartesian’s coordinate system and centers 
of the spheres, 
R – radius of the sphere. 
 
Consider links, which simulate circular 
ligaments (anterior cruciate ligament – link 
6, posterior cruciate ligament – link 7). 
Links, which simulate circular ligaments 
impose limitations to links 5 and 8. This 
limitations can be written as: 
 
( ) ( ) 222 GFYYZZ GFGF =−+− ,       (5) 
 
( ) ( ) 222 LOYYZZ OLOL =−+− ,       (6) 
 
( ) ( ) ( )22

22 lLFYYZZ LFLF ∆+=−+−    (7) 
 
where: 
ZL, ZO, ZF, ZG, YG, YL, YO, YF – 
coordinates points of links attachment, 
LO, LF, GF – distance between points L 
and O, L and F, G and F correspondently, 
∆l2 – displacement of sliding block L 
(point L is also instant center of velocity) 
along contact plane of the link 8. 
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In this research patella (link 4) was 
considered as disk, with radius R1 and 
thickness (R1=0.75*R), disk rigidly 
connected with rod, which simulates lower 
part of patella’s ligament, this rod 
connected with link 2 by flat joint. Also 
link 4 movably connected with link 3 and 
link 3 connect with link 5. This links 
impose some limitations to mechanism, 
this limitations can be written as: 
 
( ) ( ) 222 QCYYZZ CQCQ =−+−        (8) 
 
( ) ( ) 222 BCYYZZ CBCB =−+−        (9) 
 
( ) ( ) 222 ECYYZZ CECE =−+−      (10) 
 
( ) ( ) 222 EBYYZZ BEBE =−+−      (11) 
 
( ) ( ) 222 EFYYZZ FEFE =−+−      (12) 
 
( ) ( ) ++∆=−+− 22

2
22 LElYYZZ LELE  

( )
LF

EFLFLEl 2222
2 +⋅∆

+       (13) 

 
where: ZL, ZE, ZC, ZQ, ZB, ZF, YL, YE, YC, 
YQ, YB, YF – coordinates points of links 
attachment,  
QC, BC, EC, EB, EF, LE, LF  – distance 
between points Q and C, B and C, E and C, 
E and B, E and F, L and E, L and F 
correspondently. 
In addition to bones and ligaments, 
quadriceps (links 1, 2) was modelled too. 
At this research assumed that quadriceps is 
extensible. This links also impose some 
limitations to mechanism, this limitations 
can be written as: 
 
( ) ( ) ( )222 lABYYZZ ABAB ∆+=−+−   (14) 
 
where: 
ZA, ZB, YA, YB – coordinates points of links 
attachment,  
AB – distance between points A and B,  

∆l – displacement of  sliding block along 
the guiding AB. 
 
4. MODEL OF THE HEALTHY KNEE 
JOINT IN MATLAB 
 
For modelling motion of the knee joint 
supported by orthoses, firstly it is 
necessary to create model, which simulate 
motion of the healthy knee joint. This 
model is represented on the figure 3. 
 

 
Fig.  3. Model of the healthy knee joint 

 
Parameters of model like: weight, length of 
links, inertial moments and relative 
position of the links should be known for 
modelling. All this parameters are 
predetermine in block “Model”, this block 
is represented on the figure 4. 
 

 
 

Fig. 4. Block Model 
 

Angle between tibia and femur should be 
corresponding with real angle, therefore it 
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is necessary to simulate forces in 
quadriceps correctly. Mathematical 
calculations of dynamics are automated 
and performed using block MPC 
(MATLAB/Simulink). Block MPC 
controls links, which simulate quadriceps 
(links 1, 2), and allow to control angle 
between tibia and femur. 
 
5. MODEL OF THE KNEE JOINT, 
SUPPORTED BY ORTOSIS IN 
MATLAB 
 
Assumed that knee joint was damaged, for 
this purpose links were excluded, which 
provide stability and controllability of 
model. This links are “circular ligament” 
(links 6,7). Herewith model of active 
orthosis was added in uncontrolled model 
of knee joint. Orthosis, which is used at the 
model provides only one degree-of-
freedom. Model of the knee joint, 
supported by orthosis is represented on the 
figure 5. 
 

 
Fig. 5. Model of the knee joint, supported 

by orthoses 
 
Model simulates motion of the knee joint 
during the gait and controlled by MPC 
block, but in this model MPC block 
controls motion of orthosis, which provide 
necessary movement of the knee joint. 

6. RESULT OF THE SIMULATION 
 
Results of models work, which simulates 
healthy knee joint, were compared with 
data of real human gait obtained from 
motion capture system (Vicon). 
Comparison is represented on the figure 6. 
 

 
Fig.6. Comparison results of models work, 
which simulate healthy knee joint (line 1) 
and data, obtained from motion capture 

system (line 2) 
 

Solid line shows changing of angle 
between tibia and femur dependency from 
time during real gait, dashed line represents 
variation of the angle between tibia and 
femur during the simulation. 
 

 
Fig.6. Comparison results of models work, 

which simulate knee joint, supported by 
orthosis (line 1) and data, obtained from 

motion capture system (line 2) 
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Results of models work, which simulate 
knee joint supported by orthosis, also were 
compared with data of real human gait 
obtained from motion capture system 
(Vicon). Comparison is represented on the 
figure 7. 
Solid line shows changing of angle 
between tibia and femur dependency from 
time during real gait, dashed line represents 
variation of the angle between tibia and 
femur during the simulation. 
 
7. CONCLUSION 
 
Based on analysis of simulation result, 
conclusion that general dynamics of 
movement of the received model 
corresponds to movements of the real, was 
made, however there is an error, which can 
be caused by difference in length of links 
and their masses. In spite of error, 
conclusion about ability of orthosis to 
simulate motion of the healthy knee joint at 
sagittal plane was made. It means that 
using of this orthosis for knee joint is 
advisable during post traumatic period.  
At the future research supposed: 

• Minimize mistake appearing during 
the modelling 

• Visualize the model 
• Explore different types of knee 

joints active orthoses constructions 
• Explore different orthoses fixing 

places 
• Prove the importance of the correct 

positioning of the orthoses. 
Based data was got during exploring 
different types of knee joints active 
orthoses and there different fixing places 
supposed facilitate selection and 
positioning of the orthosis for each patient. 
 
REFERENCES 
 
1. Gayvoronskiy I. V., Anatomy and 
physiology: textbook for students. 
Institutions of prof. education. Publishing 
Center "Academy", Moscow, 2011. 

2. Krokhaleva, N., Modeling of the 
Working Surfaces Geometry of the Knee 
Joint Elements, In Proceedings of the 
Closing Conference of the Project 
"Doctoral School of Energy and 
Geotechnology II", Faculty of Power 
Engineering, Tallin University of 
Technology, 2015, pp. 203-204 
3. Farhat N., Mata V., Rosa D., Fayos J., 
Peirau X., Musculo-skeletic Model for 
Knee Joint Forces Estimation in Sport 
Activities. In 7th Euromech Solid 
Mechanics Conference J. Ambrósio et.al. 
(eds.) Lisbon, Portugal, 2009 
4. Dewen, J., Ruihong, Z., HO, D., 
Rencheng, W., Jichuan, Z., Kinematic and 
dynamic performance of prosthetic knee 
joint using six-bar mechanism. Journal of 
Rehabilitation Research and Development, 
2003, Vol. 40 №1, pp.39-48 
5. Blankevoort L., Kuiper JH., Huiskes R., 
Grootenboer HJ., Articular contact in a 3-
dimensional model of the knee. Journal of 
biomechanics, 1991, 24 (11), pp. 1019-
1031 
6. Halloran, JP.; Petrella, AJ.; Rullkoetter, 
PJ., Explicit finite element modeling of 
total knee replacement mechanics. Journal 
of biomechanics, 2004, 38 (2), pp.323-331 
7. Catana, M., Tarnita, D., Tarnita, D., 
Modeling, Simulation and Optimization of 
a Human Knee Orthotic Device. Applied 
Mechanics and Materials, 2013, 371, 549-
553 
8. Human height [www] 
https://en.wikipedia.org/wiki/Human_heig
ht (06.04.2016) 
9. Determine humans height by length of 
the long bones of the skeleton [www] 
http://www.forensmed.ru/tools/antr/height.
php (06.04.2016) 
 
ADDITIONAL DATA 
 
Nadezhda Krokhaleva (corresponding 
author) 
e-mail: KrokhalevaN@yandex.ru

 

136



11th International DAAAM Baltic Conference 
"INDUSTRIAL ENGINEERING -  
20-22 April 2016, Tallinn, Estonia   
 

STUDY COMPARATIVE OF TRIBOLOGICAL BEHAVIOUR OF 
POLYAMIDE AND ABS POLYMERS AFTER PROCESSING BY 

INJECTION 
 

D. Kubátová, M. Melichar, A. Pereira 
 
 

 Abstract: ABS and PA6.6+15% GF are 
polymers. Their specification is that they 
are thermoplastic. Tribotesting was used to 
find out whether or not this is the case. The 
basis for tribological testing is the Pin-on-
Disc method, and this measurement was 
also used to obtain the information in this 
research.  

The main objective of this work is to study 
the influence of the injection process on the 
tribological behaviour of the ABS polymers 
and the PA6.6+15% of glass fibres. 
Initially, two parameters, the operating 
pressure and the time for applying it, were 
studied in the injection process.  The initial 
surface parameters were measured in 
order to study their influence on the 
friction coefficient. The wear of the 
polymers was studied in the tribometer 
using the Pin-on-Disc method. 

Key words: ABS polymers, PA6.6+15% 
glass fibres, Tribotest Pin-on-Disk  
 
1. INTRODUCTION  
 
In the technical, social and natural sciences 
there are many unresolved issues and 
problems that scientists are looking for the 
answers to, either in the form of answers at 
the theoretical level or in practical 
embodiments. After a period of massive 
development of research and development 
in the last century, when energy efficiency 
and environmental protection was not 
taken into account, over the last few 
decades, and especially at the advent of the 

third millennium, there has come a 
sobering awareness of the need to save all 
kinds of energy. This is occurring against 
the background of expansion and 
development of many disciplines relating 
to the quality of human life, human needs 
and the desire to discover. 

To fulfil these goals, machine and system 
builders are armed with a fairly deep 
knowledge of many disciplines, such as 
flexibility and strength, engineering 
technology, mechanics and 
thermodynamics. This allows them to solve 
many problems of static and dynamic 
loading of machine parts, short and long 
term thermal stress and the choice of 
materials for given operating conditions. 
[1] 

The situation in the durability and wear of 
machine parts exposed to friction and wear 
is completely different. In many cases they 
are lacking because engineers need the 
knowledge and especially the necessary 
technical documentation. The problem 
stems primarily from the complexity of the 
interaction of the functional material on the 
surface of the machine components, the 
variability of the operating conditions, 
which are determined by the dominant 
factors, friction and wear. And whether 
there is contact between moving parts 
standing metal on metal or metal on an 
alternative material such as a polymer [2]. 

To demand ever higher specific outputs 
from machinery and equipment, promoting 
continuous production technology, the 
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emphasis is on increasing reliability and 
longer service life. Practice as a criterion 
for the correctness of the theory, proved 
that the current level of technology and 
companies does not necessarily lead to the 
desired success and rapid individual and 
isolated approach to problem solving. 
Emphasis should be placed on close 
cooperation between engineers and 
technologists and the tribology issues to be 
addressed. [1] 

It is important to note that the development 
of ambitious materials, which include 
polymers, not over-counting to occur 
extrusion or completely replacing 
traditional materials such as e.g. steel, but 
these materials must be as fully equivalent.  

2. POLYMERIC MATERIAL  

Polymeric substances are basically divided 
according to their properties for 
elastomers, thermoplastics and thermosets. 
Thermoplastic elastomers are polymeric 
substances which can be deformed by very 
little force into large elastic deformations 
without the material being compromised, 
and after unloading returns to its original 
state. Thermoplastics are generally 
relatively hard and brittle polymeric 
materials, which when heated become very 
elastic. This process can be reversibly 
repeated unlike thermosets, which can be 
heated only once, and after cooling take the 
desired end properties, due to chemical 
reactions that take place at higher 
temperatures. 

For this test, two samples of polymeric 
materials used in the field of 
thermoplastics were selected: 

ACRYLONITRILEBUTADIENESTYR
ENE (ABS) 

POLYAMIDE 6.6 with 15% GLASS 
FIBRE (PA6.6+15%)  

POLYAMIDE 6.6 (PA 6.6)  

POLYAMIDE 6.6 with 30% GLASS 
FIBRES  

And why polymeric materials? Because 
ever since they were discovered people 
have been trying to use them in different 
applications. Replace them other materials 
which are either limited in the world or 
polymers having advantageous properties 
for use. Properties that polymeric materials 
have over conventional materials are 
numerous. Among the most interesting 
features that polymers have include: 
• Lightweight - polymeric materials have a 
lower density than metal materials 
• Electrical insulating properties - very 
widely used in plants with an increased risk 
of explosion or ignitable environment 
• Low thermal conductivity - does not 
transmit as much heat to the surrounding 
parts such as metals 
• Corrosion resistance - used with high 
moisture or water 
• Resistance to some chemicals - for 
example, oil, gasoline, etc. 
• Flexibility / elasticity - widely used in 
flexible couplings 
• High resistance to fatigue 
• Aging resistance 
 
The test was to compare the above 
mentioned materials. But also to compare 
how to change the resulting properties such 
as coefficient of friction, frictional forces 
and wear volume between two contact 
surfaces. With this test we can evaluate and 
use parameters when changing the 
injection conditions or different surface 
structures of the surveyed sample. 
 
2.1 Production samples 

As shown in Fig. 1 the testing materials 
were shaped into a disk about ∅ 60 x 3 mm. 
Disk size was chosen considering the space 
for performing all tests. 
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Fig.  1 Sample shape 

2.2 Preparation of samples 

Injection moulding was selected for the 
preparation of samples for testing.. 
Injection was performed on an Engel 
Victory 28 in, which is located in the 
indoor laboratory of the University of 
Vigo, Spain. Parameters shown in Tables 1 
and 2 were used. All parameters were 
selected according to the parameters 
specified in the parameter table from the 
machine manufacturer. Injection pressure 
in Table 2 was selected as a variable 
parameter in the assay and is marked by 
the yellow line. These conditions were the 
same for both tested materials.  

Furthermore, the material PA6.6 + 15% GF 
was placed in a drying box before 
injecting. Drying was carried out at 80°C 
for 10 hours. This is due to the 
hygroscopicity of the material despite 
additive glass fibre PA 6.6 maintains a 
very high hygroscopicity. Drying was 
carried out because of the difficulties in 
moulding materials with higher moisture 
content. When heating the feed material, 
moisture is converted to steam which 
forms bubbles in the mouldings. 

Table  1 Temperature for injection 
Set max. 

temperature 
in the 

cylinders /°C/ 

265 255 240 220 40 

The actual 
temperature 

in the 
cylinder /°C/ 

249.7 249.5 239.7 220 45.7 

 

 

Table  2 Injection parameters 

Injection volume 17 cm3 17 cm3 
Max. pressure 160 bar 160 bar 

Piston diameter 30 mm 30 mm 
Injection time 2 s 2 s 

Cooling time in the 
mould  20 s 20 s 

Injection pressure 100 bar 150 bar 
Volume of the 

mould 11 cm3 11 cm3 

 
2.3 Identification of test samples 

The samples were tested with regard to: 

• Types of material 
• Altered parameters in production 
• The actual structure of the sample 

surface 
It was set up and labelled as shown in 
Table. 3 

 

Table  3 Identification sample 

Material Injection 
parameters 

The resulting 
surface structure 

Marking 
Test 

ABS 
100 bar Poor roughness ABS-1-b 

Good roughness ABS-1-a 

200 bar Poor roughness ABS-2-b 
Good roughness ABS-2-a 

PA 100 bar Good roughness PA-1-a 
200 bar Good roughness PA-2-a 

 
Poor roughness – Ra over 0.4 µm 
Good roughness – Ra to 0.4 µm 

2.4 Testing of samples 

Tests were carried out in collaboration 
between the laboratories of University of 
West Bohemia in Pilsen and laboratories of 
the University of Vigo.  
 
2.4.1 Tribological tests 
 
The variability of this test allows 
examination of different possibilities for 
the materials tested. Tribotest setting 
options are almost limitless. The possibility 
of adjusting the size and shape of the body 
to be tested, with / without lubricant, 
choosing the size of the load of the test 
bodies, test time by selecting the length of 
the distance covered or the speed of the test 
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sample and for the possibility of 
continuous speed changes during the test. 
Only limited options were used for this test 
because it is only a preliminary test before 
many other tests. 

 
Fig.  2 Tribotester 

Test parameters were set on the basis of 
previous tests performed in the field of 
research as e.g. in [3] [4] and subsequently 
validated by performing a preliminary test 
for commencing testing. The parameters 
used for the final tests are given in Table 4. 

 

Table  4 Testing parameters  

 
2.4.2 Friction coefficient 

This parameter is the most important value 
for this test. On the basis of information 
about the value of the friction coefficient, 
one is able to predict how the material will 
behave under load. Thus, both will be 
wearing, how will heat up or how it will 
deform... 

The parameter is measured during 
continuous tribological testing and then 
this value continues to operate. This test 
measured the coefficient of friction for 
long term testing since the objective was to 
determine the mean coefficient of friction. 
 

Label groups: 
1-150 bar and roughness poor 
2-100 bar and roughness poor 
3-100 bar and roughness good 
4-150 bar and a roughness good 
 

 
Fig.  3 Friction coefficient ABS 

The upward trend of the coefficient of 
friction is due to the fact that they still rises 
contact area when pike test specimen and 
the test sample. 

In Fig. 3, graph 200 rpm and 20 N in 
Category 3 (grey line) shows a decreasing 
tendency from the value of 70% and is 
probably due to a problem in the structure 
of the sample. This sample is currently left 
to the tests of the material specialist. 

Furthermore, this test confirmed that the 
friction coefficient depends on the value of 
surface roughness, as shown Fig. 3 in the 
following figures and example. At 200 rpm 
and a load of 30 N it has the best surface 
roughness of the sample group which has 
poor roughness. 

For better orientation, the effect of the load 
value, and scanning speed (time) is shown 
in the following Figs. 4 – 5. 

It is easy to see how changes the value of 
the coefficient of friction changes for each 
load and speed testing. It is seen that the 
coefficient decreases with increasing load 
and speed combination testing. 

Material 
Speed 

test 
/rpm/ 

Radius 
test 

/mm/ 

Load 
/N/ 

Time 
test 
/m/ 

Radius 
test 

bodies 
/mm/ 

ABS-1-a 
200 

9 

20 

200  4 

ABS-1-b 
ABS-2-a 
ABS-2-b 300 

 30 PA-1-a 
PA-2-a 
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Fig 4.  Friction coefficient ABS 

 

Even for this material, comparisons were 
made between the loads for the groups as 
in the previous tests. However, for these 
comparisons nothing unusual was found, 
therefore only the resulting comparison is 
given. 

This comparison is interesting in that the 
greatest friction coefficient was achieved at 
maximum load. This can be anything from 
previous tests to explain why it is 
necessary to carry out further tests with 
those conditions and that both the load and 
speed of rotation but also the same 
moisture conditions. Moisture is needed in 
this case the guard due to the fact that 
PA6.6 + 15% GF is a highly hygroscopic 
material. 

 
Fig.5   Friction coefficient PA 

 
2.4.3 Change of weight 
 
The changing weight of the sample 
describes how much the research sample 
wears under the influence of higher 
pressure and cyclic effect (rotary) wear. 
 

 
Fig. 6 Change weighs ABS 

 

Here, in the Fig.7  for PA6.6 + 15% GF it 
is important to note that we changed the 
mass immediately after injection of the 
sample and before the test. This is due to 
the very high hygroscopicity material. 

 
Fig. 7 Change weigh PA6.6 + 15%GF 

 
From Fig. 6 it is already possible to say 
how the material will behave during further 
testing and what results can be expected 
from additional tests, and that material  
PA 6.6 + 15%GF will better withstand 
potential stresses than ABS. In numbers, 
this is expressed by ABS during the test, 
lost 0.017ga PA 6.6 + 15%GF lost 0.003 g. 
 

 
Fig. 8 Corporation change the weigh 
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3. CONCLUSION 

It is very difficult to draw conclusions from 
tests when we have not yet conducted tests 
on all the test materials, but even here it is 
possible to derive some conclusions. 

ABS and PA are polymers and are 
thermoplastics. Therefore, they should 
have roughly the same properties and 
characteristics as some specific parameters 
for these materials. As shown in the 
following Tab.5 and not everywhere it is. 
We tested ABS and PA6.6+15GF. 

If the resultant product is used as an 
exposed part, according to the test the clear 
choice is ABS. This is covered by acquired 
better visual structures and surface 
roughness, and after averaging all values 
amino slightly smaller friction coefficient 
than PA66 + 15% GF. 

However, when used as a loaded 
component, this material is very difficult to 
use.  

Large wear loss of material occurs when 
loading, which is adhered in the form of 
fine dust on all around visibility  

Even in terms of comfort for the test were 
as arm Vibration noise or better based 
material PA6.6 + 15% GF. 
 

Table  5 Summary of results 
 

 ABS PA 6.6+15% 

Ø surface 
roughness 

/Ra/ 
0.51933333 3.575 

Ø weight loss 
/g/ 0.01726667 0.00266667 

Ø coefficient 
friction /-/ 0.175655 0.189997 

 
4. REFERENCES 
1. Mathieu Renouf, Francesco Massi, 
Nicolas Fillot, Aurélien Saulot, Numerical 

tribology of a dry contact, Tribology 
International, Volume 44, Issues 7–8, July 
2011, Pages 834-844, ISSN 0301-679X, 
http://dx.doi.org/10.1016/j.triboint.2011.02
.008. 
2. T. Mathia, P. Pawlus y M. 
Wieczorowski, «Recent trends in surface 
metrology,» Wear, p. 494–508, 2011. 
3. B.V. Lingesh, B.M. Rudresh, B.N. 
Ravikumar, Effect of Short Glass Fibers on 
Mechanical Properties of Polyamide66 and 
Polypropylene (PA66/PP) Thermoplastic 
Blend Composites, Procedia Materials 
Science, Volume 5, 2014, Pages 1231-
1240, ISSN 2211-8128, 
http://dx.doi.org/10.1016/j.mspro.2014.07.
434 
4. J. Sudeepan, K. Kumar, T.K. Barman, P. 
Sahoo, Study of Friction and Wear of 
ABS/Zno Polymer Composite Using 
Taguchi Technique, Procedia Materials 
Science, Volume 6, 2014, Pages 391-400, 
ISSN 2211-8128, 
http://dx.doi.org/10.1016/j.mspro.2014.07.050 
 
5. ADDITIONAL DATA ABOUT 
AUTHORS 
 
Ing. Dana Kubátová 
University of West Bohemia 
Fakulta strojní – Regionální technologický 
institut 
Univerzitní 8, 
30614 Plzeň 

- student Ph.D. 
-  

Ing . Martin Melichar, Ph.D. 
University of West Bohemia 
Fakulta strojní – Regionální technologický 
institut 
Univerzitní 8, 
30614 Plzeň 

- leading metrology laboratories 

• Prof. Alejandro Pereira 
Universita de Vigo 
Campus Universitario 
 36310 Vigo, Pontevedra 
 

142

http://dx.doi.org/10.1016/j.triboint.2011.02.008
http://dx.doi.org/10.1016/j.triboint.2011.02.008
http://dx.doi.org/10.1016/j.mspro.2014.07.434
http://dx.doi.org/10.1016/j.mspro.2014.07.434
http://dx.doi.org/10.1016/j.mspro.2014.07.050


6. ACKNOWLEDGEMENT 
 
The present contribution has been prepared 
under project LO1502 ‘Development of the 
Regional Technological Institute‘ under the 
auspices of the National Sustainability 
Programme I of the Ministry of Education 
of the Czech Republic aimed to support 
research, experimental development and 
innovation. 

143



11th International DAAAM Baltic Conference 
"INDUSTRIAL ENGINEERING" 
20-22 April 2016, Tallinn, Estonia 
 

DEVELOPMENT OF COMPUTER VISION BASED FACE 
TRACKING MEASUREMENT FOR SITTING ERGONOMICS 

 
Lintilä, T.; Hyvärinen, V.; Kariniemi, R.; KC, A.; Nurmi, L.; Liukkonen T.; 

Viinikka, S.; Kiviluoma, P.; Korhonen, A. & Kuosmanen, P. 
 
 

Abstract: Sitting causes major health 
problems. Both bad sitting posture and 
prolonged sitting time increases the 
likelihood of back pain. The object of our 
research was to study if it is possible to 
measure sitting ergonomics using a 
webcam video. The webcam placed in 
front of a subject was tracking the 
movements of subject’s face, which were 
used to derive the pose of subject’s head. 
Different algorithms to detect bad 
posture based on head pose and 
movement were developed according to 
the physiological recommendations. The 
accuracy of these algorithms were 
investigated in a real environment 
testing. Although the results are 
promising, more research is needed to 
develop better algorithms for a more 
accurate and versatile detection of sitting 
ergonomics. 
 
Key words: 2d video camera, face 
detection, posture 
 
1. INTRODUCTION 
 
Poor sitting postures for prolonged 
periods of time increase the risk of 
development and perpetuation of stiffed 
neck and back-pain related conditions [1]. 
Office workers demonstrate high levels 
of sitting during both the working week 
and weekend [2]. Mostly people do not 
care about their posture while sitting, 
unless they are in pain. Not only the 
elderly but also teens and adults suffer 
from back pain as they spend a lot of time 
in front of a computer working, studying 

or playing games. Workers in pain cannot 
focus properly on their task and a longer 
effect cause sick leaves. The costs of sick 
leave daily allowances were 104.6 
million euros in Finland year 2015 [3]. 
Measuring only sitting posture is not 
enough. It has been shown that 
discomfort when sitting is related to both 
biomechanics and fatigue factors that 
relate to sitting time [4]. 
According to physiotherapists a proper 
spinal curvature is essential to prevent 
back pain [5].  The correct curvature 
varies from country to country, though 
[5]. It is therefore a challenge to 
determine what sitting posture is good 
enough. According to a physiotherapist, 
in good posture it is important to 
maintain the ear-shoulder-hip line in a 
same vertical orientation (Fig. 1). 
However, it is shown that the largest 
factor to reduce the lumbar pain is to sit 
while maintaining neutral back; which 
means that there is a neutral flexion in 
lumbar spine i.e. lower back [1]. 
Numerous ways to measure posture has 
been investigated [6, 7, 8, 9]. Jaimes has 
studied the measurement of sitting 
posture 
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Fig. 1. The good posture comprises a 
vertical ear-shoulder-hip line. 
  
from webcam video using geometric 
features [6].  Image processing based 
methods have difficulties with similar 
background color and loose clothes [7]. It 
is suggested that analyzing human 
posture by image processing should be 
done by looking at different joints [7]. 
The comfort level could be also 
determined by counting the movements 
of the human [8]. 
It is suggested that the scapular 
orientation and position can be measured 
more accurately, although also with more 
costs, with electromagnetic tracking than 
with image processing [8]. So it would be 
possible to connect an electromagnetic 
tracking system for example in some 
wearable to measure the posture. There 
are also smart cushion solutions which 
measure the sitting pressure distribution 
in a chair [9]. With these solutions it can 
be measured whether the upper body 
weight distribution is optimal or not. 
The approach to track the sitting posture 
with a webcam was decided due to its 
vast potential. A lot of people have 
already an external webcam and also 
most of the laptops include one. Physical 
sensors to track the same thing could cost 
a lot. The method can be also accurate, if 
it is implemented properly. 
The motivation for this research is to find 
an aid to the universal problem of bad 
sitting habits and sitting related back 
pain. The selection of webcam for a 
measurement system was based on its 

affordability and high prevalence among 
the computer users. The aim of this study 
is to determine a possible solution to 
asses sitting ergonomics using a frontal 
monocular webcam video. Some research 
on different algorithms to track a face 
from a monocular camera has been made. 
[10, 11] Some of those require a lot of 
processing capacity and might not be 
possible to run in real time, which is a 
requirement for this type of system. Here 
we use a simplified method to keep track 
on the position of the face. The effect of 
this simplified system is also to be 
analyzed. 
2. TEST SYSTEM 
 
According to a physiotherapist, the 
position of the legs, the spine and the 
head should be monitored to measure the 
sitting posture. We decided to try to 
measure the sitting posture only by 
measuring the position of the head as it 
affects also the position of the spine. The 
measurement would be based on 
incremental measurement of the position 
of the head, assuming that the initial 
position would be good. 
The test system for measuring sitting 
ergonomics and giving feedback 
consisted of a desktop computer, a 
computer screen, a mouse, a keyboard, a 
notification light and a webcam (Fig. 2). 
External light notification system was 
used to notify the user to try to take a 
good posture. It was controlled by the test 
personnel. The webcam placed in front of 
a subject was tracking the movements of 
subject’s face. The software took video 
with a resolution of 640x480 pixels. A 
normal laptop, HP Pavilion dv6, was 
used to run the software. 
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Fig. 2. Test setup: 1. webcam 2. video 
camera observing x and y movement 3. 
external notification light 4. video camera 
observing y and z movement. 
 
The software was built with MATLAB 
and its Computer Vision toolbox. 
MATLAB was chosen as the coding 
platform for its wide user community and 
good sources of examples and ready 
functions. Our software uses functions 
for detecting a face with the Viola-Jones 
Method [12] and extracting corner points 
from the facial area with Shi-Tomasi-
Kanade method [13,14]. With these 
methods, image coordinates of the center 
of the face and the width of the face can 
be derived. The software uses the width 
of the face and the known focal length of 
the webcam to estimate the distance. 
With these measures, it is possible to 
keep track of the face in three 
dimensions. 
The program flowchart is shown in Fig. 
3. In the beginning the software runs an 
initialization routine, during which the 
user is asked to take a good posture and 
start the session. The software saves the 
acquired coordinates as optimal place for 
the user. After that the location of the 
face is being tracked. If the face is 
positioned outside the optimal location 

for more than a threshold value longer 
than a threshold time, the software 
records that as an event and notifies user 
with the notification system. Leaning 
forward or on a side and slouching 
downwards is being tracked as well as the 
overall sitting time. 
The software keeps track on what was the 
last position of the head before it 
disappears from the image. If the face 
disappears from the top of the picture, or 
if the face is moving upwards before it is 
lost, it is recorded as a standing up event, 
a good feature in sitting ergonomics. 
Viability of the measurement system was 
examined in a real-environment 
experiment. 10 subjects were measured 
each for 15 minutes. The test persons 
were 20-29 years old university students. 
Their own estimated sitting habits varied 
from 4 to 6 hours of sitting per day at 
school/work and 2 to 5 hours of sitting 
per day in leisure time. Subjects were 
instructed to do normal computer tasks 
during the test. The system measured 
sitting ergonomics from 
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Fig. 3. The main functions of the 
measurement software. 
 
webcam video and recorded an event log 
based on the test persons’ postures, 
standing ups and overall sitting time. The 
test sessions were recorded with two 
external video cameras. Afterwards, a 
specialist in physiotherapy investigated 
the recordings and tried to define the 
same events as the software. The expert’s 
findings were compared to what the 
software had recorded. 
 
3. RESULTS 
 
The physiotherapist’s first notice on the 
experimental test videos was that the 
initial position in all tests was already out 
of the range of good sitting posture. 
Because of this issue we conducted one 
more experiment with the physiotherapist 
to get the initial posture right.  

Four measurements were used to define, 
if the software can detect when the head 
has moved outside the initial position. 
Both the software and the expert 
physiotherapist measured when the 
posture changed from good to bad or vice 
versa. A margin of 10 seconds were 
allowed between the physiotherapist and 
software recordings. The physiotherapist 
recorded total of 27 events that the 
software did not recognize. The software 
recorded 24 events that the 
physiotherapist did not recognize. Both 
recorded same 9 events. 
The method to track the distance to the 
face showed some problems. Distance 
was related to the width of the bounding 
box of the head. This width could change 
even by only rotating head in roll 
direction. Also the drift of the coordinate 
values along the measurement could be 
accused. Fig. 4 shows two cases of the 
tracked head positions during a 15 
minutes test. From the test videos could 
be seen that the actual distance of the 
faces did not change as much as the Fig. 
4 suggests. 
 

 
Fig. 4. The head coordinates in horizontal 
and distance direction. If the head is 
inside the square, the posture is defined 
as good by the software. 
 
The time it took the software to detect the 
face was compared to the overall test 
time. The face was not detected by the 
software, if the user is not sitting or if 
there is some problem with the detection 
routine. In three tests out of ten the face 
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detection percentage was considerably 
low, only 41-60 %. Excluding these tests, 
a total face detection percentage of 95 % 
was achieved, while the sitting 
percentage calculated by the expert in the 
videos was 98 %. During the tests, the 
subjects stood up total of 13 times. The 
software could not detect any of those as 
a standing up event, only that the face 
was lost. 
 
4. DISCUSSION 
 
The aim of this study was to examine, 
whether sitting ergonomics could be 
measured just by a frontal monocular 
camera. The measures were defined with 
the help of physiotherapists and literature 
research. Detecting standing ups is a 
good measure, because it is 
recommended that one should stand up 
after every 30 minutes. Also measuring 
the total sitting time is justified, because 
the overall sitting time should not be too 
long either. More questionable is, if 
measuring the slouching in all directions 
by the position of the head is enough. It 
can only describe if the user has moved 
from the assumed good posture. 
Slouching related to the distance to the 
webcam might be the one to look most 
closely. 
The system could measure the head 
movement in horizontal and vertical 
direction accurately enough. The distance 
measurement was unreliable for this 
purpose. At least the initial distance 
should be updated from time to time. 
Some other method for tracking the pose 
of the head could measure the distance 
more accurately. Other methods could be 
tested in the same kind of test 
experiments to see their viability and 
ability to be run in real-time. 
The proposed measurement system could 
detect 25 % of the events the expert 
observer detected. The software used 
strict thresholds of 5 centimeters to 
define, when the face had moved too far 
away from the optimal. This could mean 

that the expert recorded also smaller 
deviations than the software. Anyway, to 
develop the method further the thresholds 
for when the posture is too far away from 
optimal should be developed based on the 
expert analysis. Strict thresholds could 
have led to that the software recorded 
more events, when the face of the subject 
was wobbling on the edge of the 
threshold. In this analysis the software 
detected 24 events that the expert did not. 
Implementing soft thresholds could 
reduce this number. 
There were problems with detecting 
standing up of the subjects. In many 
cases software lost track of the face and 
could not detect standing up. In the 
experimental study subjects stood up by 
first turning around in the chair and then 
standing up. Software detected this as 
losing track of the face by unknown 
reason, because face did not move 
upwards before losing it. This problem 
could be corrected with for example a 
method for tracking the whole head so 
that detecting standing up would not be 
dependent on the detecting of the face. 
In three experiments the software had 
problems for tracking the face. The 
detection method might have tried to 
detect an inappropriate object as a face 
that the software had not accepted. The 
detection routine drew more computing 
time than the tracking routine which led 
to heating of the computer. The achieved 
frame rate of the images was also 
monitored. The actual frame rate dropped 
from the set 10 frames per second to 5,1-
7,2 fps when the software had difficulties 
to detect the face. Overall, the computing 
time is a thing to consider in video-based 
measurements. A lighter software than 
MATLAB could ease the processor load. 
In the seven tests where the software did 
not have major problems to detect the 
face, the overall sitting time could be 
measured within 3 % tolerance. This 
means that the proposed approach could 
be used to measure the overall sitting 
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time, if the face detection can be made 
more reliable. 
Major problems arose with the initial 
sitting posture. Many of the experimental 
study recordings were useless, because 
the initial posture was not good enough. 
This made the whole approach 
questionable. In the last experiment it 
took 5 mins for the physiotherapist to 
direct a subject to take a good initial 
posture. The physiotherapist paid 
attention especially to the spine curvature 
and ear-shoulder-hip line of the subject. 
This is something that the presented 
approach cannot handle. Could these 
instructions of the physiotherapist be 
replaced by a computer? That could be a 
topic for a further research. A camera 
viewing the user from a side could define 
more accurately the sitting posture. In 
this case the measurement would be 
absolute instead of incremental and there 
would be no need to initialize the posture 
in the beginning. 
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Abstract: In modern industrial motion 
control applications, usage synchronous 
servo drives and coordinated control using 
PLCs are prevalent. Multiple servo drive 
synchronization to achieve towing carriage 
motion and wave generator motion for ship 
model towing test tank is still novel 
approach compared to traditional control 
systems of such applications. Key features 
of the any modern industrial automation 
system such as reliability, flexibility to 
further enhancements, simplicity are 
thoroughly investigated and incorporated 
in the design of control system. And this 
paper presents controlling plurality of 
servo drives and coordinate them using 
industrial controller which is Beckhoff soft 
PLC for ship model towing test tank motion 
control. It was used EtherCAT field bus 
network to achieve real-time 
communication between servo drives. 
Controller based servo drives are 
commanded via CiA402 drive profile. 
Motion control algorithms has been 
developed using PlcOpen motion function 
blocks. And software user interface 
algorithm for the control system and 
internet based control of the application 
also discuss here. The system has been 
fully developed and tested as per current 
user requirements and all those 
experimental data are presented here. And 
also future enhancements for the wave 
profile motion points generation by 
embedding MATLAB / Simulink object into 
the Beckhoff PLC is discussed. 
Key words: Servo drive synchronization, 
Ship towing test tank, motion control, 
PlcOpen motion control function blocks. 

1. INTRODUCTION  
 
This paper presents ship model towing test 
tank motion control system developed for 
Small Craft Competency Centre of Tallinn 
University of Technology. The system has 
been implemented and in operation at the 
moment of writing this paper. 
The ship model towing test tank or ship 
model basin is used as an experimental 
facility to evaluate hydrodynamic 
characteristics of ship designs by using 
scaled down ship models with or without 
artificially created ocean waves [7]. As 
shown in Fig.1 the ship model test tank 
comprise with a ship model towing 
carriage and a flap paddle type wave 
maker. The scale down model of ship 
attached to towing carriage which is pulled 
by using belt drives. And wave maker 
creates ocean waves.  
 
 
 
 
  
 
 
 
 
 
 
Fig.1. Ship model test tank 
 
There are industrial applications including 
ocean wave makers with multi servo drive 
synchronization based on distributed clock 
concept which uses EtherCAT fieldbus 
network [1]. However ship model towing 

Servo motor 

Wave maker 

Toothed belt 

Ship model test tank 

Towing carriage 
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carriage motion control and ocean wave 
maker applications are still new application 
areas for EtherCAT networked motion 
control systems. And in this application it 
has been used linear toothed belts to drive 
the towing carriage by pulling it from both 
sides. This demands servo drive 
synchronization to overcome carriage 
skew. Since belt drives are nearly 120 m 
long, it is susceptible for stretching. The 
accurate position control is challenging 
task. 
 
2. CONTROL SYSTEM DESIGN 
 
2.1 Position Control Requirements 
Position accuracy of the carriage should be 
±20 mm while velocity accuracy ±0.005 
m/s [2]. However in order to avoid carriage 
derailing due to relative position errors of 
belt drive system, it should be less than 
±50 mm throughout the entire length of 
travel [4]. This required accurate drive 
synchronization. The wave generator has 
no such critical position control criteria due 
to fact that wave paddles can be controlled 
individually and such fine accuracy doesn’t 
influence water wave creation. Since wave 
model developed to create uniform waves 
from each paddle, it was required to 
synchronize wave generator servo drives as 
well. 
 
2.2 System Configuration 
There are eight synchronous servo motors 
and drives in the motion control system. It 
has been selected controller based servo 
drives for the application by considering 
centralized motion control. They are Lenze 
i700 servo drives [6]. And also there is a 
Beckhoff soft PLC working as master 
controller in the system which runs motion 
control algorithm. The drives have been 
connected with master controller with line 
topology as shown below Fig. 2. using 
EtherCAT fieldbus [2]. First two servo axes 
comprised with 10 kW servo motors which 
are responsible to move carriage. And the 
remaining six servo axes comprised with 

each 4.7 kW are responsible for wave 
generator motion.  
Software user interface is running on a PC 
where it connect to the PLC system using 
TCP/IP through Beckhoff ADS interface 
[9]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Electrical drive circuit. 
 
2.3 Carriage Motion Control Algorithm 
The algorithm can be sub-divided into 
three sub routines. Such as homing routine, 
experiment motion profile routine and 
manual control routine. 
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Fig. 3. Homing routine flowchart for 
carriage 
 
As shown in Fig 3. The homing routine 
uses MC_MoveVelocity function block to 
move the carriage until it finds a position 
limit sensor. Once it detect the limit sensor 
MC_Home PlcOpen function block used to 
perform homing [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Experiment motion profile routine 
flowchart for carriage 
 
Experiment motion profile routine is 
mainly uses MoveAbsolute PlcOpen 
function block to perform point-to-point 
motion. Its position, velocity, acceleration 
and deceleration parameters are fed by 
using user interface application. The 
algorithm flowchart is shown in Fig 4. 
Manual routine has been done using 
MC_Jog function block. And also it is 
allowed to move carriage to predefined 
positions. In this case it is used 
MC_MoveAbsolute function blocks. 
 
2.4 Wave Generator Motion Control 
Algorithm 
The wave generator supposed to produce 
regular as well as irregular waves 
according to different wave spectra [4]. 

Wave profiles are calculated in MATLAB. 
And the calculated motion profile is 
transferred to the software user interface as 
a text file. The file contains motion points 
which were generated at 500 Hz sampling 
rate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. Wave profile algorithm flowchart. 
 
In the wave generator control algorithm it 
is used external set point feed function 
block which is MC_ExtSetPointGenFeed 
to run servo drive over an array of position 
coordinates. Based on position profile, the 
required parameters for the above function 
block are calculated in the PLC program. 
They are velocity and acceleration for each 
point. Algorithm flowchart is illustrated in 
above Fig 5. 
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3. RESULTS 
 
So far actual hydrodynamic experiments 
have been conducted are resistance tests in 
calm water and also with regular sine 
waves. 
In order to verify the positioning accuracy 
of the carriage, the experiments conducted 
with several speed settings from 0.5 m/s 
upto 4.0 m/s. However the maximum 
required speed of the carriage should be 
4.95 m/s. Below waveforms Fig. 5, 6 & 7. 
showing the positioning accuracy of the 
proposed motion control algorithm for the 
towing carriage with speed of 2 m/s 3 m/s 
and 4 m/s with acceleration and 
deceleration of 500 mm/s. The first graph 
is showing the target position curve which 
is from 0 to 45,850 mm. Second and third 
graphs are showing the position deviation 
from target for each axis respectively. The 
position deviation plots are in scale of +/- 1 
mm. 
 

 
Fig. 5. Carriage position deviation plot for 
2 m/s. (1) Target position plot, (2) position 
deviation of right side servo drive and (3) 
position deviation of left side servo drive. 
 

 
Fig. 6. Carriage position deviation plot for 
3 m/s. (1) Target position plot, (2) position 
deviation of right side carriage servo drive 
and (3) position deviation of left side 
carriage servo drive. 

 

 
Fig 7. Carriage position deviation plot for 4 
m/s. (1) Target position plot, (2) position 
deviation of right side servo drive and (3) 
position deviation of left side servo drive. 
 
Set 
speed 

Pos deviation 
- right 

Pos deviation - 
Left 

0.5 m/s +/- 0.26 mm +/- 0.25 mm 
1.0 m/s +/- 0.20 mm +/- 0.19 mm 
2.0 m/s +/- 0.30 mm +/- 0.31 mm 
3.0 m/s +/- 0.32 mm +/- 0.31 mm 
4.0 m/s + 0.73 / -0.18 

mm 
+0.55 / -0.18 

mm 
Table 1. Carriage position control. 
 
According to the above data, during 
experiments the position deviations for 
each axis remained under 1.0 mm which 
was desired from the control system. 
However when the carriage speed increases 
the position deviation is increasing 
accordingly as an oscillation. And also 
with 4 m/s it was noticed that additional 
vibrations appear in the position deviation 
plot. There are several reasons for this 
oscillations and excessive vibrations. Belt 
vibration during the motion, carriage 
structure vibration, carriage misalignments 
and resonance of structural members can 
be some of the causes. 
Wave generator motion control 
performance also analysed in a similar way 
by running series of sinusoidal waveforms 
ranging from 0.1 Hz to 1.5 Hz paddle 
frequency with 30 mm amplitude over 30 
seconds durations and checked its position 
deviations for each servo axis. 
 

(1) 

(2) 

(3) 

(1) 

(2) 

(3) 

(1) 

(2) 

(3) 
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Fig. 8. Wave generator paddle position 
accuracy waveform at 1.5 Hz, 30 mm. (1) 
Target position profile plot, (2) Position 
deviation plot for wave gen. servo drive 1, 
(3) Position deviation plot for wave gen. 
servo drive 2, (4) Position deviation plot 
for wave gen. servo drive 3, (5) Position 
deviation plot for wave gen. servo drive 4, 
(6) Position deviation plot for wave gen. 
servo drive 5 and (7) Position deviation 
plot for wave gen. servo drive 6, 
 
In the Fig 8. First graph is target position 
profile for all six servo axes. And it is 
scaled to +/- 30 mm while below six 
graphs showing position deviation which 
are scaled to +/- 0.5 mm. Based on this 
result it is visible that there are position 
deviations occurring for each sine profile 
and maximum deviation still below 0.5 mm 
for all servo axes. 
 
5. CONCLUSION  
 
Carriage positioning deviation was 
remained less than 1.0 mm throughout all 
experiment runs. And this is well within 
specified position deviation limits for the 
towing carriage motion control. Therefore 
based on the results it can be concluded 
that the motion control algorithms 
developed for carriage motion is sufficient 
and can fulfil system requirements. 
And wave generator motion also achieved 
less than 0.5 mm deviations while all six 
axes operate synchronously. Therefore it 
can be concluded that the motion control 
system is sufficient to operate the 
mechanisms safely. 
 
6. FUTURE WORK 
 

TwinCAT software allows to use 
MATLAB/Simulink models to embed in 
the controller program [5]. Therefore it is 
possible to build a MATLAB/Simulink 
object for each control sub system and 
embed in the PLC program. 
Based on results it seems to be better to 
analyse the vibrations at various carriage 
speeds and make a control system model in 
MATLAB and integrate it to the control 
program. And also create a MATLAB 
object for wave generation mathematical 
model. Then connect it to the software user 
interface to allow users to modify the wave 
spectra variables to create desired wave 
profile. And integrate it into the motion 
control algorithm instead of reading profile 
points from a data array. Moreover the 
wave generator paddles are running in a 
reversing sequence which need to 
accelerate, decelerate and stop in every half 
cycle. In the case of irregular waves, there 
can be sudden jerks in the motion profile 
which is not desirable for the drives as it 
may overrun the limits of accelerations and 
decelerations whereby putting servo drives 
to error state. Therefore such irregular 
wave profiles needed to be adjusted to suit 
with motion control system while creating 
required ocean wave pattern.  
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  Abstract: Carbon Fiber Reinforced 
Plastics (CFRP) are getting increasingly 
used for building light and strong 
structures.  Most CFRP manufacturing of 
small parts is done manually, exposing 
laborers to carcinogenic epoxy and also 
causing inconsistent quality. This problem 
can be addressed by a compact automated 
CFRP part manufacturing machine that is 
capable of laying dry carbon fiber tape, 
impregnating and cutting.  This paper 
focuses on evaluating the feasibility and 
optimization of cutting the tape using a 
small laser diode system. The testing was 
carried out on a test jig and using two 
cutting methods: stationary laser line and 
moving laser point. Future implementation 
and possibility of improvements in the 
system are discussed. 
Key words: automated tape laying, 
composite manufacturing, tape laying 
head, additive manufacturing  
 
1. INTRODUCTION 
 
Carbon fiber reinforced plastic (CFRP) 
parts are increasingly used in automotive 
and aerospace industries due to their 
lightweight and high strength [1-3]. 
However, due to their high cost and 
specialized manufacturing processes, they 
have mainly been restricted to aerospace 
and high-end automotive industries. The 
future of manufacturing of lightweight 
composite structures relies strongly on 
automation to bring down the overall cost 
of CFRP parts [4, 5]. Manufacturing of these 
parts is gradually becoming automated 
using 5-axis Automated Tape Laying 
(ATL) machines. These machines lay 

down pre-impregnated carbon fiber tapes 
using their tape laying head (TLH). 
However, most small size parts are usually 
manufactured manually, which exposes the 
laborer to carcinogenic epoxy and causes 
large quality variations [6]. This problem is 
being addressed by developing a compact 
Tabletop Automated Tape Laying System 
(TATLS). To avoid using expensive 
prepregs, dry fiber tapes are being used. 
These fibers will be impregnated in situ. 
Such a system requires a miniature Tape 
Laying Head (mTLH) which can lay and 
cut the dry carbon fiber tape. Cutting 
system for mTLH has to be light and 
maintenance free.  
Traditionally, ultrasonic blades are used for 
cutting prepregs and dry fibers. However, 
these cutting systems are bulky, require 
frequent maintenance and blade 
replacements after a few thousand cuts [7]. 
In this paper, a new approach for cutting 
dry carbon fiber tape using a high power 
miniature diode laser is explored. There is 
quite a lot of research on cutting finished 
CFRP parts using lasers [8-10] but very little 
literature could be found on cutting of dry 
fibers using lasers.  
The proposed laser cutting system uses a 
high power laser diode, a collimating lens 
and a double curvature aspheric lens to 
make a line laser. These components are 
mounted on a test jig. To have a simple and 
reliable system, the test was designed to 
work in a stationary manner, i.e. no 
moving parts during the cutting process. 
An alternative method with a relative 
movement between the laser beam and the 
fiber tape was also thought of, should the 
stationary system not be sufficient. The 
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purpose of the system is to cut the carbon 
fiber tape. Tests were performed to check 
the feasibility of cutting with different laser 
and lens configurations. The result is a set 
of optimal parameters to produce a full 
clean cut. Based on the results, 
implementation of laser assisted cutting 
system in mTLH is discussed here; and 
possible future improvements in the 
research and system are presented. 
 
2. METHOD 
 
In this research, the feasibility of a 
miniaturized laser tape cutting system for 
mTLH is evaluated. In the experiment, 
high power laser diode (>6 Watt) was used. 
The beam created in the diode was passed 
through a collimating lens first, and the 
collimated beam was passed through a 
double curvature aspheric lens (Fan angle 
30°) to achieve a line beam with uniform 
energy distribution. The projected line was 
directed on to test pieces: 80 g/m2 paper for 
geometrical calibration, and single layer, 
0.04 mm thick, unidirectional (UD) dry 
carbon fiber tape.  An alternative method 
was also prepared, in case the resulting line 
beam was not powerful enough to achieve 
a successful cut, by adding one controlled 
degree of movement to the system (relative 
linear movement beam – test piece). 
Different power levels, lens arrangements 
and exposure times were tested for 
optimizing the system. The goal of this 
research is to achieve a cutting process that 
is suitable for TATLS and produces a 
minimal heat affected zone (HAZ).  
The hypothesis was that it is feasible to cut 
a single-layer tape of dry carbon fiber 
using the aforementioned system. To 
validate that hypothesis, a field test was 
conducted using an Epilog CO2 laser 
cutter[11], with low horizontal speed (2 
mm/sec) and low power level (12.5 W) on 
3K carbon fiber tow. The test was 
successful since the laser was able to cut 
the fiber. This test did not represent the 
actual experiment setup, but it provided the 

confidence needed to move forward with 
experiment. 
 
3. SYSTEM DESIGN 
 
In order to achieve the optimum cutting by 
laser, distances between laser diode and 
lenses need to be adjusted. A test jig was 
built with independently variable 
geometrical parameters (Fig. 1 & 2). 
Geometrical parameters allowed to obtain 
focusing and transformation of the laser 
beam into a thin line of the smallest 
thickness possible. Apart from the 
geometry parameters, the process 
parameters (power and time period) had to 
be modifiable too. The test pieces used 
were a single-layer 10mm wide carbon 
fiber tape, though they would vary slightly 
in width and thickness, and the system had 
to be able to adjust to that too. 
The purpose-built system (Table 1) and 
system parameters (Table 2) consisted of 
the following components: 
 

Component Details 

1. Laser Diode 

Model: NUBM44 
Wavelength: 450 nm (blue) 
Max Output: 6+W 
Mount - Pitch 0.7 mm (M4) 

2. Collimating 
Lens 

Type: G2; EFL: 4.02 mm; SD: 
5.3 mm; CA: a-4.80 mm b-
3.5 mm; Coating: 400-700 nm; 
R<=1.0% mount - Pitch 0.5 
(M9) 

3. Line 
Generating 
Lens 

Double curvature aspheric 
(Powell lens), Fan angle: 30 
degrees, Uniformly distributed 
output beam, D 9 mm; Height 
13 mm, mount - Pitch 0,7 mm 
(M4) 

4. Jig / 
Structure 

4 degrees of freedom (vertical 
movement and rotation of laser 
assembly, vertical movement 
and rotation of line gen. lens) 

5. Carbon 
Fiber Tape Textreme UD CFRP tape (ref) 

- Power 
Source 24 W (24 V, 3 A) 

- Driver 

4.5 A Super X-Drive Bucking  
type; Soft Start, Overshoot 
protection, Low Noise, Self-
bleeding 

Table 1. System components 
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a  Angle Laser Diode  
b  Distance Laser Diode (bottom)– Collimating 

Lens (top)  
c  Distance Collimating Lens (top) – Line Gen. 

Lens (top)   
d  Angle Line Gen. Lens  
e  Distance Line Gen. Lens (top) – test piece (top)  
f  Laser line beam width   
-  Power input P(voltage, current)   
-  Exposure time   
Table 2. System Parameters 
 
4. TEST PROCESS 
 
The tests were performed by directing the 
beam first onto 80 g/m2 copy paper (white 
paper for phase 1 , black for phase 2) and 
finally onto 0.040 mm thick carbon fiber 

tape. Changes in the geometrical 
parameters were made at small increments 
and analyzed after each change. Power and 
time parameters were kept constant for 
each test phase. The size of the resulting 
burnt hole, line or mark was observed and 
measured with microscope. The starting 
point for the geometrical parameters was 
calculated based on the available 
information from each of the components. 
With those, a fairly well collimated beam 
was achieved. The geometrical parameters 
were then optimized in the following steps. 
Firstly, a focused circular point was 
obtained by adjusting b (phase 1), coarse 
and fine calibration results are given in 
Tables 3 & 4 and 5 & 6 respectively. 
 
Voltage Current Time Test piece 
5 V 1 A 5 sec paper, white 
Table 3. Constant parameters (Phase 1: 
Coarse beam calibration) 
 

   
at  (b-1/16) mm at b mm at  (b+1/16) 

mm 
D 580 µm D1 610 µm;  

D2 380 µm 
D 720 µm 

Table 4. Burned hole in paper pictures at 
optimal distance (b) and their measured 
diameters (Phase 1: Coarse beam 
calibration) 
 
Voltage Current Time Test piece 
5,7 V 2 A 3 sec paper, white 
Table 5. Constant parameters (Phase 1: 
Fine beam calibration) 
 

   
at  (b-1/32) 
mm 

at b mm at  (b+1/32) 
mm 

D1 720 µm;  
D2 490 µm 

D1 680 µm;  
D2 430 µm 

D1 740 µm;  
D2 730 µm 

Table 6. Optimal distance (b) (Phase 1: 
Fine beam calibration) 

4 1 

2 

3 

5 

1 

2 

3 

5 

Fig. 2. System design detail 

Fig. 1. System design (labelling as 
per Table 1) 

 D 
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At this stage, a focused slightly elliptical 
beam, with its long axis of the ellipsis 
oriented perpendicular to the fiber 
direction, was achieved. In the next step, 
the beam was converted into a focused line 
by introducing the double aspherical lens 
and adjusting e and c while f was kept at 
10±1mm (Phase 2). The process 
parameters and achieved cut profile are 
shown in table 7 and 8 respectively. 
 
Voltage Current Time Test piece 
5,7 V 2 A 3 sec paper, black 
Table 7. Constant parameters (Phase 2: 
Line calibration) 
 

   
at  (c-0.7/16) 
mm 

at c mm at  (c+0.7/16) 
mm 

Width: 465 
µm 

Width: 375 µm Width: 375 µm 

Table 8. Cut on the paper during phase 2: 
Line calibration 
 
The results from this phase were 
satisfactory and parameters were obtained 
(Table 8) for consistent, through cutting of 
the paper test pieces. 
 
a  Angle Laser Diode  90° to fiber direction 
b  Distance Laser Diode 

(bottom) – 
Collimating Lens 
(top) 

2.50 mm 

c Distance Collimating 
Lens (top) – Line 
Gen. Lens (top)  

Not affecting focus, 
just width of line 

d  Angle Line Gen. 
Lens  

0° to larger diameter 
of elliptical beam 

c+e Distance Collimating 
Lens (top) – Test 
piece (top) 

54.50 mm 

e Distance Line Gen. 
Lens (top) – test 
piece (top)  

20.83 mm 

f Laser line beam 
width   

10.00 mm 

Table 8. Optimal Geometrical Parameters 
for Line Generation 
 

With the focused line, with almost 
homogeneous power distribution, the next 
step (Phase 3) was to calibrate the process 
parameters, namely power (voltage and 
current) and time. The test pieces for this 
phase were 10 mm wide pieces of 
unidirectional carbon fiber tape, with the 
fibers perpendicular to the laser line, held 
flat using tape on both ends. Starting from 
the threshold levels, the input power was 
gradually increased until the maximum 
deliverable from the power source and the 
driver were reached. The operation was not 
successful in obtaining a cut of the carbon 
fiber tape, even with the highest power 
input.  
The laser line generated with the used 
setup was not able to cut through the tape 
wider than 5mm less than that width was 
possible, but the results were inconsistent 
and would be too far from the intended 
purpose to be useful. The apparent reason 
was that the beam did not have enough 
power to heat up the carbon fiber to a high 
enough temperature, regardless of how 
long time it was exposed to the beam 
(Fig. 3). The high thermal conductivity of 
the carbon fiber made it impossible with 
the used setup to reach burning 
temperature with a laser line. 
 

 
Fig. 3. Phase 3 test, Heat affected zone 
 
Therefore, the alternative method (Phase 4) 
had to be tested, using relative movement 
between laser beam (Table 9) and test 
pieces, instead of the line generating lens. 
In particular, a controlled linear movement 
of the test piece, perpendicular to the laser 
beam, which was stationary and focused to 
a point.  
 

Width
h 

Heat affected 
zone 

Carbon fiber 
tape 
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Using the calibration results from Phase 1, 
and adding a controlled linear displacement 
to the tape in a direction perpendicular to 
the fibers, the tape could be cut in a 
consistent manner, with minimal heat 
affected zone(Fig. 4), in 20 seconds. The 
full clean cut can be observed in Fig. 5. 
 
Voltage Current Time Test piece 
12 V 2 A 20 sec Carbon fiber tape 

20 mm wide, 
0.040 mm thick 

Table 9. Constant parameters (Phase 4) 
 
5. RESULTS 

 
Focus to Point: Successful focusing of the 
beam to a point (ellipsis) with the larger 
diameter of 680 µm capable to burn 
through the paper test piece.  
Focus to Line: Successful focusing of the 
beam to a line with the widest width under 
300 µm, capable to burn through the paper 
test piece. 
Cut Carbon Fiber Tape with Line: 
Unsuccessful cutting thoroughly carbon 
fiber tape any wider than 5mm, with the 
maximum achievable power setting 
allowed by the experimental setup used. 
 
a  Angle Laser Diode  90° to fiber 

direction 
b  Distance Laser Diode 

(bottom) – Collimating 
Lens (top) 

2.50 mm 

c Distance Collimating Lens 
(top) – Line Gen. Lens 
(top)  

Not affecting 
focus, just 
width of line 

d  Angle Line Gen. Lens  0° to larger 
diameter of 
elliptical beam 

c+e Distance Collimating Lens 
(top) – Test piece (top) 

54.50 mm 

- use of double curvature 
aspherical lens 

No 

- use of Relative movement 
beam- test piece 

Yes 

- Relative Velocity 1 mm/s 
- Exposure Time 20 seconds 
- Power input P(voltage, 

current)   
24 W (12 V, 2 
A) 

- Laser Beam Power output could not be 
measured  

Table 10. Optimal System Parameters 

The optimal parameters to successfully 
perform the objective cutting operation are 
shown in Table 10. 
Cut Carbon Fiber Tape with moving Point: 
Successful cutting thoroughly carbon fiber 
tape, with minimal HAZ (Fig. 4).  
 

       
Fig. 4 Heat affected zone in cut fiber (left) 
and Full clean cut in Phase 4 (right) 
 
6. CONCLUSION AND DISCUSSION 
 
The experimental testing showed that the 
setup used was not able to cut through the 
carbon fiber tape using a stationary laser 
line method, due to having a power peak 
too small to heat up the fibers enough for 
them to reach burning temperature. A 
different selection of components that 
could be focused to a smaller size would be 
likely to achieve high enough power 
density when distributed to a wide line; 
however the system used did not allow for 
such precision levels. Alternatively, the 
results also show that using a more 
powerful laser could easily perform the 
task. Substituting the line generation lens 
for a relative moment beam-tape, the 
cutting operation was successful. 
The chosen method, was the simplest 
solution that fitted the final purpose that 
this research was done for: simple 
miniaturized system to cut dry carbon fiber 
for a tape laying machine (TATLS). This 
alternative meant adding one degree of 
freedom to the system. However this could 
be executed with minimal alterations in the 
design, and offered a clean and consistent 
cut of the tape, making it an affordable 
compromise and allowing the development 
to move forward.  
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Abstract: Electronic stability control 
(ESC) has been developed particularly 
during the present century. The first 
purpose of this study is to offer software 
engineering students the opportunity to 
familiarize themselves with state-of-the-art 
technology. Line followers are used in 
multiple applications in the industry. The 
second purpose of this study is to offer a 
basis for developing line follower-like 
technologies. These may, for example, 
include camera-based navigation and 
inter-vehicle communication. A remote 
controlled miniature vehicle was modified 
to act as the physical basis for the 
development platform. The modification 
included the addition of a motor to each 
wheel allowing them to be controlled 
individually. A servo motor handled the 
steering. An on-board computer was 
installed that ran the ESC program and 
combined it with the wireless signal from 
the user. Results of the study prove that 
ESC technology is scalable and the 
development platform meets the 
requirement of an optional control method. 
 
Keywords: esc, car, miniature, interface 
 
1. INTRODUCTION 
 
Intelligent transportation systems employ 
advanced communication, information and 
electronics technologies in order to create 
more intelligent roads, vehicles and 
users.[1] These systems can be divided into 
six categories: Advanced Traffic 
Management Systems, Advanced 
Travellers Information Systems, 
Commercial Vehicles Operation Systems, 

Advanced Public Transportation Systems, 
Advanced Vehicles Control Systems and 
Advanced Rural Transportation Systems. 
A line follower is a device that can follow 
a path. The path can be visible, like a black 
line on a white background, or invisible, 
such as an embedded magnetic strip. Line 
followers are commonly used in the 
industry for tasks like delivering mail or 
medications within a building. Other 
applications include warehouse operations, 
like product retrieval. The technology also 
aids in the automatization of busses and 
other means of transport.[2] During the 
period of 1980-1995 a sedan-type car was, 
for the first time, equipped with two 
forward-facing tv cameras in a 
development project in order to enable 
road- and lane-following capabilities.[1] 
According to numerous studies, electronic 
stability control systems are highly 
effective in helping the driver maintain 
control of the vehicle, thereby reducing the 
severity of crashes and saving lives.[3] 
Electronic stability control is especially 
effective both in keeping the vehicle on the 
road  and eliminating rollover accidents 
which account for over 1/3 of all fatalities 
in single vehicle accidents.[4] The 
popularity of vehicle stability control 
systems is increasing rapidly and they are 
becoming standard equipment with many 
manufacturers.[5] 
Drivers generally perform poorly when 
action is suddenly required to maintain 
vehicle stability. [5]  
The reason behind this is physics-based 
and is related to low counter-torque 
capabilities by means of steering in sideslip 
situations. Most vehicle stability control 
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systems on the market are brake-based. 
Torque-biasing systems can be utilized on 
four-wheel drive vehicles for improved 
vehicle stability and handling performance. 
In contrast to brake-based stability control 
systems, torque biasing has the capability 
to provide stability control without slowing 
down the longitudinal response of the 
vehicle. 
Electronic stability control is currently 
underutilized in many areas.[6] In 
particular, hybrid vehicles which are 
structurally compatible with torque biasing, 
could gain a commercial edge if the 
technology was adopted instead of  basic, 
brake-based stabilization. The benefit of 
electric motors is that they are capable of 
providing rapid deceleration and 
acceleration, unlike an internal combustion 
engine. 
Lightweight, coreless flux motors, enable 
vehicles to utilize individually driven 
wheels using an in-wheel motor mount 
topology or similar technology.[7] With the  
ability to define individual drive 
characteristics to each wheel i.e. ”torque 
vectoring”, vehicles exhibit excellent 
handling characteristics, as they can 
generate counter moments by regulating 
the torque at each wheel. 
This paper focuses on Advanced Vehicles 
Control Systems and in particular 
Electronic Stability Control and an 
interface for user-defined means of control. 
The aim is to develop a platform that 
integrates both technologies. The research 
was divided into three parts based on the 
original goals set: the ESC program, the 
mechanical construction of the vehicle and 
the wireless, user-defined control interface. 
Each part was developed separately, 
though in accordance with the final 
objective of full compatibility. 
The motivation for this study is to offer 
future practitioners a platform to work with 
state-of-the-art vehicle technology. On the 
other hand, the system acts as a 
development platform for wireless control 
methods for vehicles. These methods may 
include further iterations of line following 

technology, image recognition utilization 
and so forth. 
2. VEHICLE PLATFORM  
 
The system in whole comprises a 
customized radio controlled car chassis 
fitted with an electric motor to each of the 
four wheels, a servo motor connected to 
the drag link that relays power to steer the 
front wheels, an on-board computer and 
two power supplies. One of them runs the 
motors and the other powers the computer. 
The on-board computer runs the ESC code 
and communicates wirelessly with an 
external, stationary computer that receives 
user inputs from a gamepad attached to it. 
The system is illustrated in Fig. 1 and the 
main system components used are listed in 
Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The development platform 
 
2.1 Mechanical Construction 
The first step of the mechanical 
construction process was to remove all 
parts that restricted individual control of 
the wheels. The main components removed 
where the rear and front differential gears 
and their connecting parts. Also the single 
DC motor was removed. Mounts for rear 
and front gears were 3D printed and 
installed. One DC motor was installed on 
each wheel. Finally, an upper frame was 
also added to the vehicle in order to allow 

S      = Hall-sensor 
M     = Motor (drive) 
SM   = Servo motor (steering) 
I       = Inertial measurement unit 
C      = Computer 
µC    = Microcontroller 
.....   = Wireless connection 

M 
S 

M 
S 

SM 

M 
S 
 M 

S 

 
I 

µC 

C 
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for the attachment of all components and 
their connectors. 
 
Table 1. Main components of the system 
 
2.2 User-Defined Wireless Control 
A relatively simple computer program was 
constructed and ran on a stationary 
computer. The program relayed inputs, 
given by the user with a gamepad, 
wirelessly to the on-board computer. There 
the Input signals where automatically 
scaled to match the input requirements of 
all DC motors. Also the data type was 
automatically converted. This approach 
allowed for numerous types of control 
device to be used. The input parameters 

included acceleration, deceleration, 
steering and ESC on/off.  
 
2.3 Electronic Stability Control 
The electronic stability control was based 
on the principle of torque-vectoring. The 
ESC program was designed with 
simulation software and compiled into C 
language to be run on the on-board 
microcontroller. The removed mechanical 
front and back differentials were also 
implemented as part of the ESC program. 
The basic principle of the ESC is that it 
receives inputs from various sensors, 
including the   speeds of the motors, 
combines them with the user input and 
controls the motors according to its 
algorithm. The principle of the program is 
shown in Fig. 2. 
 
 
 
 
 
 
 
Fig. 2. ESC system 
 
2.4 Testing 
Testing of the ESC code was initially 
carried out virtually, within the simulation 
program by feeding arbitrary inputs to the 
ESC loop. These inputs simulated real life 
occurrences, such as wheel slip and chassis 
rotation. The wireless control system was 
initially tested by running a hardware-in-
the-loop simulation. This was done to 
allow for system analysis using the 
simulation program. Motor response was 
tested on a test bench. Final system testing 
was performed in real life on various 
surfaces including both slippery and 
nonslippery materials. During the final 
testing the ESC code was run by the on-
board microcontroller. 
 
3. RESULTS 
 
The platform was fully functional 
consisting of a customized miniature 

                         Specifications      Function 

MECHANICAL 

Car chassis Customized 
radio 
controlled 
1/8 scale 
vehicle  

Physical 
platform for 
components 

ELECTRONICS 

Inertial 
measurement 
unit 

Adafruit 
BN0055 
9-DOF 

Car rotation 
and 
acceleration 

Speed 
measurement 

Hall sensor Wheel rotation 
speed 

Manual 
control 
 

Microsoft 
Xbox game 
pad 

Input for 
control signal 

Drive motors Turnigy 
2209 1050kv 
Brushless 
Motor 

Wheel torque 
production 

On-board 
computer 

Raspberry Pi 
2 B 

Signal 
processing 

On-board 
microcont-
roller 

Arduino 
MEGA 

ESC program 
execution 

SOFTWARE 

Simulation 
software 

MATLAB 
SIMULINK 

ESC and 
control 
program 
construction 

ESC MOTOR 

USER 
INPUT 

SENSOR 
INPUTS 
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vehicle chassis, 3D printed support 
structures for the mechanics and an on-
board computer and microcontroller for 
handling signals and running the ESC 
program respectively. Additionally, 
program included as part of the platform on 
the stationary computer, relayed input 
signals to the on-board computer. The 
signals could be sent and received in a near 
real-time manner. The program processing 
the control signal, was able to convert the 
incoming signal type to that required by the 
ESC system. The increase in stability was 
visually noticeable when driving around 
corners with the ESC system turned on. 
The effect was particularly clear on 
slippery surfaces. 
 
4. CONCLUSIONS 
 
The ESC intercepted whenever it was 
turned on and had a visible effect on the 
stability of the vehicle. This demonstrates 
that ESC technology, in its essence, is 
possible to implement with relatively 
simple measures. It also proves that the 
technology is scalable. Taking these results 
into account, it seems like such an addition 
to relevant engineering curriculums, as 
ESC designing, could be added to offer 
students experience in state-of-the-art 
vehicle technology. This project only 
explored basic ESC functionality with no 
adjustment options, for example, but the 
task could be made more realistic by 
adding wheel slip control resembling the 
ABS brakes and traction control of 
conventional vehicles. Based on the 
approach described in the paper, such 
functionality would, perhaps, be possible 
with only slight alterations to the code. 
One of the major design questions at the 
beginning of the project was whether to opt 
for a combination of motors and friction 
brakes or whether to utilize the braking 
capability of the electric motors. Based on 
available literature on the topic and the 
trend in full-scale vehicle development, the 
decision was taken to attempt the latter. 
The choice set torque requirements to the 

motors in relation to the mass of the car 
which were not fully fulfilled by the 
chosen motors. Another fact that weighed 
in the decision making in favour of motor 
braking, was the simplicity of the 
mechanics that the option enabled. 
Since the mechanical starting point for the 
project was a basic remote controlled car 
chassis and the project required fully 
independent control of each wheel, the 
overall task also proved to be an exercise 
in precise measuring and 3D printing. After 
several iterations of printed parts, the right 
settings were found and the resulting 
components met the requirements. The 3D 
printed parts withstood the testing and 
performed as expected.  The Hall sensors 
that were used to gauge the speed of each 
wheel, turned out to be a practical choice 
since the shape of a Hall sensor lends itself 
well to structures with limited installation 
space. 
Real-time response turned out to be a 
critical factor of performance in all parts of 
the control chain. Hence, it dominated the 
decision-making regarding computer type, 
file type and the general architecture. 
Another reason that real-time performance 
was chosen as a leading principle in the 
design process, was to allow future users of 
the platform to avail of a realistic 
development environment. The slight lag 
in the control signal mentioned in the 
results section was not visible when a 
laptop was used instead of the single-board 
computer on-board the vehicle. Therefore 
it can be concluded that the lag was solely 
due to a slow piece of hardware and not the 
architecture as such. 
All desired technical functionality in the 
platform was achieved and it is a functional 
platform for use in developing real-life 
vehicle technologies, such as inter-vehicle 
communication and camera assisted 
navigation. 
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  Abstract: Worldwide, dual clutch 
transmission (DCT) is highly integrated 
into automotive industry for its unique 
effectiveness, in terms of cost and fuel 
efficiency. This paper presents the main 
features of dual clutch transmission 
gearbox in conventional vehicle, developed 
and presented, along with a series-parallel 
hybrid vehicle model; both are modeled 
and simulated using MATLAB and 
Simulink. To verify the validity of the 
presented model, a comparative study is 
elucidated between the simulation results 
of both DCT conventional vehicles and the 
presented HEV model. The significance of 
this paper is to compare between DCT 
conventional vehicles and hybrid vehicles 
in terms of fuel consumption and 
performance efficiency.  
Key words: hybrid, modeling, dual clutch 
transmission, simulation, powertrain, 
conventional vehicles. 
 
1. INTRODUCTION 
 
This paper studies the modeling and 
simulation of the (DCT) vehicle as a 
transmission architecture, which uses two 
clutches, without having a clutch pedal, 
acting independently. The transmission is 
controlled by sophisticated electronics, 
solenoids and hydraulics. In other words, 
gear shifting is automatically controlled, 
while its actual construction is two parallel 
manual transmissions. The two clutches are 
alternatively engaged to produce different 
speed arrangements, and through the 
controlling of clutch engagement 
condition, the power transmitted through 
the whole system [1].  

It is considered that (DCT) has much more 
sensitivity to input torque, compared to the 
conventional automatic transmission, as the 
torque converter is not present in (DCT) [1] 
[2]. On the other hand, Hybrid cars 
generally can be classified to three main 
types; series, parallel and series-parallel, 
according to the powertrain architecture 
and configuration. The third option is the 
series-parallel configuration, which 
combine the advantages of both previous 
configurations and can be characterized by 
providing the necessary power flow for 
driving the wheels from the engine, and if 
needed, the electrical power provided by 
the electrical path, devised by the planetary 
gear used in the configuration, together [3] 
[4]. Therefore, considering hybrid vehicles 
as an option is an advanced step towards a 
cleaner environment with the possibility to 
have several power resources with an 
electric battery along with the traditional 
gasoline resource. 
Previous researches investigated the 
performance of hybrid vehicles using 
specific configuration, different control 
methods, and drive cycles. In [4], UDDS 
and HWFET drive cycles were used to 
evaluate efficiency simulation results using 
supervisory control runs at different 
modes, demonstrated by flowcharts. In [5], 
US06 HWY and UK BUS drive cycles 
were used to examine the HEV (Hybrid 
Electric Vehicle) model’s performance 
with a Stateflow control method. 
While in [9] [10], fuzzy control method was 
applied for optimizing the operational 
efficiency for hybrid. Design of a 
controller for a vehicle tracking on optimal 
path is referred in [11]. 
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This paper carries the modeling design and 
simulations of DCT and compared to HEV. 
The contents of the paper are as follows: 
part 2 presents the design of DCT model, 
part 3 introduces the design of HEV model, 
part 4 briefs on the controllers, part 5 
summaries resulted simulations, and 
finally, part 6 concludes key outcomes and 
recommendations.   
 
2. DESIGN OF DCT MODEL 
 
As shown in figure 1, (DCT) working 
principle can be explained as it consists of 
two main clutches and each clutch is 
connected to a set of gears, odd and even. 
In the case mentioned here, odd and even 
gears are connected to clutch 1 and 2 
respectively. Therefore, for example, in 
case of moving from standing still position 
to an accelerating behavior, as the motor 
will be ready to drive the vehicle to make it 
operating in electric mode after the second 
gear is selected, there will be no power loss 
during shifting between gears. The main 
characteristic that differs (DCT) than any 
other transmission architecture is the 
ability to preselect the next gear used based 
on the predicted vehicle speed; this can be 
done using Stateflow control or fuzzy 
control methods. Thus, using a modified 
dual clutch transmission modeled by 
MATLAB and Simulink, including the 
clutches, gears and transmission controller, 
will be adequate and convenient for that 
purpose [5] [6]. 
 

 
 
Fig. 1. Powertrain model of the (DCT) [7] 
 
Dual clutch transmission, as shown in fig. 
1, is modeled in SimDriveline. It can be 
noticed that it contains two main clutches 
with set of odd and even gears connected 

to each one of them both. Gear ratio is 
based on the torques and motion of the 
base and follower axes, and can be given 
by: 
 

  Gfb=Tf/Tb=ωb/ωf                         
(1)                                   

 
The friction clutch, which is responsible 
for transferring the torque between the two 
axes, is defined by three different operating 
states. 
 
1-Engaged but slipping:  
          Ttransfered= Cμ(Δω)P          (2) 
 
2-Unengaged: Ttransfered = 0 
 
3-Locked:       Ttransfered = T 
 
Synchronizers used to adopt the clutch 
models in the SimDriveline environment. 
The logic for the synchronizer model 
shows the transmission shift controller. 
The differential is modeled as a planetary 
bevel gear train using SimDriveline, and 
simple transforming torque with a variable 
term i depending on the selected gear 
transmission ratios [3] [5], as shown in the 
following equation.  
 
          ωb = 0.5 * ia * (ωf1 + ωf2)             (3) 
 
The transmission controller of (DCT) 
consists of shift state controller; it 
preselects the gear according to the current 
and desired vehicle speed, as mentioned 
above. This can be characterized by 
gearshift schedule. 
 
3. DESIGN OF HEV MODEL 
 
The sketch of the HEV model is shown in 
fig. 2. It consists of several main 
components; ICE (Internal Combustion 
Engine), electric motor and DC-DC 
converter, battery, vehicle dynamics, it will 
be discussed separately, and all the 
abbreviations used in the equations will be 
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in appendix A. Equations are withdrawn 
for each element as follows [3] [5] [6]: 

 
 
Fig. 2. HEV model sketch 
 
3.1 Driving Cycle and Driver 
Driving cycle is acting as the first input to 
the driver, which can be characterized by 
the acceleration and velocity profile as 
function of time. Driving cycles can be 
downloaded directly from the internet, as 
there are several standard driving cycles to 
test different powertrains using 
distinguished driving styles. FTP75 
(Federal Test Procedure) and NYCC 
(NewYork City Cycle) will be used in the 
presented configuration. The forces affect 
the driver behavior are Gravitational force, 
Aerodynamic force, Rolling Resistive 
force. They all can be summed to provide 
the total force demanded to know the 
torque required by the Driver, as in Eq. (4), 
(5): 
TTR = rFv 

= r(Fr +Fg +Fa + ma + PI) = r[mg(C0 
+ C1vdc) + 0.5ρCdAf vdc

2 + Mgsinθ + 
KpΔv + Ki ∫Δvdt]                                        

(4) 
 

Δv = vdc - vactual                    (5) 
 
3.2 Internal Combustion Engine  
The engine is a spark-ignition type, which 
is modeled by specifying the demanded 
torque as a fraction of maximum torque 
possible. Therefore, it can be said that the 
torque of the engine is simply a function of 
vdc and the driver signal distinguished by 
the pedal. 

Tengine = f(vdc, throttle signal)            
(6) 

 
3.3 Electric Motor and converter 

In this case, the DC-DC converter is used 
to boost the voltage from the battery to the 
volts value required in the DC network, 
which is used to drive the motor. The 
Motor is modeled using SimElectronics 
and DC-DC converter was modeled using 
SimScape. The motor is a servomotor 
model with closed-loop torque control, and 
has the connections to the mechanical part 
and the electrical part of the HEV. 
 
3.4 Battery  
The battery model is a basic generic 
battery, which can be described with this 
equation: 

V = V0*[1-(α(1-x)/(1-β(1-x)))]            (7) 
 
The battery also is a function of State of 
Charge (SOC), which will be discussed in 
mode logic description. 

 
3.5 Vehicle and tire dynamics 
It is developed via SimDriveline models, 
which vehicle parameters can be specified 
and taken into consideration easily. 
Volkswagen Golf R was chosen and all the 
specifications required for the vehicle 
model parameters are found in appendix B. 
 
4. DESIGN OF CONTROLLER 
 
4.1 HEV controller 
Stateflow method is chosen due to its 
fidelity and reliability in complex 
transitions between modes [6]. The whole 
HEV controller is based on Mode Logic 
and modes are assigned using the vehicle 
speed, SOC, engine speed and brake signal 
data to choose either enabling the motor, 
the generator or the engine. The exact 
modes, which the vehicle can operate in. 
 
4.2 Engine speed controller 
This controller is a PI controller, the 
throttle output value determined by three 
input parameters; the control command 
coming from the mode logic block, engine 
speed demand, and actual engine speed. 
 
4.3 Generator controller 
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This controller is a PI controller, the 
Generator torque output required is 
controlled by five different input 
parameters; first is the enabling signal 
comes from mode logic block, second is 
engine speed demanded, third is the motor 
speed demanded, and then the obtained 
torque demanded from the battery and 
finally the Generator speed. 
 
4.4 Motor controller 
The Motor torque required is controlled by 
three input parameters. First, the enabling 
signal from the mode logic block, and then 
the motor speed demanded, and finally the 
actual speed of the motor. 
 
4.5 Battery Charge Controller 
The battery charge controller is responsible 
for providing the generator torque 
demanded to lunch the generator in case it 
has the order to be activated in the mode 
logic. The input signals used to provide 
that characteristic is the engine speed and 
the state of charge (SOC). 
 
4.6 Transitions between Modes 
To change between modes, the main 
parameters that have to be taken into 
consideration are the current speed, the old 
speed and the state of charge (SOC). 
Transition from Start Mode to Normal 
Mode is done when engine speed exceeds 
the rpm value assigned to the signal, which 
enables the engine and vice versa. 
Transition from the Accelerate Mode to the 
Cruise Mode is done when the state of 
charge is above 30% and the speed 
required is above 0.998 of the old speed 
and below 1.002 of the old speed. 
Transition from Charge-Cruise Mode to the 
(No-Charge) Cruise Mode is when the 
SOC>99.9% and the opposite is applicable, 
when SOC<30%. 
 
5. SIMULAITON RESULTS 
 
The drive cycles used in the tests 
performed on the hybrid electric vehicle 
and dual clutch transmission architectures 

are two of the driving cycles conducted in 
USA, FTP75 (Federal Test Procedure) and 
NYCC (NewYork City Cycle). The driving 
cycle generally is a fixed schedule of 
vehicle operation, which are defined in 
terms of vehicle speed and gear selection 
as a function of time [8]. FTP75 is one of 
the tests acknowledged by EPA 
(Environmental Protection Agency) in 
USA; it is devised, along with NYCC, as 
low speed urban driving cycle tests. In the 
coming figures, it is compared, in terms of 
following the reference speed of drive 
cycle, fuel consumption between DCT and 
HEV, (FTP75), and (NYCC), as original 
drive cycles. 
 

 
 
Fig. 3. DCT performance (NYCC) 
 

 
 
Fig. 4. DCT performance (FTP75) 
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Fig. 5. HEV performance (NYCC) 

 
 
Fig. 6. HEV performance (FTP75) 
 

 
 
Fig. 7. Compared Fuel economy according 
to NYCC 
 

 
 
Fig. 8. Compared Fuel economy according 
to (FTP75) 
 

 
 
Fig. 9. Reference FTP75, compared to 
DCT and HEV performance 
 

 
Fig. 10. Reference NYCC, compared to 
DCT and HEV performance 
 
6. CONCLUSION 
 
In this paper, HEV model was presented 
compared to conventional DCV, using 
Stateflow control method, along with mode 
logic with seven different scenarios, 
including transitions between them. The 
simulations were done with two different 
drive cycles, FTP75 and NYCC, to 
compare the fuel consumption and 
performance. The results were acceptable, 
as there is a slight difference between the 
obtained and original drive cycle 
performance, as in fig. 9-10. HEV was 
closer to the reference drive cycle than 
DCT, and its performance was better. The 
fuel used in case of HEV was 73.97% of 
the fuel used in DCT for (NYCC), and 
73.55% for (FTP75), which indicates a 
better fuel economy in HEV than 
conventional cars with DCT. However, the 
future objective is modifying, and tuning 
within the model to have better, matching 
results with the drive cycles. In the next 
step, HIL testing can be performed, along 
with further tests using other drive cycles 
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to provide much more realistic, reliable 
results, which can be a concrete 
verification of the model.   
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Appendix A: Abbreviations 
 
TTR Demanded Torque by Driver 
r Wheel Radius 
Fv Total Force Demand 
Fr Rolling Resistive Force 
Fg Gravitational Force 
Fa Aerodynamic Force 
m Vehicle Mass in Kg 
C0 Constant Rolling Coefficient 

between Tire and Road 
C1 1st order Rolling Coefficient 

between Tire and Road 
Cd Aerodynamic Coefficient 
vdc Drive Cycle Speed 
ρ Air Density 
Af Frontal Area of Vehicle 
θ Angle of Slope (Degrees) 
Kp Proportional Gain of PI 

Controller 
Ki Integral Gain of PI Controller 
V0 The voltage when the battery is 

fully charged 
α, β Constants calculated to provide a 

reciprocal relationship between 
voltage and remaining charge.  

x The ratio of the ampere-hours 
left to the number of ampere-
hours, AH, for which the battery 
is rated 

ωb Base angular velocity 
ωf Follower angular velocity 
μ Friction coefficient 
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ia Final Drive Ratio 
 
Appendix B: Vehicle data 
 
Mass 1515 kg 
Frontal Area 3.1 m2 

Tire Radius 0.4572 m 
Drag 
Coefficient 

0.32 

Final Drive 
Ratio 

4.24 
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Abstract: This study was motivated by the 
fact stated by European Commission 
regarding non-road mobile machinery that 
one hour use of a chainsaw equipped with 
a two-stroke engine produces as much 
emissions as driving for 2000 km with a 
modern passenger car. A carbureted small 
engine with a mechanical governor is quite 
inefficient and the emissions of such 
engines are significant. Fuel consumption 
and emissions of these engines can be 
reduced by electronic throttle control and 
retrofitting electronic fuel injection (EFI). 
A load testing rig was built to help 
measuring the emissions produced by the 
engine. The emissions were measured for 
both the carburetor and electronic fuel 
injection. Also the use of renewable fuel, 
ethanol with electronic fuel injection was 
examined.  
Keywords: electronic fuel injection, 
governor, spark ignition, engine, 
renewable fuel 
 
1. INTRODUCTION  
 
The current state of small internal 
combustion engines (ICE) is that they are 
often carbureted and generally governors 
and other methods of control are 
mechanically achieved. The problem is that 
a carbureted small engine with a 
mechanical governor is not very fuel 
efficient and the emissions of such engines 
are quite significant. [1,2,3] Electronic 
control for carburetor and ultimately 
electronic fuel injection (EFI) would 
reduce emissions and improve fuel 
economy. [2,4]  

Additionally, improved governing of the 
engine rotation speed would prove useful 
in various applications such as small 
hydraulic logging trailer powered by a 
small internal combustion engine driving a 
hydraulic pump. 
European directive for small internal 
combustion engine emissions has not been 
updated since the early 2000s’. Pressure for 
updating them is increasing as emissions 
level criteria have been updated. Currently 
the U.S. standard is stricter for new spark-
ignition engines over 225 cc, the maximum 
permissible Carbon Monoxide (CO) level 
is 610 g/kWh and Hydrocarbon (HC) + 
Nitrogen Oxides (NOx) is 8.0 g/kWh and 
EU levels are 610 g/kWh and 12.1 g/kWh 
respectively. [5,6] 
In this research it is studied, is it possible 
to reduce fuel consumption and emissions 
of carbureted engines by electronic throttle 
control and by retrofitting electronic fuel 
injection system. Also the use of a 
renewable fuel, ethanol, is studied by 
comparing emissions and to those 
generated by gasoline operation. 
The goal is to design and fabricate such 
electronic throttle control system that 
hobbyists and enthusiasts can easily retrofit 
to their carbureted engines, and a fuel 
injection system that could be used in place 
of carburetor. 
 
2. TEST SYSTEM 
 
As the main purpose of this study is to 
discover how various improvements on a 
small internal combustion engine fuel 
delivery system affect the emissions 
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produced by the ICE, environmental 
parameters are needed to be controlled. 

Table 1. Load testing rig specifications. 
 
2.1 Testing rig 
A load testing rig (Table 1) was built to 
help measure the emissions produced by 
the internal combustion engine. Controlled 
varying load, which is important factor in 
evaluating total emissions produced by the 
internal combustion engine, has been 
implemented with an electric motor 
combined with a frequency converter. 
Frequency converter is used to adjust the 
resisting torque produced by the electric 
motor. The engine is connected to the 
electric motor using a belt drive. The 
energy generated by the electric motor is 
fed to a resisting load and dissipated as 
heat. Combustion engine is started with the 
electric motor doubling as a starter and a 
load.  
 
2.2 Electronic governor 
Initial tested method for reducing 
emissions was replacing the mechanical 
governor with an electronic governor (Fig. 
1) used in conjunction with carburetor. The 
component setup of the electronic governor 
is shown in Table 2. 
 
Item Description 

Microcontroller Arduino UNO embedded 
platform 

Actuator Stepper motor w/ 
controller 

Sensor 
 

Automotive hall effect 
sensor w/ 36-1 trigger 
wheel mounted on the 
crankshaft 

Table 2. Components used in the electronic 
governor. 

 
Fig. 1. Principle of electronic governor. 
 
The adjustment of the throttle opening is 
done using stepper motor that is 
mechanically connected to the throttle plate 
axle on a modified throttle body. The 
controlling of the system is done using PID 
controller. 
 
2.3 Electronic fuel injection 
The primary emissions reducing method 
tested was electronic fuel injection. There 
are several types of fuel injection, such as 
port fuel injection (PFI) and direct in-
cylinder injection (DI). Since the goal was 
to build a retrofittable fuel injection kit, the 
PFI system was chosen, since it requires 
less modifications to the engine than a DI 
system. [4]  
The tested electronic fuel injection system 
(Fig. 2) consists of similar components as 
conventional fuel injection system. The 
fuel injection system comprises of fuel 
supply system, throttle body with fuel 
injector and electronic control unit (ECU).  
To achieve constant fuel pressure at the 
fuel injector, a surge tank with a fuel pump 
and fuel pressure regulator is implemented. 
Throughout the test the fuel pressure is 
kept constant, at 300 kPa. 
The ECU controls the injection quantity 
and injection timing based on sensor 
outputs. The tested EFI system is 
controlled by alpha-N control algorithm. 
The control algorithm uses throttle position 
angle and engine rotation speed to read a 
value from volumetric efficiency (VE) 
chart to determine the correct fuel delivery. 
The volumetric efficiency values are stored 

Item Specification 

Frequency converter 0,55-250 kW, 
230-690 V 

Electric motor 7,5 kW, 35,8Nm, 
2000 rpm 

Engine 
 

4-stroke, 1-
cylinder, 7,5 kW, 
330cc 

Resistive load 20 Ohm 
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in a 16x16 lookup table, which consists of 
experimentally determined VE values. [3,7]  
The fuel injectors are controlled with pulse 

 
Fig. 2. Schematic layout of the tested EFI 
system. 
 
width modulation (PWM). To determine 
correct fuel output the flow rate of the 
injectors are required. The fuel injection 
system comprised mainly of salvaged parts 
from a 600cc motorcycle. The data for the 
injectors was unavailable, so the injectors 
were characterized by measuring their 
output on various pressure levels and 
varying injection time. The data from the 
injector characterization is shown in 
Figure 3. 
Even though the tested EFI system should 
have least possible amount of sensors, a 
few are still needed for correct operation of 
the EFI. Following values are obligatory 
for tested EFI system: throttle position and 
engine rotational speed. Throttle position 
sensor (TPS) is used to monitor the 
position of the throttle plate. The engine 
rotational speed is measured with an 
automotive hall-sensor, which measures 
the crankshaft position.  
 

 

Fig. 3. Flow rate of the injector used in the 
EFI system. 
In the experiments commercially available 
EN228 standard 95-octane gasoline fuel 
was used. It is the most widely used type of 
spark ignited combustion engine fuel in 
Finland. [8] Also the use of ethanol as fuel 
was studied. The RE85 85%-ethanol fuel 
meets EN15376 standard [9]. Allen Test 
Products 53-700 4-gas exhaust analyser 
was used to measure the emissions. The 
analyser measures CO (0-10%), CO2 (0-
20%), HC (0-2000 PPM) and O2 (0-21%) 
contents. The emission levels were 
measured at various engine rotation speeds 
and various load conditions. Engine 
rotation speed was measured with 
automotive hall sensor used with EFI and 
electronic governor. Lambda value was 
measured with Tech Edge 2J2 wideband ʎ 
sensor and controller. 
 
3. RESULTS 
 
Tables 3 and 4 show exhaust emission 
levels of carburetor and EFI at lambda 
values at which the carburetor operated 
during measurements. Tables 5 and 6 show 
exhaust emissions of 95E10 and RE85 at 
lambda value 1. 
 
RPM Load 

[W] 
CO2 CO HC ʎ ± 

0,1 
2000 1600 12,2 0,18 250 1,2 
2000 2000 13 0,7 249 1,01 
2000 3700 1,5 1,57 170 0,98 
3000 1000 12,1 0,5 140 1,15 
3000 2000 12,6 0,37 87 1,15 
3000 3700 13,1 0,58 48 1,03 
4000 1000 12,5 0,52 21 1,04 
4000 2000 13 1 65 1,02 
4000 3700 13,3 5,5 0 1,02 
Table 3. Measured carburetor emissions in 
different static operating conditions. 
Weather conditions +0,8 °C 1009,1 hPa. 
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RPM Load 

[W] 
CO2 CO HC ʎ ± 

0,1 
2000 1600 12,6 0,12 130 1,2 
2000 2000 14,3 0,3 138 1,01 
2000 3700 14,3 0,8 100 0,98 
3000 1000 12,8 0,28 22 1,15 
3000 2000 12,9 0,25 26 1,15 
3000 3700 14 0,21 45 1,03 
4000 1000 14 0,3 14 1,04 
4000 2000 13,9 0,4 20 1,02 
4000 3700 14,1 0,4 15 1,02 
Table 4. Measured EFI emissions in 
different static operating conditions with 
matching lambda values to carburetor 
measurement. Weather conditions 
+1 °C 1010,7 hPa. 
 
RPM Load 

[W] 
CO2 CO HC 

2000 1000 14,2 0,92 200 
2000 2000 13,8 1,26 181 
2000 3700 13,4 1,89 95 
3000 1000 13,9 0,75 121 
3000 2000 13,8 0,8 146 
3000 3700 13,8 0,85 70 
4000 1000 13,8 0,9 66 
4000 2000 13,8 0,79 96 
4000 3700 13,8 0,85 50 
Table 5. Measured EFI with gasoline 
emissions in different static operating 
conditions with lambda value 1. Weather 
conditions +1 °C 1008,8 hPa. 
 
RPM Load 

[W] 
CO2 CO HC 

2000 1000 13,4 0,89 113 
2000 2000 13,6 0,75 114 
2000 3700 13,7 0,85 82 
3000 1000 13 1 97 
3000 2000 13,4 1,05 86 
3000 3700 13,7 0,36 70 
4000 1000 13,3 0,68 71 
4000 2000 13,3 0,67 39 
4000 3700 13,7 0,65 48 
Table 6. Measured EFI emissions with 
ethanol in different static operating 
conditions with lambda value 1. Weather 
conditions +0,9 °C 1009,1 hPa. 

 
4. DISCUSSION 
 
It was found out that the electronic 
governor system had a small impact on 
HC-emissions on transient loading 
situations. Retrofitting the electronic fuel 
injection system had a larger effect on the 
emissions. The cold startability and general 
operability were improved significantly. In 
testing conditions, the engine fitted with 
carburetor had starting difficulties and 
severe problems to provide the engine with 
ignitable mixture on idle. Therefore, 
preheated intake air had to be used. The 
EFI ran without preheated intake air and 
had no operability issues. HC and CO 
emissions were reduced on all tested 
operating points with the EFI system. This 
could be accounted for lower manifold fuel 
condensation and better atomization of the 
fuel droplets in the intake air [10,11]. 
Especially HC emissions at lower RPM 
were reduced with EFI. As it can be seen 
when comparing table 3 and table 4, the 
engine with carburetor produces 
comparable HC-emissions with the EFI 
when operating in carburetors’ designed 
RPM range. Retrofitting an EFI system to 
small IC-engines is an effective way to 
reduce the emissions and even more 
significant differences would be seen in 
transient condition measurements. 
Further reduction of emissions can be seen 
when switching from pump gasoline 95E10 
(Table 5) to ethanol fuel mixture E85 
(Table 6). With ethanol, drop in CO and 
HC throughout the measured range when 
comparing to gasoline, shows that best 
emissions reduction on a small carbureted 
engine can be achieved by changing from 
pump gasoline to ethanol together with EFI 
conversion. Further reduction in emissions 
could be achieved by utilizing the larger 
ignition range of the ethanol fuel by 
running the engine on higher excess air 
ratio in part load conditions [11]. 
For further improvements, it is suggested 
that the electronic governor system should 
be improved in such a way that it is more 
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easily retrofitted without major 
modifications to the engines. In addition, 
the durability of the system should be 
examined. The throttle body of the EFI 
system needs to be designed, in such way 
that it is more suitable for small engines. 
The current throttle body is designed for 
much larger airflow than needed for an 
engine of a size discussed in this paper. 
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Abstract: Accurate estimation and 
characteristic of friction process require to 
consider all external influence and also 
physical and chemical phenomena. 
Information on electrical phenomena in 
friction is ambiguous and in some cases 
contradictory. This work is focused on 
studying of electrical phenomena and their 
impact on tribological characteristics of 
tribological system (in particular, wear of 
friction pair). In the research process of 
tribological phenomena it was observed 
accumulation of significant electrical 
potential, by reason of generation of 
thermal electromotive force and frictional 
electricity. Then it was shown that the 
current carrier lead to an intensification of 
electroerosive and electrodiffusion wear of 
friction pair. In conclusion, results of 
studies of electric current impact on wear 
of tribological pairs were shown. 
 
Key words: triboprocess, electrical 
phenomena in friction, wear of friction 
pair, thermal electromotive force, 
frictional electricity. 
 
1. INTRODUCTION 
 
One of the most important problems in 
modern tribology is a research of dynamic 
friction processes in different systems. 
Many scientists from different countries 
pay attention to an analysis of processes of 
friction and wear in tribopairs. 
A considerable amount of research of 
electromagnetic phenomena in the process 
of friction and wear is presented in modern 
literature, but in some cases, the data are 
ambiguous and sometimes contradictory to 

each other. Thus it is necessary to conduct 
a detailed review and make a study of this 
area. It is necessary in order to try to 
explain and possibly eliminate these 
contradictions. 
 
2. PROBLEM STATEMENT 
 
Thermoelectric, electromagnetic and 
galvanomagnetic phenomena cause a 
specific wear of all elements of 
tribosystem, which together with the 
mechanical wear substantially reduce the 
operational life. Therefore, the study of 
these phenomena is important for the 
solution of the problem to reduce wear of 
tribosystems, as is also important to 
investigate the influence of electrical 
phenomena on the other tribological 
characteristics.  
Currently, the electromagnetic phenomena 
occurring in the process of friction, not 
fully explored because of its complexity 
and of the nature of occurrence of these 
phenomena. Currently, the electromagnetic 
phenomena occurring in the process of 
friction, not fully explored because of its 
complexity and singularity of occurrence 
of these phenomena. For this reason, the 
aim of this work is a detailed overview of 
the study of electromagnetic phenomena 
during friction processes. 
 
3. ORIGINATION OF THERMAL 
ELECTROMOTIVE FORCE IN A 
FRICTION PROCESS 
 
In fact, the area of a contact of rubbing 
metal samples can be considered as a hot 
junction of natural thermocouple, in 
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consequence of intense heat. Thermal 
electromotive force is generated in this 
element (Fig. 1). 
  

 
Fig. 1. The thermal electromotive force 
oscillogram: a) constantan - copper friction 
pair; b) high-carbon steel - low-carbon 
steel friction pair 
 
The dependence of this characteristic 
allows to obtain information on the average 
temperature on the friction surfaces and the 
behaviour of deformable contact areas at a 
relative sliding of metals. 
According to quantum theory, the 
magnitude of thermoelectric power in the 
case of juvenile surfaces cannot reach high 
values because the "contribution" of each 
source is not great. The sources include: 
• a thermionic work function; 
• a temperature dependence of the kinetic 

energy (mobility) of charge carriers; 
• different concentrations of free 

electrons. 
If the contacting metals is oxidized, it 
should take into account the properties of 
the oxide semiconductor films. It should be 
borne in mind their ability to be a kind of 
amplifiers thermoelectric effects in areas 
condensed phases. In this case, the 
classical Boltzmann statistics can be 
applied for analysis of thermoelectric 
phenomena in friction. The low thermal 
conductivity of oxide (high temperature 
gradients at the contact areas) causes the 
appearance of a rather considerable eddy 
current, which in turn can contribute to 
localized heat generation [1]. 

4. ORIGINATION OF FRICTIONAL 
ELECTRICITY IN A FRICTION 
PROCESS 
 
Electromagnetic phenomena 
accompanying frictional effects are 
realized in all tribosystems and under all 
methods of lubrication.  
In work [2], the regularity of energy 
conversion sequence was experimentally 
established. It lies in the fact that the work 
of the frictional forces in the first act of 
interaction is spent on the formation of the 
electromagnetic field and only then it 
generates heat. However, the frictional 
engagement acts follow each other and 
simultaneously at different points of the 
contacting surfaces. As a result, in real 
tribosystem electrical and thermal 
processes develop at the same time, 
contributing to the change in the energy 
state of the system. 
Integration of a dielectric material (e.g., 
lubricant) between two mutually moving 
conductors leads to create a kind of 
capacitor, in which electric charges are 
accumulated. Also other electrokinetic 
phenomena can have some influence (Fig. 
2). 
 

 
Fig. 2. Curves of triboelectricity        
(Fnormal = 96 N; materials: Steel 45 – 
Teflon; speed: v = 1,42 m/s;           
lubricant: "bright stock")  
 
During friction, the lubricant film may be 
broken because of short-wavelength 
pattern, consequently it may origination of 
electrical phenomena, especially under 
high loads. They are similar to phenomena 
under dry friction: the emission of 
electrons, thermoelectric effects, contact-
potential difference, etc. 
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As a result of mutual approach 
microroughnesses of the electrified 
surfaces on the some distance, it can occur 
a local dielectric breakdown and a 
transport of electric charges from one 
surface to another. The moving electrical 
charges is becoming a source of magnetic 
field. The magnetic field, in turn, is a form 
of electromagnetic field which acting on 
the specimen with an electric charge or the 
specimen is having a magnetic moment, 
regardless of whether they are moving or 
are dormant [3]. 
 
5. IMPACT OF AN ELECTRIC 
CURRENT ON CHARACTERISTICS 
OF A TRIBOSYSTEM 
 
For the first time ever, a negative impact of 
electric current on the tribological 
characteristics of friction pair was 
investigated in 1952. The researchers 
studied the effects of electrical phenomena 
occurring in the metal friction wear. It was 
found that the electric current generated in 
consequence of a frictional electricity and a 
thermal electromotive force. A friction pair 
and friction machine is treated as a 
complete electrical circuit. 
According to studies [4,5], we can conclude 
that the influence of the electric current to 
the wear of samples in a friction process 
differs depending on the magnitude and 
direction of the electric current in the 
system. Depreciation is significantly 
reduced when a current has polarity which 
is reverse polarity of electric current in the 
friction pair, and greater in magnitude than 
its own electric current in the system. 
However, the lowest wear of specimens 
was observed using electric insulation of 
tribopair and the highest - with 
introduction into the friction area of 
electric current of the same polarity as that 
of the thermoelectric current in the system. 
The work [2] is devoted to solving the 
problem of reducing wear by using 
magnetization rubbing bodies. The authors  
 
 

argue that the magnetization of one of the 
samples (the north polarity) results in a 
substantial (to 50%) increase of wear 
resistance. This phenomenon is due to the 
effect of Riga - Leduc, which consists in 
the fact that under the influence of a 
magnetic field induced by electric shock, 
the heat flow in the friction zone is 
deflected in the direction of one of the 
samples. This in turn regulates the 
abstraction of heat in the friction zone. It 
should be noted that the magnetization is a 
known method of improving of the wear 
resistance. 
 
6. MODERN METHODS OF 
INVESTIGATION OF THE 
INFLUENCE OF AN ELECTRIC 
CURRENT 
 
Studies of the effect of electrical insulation 
for wear of friction pairs were carried out 
on the basis of the University of NTI UrFU 
(Nizhny Tagil). 
For the study of wear of tribopairs were 
used samples of titanium alloy (ВТ1-0; 
ВТ6; ВТ3-1) paired with high-speed steel. 
The scheme of friction process is rotational 
motion (velocity is 200 rpm). The 
experiment was conducted under the 
influence of an approximate force               
50 N/cm2 [2]. 
The results (Fig. 3 and Fig.4) show that the 
wear of the samples is greatly reduced 
when using insulation of tribopair. 
 

 
Fig. 3. Changing the mass of samples of 
titanium alloys 
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Fig. 4. Changing the mass of samples of 
high-speed steel 
 
7. CONCLUSION 
 
In this paper, a detailed analysis of the 
literature relating to the study of electrical 
phenomena in friction was carried out. It 
were studied the different positions which 
describe the nature of the origin of 
electricity under friction processes and the 
impact of this phenomenon on the 
characteristics of the friction pair (for 
example, wear). We showed various 
sources of occurrence of electromagnetic 
forces during friction. Also, the results of 
research on the influence of electrical 
insulation on wear were demonstrated. 
 
8. FUTURE WORK 
 
This review helps to study in detail and 
understand the causes of origin of 
electromagnetic phenomena in friction. 
This in turn will allow to take into account 
an influence of the phenomena under 
modelling of friction processes. 
 
9. REFERENCES 
 
1. Postnikov S. Electrical Phenomena in 

Friction and Cutting. Publishing house 
Volgo-Vyatsk, Gorky, 1975. 

2. Mashkov K. Tribophysics of metals 
and polymetric compounds. 
Monograph, Publishing house 
OmSTU, Omsk, 2013. 

3. Khebda, M.; Chichinadze, A.  
Tribotechnology reference guide, 
Manufacturing engineering, Moscow, 
1989, pp. 75 - 78. 

4. Gordienko P.;  Gordienko S. The 
influence of the electric current on the 
wear by friction of the metal bodies. 
Herald Engineering, vol. 7, 1952, p. 
38. 

5. Korshunov L.; Minz R. The impact of 
electrification and small direct 
currents on the wear of metals in 
sliding friction. Physicochemical 
mechanics of materials, vol. 3, Issue 4, 
1967, pp. 392-396. 
 

9. ADDITIONAL DATA ABOUT 
AUTHOR 
 
Kirill Nuzhdin, postgraduate;  
ITMO University, Department of 
Mechatronics;  
Kronverksky Pr. 49, St. Petersburg 197101, 
Russia; 
nkirill74@gmail.com 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

184



 
MODELING HUMAN GAIT BASED ON MODEL PREDICTIVE 

CONTROL 
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Abstract: In this paper, models of 5-link and 
7-link human gait have been used for 
studying the influence of feet on the 
general gait dynamics. Approximate 
trajectories of limbs have been calculated 
analytically with equation dynamics and 
their subsequent simplification for the 
human movements from their muscles and 
joints. The human activity is controlled by 
the central nervous system (CNS) and 
based on model predictive control (MPC). 
In our proposed models, MPC controller 
calculates the required moments at the 
joints, and these optimal moments are 
applied to the muscles. Here, MPC 
controller plays the role of the spinal cord 
in the human CNS. The results of 
simulation have been compared with 
several samples of real human gait 
obtained from motion captured systems. 
Based on this comparison, the possibility of 
further use of the model for personal 
identification and recognition of gait 
deviations are expected.  
Keywords: human gait modeling, gait 
recognition, MPC controller, 5-ling and 7-
link mechanisms.  
 

1. INRODUCTION 
 
Human walking is the most common and 
accessible kind of a daily load. Different 
people have different gait depending on the 
condition and physical characteristics of 
the person. Despite the fact that the 
dynamics of gait is common for all people, 
for every single person gait is unique, that 
makes it possible to use gait for personal 
identification. Recently, a great number of 
various models and artificial limbs have 
been developed. However, their design and 
development are based rather on intuition 

and further experimental validation than on 
fundamental theory. Such an approach is 
expensive, irrational, and ineffective.  
Recently, particular attention has been paid 
to modeling of human and 
anthropomorphic robots gait, as well as to 
issues related to the development and 
production of orthoses and prostheses for 
human lower limbs [1-3]. The question of 
the application of lower limb movement 
simulation results for identification of 
people by their gait, as well as for 
recognition of various deviations and 
disorders in the musculoskeletal system, is 
of considerable interest [4-5]. 
In the majority of papers devoted to 
modeling of the gait, Lagrange's equations 
and some limitations are used for 
describing movements of the limbs, as the 
position of a 5-link or 7-link mechanism 
cannot be described only by dynamics 
equations. For example, in [6] movement of 
center of masses undertakes such limiting 
condition. In this paper the good results 
which are almost matching the 
experimental data were received, however 
paths of movement of some points are 
absolutely incorrect, and the computing 
circuit is very difficult because of what it is 
possible to use it only for human gait 
simulation without violations. In [7, 8] 
limiting condition is a condition of 
minimization of energy, in [9] are starting 
and finishing points and simplification of 
dynamic equations. In papers [9, 10] only the 
analytical method of calculation is used, 
and in [6–8] the MPC controller is used. 
Papers in which influence of the upper 
extremities on dynamics of gait is 
considered [11] are also known. 
Within this paper it is offered to realize a 
combination of analytical computation of 
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paths of movement of the lower extremities 
in a single-support phase with finding of 
the efforts and the moments required for 
such relocation by means of the MPC 
controller in case of simulation of gait of 
the person in the environment of 
Matlab/Simulink. The single-support phase 
is understood as a period when the person 
leans on one leg, and other leg is 
transferred. In case of movement of the 
person single-support and double-support 
phases sequentially alternate. In a double-
support phase both legs lean on a surface 
on which movement is carried out [10, 12–13]. 
Modeling and calculation of applied MPCs 
are referred to in [14-15].  
The structure of this paper is as follows: 
Section 2 briefs the mathematical 
modeling; Section 3 designs 5–link model; 
Section 4 designs 7–link model; in Section 
5 results of simulation are provided; And 
finally conclusions are withdrawn in 
section 6. 
 
2. MATHEMATIC MODEL 
 
For simulation of movement of the lower 
extremities of the person it is necessary to 
know such characteristics of the researched 
object as weight, an inertia moment and 
length of extremities, and also initial and 
finite provisions of the person [4, 5]. 

  
Fig.1 Angles of 5-link model 

For the analytical description of movement 
of the person it is possible to use 
Lagrangian  method  of  energy  balance: 
Lagrangian (𝐿) is the difference between 
the kinematic energy (𝑇) and the potential 
energy (𝑉): 
 𝐿 = 𝑇 − 𝑉 (1) 
Kinematic energy of each link: 

𝑇 =
1
2

(𝑚𝑣2 + 2𝑚𝑚(𝝂 × 𝜔) + 𝛩𝜔2) (2) 

 
There 𝑚 – mass of link, 𝑣 – absolute 
velocity, 𝜔 – angular velocity, 𝝂 – pole 
velocity, p – radius vector of the center of 
mass, 𝛩 inertia moment relative to the 
pole. Total kinematic energy:  
𝑇 = 𝑇𝑂𝑂 + 𝑇𝑂𝑂 + 𝑇𝑂𝐵 + 𝑇𝑂𝑂 + 𝑇𝑂𝐷 (3) 

The potential energy: 
𝑉 = 𝑔[𝑀𝑦 + 𝐾𝑟 𝑐𝑐𝑐(𝜓) −

∑ (𝐾𝑎 𝑐𝑐𝑐(𝛼𝑖) + 𝐾𝑏 𝑐𝑐𝑐(𝛽𝑖))2
𝑖=1 ]  (4) 

Fig. 1 shows the angles of rotation relative 
to the vertical links chosen for solutions 
following equations [9]. Lagrange's 
equations can be written in matrix form: 

𝐵(𝑧)𝑧�̈� + 𝑔𝑔𝑓1(𝑧) + 𝐷(𝑧)𝑓2(�̇�)
= 𝐶(𝑧)𝜔  (5) 

Here the matrix B(z) – the symmetric and 
positively certain matrix which it is 
possible to call a matrix of kinetic energy, 
A – a scalar matrix of potential energy, 
D(z) is a matrix of characters of Christoffel 
of the first kind for a matrix B(z), 
𝑧=[φ α1 α2 β1 β2]𝑇  – slope angles of parts 
of a body of rather vertical axis. 𝜑 – chest 
slope angle, – , 𝛼1, 𝛼2 slope angles of the 
first and second hips, 𝛽1, 𝛽2 – the first and 
second shins, respectively. 𝜔 – the 
moments and responses in connections 
(joints) and support: 𝑢1, 𝑢2 – the moments 
in connection of shins and hips of the first 
and second leg, 𝑞1, 𝑞2 – the moments in 
connection of the casing with the first and 
second hip, 𝑃1, 𝑃2- the moments of forces 
applied to the first and second shins, 
respectively, 𝑅2𝑥, 𝑅2𝑦– horizontal and 
vertical component forces of response of 
the support operating on a supporting leg 
from a surface on which relocation is 
carried out [9, 10]. 
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Movement zi and zı̇ are small and system 
(5) can be linearized around points 
zi = 0,  zı̇ = 0 , (i = 1, … ,5), then: 

𝑧�̈� ∙ 𝐵𝑙 + 𝑔 ∙ 𝑔 ∙ 𝑧𝑖 = 𝐶𝑙 ∙ 𝜔 (6) 
With ω(t) = 0 ballistic motion equations 
can be received for 5-link model [9]: 

𝐵𝑙 ∙ 𝑧�̈� + 𝑔 ∙ 𝑔 ∙ 𝑧𝑖 = 0 (7) 
For system (7) can be realized linear non-
singular transformation with constant 
coefficients: 

𝑧 = 𝑅X (8) 
And system (7) with transformations will 
take a form: 

�̈� + 𝛺 ∙ 𝑥 = 0  (9) 
Where 𝛺 is diagonal matrix 5𝑥5. And for 
system (9) the decision can be received: 

𝑥𝑖(𝑡) = 𝑥𝑖(𝑇) 𝑠𝑖𝑠(𝜔𝑖𝑇)+𝑥𝑖(0) 𝑠𝑖𝑠�𝜔𝑖(𝑇−𝑡)�
𝑠𝑖𝑠(𝜔𝑖𝑡)   (10) 

 
𝑥𝑖(𝑡) = 𝑥𝑖(𝑇) 𝑠ℎ(𝜔𝑖𝑇)+𝑥𝑖(0)∙𝑠ℎ(𝜔𝑖(𝑇−𝑡))

𝑠ℎ(𝜔𝑖𝑡)   (11) 
Use of the equations 10 and 11 depends on 
values 𝜆𝑖 – roots of a characteristic 
equation for matrix 𝛺. 
The detailed solution and sequential 
simplification of these equations is 
provided in papers [9, 10]. As a result of 
the decision values of the generalized 
coordinate are defined. The data obtained 
thus can be used in case of further 
simulation of gait of the person in the 
environment of Matlab/Simulink. 
 
3. 5-LINK MODEL 
 
For implementation by the person of 
relocation in space it is necessary to define 
the current location, to analyze a path of 
future relocation, to work out necessary 
signals for muscles to realize the 
abbreviations required them in case of 
relocation. At the same time three 
problems are solved: the sensor task, the 
analytical task of finding of a path, the 
computing task of finding of the necessary 
moments for transition from a current 
status to the required status. For simulation 
it is supposed that the sensor task is already 
solved [7–11]. For the description of paths 
(the analytical task) the ballistic description 

of movement of a body considered above 
by means of Lagrange's equations is used. 
In spite of the fact that these paths are very 
similar to gait of the person, they in case of 
any starting and finishing points will differ 
from real movements of extremities of the 
person. Matlab/Simulink calculating the 
moments on the connections of 5–link 
model imitating joints, and modeling 
movement of the lower extremities of the 
person (fig. 2) was developed for 
approximation of estimated paths to real 
during execution of this research. 

 
Fig.2 Matlab/Simulink scheme 

 
 Mathematical calculations of dynamics are 
automated and are executed in the Matlab 
program. In the diagram provided in fig. 1 
in the block "Trajectory" (fig. 3) change of 
slope angles of a shin and hip in the course 
of movement is calculated.  

 
Fig.3 Trajectory block 
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Fig.4 𝑥𝑖(𝑡) computed in Simulink 

 
In fig. 4 the calculated in "Trajectory" 
block values of the equations 9 and 10 
depending on time are provided. The black 
straight line showed x1(t), grey dash line –
 x2(t), black dash line x3(t), grey chain 
line – x4(t), black chain line x5(t). 

 

 
Fig.5 Mathematic trajectories 

 
In a fig. 5 the calculated values in 
"Trajectory" block of the equation 8 

depending on time are provided. The black 
straight line showed φ(t), grey dash line –
 α1(t), black dash line α2(t), grey chain 
line – β1(t), black chain line β2(t). 
 
These values are transmitted to the MPC 
controller (ref input). In the block "Model" 
there is a diagram of the 5–link mechanism 
in which the values of the required 
moments calculated by the MPC controller 
(mv) move. The model returns the current 
changes of angles of links (mo) to the 
controller. 
 
4. 7-LINK MODEL 
 
The 7–link model includes 5–link and feet 
on both legs if to neglect the mass of feet 
as their weight only several 100-th from all 
body weight and is commensurable with a 
measurement error of mass of remaining 
parts, then in Lagrange's equations 
influence of forces 𝑅2𝑥, 𝑅2𝑦 will change, in 
particular they can be transferred to points 
of A and B, but will also create the 
additional moment: 

P′2 = −R2x ∙ l2y − R2y ∙ l2x; 
Where 𝑙2𝑦, 𝑙2𝑥 – distances to a point of 
support 𝑆, as during movement 𝑆 moves on 
foot under own law, it is problematic to 
count these parameters for the solution of 
the equations of Lagrange as a similar 
method, as for 5–link mechanisms, having 
created the equations from 7 variables. But 
as adding of feet influences generally the 
moments which are calculated the 
controller numerically, for 7–link model it 
is possible to set the same paths of 
movement for 5 links on condition that feet 
shall have small deviations from shins. 
 
5. SIMULATION RESULTS 
 
Thus, the model of the 7– link mechanism 
imitating gait of the person in a single-
support phase on the basis of conditionally 
constant characteristics of the person and 
data on his initial and finite situation is 
received. Comparing of the experimental 
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data and results of simulation (fig. 2) was 
made. As the experimental data the 
movement of the person written by means 
of the Vicon Blade program was used. 
 

 
Fig. 4 X-coordinates of knee on swinging 

leg 

 
Fig. 5 Y-coordinates of knee on swinging 

leg 
 
In fig. 4–7 diagrams of dependence of 
coordinates of reference and portable knees 
in a single-support phase on X axes from 
time are figured. The straight line showed 
results of experiment on capture of 
movement with use of Vicon Blade, dash 
line – results of 5–link simulation, dot line 
– results of 7–link simulation. Some initial 
errors in the provision of points are 
connected to complexity of simplification 
of the pilot model as links move in space, 
but not to the planes, and model only in the 
XY. 
 

 
 

 
Fig. 6 X-coordinates of knee on supporting 

leg 

 
Fig. 7 Y-coordinates of knee on supporting 

leg 
 

6. CONCLUSIONS 
 
The analysis of results of simulation 
showed that the general dynamics of 
movement of the received model 
corresponds to movements of the real 
person, but there is an error which isn't 
exceeding 5 percent. This inaccuracy arises 
because of an error in case of 
determination of body weight and separate 
extremities, errors in finding of provision 
of the researched points as the person 
moves in three–dimensional space, and 
model in two–dimensional. 
As further researches it is supposed to 
make similar model for a double–support 
phase and the whole step, to complicate 
model to 7– link by adding of feet, and also 
to study a possibility of application of 
results of simulation for the solution of the 
task of identification of the personality on 
gait and recognitions of deviations in 
operation of the musculoskeletal device. 
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Abstract: Imitation of the explosive human 
dynamics has been proven challenging to 
replicate with mechanical devices. Kicking 
movements can be created by a device 
where the motions are replicated with 
fluidic muscles. The goal with this research 
is to improve the usability and dynamics of 
the football kicking device to meet the 
speed and accuracy of the football to 
match a human kick. The research platform 
is a football penalty kick training device, 
able to perform a kick with adjustable 
speed and direction. The mechanical 
structure of the kicking element was built 
to resemble a human leg. Improvements 
were achieved in speed, accuracy, 
reliability and usability. This study shows 
that human dynamics can be imitated to 
some extent by using fluidic muscles.  
Key words: fluidic muscle, training device  
 
1. INTRODUCTION  
In recent times, huge leaps have been taken 
to replicate movements of the human body. 
A good example of this kind of replication 
is the Honda humanoid, Asimo [1]. As this 
humanoid robot mimics movements of the 
human body, however the movements 
achieved are fairly slow compared to the 
explosive dynamic performance achieved 
by human beings. Boston Dynamics have 
also replicated the dynamics of human 
body for example in their humanoid robot 
Petman [2]. Furthermore, Adidas has 
developed a device that utilizes a real shoe 
to shoot the ball as in the research [3]. 
It is this kind of high-level human 
performance that is investigated in this 
study in the form of a football kick. The 

aim is not to concentrate on imitating 
human anatomy or the complete kick 
movement of the human body, but the 
dynamics involved in kicking a football. 
While the Asimo robot is able to kick a 
football, both accuracy and speed of the 
kick is low compared to a kick made by a 
human. According to a research done by 
Lees and Nolan, the speed of a football can 
reach 100 km/h when kicked by a 
professional football player [4]. The same 
research however states that the speed of 
the ball decreases when there is a higher 
demand for accuracy. The target for the 
accuracy in their research was set to a 
1 x 1 m area in the top right corner of a 
football goal. For the kicks that met the 
accuracy requirement the speed of the 
football dropped to around 75 km/h. 
A research have been made using fluidic 
muscles to power the artificial leg and the 
setup from that research is used as a base 
for the research done in this paper. [5] The 
previous research proved that pneumatic 
muscles can be used to achieve fairly 
accurate and powerful football kicks. 
The goal of this research is to further 
develop the pneumatic leg to achieve a 
higher top speed and higher accuracy of the 
kicked football. The requirements for the 
kick by the pneumatic leg in this research 
are the same as in the research done by 
Lees and Nolan, i.e. to achieve a top speed 
of 100 km/h and an accuracy of hitting a 1 
x 1m area from a distance of 9 m. 
The dynamics involved in the pneumatic 
leg are the rotational movement of the 
upper and lower leg in the direction of the 
kick (Fig. 1). The goal is to replicate the 
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structure of a human leg. However, the 
rotational movement in other directions, 
such as twisting of the leg around its own 
axis, is not investigated in this paper. 
 

 
 
Fig. 1. Human leg joints and movements in 
comparison to the device. 
 
In addition to the higher performance 
pursued in this research the usability is 
developed so that the artificial leg could be 
used for football goalkeeper training. The 
possibility of using machine vision is 
investigated in order to read the position 
and movements of the goalkeeper for 
automatic control. Manual control of the 
device is executed by a game console 
controller. 
 
2. METHODS  
 
2.1 Original setup 
The structure is based on steel beams and 
pipes which are attached together with 
bolted joints. All movements are 
implemented by pneumatic actuators. The 
kicking action was performed with 40 mm 
diameter fluidic muscle and ankle angle 
was adjusted with 20 mm diameter fluidic 
muscle. The leg was returned to the 
starting position after kicking with springs. 
A linear actuator was used to aim the kick 
horizontally. The ankle muscle and the 
linear actuator were controlled by 5/3 
valves and the kicking muscle was 

controlled by a proportional valve. The 
structure is presented in Figure 2. [5] 
The position of the linear actuator was 
measured with a linear position sensor and 
the angle of the ankle was measured 
indirectly with a pressure sensor. A large 
pneumatic cylinder was used as an air 
reservoir. The control system was 
implemented with a microcontroller and a 
computer. [5] 
 

 
Fig. 2. Mechanical structure of the original 
setup [5] 
 
2.2 Mechanical development 
The main functional element of the device 
is the 40 mm fluidic muscle connected to 
hip and the 20 mm fluidic muscle 
connected to knee. These two muscles 
rotate the leg around these joints. Two 
completely new legs were constructed. The 
first was similar to the previous leg, except 
the ankle joint located higher (Fig. 3). With 
this procedure the ankle joint was 
transformed into a knee joint and the 20 
mm muscle could be inflated during the 
kick to gain more velocity to the lower part 
of the leg. The second leg is simply a 
straight aluminium pipe (Fig. 3). This 
eliminates the elastic behaviour of the 
fluidic muscle located in the leg section. 
Both legs were tested with different 
amounts of weight added to them. The 
connection point of the hip joint muscle 
was also moved further away from the 
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pivot point of the leg to examine the 
changes in the muscle’s force output. 
 

 
Fig. 3. New leg structures presented, a leg 
with a knee on the left and a straight leg on 
the right. 
 
The vertical aiming mechanism was also 
changed from using the 20 mm fluidic 
muscle to rotate ankle to a stepper motor 
operated system that adjusts the ball 
position before the kick. The mechanism is 
located in the front section of the device as 
can be seen in Figure 4, which presents the 
final mechanical construction. 
 

 
Fig. 4. The final mechanical construction. 
 

2.3 Pneumatic development 
The main advancement to the pneumatic 
system was replacing the proportional 
valve controlling hip joint muscle with a 
large on/off-valve to decrease the pressure 
drop during the kick. The deflation of the 
muscle was controlled with a smaller 
on/off-valve. Same type of setup was also 
constructed for knee joint muscle to ensure 
its sufficient air supply. Also, one pressure 
sensor was added mainly to measure the 
pressure of the hip joint muscle during the 
kick. The sensor was easy to move to 
different locations on the pneumatic 
system. The pneumatic system diagram is 
presented in Figure 5. The 40 mm hip joint 
muscle was replaced by a 20 mm fluidic 
muscle to increase the explosiveness of the 
kicking motion. The pneumatic linear 
actuator was replaced with mechanical 
linear drive and stepper motor for more 
accurate horizontal movement. The air 
tubing was also optimized by reducing the 
length and increasing the inner diameter of 
tubes. 
 

 
Fig. 5. Pneumatic system diagram. 
 
2.4 Control system 
The main control system is based on a 
microcontroller that drives the actuators 
and reads the information from the 
pressure and position sensors. The device 
can be controlled both automatically and 
manually. The automatic control system 
was implemented with machine vision 
including a laptop and a camera. The 
commands were sent to the microcontroller 
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from a laptop via serial connection. The 
manual control was implemented with a 
video game console controller. The 
controller communicates directly with the 
microcontroller. The control system is 
presented in Fig. 6. 

 
Fig. 6. Control system schematics. 
 
2.5 Testing methods 
The performance of the device was 
measured with a high speed camera. The 
speeds of the leg and the ball were 
calculated by using the camera’s frame rate 
and a reference measuring line in the 
picture. Most of the measures were made 
with a 300 fps (frames per second) camera 
and final results were done with a 2000 fps 
camera to get more accurate results. The 
pressure measurements were made during 
the kick with two pressure sensors that sent 
the data via a microcontroller to a laptop. 
Results are averaged pressures of 10 
separate kicks. The accuracy was measured 
by kicking the ball to the 1 x 1 m goal at 
the distance of 9 m and measuring the 
hitting coordinates.  
 
3. RESULTS 
 
The kicking speed was measured with 
various different modifications to the 
kicking device (Table 1). The ball position 
indicates the distance from the midpoint in 
the vertical aiming mechanism. The 
previous research [5] reached at best a 
speed of 51 km/h, when the ball was aimed 

as high as possible. The highest speed of 
72 km/h in this research was reached with 
straight leg and additional mass attached, 
but this structure was further away from 
human-like leg. The final structure with a 
40 mm hip joint muscle and a knee joint 
reached a speed of 68 km/h and although 
the target speed was not met, an 
improvement from the starting point was 
made. 
 

Specifications Ball 
velocity 
[km/h] 

Foot 
velocity  
[km/h] 

Ball position: 0 mm 68.2 48.8 

Ball position: 0 mm 68 48.4 

Ball position:+15 mm 66.5 45 

Ball position: -10mm 67.8 48.9 

Table 1. The kicking speed with different 
setups. 
 
The pressure inside the fluidic muscle 
affects directly to the output force of the 
muscle. Therefore, the pressure during the 
kick movement has significant influence to 
the kicking speed. Although major 
improvement to the air flow was 
implemented, pressure isn’t the full 7 bars 
during the kick (Fig. 7.). 
 

 
Fig. 7. The pressure in hip joint muscle 
during the kick. 
 
The control system improved significantly 
the reliability and usability of the system. 
A game controller allows user to control 
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the device without a computer attached. 
When the computer and a camera are 
connected, machine vision makes it 
possible for the goalkeeper to use the 
device alone for practising. 
 

 
Fig. 8. The accuracy from the distance of 
9 m. 
 
The better accuracy was achieved with 
more accurate mechanical linear drive and 
a more accurate ball position holder. The 
goal of accuracy 1 x 1 m from a distance 9 
m was achieved as seen in Figure 8. This is 
the maximum accuracy that the device can 
achieve when adjusted properly. 
 
4. DISCUSSION 
 
In this research, significant improvements 
were achieved to the football kicking 
device’s properties. The performance, 
accuracy, reliability and usability of the 
device was improved. The kicking speed of 
the device was improved but the target 
speed was not fully achieved. The main 
reason for this was the limiting dynamic 
behaviour of the fluidic muscles in this 
structure. The accuracy achieved the goal 
of the research. 
The dynamic behaviour of fluidic muscles 
makes it difficult to get high output force 
and rapid movement simultaneously. When 
the muscle contracts rapidly, the output 
force reduces. The main reason for this is 
the pressure drop due to the air flow into 

the muscle. The muscle with smaller 
diameter produces smaller static force, but 
requires smaller air flow and therefore it 
can even produce higher force in high 
speed movement. The output force also 
reduces as muscle contracts, so maximum 
force is available only in the beginning. 
These properties make it difficult to 
optimise the design to maximise the 
explosiveness of the movement. In this 
research, optimised parameters were 
muscle diameter, muscle length, the mass 
of the leg and the length of the muscle’s 
contraction. The dynamic behaviour of 
fluidic muscles is also difficult to simulate, 
which makes the optimisation challenging. 
Manufacturers do not provide the 
parameters related to dynamic properties of 
fluidic muscles. 
The idea of the device is to replicate the 
human dynamics in the football kicking. 
The structure of the moving leg is not an 
ideal for shooting football, because when 
imitating human movement compromises 
have to be made with performance. Better 
results could be achieved for example 
using two constantly rolling tyres where 
footballs would be fed between the tyres. 
This type of devices are implemented in 
training devices like Footbonaut and 
already used for example by Bundesliga 
team Borussia Dortmund in their training 
centre [6]. These types of equipment that 
simply launch the ball at high velocity are 
far simpler than mechanisms that actually 
kicks the ball making them more ideal for 
training use. When replicating the human 
leg, the fluidic muscles have many benefits 
to achieve explosive movements. However, 
they have as well limited dynamic 
behaviour. Imitating the complex human 
properties, such as explosiveness and 
accuracy in a compact size, is extremely 
difficult. 
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EXPERIMENTAL AND THEORETICAL RESEARCH OF STIFFNESS 

OF BONDED HOLLOW CYLINDRICAL RUBBER BLOCK  
 

 Polukoshko, S; Martinovs, A & Sokolova, S. 
 
 

¶ Abstract: Problem of axial loading of 
axisymmetrical elastomeric compensative 
device is discussed. We consider behaviour 
of a rubber hollow circular cylinder with 
flat ends bonded to perfectly rigid plates.  
Analytical expression for compressive 
stiffness was derived based on a principle 
of minimum of additional potential energy. 
Numerical results, received according to 
analytical expression, coincide with the 
experimental data. The experiments were 
performed on Zwick/Roell Z-150 machine 
equipment. 
 
Key words: rubber, compression stiffness, 
Young’s modulus, isolator, Ritz’ method.  
 
1. INTRODUCTION  
 
Rubber-like materials (elastomers) exhibit 
specific properties: high elasticity, good 
dynamic properties, low volume 
compressibility (Poisson’s ratio μ = 0.480 - 
0.495), a linear relationship between stress 
and strain up to strain of 15% ÷ 20%, 
resistance to environmental factors. Due to 
these properties rubber-like materials are 
used as elastic members in various types of 
vibration isolators and compensation 
devices: elastic gaskets, cushions, shock 
absorbers, dynamic vibration absorbers, 
resonance and antiwaveguide systems, 
dampers, buffers, stops, etc. Despite the 
diversity of construction designs, these 
elements are generally reduced to the 
calculation model of rubber elements: 
rubber cylinder of finite length with a 
stress-free side surface of various types of 
boundary conditions on the ends; hollow 
rubber cylinder and cylindrical shell of 

finite length. Rubber blocks, consisting of 
rubber elements bonded between two rigid 
plates, are widely used in many 
engineering applications. Operating mode 
of elastic cylinders depends on many 
factors that must be considered at the 
design stage: parameters of the elements 
must be selected properly. The most 
important parameter is compression 
stiffness – analytical dependence between 
imposed force and received deformation.  
In this study the work of axially 
symmetrical elastic hollow circular 
cylinder, reinforced at the flat ends by rigid 
plates, under axial compressive loading is 
considered (Fig. 1). 
Many researchers study the behaviour of 
elastic device [1-5]. Most of these studies 
deal with the axial compression of the 
rigidly-bonded rubber layer and their 
results allowed to establish basic 
assumptions for small deformation and 
linear analysis: horizontal plane sections 
remain plane and initially vertical lateral 
surfaces take a parabolic shape after 
deformation, state of stress at any point in 
the material is dominated by hydrostatic 
pressure. Since precise analytical methods 
for solving often pose certain problems, an 
approximate analytical and numerical 
methods, based on variational principles, 
are of considerable interest.  
In this work to determine the compressive 
stiffness of the rubber blocks variotional 
Ritz method are applied, using a principle 
of minimum of additional potential energy. 
To determine the stiffness at small 
deformations the linear theory of elasticity 
is used. The objectives of given work are to 
develop the analytical force - displacement  
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dependence for hollow rubber cylinder, to 
fulfil the relative experiments, to compare 
the theoretical results with experimental 
data. The experiments were performed on 
HB Zwick Roell Z-150 loading machine.  
 
2. ANALYTICAL MODELS OF 
BONDED RUBBER BLOCK 
 
Designed object - axysimmetrical rubber 
hollow cylinder of finite length with a 
stress-free inner and outer side surfaces 
and plane ends bonded to rigid plates under 
axial compression is presented in Fig.1.  

 
Fig. 1. Scheme of research object: 1-rubber 
element, 2 - rigid plate; a, b - inner and 
outer diameters, h – height, Δ -deformation 
 
For axially symmetric problem cylindrical 
coordinates system r, φ, z are chosen.  
Solution is performed for small deformation 
(~10÷15%). taking into account elastomeric 
weak volume compressibility (Poisson ratio 
μ < 0.5). End plates are assumed perfectly 
rigid, plane horizontal sections of rubber 
are considered plane after deformation. 
The dependence of the force –displacement 
"P – Δ" are defined by Ritz’s method, 
minimizing the additional potential energy 
of deformation with selected of stress 
functions as required functions [6] [7]: 
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where: K – bulk modulus of elastomer, G – 
shear modulus, μ – Poisson ratio, σ – mean 
stress (called spesific hydrostatic pressure). 
Stress state of the elastomer is determined 
by the superposition of shear stress on the 
hydrostatic pressure. Stress components in 
equations (1) must satisfy the equilibrium 
equations and boundary conditions on the 
surface of the elastomer cylinder. For small 
axial strain (Δ/h  << 1) considering axial 
symmetry, we accept  

),(rsrr =≈ ϕϕσσ ),r(zzzz σσ =  

,0== zr ϕϕ σσ .
r
szrz ∂
∂

−=σ            (2) 

The relationships (2) satisfy equilibrium 
equations in a volume and must satisfy 
stresses boundary conditions: 

0),(),( === basbarsrr            (3)      

∫∫
−

=
−

= ≡=
h

h
bar

h

barrz dz
dr
dszdz

h

5.0

5.0
,

5.0

, 0
5.0

σ  

Accounting (2) and (3) functional (1) is 
written: 
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In view of symmetry of problem and 
conditions (2), (3) stress functions are 
selected: 
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From the condition of minimization of 
functional (4)  
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Force - displacement dependence "Pz - Δ" 
is found from the condition of equilibrium 
on the middle surface of rubber block: 
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From the Equations (5) – (7) we receive: 
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For uncompressible material (μ=0.5): 
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considering 3G=E  (E – Young’s modulus) 
we have: 
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Ea  is called apparent Young’s modulus. 

Based on previous researches Gent et al. 
developed the approach to stiffness of 
bonded rubber block definition, named 
"pressure method". Gent’s "pressure 
method" is widely used approach since his 
formulation usually leads to relatively 
simple expressions. Gent et al. based on 
"pressure method". showed that force-
displacement characteristics under 
compressive loading depends on Young’s 
modulus E and shape factor s, defined as 
the ratio of one loaded area to the total 
stress free area [8] [9]: 
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For solid rubber cylinder (a=0 and α=0) 
the equations (9) and (10) coincide. Gent’s 
approach does not allow to take into 
account elastomers weak compressibility. 
If displacement of rubber block is too large 
the stiffness may be increased by adding 
the rigid plate and decreasing the height of 
rubber elements as it shown in Fig.2. Then 
the total displacement will be equal to the 
sum of blocks displacement and stiffness – 
one block stiffness divided on the number 
of blocks. 

 
Fig. 2. Block of two interlocked rubber 
elements bonded to rigid plate 1. 

In accordance with (9) for the case shown 
in Fig. 2 total displacement is equal: 
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3. RESULTS OF EXPERIMENTS 
 
Rubber blocks with dimensions: a=40 mm, 
b=50mm, h=18 mm, mechanical properties 
G=2.6 MPa, μ=0.495, presented in Fig. 3, 
were used for preparation of testing 
specimens. Three types of specimens were  
manufactured: one bonded rubber block, 
two and three bonded rubber blocks, 
presented in Fig.4. All specimens were 
tested under different mode of loading: 
Experiments was carried out with the 
number of specimens on Zwick/Roell Z-
150 machine equipment (Fig. 5). 

 
Fig. 3. Rubber block of testing specimen 

 
Fig. 4. Reinforced testing specimen: block 
with 3 rigid bonded rubber hollow cylinder 
 

Fig. 5. Testing machine with specimen  

Plots of force – displacement  “P – Δ” 

dependence graphed according to the 
analytical solution for one bonded rubber 
block are presented in Fig. 6, for three 
bonded rubber blocks -  in Fig. 7. 

 
Fig. 6. Plots of “P – Δ” dependence for one 
bonded rubber block with accordance to 
formulas: (8);   (9);  (10)  

 
Fig. 7. Plots of “P – Δ” dependence for 
specimen with three bonded rubber blocks 
with accordance to formulas:  (8); 

  (9);  (10) 
  

Loading - unloading of specimens was 
performed with different speed. Speed of 
loading equal 0.167, 0.333, 0.500, 0.667 
mm/s show the constant apparent Young’s 
modulus, this loading may be considered as 
static. With the increasing of speed the 
apparent Young’s modulus increases. 
Loading cycles number were 2,5,10,20, 50. 
The results of testing of one bonded rubber 
block are presented in Fig. 8-11, package 
of two bonded blocks – in Fig. 12 and three 
bonded rubber block -  in Fig. 13.  
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Fig. 8. Results of compression testing of 
one block specimen with the speed of 
loading –unloading 0.167 mm/s, 10 cycle 

 
Fig. 9. Results of compression testing of 
one block specimen with the speed of 
loading 1.667 mm/s, 10 cycles 

 
Fig. 10. Results of compression testing of 
one block specimen with the speed of 
loading 5.00 mm/s, 10 cycles 

 

 
Fig. 11. Results of compression testing of 
one block specimen with the speed of 
loading -unloading 15 mm/s, 10 cycles 

 
Fig. 12. Results of compression testing of 
two blocks specimen with the speed of 
loading - unloading 15 mm/s, 10 cycles 

 
Fig. 13. Results of compression testing of 
three blocks specimen with speed of 
loading- unloading 15 mm/s, 10 cycles 
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4. CONCLUSION 
 
• The behaviour of rubber hollow circular 
cylinder, rigidly bonded to perfectly rigid 
plates, under axial compressive load is 
considered.  
•Analytical expression for compressive 
stiffness as "P – Δ" dependence was 
derived using variational method with Ritz 
procedure, based on principle of minimum 
of additional potential energy. 
• Numerical results, received in accordance 
with analytical expression, show good 
coincidence with the experimental data in 
the case of static loading. 
• Experiments in compression of bonded 
hollow rubber block was carried out on the 
number of specimens on Zwick/Roell 
machine equipment. Loading - unloading 
of specimens was performed with different 
speed. Speed of loading equal 0.167, 0.333, 
0.50, 0.667 mm/s show the constant 
apparent Young’s modulus. This type of 
loading may be considered as static 
loading. With the increasing of speed the 
apparent Young’s modulus increases. 
• Apparent Young’s modulus dependence 
on loading speed is the topic of author’s 
future investigations. 
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INTELLIGENT KITCHEN MODEL FOR SMART HOMES 
 

Vu Trieu Minh; Riva Khanna 
 
 

Abstract: This paper represents the design 
and implementation of home automation 
system which basically includes three basic 
kitchen appliances which we use in our 
home daily such as refrigerators, stoves 
and microwave. These systems will not 
only help physically disabled but also is 
great help for people with busy schedules 
and hectic life styles which includes even 
students. It is done with the help of wireless 
networks, smart phones and internet. Easy 
interface would be provided from android 
applications which will control kitchen 
equipment with various sensors and 
barcodes. Here Arduino Uno module is 
used to do the same. It collects and 
processes the signals and send them 
wirelessly to another module, the 
raspberry pi, using a zig bee module. The 
raspberry pi runs an OpenHAB server 
using which the appliances are controlled 
with smartphones. Computational 
results/solutions from MATLAB are sent 
back to those autonomous mobile robots 
for their executions and interactions as in 
the real time. 
Key words: Wireless sensor network, X Bee 
modules, MATLAB graphical user 
interfaces, Microcontrollers, sensors 
 
1. INTRODUCTION  
 
Assistive domestics are a field in home 
automation particularly focused on the 
elderly and people with disabilities, aimed 
at making their lives a whole lot easier and 
comfortable. These systems can give them 
the sense of safety and ease of use by 
providing them with features like voice 
control and gesture controls for those who 
have disabilities.  

The elderly and differently abled go 
through hard time working, cooking and 
moving around the kitchen and they often 
need to hire help to make their lives easier. 
Automatic kitchen gives them the choice of 
using technology to accomplish their needs 
instead of depending on others. As lives 
nowadays are getting excessively occupied 
and individuals for the most part don't have 
time for cooking and investing a lot of 
energy in kitchen .So appliances ought to 
be that cutting-edge as far as sparing time 
and remind them about vital things such as 
their food items in fridge is going to lapse 
soon so they can purchase a few staple 
goods soon. System like this is already 
available in the market like LG home chat 
which are using android interface to work 
on it however system provided by me 
facilitates some other advancement as it is 
not just chatting also weighing and barcode 
printer in the fridge gives user freedom to 
choose expiry date of certain items as it is 
very important to eat healthy food. 
LG Home Chat incorporates the popular 
LINE application to allow users to receive 
recommendations and control settings 
when away from home. With an intuitive 
interface, Home Chat makes 
communicating with LG’s smart 
refrigerator, washing machine or oven 
much like chatting with a close friend. For 
extra convenience, the Quick Button 
feature enables fast and easy access to each 
appliance’s most commonly used 
functions. A smart home automated control 
system using android application and 
microcontroller is referred in [1]. A recent 
wireless sensor network using Arduino for 
environmental monitoring applications can 
be read in [2].  A smart home management 
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system can be designed as in a reference 
[3].  A development of a wireless sensor 
network using MATLAB and embedded 
microcontrollers is referred in [4]. A recent 
guide book for using android application 
can be read in [5]. Stability of the control 
system is referred in [6]. A real automated 
food ordering system with real time 
customer feedback is read in [7]. And a 
fault detection system is referred in [8]. 
This paper introduces the design of a new 
kitchen automation system using wireless, 
microcontrollers and MATLAB interfaces 
and monitor of kitchen in smart home. The 
contents of the paper are following: part 2 
presents the hardware configuration, part 3 
introduces the network connection, part 4 
illustrates simulations and experimental 
results, and finally, part 5 briefs 
conclusions and recommendations. 
 
2. HARDWARE CONFIGURATION  
 
The sensors from the appliances collect 
necessary data like temperature, pressure 
etc., and these collected data are then 
transferred to the microcontroller. Here 
Arduino Uno module is used to do the 
same. It collects and processes the signals 
and sends them wirelessly to another 
module, the raspberry pi, using a zig bee 
module. The raspberry pi runs an Open 
HAB server using which the appliances are 
controlled with smartphones/tablets or any 
other device that can access the internet as 
a user interface device. 
 In this task I am going to build up an 
android application which I named as Kool 
kitchen.It helps distinctively capable 
individuals to remotely utilize their kitchen 
apparatuses. Likewise warning on 
advanced mobile phones offers them some 
assistance with updating about what is 
occurring in their kitchens. I will explain 
more about this application later in this 
report with all data and programming used. 
 
2.1 Layout  
The system diagram above is self-
explanatory as this is a wireless system we 

need Arduino, zig bee and raspberry pi to 
connect to internet and used in phones 
later. Different kinds of sensors are used in 
my system like weighing sensor in fridge 
as shown in Fig 1. 
 

 
Fig.1. Home automation system 

 
The sensors from the appliances collect 
necessary data like temperature, pressure 
etc., and these collected data are then 
transferred to the microcontroller. Here 
Arduino Uno module is used to do the 
same. It collects and processes the signals 
and send them wirelessly to another 
module, the raspberry pi, using a zig bee 
module. The raspberry pi runs an Open 
HAB server using which the appliances are 
controlled with smartphones/tablets or any 
other device that can access the internet as 
a user interface device.  
For the experiment I am going to use 
temperature sensor. The temperature sensor 
as the name suggests is used to measure the 
temperature. It converts heat energy into 
electrical energy and gives a current signal 
as an output. In my system it is to be 
placed inside the oven, refrigerator, kettle 
etc., to measure the temperature of the food 
that is being cooked so that it can be 
displayed to the user who can use the data 
to get to know the status of the food, also 
this temperature is used to control the 
ON/OFF state of the appliance as pre-
programmed in the system.  
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Arduino is the chip produced by a 
company called Arduino, which is an open 
source hardware and software company. It 
can be used to design and build digital 
devices that can be used to obtain data 
from sensors and this data can be used to 
control various devices and their 
operations.  
They have a set of digital and analogue I/O 
pins which can be programmed to generate 
signals with the help of the integrated 
development environment specific to these 
Arduino boards.  
The role of the Arduino Uno in this project 
is to get input from the sensors to get data 
about the system and this data is compared 
to the set values using the programs that 
have been loaded into the Arduino Uno. 
For example the program can be used to 
compare the current temperature of the 
food to the present value so that once it 
reaches the present value the appliance can 
be turned off and a notification can be 
given to the user that the food is ready.  
The zig bee sends the data that is processed 
by the Arduino to the raspberry pi module 
wirelessly so that the location of sensors is 
not constrained by wiring problems. [4] 

The Raspberry Pi is credit-card sized 
computer, without a display or a keyboard 
or a mouse. It has ports which plugs into a 
computer monitor or TV, and we can use a 
standard keyboard and mouse which can be 
plugged into the USB ports. It is very 
capable and in getting more and more 
popular these-days among electronic 
hobbyists and in prototype developments. 
It runs Open HAB software which is an 
open source server specifically designed 
for automation applications.  
There are many types of systems and 
devices in the market and in order to make 
interaction between these devices easier we 
need a common middle ground to talk in. 
The open HAB server plays that role of a 
translator between systems that cannot 
otherwise speak to each other directly. 
It is very important interfacing between 
Arduino and zig bee as our devices has 
micro controllers  

Vcc to 5V (DC power supplier)  
GND to GND (Ground)  
RXD to RX (Receiver)  
TXD to TX   (Transmitter)    
 
2.2 Kool Kitchen (Android Application) 
Kool kitchen is the name given to the 
android application I am going to make 
through which we can control kitchen 
appliances like fridge microwave and 
stove. 
I have designed logo for Kool kitchen. 
Kool kitchen is further divided into 3 
subunits named as 
• Fantastic fridge 
• Smart stove 
• Master microwave 
As soon as we click on the icon of Kool 
kitchen app will take us to the new window 
from which user can chose devices they 
want to work with. So the user screen looks 
like the picture below. We can see in the 
pictures symbols for all the smart devices 
as shown in Fig 2. 
For android application i have learnt 
android programming.[4] 

 
  Fig.2. App Installed in Phone 

 
2.3 Fantastic Fridge 
As the name suggests it’s a fridge with 
fantastic features. The fantastic features 
involve information about items in their 
refrigerator like expiry dates, amount of 
food left in the fridge. The information will 
be provided with the help of an android 
app 
For that we need a barcode reader in the 
fridge. Barcodes initially were examined 
by unique optical scanners called barcode 
Readers. Later applications programming 
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got to be accessible for gadgets that could 
read pictures, for example, cell phones 
with cameras. In this project I am going to 
make an android app called fantastic fridge 
which tells us about the expiry dates of 
remaining items and how much items are 
still left in the fridge. 
Barcode printer will print date, year and 
month. So user can pick any dates for 
packed or cooked food. 
Barcode reader will read that date and save 
that date in the data base and accordingly 
user will get notifications on their smart 
phones 
For the items those has no expiry dates on 
them In the fantastic fridge there is barcode 
printer user can chose expiry dates like 1 
day, 2 days for cooked food and 1 week for 
fruits and vegetables. All other dairy 
products like milk, butter, cream etc. soft 
drinks and medicines barcode will read the 
expiry dates and we get a notification on 
our android stating how much items is still 
left in the fridge and it’s time to get 
groceries from the shop plus whether items 
are expired or not . 
 
2.4 Smart stove 
Smart stove is another advancement in the 
stove I am trying to make to help my 
targeted customers.  
First advancement here in the smart stove 
we have some timers installed user can set 
their own timers and after that time the 
stove will turn off. Through using the 
above stated automatic system we can turn 
off and turn on and off our stove remotely. 
Another advanced features that we can add 
to smart stove is some vessels attached 
with temperature sensors when the vessel 
temperature is of certain temperature stove 
will turn off automatically. 
This system works in the same way 
Fantastic fridge works in which 
Temperature sensor is attached to 
microcontrollers and microcontrollers is 
attached to central hub which sends signals 
to smart phones and user will be able to 
control device remotely. 
 

2.5 Master microwave 
Using the above stated automatic system 
we can turn off and turn on and off our 
microwave remotely. Also as a help to 
physically challenged people master 
microwave will send a text / notification on 
smart phones when task is completed 
inside the microwave. 
For that to happen we can use some 
position sensors or cameras. 
 
3. NETWORK CONNECTION 
 

 
Fig.3. System with central control PC 

 
The main idea here is to include a central 
hub as PC where microcontroller is 
attached to it as shown in Fig 3. 
Here data will be saved and processed as 
user cannot use phone all the time system 
needs a central Hub to collect save and 
process data in a way user get the error 
message if the functioning is not proper for 
any of the system. Hence the work is 
divided into 3 main parts that is making 
android app. Application should download 
the data from the server. Connecting 
sensors to microcontrollers and get data in 
real time and Uploading data to the server  
 
4. SIMULATIONS 
 
Below is the Simulink model made for 
stove in which I have mentioned three 
things: stove, vessel and controller. 
As vessel temperature should be controlled 
hence the model serves the purpose and 
stove will go off when the temperature 
increases from the given set temperature 
points as shown in Fig 4. 
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Fig.4. Simulink model to control stove 

 
When the temperature rises and decreases 
from the given set point we see the variable 
that variation is shown below in the graph. 
Hence the set temperature of the vessel 
would be say 25 ℃ so variations are shown 
in Fig 5. 
 

 
Fig.5. Temperature variations 

 
For the smooth functioning of the model 
the set data should be fed into the 
controller to make necessary calculations 
and setting a set point. To simulate the 
stove and controller subsystems without 
the vessel subsystem, we need a signal for 
the changing vessel temperature. Using a 
constant block to set the controlled 
temperature and a sine wave block for a 
realistic outside temperature signal, the 
simulations are shown in Fig 6. 
From about 0 to 1.5 hours, the stove is 
turned on. Heat gain is not constant but 
changes because heat gain is a function of 
the difference between the stove heat 
temperature and the vessel temperature. 

From 1.5 to 5.6 hours, the stove is turned 
off and the heat gain (top graph) is zero. 
The simulation confirms the expected 
behavior. 
 

 
Fig.6. Changing vessel temperature 

 
To simulate the stove and controller 
subsystems with the vessel subsystem, we 
need a signal for the changing outside 
temperature. Simulating the model allows 
you to observe how the controller setting 
and outdoor temperature affect the indoor 
temperature as shown in Fig 7. 
 

 
Fig.7. Changing vessel temperature 

 
For the model to work on data .we need to 
feed data in the controller so that stove can 
get off when maximum temperature ceases 
.For that I made some measurements of 
temperature actually increasing in the 
vessel or pot. As 100 ℃ is the boiling point 
of the water and outside temperature and 
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temperature of vessel without stove is on 
would be 20 ℃. I have considered it as 
room temperature. The room temperature 
is taken 25 ℃ for the simulations  
 
6. CONCLUSION 
 
Home automation is the next step in the 
endeavour of the community of engineers 
to improve the quality of life, so that 
people can concentrate on the more 
important things in their lives. These 
systems combine all the electronics in any 
given home into a single system. The home 
automation systems are getting more and 
more popular these-days as they are 
becoming cheaper and more affordable for 
the masses. Their reliability has also 
improved in the recent years and with the 
advent of smartphones, tablets and the 
improved internet connectivity all over the 
world has made it possible for people to 
control the devices in their homes to be 
controlled from any corner of the world. 
This paper concludes that making the 
android application which enable user to 
operate his devices from distance. It is not 
only a help for differently abled but for 
students and people who are busy with 
hectic life styles. This works includes a 
new concept of fridge by which user can be 
reminded of food items in the fridge and 
their expiry dates. These days’ retailers are 
just including prize in the barcodes 
information. 
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Abstract:  
Rolling Tyre counting system is a PLC1 
based controller to count the number of 
tyres, detect direction, measure velocity 
and display results on the monitor. The 
measured data obtained can be accessed 
later. Since the developed system is 
portable, it does not require an additional 
conveyor belt. The developed system can 
be installed everywhere. The proposed 
system is working indoor and outdoor with 
different lighting conditions and the results 
presented in this work are quite promising. 
 
Keywords: Tyre counting, Tyre Detection, 
Tyre velocity measurement, time log, 
logistics. 
 
1. INTRODUCTION  
 
Existing tyre counting solutions are mostly 
based on detecting and counting on a 
conveyor belt in a factory or site, which is 
fixed in place. Such systems are applied for 
counting in normal condition and require 
special design of system. Moreover, as 
they require installation space, are 
relatively big, and can be used for indoor 
only applications. Hence, tyre detection, 
counting, logging, and reliability [ P

1
P] are 

important for the developed system. The 
mechanical design for the model was done 
according to the real dimensions of tyres 
for the height and for width; we considered 
real dimensions of container where this 
system is conceptualized. In addition, some 
dexterity is added to the frame and other 
mechanical parts, which makes the parts 
easily attachable and detachable creating 

1 Programmable Logic Controller 

more flexibility and rigidity. In sections 
below, you will get to know also about 
sensory type that was used for the system. 
Where research work was done by 
choosing lasers and LDR P1F

2
Ps, instead of 

machine vision. 
 
2. Concept 
 
The concept used consists of 5 cells and 5 
LDRs placed in a line of sight from each 
thus creating a barrier like scene to cover 
the area where tyres will pass through, as it 
is shown in figure 1. Therefore, laser lines 
will be blocked by rolling tyres and LDRs, 
on the other side of the frame, will sense 
the absence of laser light coming from the 
opposite direction. From tests we 
conducted of this model, we compiled a 
specific logic algorithm that was able to 
measure different scene situation. Where in 
section 4 we discuss the algorithm 
implemented on PLC, section 5 set up 
conditions and section 6 we analyse the 
efficiency per each block. 
 

 
 

Fig. 1. Tyre passing through the frame 

2 Light Dependent Resistor 
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3. CELL ALIGNMENT 
 
Positions of transmitter and receiver cells 
are chosen according to tyre size, as to 
block the light when a tyre passes through 
them. Moreover, the middle cell is to check 
if the passing object is a tyre. That is done 
by implementing an algorithm according to 
cell numbers and positions on the frame. 
Written in PLC logic using Functional 
Block Diagram. 
 

 
 

Fig. 2. Alignment of cells 
 
For our model development, we considered 
a 14” tyre size, according to its sidewall 
size and diameter. For illustration, cell 
arrangements and dimensions are 18 cm 
from the centre to tread and 36cm in height 
as in figure 3. 
 

 

 
 

Fig. 3. Alignment of cells for a 14” tyre size 
  
4. PLC 
 
PLC model we used is Siemens LOGO! 
0BA8 and control algorithm is written in 
FBD3 using “Siemens LOGO! Soft 
Comfort”. Each block is done by 
combining different logic gates according 
to Boolean logic and SIEMENS LOGO 

3 Function Block Diagram 

provides the interface! Output results when 
necessary can be read in visual form as 
tyres are passing through the scene. PLC 
logic used can well detect tyres between 
different shapes passing through the scene 
and counting tyres only and is strong 
enough not to count wrongly in case of 
being actuated by random senses. 
Moreover, the system could well detect 
rolling direction and measure the time tyre 
is rolling through the system. Measured 
timing includes total amount of time 
needed for the tyre to pass the scene and 
the time needed for tyre to pass half the 
scene. Therefore, we could easily compare 
elapsed time of rolling tyre for each half of 
the scene and detect abnormalities in tyre 
movement. By having recorded time, we 
could also measure rolling tyre speed. In 
addition, we were logging number of tyres 
rolling in two directions.  
We designed a simple GUI to display all 
the logged data on PLC screen as it could 
be seen in figure 4, there are two displays 
that operator can switch between them by 
pressing a pre-defined PLC button. In 
addition, a log file stored on the PLC is 
accessible to have an overview of all these 
logged details.  
 

  
 

Fig. 4. PLC screen, display one on the left, 
display two on the right 

 
5. SYSTEM SETUP SCHEME 
 
For the set up two main environment 
conditions were tested, first, we tested the 
sensory block with maximum light 
intensity referred to normal lit environment 
and for the second test, we took normal 
light condition followed by a third in 
complete darkness. After we got measured 
the sensory block performance. Where in 
the case of high lit environments the degree 
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of error was high. LEDs as transmitters 
could not communicate reliably with 
lasers, receivers [2]. This test was followed 
by other block tests such as PLC logic test, 
simulating the case of different shape 
objects passing into the scene. And tested 
electric and electronic block using different 
cable length with different signal speeds 
(rolling the tyres through scene very fast). 
Therefore, our system is setup containing 
three main blocks starting with the power 
block, signal block and logic block. Where 
when we tested individually each one of 
them gave acceptable results for the 
reliability and stability test.  
 

 
Fig. 5. Sensory block 

 
In figure 5, is presented logic and sensory 
block composed of transmitters and 
receivers created by a pair of laser [4] and 
light dependent resistors. Some technical 
details pertaining this block are as follow: 
LDRs manufacturer Silonex NSL-19M51 
and laser modules with 650nm light beam 
and 5mW power [3] consumption operating 
voltage 5V DC. The block is designed to 
work on a DC current allowing low power 
fluctuations provided by the voltage 
regulator. Also, they are designed not to be 
affected by different noise levels from the 
power supply and external EM field, which 
for different set up conditions can have 
different impact levels. Five pairs of LDRs 
and lasers are used to build-up a cell like 
matrix that is to create more solid and 
power fixed sensory block. Where we then 
take, the signal inputs from this block and 
after applying the right algorithm for a 
specific profile scene we deliver the data 

(tyre numbers, direction, and speed) to 
HMI4. The developed system is designed 
to perform in different environments where 
light and humidity can vary (ex. the case 
for indoor and outdoor). Figure 6 
represents a final schematic about all 
modules composing this system and their 
respective functions. 
 

 
 

Fig. 6. Final schematic, modules combined 
 
We designed these blocks to operate on the 
same voltage level thus creating good 
compatibility at the interface level and to 
safe electrical connections for operations in 
an open environment (minimizing ESD5). 
Each block is made of easy replaceable 
components that will create an easy to 
operate system and flexible to install. 
 
6. MODULES, POWER ANALYSIS 
 
With current design and configuration as 
one can see the whole power consumed by 
this system is quite low and falls into a 
good efficiency. Allowing it to be powered 
by using other alternative power sources. 
Whole power for this system is calculated 
to be about 1.655  W as we have calculated 
their ratings (Power calculation). Table 1. 
Shows how much each block uses and 
what is the voltage level for each of these 
elements. 

 
 

4 Human Machine Interface 
5 Electro-Static Discharge 
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Table 1. Electronic components, power 

consumption 
 
Power calculations, voltage and current are 
based from components nominal values to 
improve MTBF6 and the grade of used 
components is that of a normal commercial 
grade.  
 
7. REAL-CONDITION TESTING 
 
The condition on which the system is 
tested is on both stable light condition and 
variable light condition. We made it by 
using a simple-aluminium where pairs of 
each lasers and LDRs are exposed parts 
when tyres are moving or when 
environment light changes. 
For the real condition testing we created 
the frame and transceivers positioned 
according to pattern specifications. 
Moreover, all electronics modules were 
installed on the same frame side to reduce 
the cable length and limit noises in the 
system (EM7, resistance changes). As for 
the tyre part concerned on movement 
profile, we did test on such patterns: 
 

• Linear  
• Diagonal pattern 
• Sinusoidal pattern 

 
To reduce the ambient light effect, caps in 
tube like shapes are used for LDRs keeping 
them in ‘dark condition ‘in order to prevent 
the environmental light contribution. 
Considering the accuracy of the system 
based from reliability tests done under 
laboratory conditions (normal room 
temperature, humidity, small variations of 
light conditions), our system performed 

6 Mean Time Between Failures 
7 Electro-Magnetic 

almost with the same accuracy for 
different light levels and tyre movement 
profiles. 
Results about accuracy of the system in 
different conditions are shown in table 2. 
Where calculation is based from manual 
tyre testing.  
 

Movement  
profile 

Constant  
speed 

Fast  
speed Wobbling 

Accuracy 
 per 40 
tyres 

100% 100% 70% 

 
Table 2. System accuracy, different profile 

movements 
 
8. DISCUSSION, FUTURE WORK 
 
Current system design can do reliable 
counting in easy to use set up. Additional 
features are added as well such speed, tyre 
direction, and final log file8. We use this 
data and later on, we store it in a database. 
The blocks that make up the system are 
connected in series creating room for 
additional modules but probably limiting 
the system reliability where each block has 
its own task. Each block starts from the 
sensory block, which needs to be properly 
aligned in a certain distance period and the 
light beam, which should be concentrated 
in the middle point of the LDRs to 
overcome misplacing and ambient light 
contribution. Otherwise, the ambient light 
will create some noise in our system and 
could not be reliably read by next block. 
To solve it we are going to use pipe covers 
on each LDR and convex lenses placed 
near the end of pipe covers and in front of 
LDRs to make the system less sensitive to 
shakes. This part is very important, as the 
signals coming out from the LDRs are very 
small. Technically in range of several mA, 
so the circuit should be capable enough to 
distinguish signal change with a precise 
timing so that each cell can represent 
reliably beam interception as inputs to PLC 
module.  

8 Data stored on PLC 

Blocks Sensory 
blocks 

Power 
block PLC Total 

Components 
 (Details) 

LDRs, 
Lasers 

Voltage 
Divider(s) 

IC 
circuit 

16 
pcs 

Power  
Consumption 

(W) 
30 mW 125 mW 1,5 W 1,655 

W 
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For the next block, some limitations with 
light threshold level from boost block can 
happen and that is because the resistor is 
connected in series with LDRs where a 
small resistance change can bring up a big 
output signal for the whole system. Also 
considering a new configuration of the 
sensory block might bring good results for 
system reliability; as using components of 
Military Grade (MG) will result and 
increase the accuracy of this system, as that 
is the most part to be concerned. 
The number of cells could be increased to 
cover a larger area and different tyre sizes. 
As a bigger tyre diameter would require 
additional lasers for this system but for this 
feature, it has to be designed according to 
pre-set dimensions that this system will 
measure. Future plans are to place 
additional lasers in the edges of central cell 
allowing this system to count fixed sized 
tyre types. 
PLC, as it has been chosen Siemens Logo 
0BA8, has a RJ45 interface, which enables 
us to control it remotely and upload the 
logs on the cloud. Furthermore, there are 
good options for data display in additional 
screen or touch screen modules and remote 
interface on the web. 
 
9. CONCLUSION 
 
For the current concept of this system, 
counting and its accuracy level are good 
based from tested on different environment 
light conditions. Moreover, the plan is to 
make this system perform even better on 
open-air conditions and make it 
independent of main power supply. In 
addition, not dependable upon variable 
outdoor lighting. This part will require that 
the blocks should be rigid and packed into 
a small space so that they can be also low-
power consumption and cost effective. 
Flexibility and an easy setup approach of 
the system is important. Where it affects 
the transport and the total cost for the 
developed system. Further work can be 
done to improve HMI and compactness of 

the system to make it easier to transport 
and install. 
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 Abstract. One of the main objectives in 
the field of developing smart orthoses is to 
help people with disabilities. For now there 
is still no solutions fairly simple, 
technological and comfortable for 
continuous use, and thus, importantly, 
affordable for consumers. 
In this paper the prototype of smart 
orthosis is considered, which is allow to 
unload the knee joint, and also partially or 
fully compensate muscle forces required 
for the bending of the lower limb. Also, 
force which is necessary for bending the 
construction with the limb in different 
everyday situations was analysed.  Based 
on these aspect, design with the optimal 
selection of drives, gears and power 
supply, was proposed, combining an 
optimal autonomy with the necessary 
reliability, easy exploitation and low cost. 
 
Key words: knee joint, smart orthosis, 
biomechatronics. 
 

1. INTRODUCTION 
 

Today, a lot of studies are conducted in the 
field of developing exoskeletons for 
various applications. One of the possible 
applications of such systems is to assist 
people with disabilities. Some of 
developments in this area have already 
been introduced to the market successfully. 
As an example of such developments, 
systems like the exoskeleton Hybrid 
Assistive Limb (University of Tsukuba, 
Japan), Re Walk (Israel), Ekso Bionics 
(America), ExoAtlet (Russia) [1-4] can be 
named. The main disadvantages of these 
systems are long period of training, low 

autonomy and, most importantly, lack of 
affordability for the middle class. 
Quite different is the case with active 
orthoses which help to unload the damaged 
joint. Patients which had undergone a 
variety of knee joint injury or diseases such 
as, for example, stroke, had to go through a 
long rehabilitation period. In such cases, it 
is actual to use various active orthotic 
devices, gait simulators, as well as various 
mechanical treatment complexes. The 
development of such devices is conducted 
in many universities, such as Northeastern 
University [5] or the University of 
Michigan [6] in America, and some of 
them have already been patented (Lower 
Extremity Exoskeleton For Gait Retraining 
[7]). But unfortunately still there is no any 
such device on the consumer market.  
The purpose of this study is to design a 
construction of smart orthosis for the knee 
joint. The main objective of this device is 
to unload the injured knee joint, partial or 
fully compensate muscular effort required 
to bend the lower extremities, and also 
restoration of the joint moving functions 
during the rehabilitation period. As part of 
achieving this goal, brace device that meets 
the requirements put forward, should be 
designed, the basic elements (motor, power 
supply, sensors, control system) should be 
chosen, and all necessary strength 
calculations should be performed. 
The resulting device will remove the load 
provided by the human body on the knee 
joint during the movement. The linear 
actuator will fully or partially refund the 
flexion of the knee joint function. An 
autonomy of the device will easily let to 
use it in daily live, and thanks to the 
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flexibility of settings, it would be easy to 
adjust the design to each individual patient. 
Such a device is actual for people with 
limited motor functions of the knee joint, 
which are the result of diseases, injuries, or 
reconstruction surgeries. Orthosis will 
facilitate and accelerate the rehabilitation 
period, carry out a landmark rehabilitation 
treatment with a gradual increase in range 
of motion in the knee joint. Also, the 
device can significantly make life easier 
for people with rheumatic diseases such as 
arthrosis and arthritis, especially in the 
later stages, or with chronic joint 
instability. 
 

2. PRINCIPLE OF WORK 
 

During designing the construction, it was 
made a solution to orient on the real 
structure of the knee joint. However, the 
orthosis has only one basic degree of 
freedom. That's enough for everyday use, 
but such restrictions do not allow to 
aggravate already received joint injury, and 
give to the structure the necessary 
reliability and "rigidity". Flexion of the 
lower part of orthosis is taking place due to 
the translational movement of the stock (1) 
which is connected to the motor-reducer 
via ball-screw gear (BSG) and cylindrical 
gear.  The prototype design is shown on 
Figure 1. 
 

 
Fig. 1 Prototype design of the construction. 

Selection of BSG is driven by its ability to 
convert a relatively small torque produced 
by the engine in a significant linear force, 
necessary to lift the weight of the person, 
so a compact solution can be chosen and 
placed on the device easily. Also the high 
precision of BSG, resistance to large axial 
loads, and the option of self-locking which 
is excluding danger of orthosis "tucking“ in 
the static positions under high loads, are 
useful. Stock fixed to the BSG’s nut moves 
in sliding pairs along the guide rails and 
connected by the flat joint with the 
element, tentatively called "patella" (5), 
which allows to change the force 
application lever and significantly reduce 
the pulling force which is transmitted to the 
ball screw shaft. Patella is connected 
through a flat joint (6) with the lower half 
of the orthosis and making movement 
around the axis of the main flat joint 
produces flexion / extension of the limb. It 
is possible to displace shank fixing belts 
(7) along the guides up and down in a wide 
range for optimal fitting orthosis under a 
particular patient. Also, between the "knee" 
and "ankle" joint there is a telescopic 
element (8) that changes the length of the 
bottom half of the orthosis in the range of 
70 mm. with a minimum pitch, thereby 
orthosis can be customized to people with 
different size parameters. The presence of 
the rigid support of the ankle joint and 
"heel support" (9) allow to minimize 
vertical load on the injured joint, but this 
element can be removed in case of 
uselessness. 
 

3. STATICS AND DYNAMICS 
 

For selecting of a suitable electric motor it 
is important to analyse static and dynamic 
component of the force required to bend 
the limbs in various everyday situations. 
To explore the process of walking a series 
of experiments motion capturing was set 
using the VICON system. The analysis 
showed that the process of walking can be 
divided into two phases - support phase 
and transfer phase. During the support 
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phase full weight of the human body is on 
one leg, but at this point there is no 
bending of the knee and the leg is 
straightened. During the transfer phase 
knee flexion angle does not exceed 30°, 
and the orthosis itself will make valuable 
work only for transferring of low weight – 
weight of shin. Therefore, the process with 
maximum load - sit-to-stand motion, will 
be considered. It is obvious that during 
standing up the quadriceps of each leg 
makes an effort to bring to an upright 
position only half of the weight, also 
excluding the mass of legs and feet which 
make up about 14% of body weight. The 
most loaded static position from the 
moment created by the knee point of view 
will be the starting position (Fig. 2a), 
because at this point centre of gravity 
(BW) acts on the maximum lever relative 
to the knee joint. 
 

 
Fig. 2 Centre of gravity position 

 
In the sitting position, centre of gravity is 
located at a rough distance of 200 mm 
from the axis of the knee joint. Thus it is 

possible to record the moment created by 
the weight of the body of the knee in this 
position: 
 

  (1) 
 

Where: BW - body weight excepting the 
weight of legs and feet, for body weight of 
100 kg BW ≈ 86 kg was taken; 

 - shoulder length between 
the axis of flexion of the knee joint and the 
centre of gravity of the body. 
Therefore, it is necessary to create moment 
which is equal to , but in opposite 
direction in a flat joint of orthosis. The 
scheme of distribution of forces in the 
orthosis in the static position is shown in 
Figure 3. 
 

 
Fig. 3 Scheme of static forces. 

 
 The equation of moments: 
 

 (2) 
 
Where:  – the force which is necessary 
to create in the orthosis to compensate the 
moment; . – force shoulder due 
to orthosis construction. Location of the 
patella with a big angle to the horizontal, 
can significantly reduce the required .  
If we expand this force on the horizontal 
and vertical components, than  – is 
horizontal force which is necessary to be 
created for bending the limb, and  - 
is vertical force that will create additional 
friction in the sliding support and impact 
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on the BSG’s stock. , and vertical and 
horizontal parts of the forces can be 
derived from the equation (2) and figure 3: 
 

   (3) 

 (4) 
 (5) 

 
Substituting in equations 3, 4 и 5 known 
values of the masses and shoulders  
and ,  and  operating in sliding 
support can be found. 

 
 (6) 

 
Thus, in a static position    610 N. 
The force of friction in the sliding support 
can be found by the formula: 
 

 (7) 
 
Where  – coefficient of friction in 
the sliding support. Substituting, the value 
of the frictional force which is necessary to 
compensate  53,5 N can be obtained. 
Let consider the dynamic component of 
movement. Since the force  is 
necessary to compensate angular 
acceleration and moment of inertia of the 
body’s centre of gravity, equation (2) will 
be the following: 
 

  (8) 
 

Where:  – angular acceleration of body’s 
centre of gravity, I – moment of inertia of 
body’s centre of gravity. Angular 
acceleration can be found from the 
equation of angular coordinate, assuming 
that starting angular velocity = 0, time t 
= 2 s., and angle  (fig. 2), than: 
 

   (9) 

    (10) 

Thus, substituting known values, angular 
acceleration    can be 
found. Now, moment of inertia I can be 
found by the equation: 
 

    (11) 
Where  – radius of inertia equal to the 
distance from the centre of gravity to the 
axis of rotation of the knee joint. Since for 
the first and final position of the body this 
distance is different (fig. 2), firstly   300 
mm. can be accepted. Than equation (8) 
will be the following: 
 

  (12) 
 

Substituting known values,  = 1243 N 
with a dynamic component can be got. 
Applying equation (4) horizontal force on 
the BSG’s rod  = 621 N can be 
obtained. Using equation (7) friction force 
in the sliding support which is necessary to 
compensate - 53,8 N can be obtained. 
There is no sense to calculate    for the 
final position (fig.2b) because the largest 
static component becomes zero.  
Thus, the necessary horizontal force on the 
BSG’s nut 674,8 N can be found. Knowing 
this value, necessary moment on the 
engine’s rod - 0,88 N/m can be found. 
Using these parameters, BSG – 
THOMSON Miniature Type B [8] and 
compact planetary motor - reducer SIRIUS 
– DRIVE Z52DP2440-30S [9] were 
chosen.  
 

4. PERFOMANCE 
 

Based on the parameters of the engine the 
performance of the system while walking 
and Sit-to-Stand Motion can be analysed. 
In the first case, the amplitude of the 
movement of the rod is less than 40 mm, 
and the time that a healthy person spends 
on the transfer phase is about 1.5 seconds. 
Thus, with screw step 5mm, required 
angular velocity on the screw - 320 rev / 
min can be calculated, which is met with a 
fair supply by the selected engine.  
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In the second case, the moment required 
from the engine is significantly higher, and 
the amplitude is maximum and equal 120 
mm. In this situation, selected engine is 
able to provide angular speed not more 
than 360 rev / min, which takes 4 seconds 
to achieve the vertical position, which is 
generally sufficient for therapeutic 
purposes. 
 

5. CONCLUSION 
 

Prototype design of active orthosis for the 
knee joint was designed. Static and 
dynamic components of the force required 
to bend the orthosis in the selected most 
urging situation were analysed. 
In the future research, it is necessary to 
find a suitable power source and make 
strength calculations for the vulnerable 
parts before the final optimization. It is 
also necessary to develop the concept of 
controlling system, pick up the necessary 
sensors. 
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   Abstract: The design process of 
artworks is generally considered to be 
nonlinear and incoherent, and there are 
few research papers available studying 
interactive artwork design processes. In 
this paper, a case study of such a design 
process is presented. Special consideration 
is given to the role of an engineer in a team 
designing an interactive artwork. Although 
the process was found to be very different 
from conventional engineering projects, 
traditional ideation methods were used in 
generating ideas for the artwork. It was 
also found that the role of the engineer is 
largely to guide the design process towards 
a feasible solution. 
 
Keywords: artist, user experience, product 
development. 
  
1. INTRODUCTION 
  
The artwork design process differs greatly 
from conventional engineering design 
processes. In conventional engineering 
projects the vision of the completed 
product or solution is highly technical 
including dimensioning and calculations. 
The focus lays in the “hard science”. One 
of the biggest goals of artwork in general is 
to provide the end user strong experiences 
and feelings. It is important to understand 
that in order to provide these unique, one-
off experiences the focus has to be in 
understanding the end user behaviour. 
What generates strong feelings? How do 
people respond to different kinds of 
stimulations? The end user approach 

defines the guidelines on how to carry on 
with the technical aspect of the product. 

The purpose of this paper is to 
present the design process of interactive 
elements related to an art concept, as a case 
study. Design processes of artworks are a 
relatively unrecognised subcategory, with 
few scientific articles available [1]. Some 
similarities may be found in computer 
science user interface design processes [2]. 
This may be due to each art project being 
more or less unique, requiring a specific 
approach. Therefore, a uniform design 
process for artworks is difficult to define. 

The basis for this project is an art 
concept developed by artist Kim 
Simonsson. The concept is based around 
the character of a little girl named Emma. 
 

 
Fig. 1. Kim Simonsson: Small Platinum 
Puddle Girl, edition 30, 2012-14 
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Presented in Fig. 1 is a previous art piece 
by Simonsson, which reflects the style of 
this concept. The new piece is to represent 
and advertise the Espoo Museum of 
Modern Art (EMMA), as well as function 
as a reminder of all the other cultural 
attractions in and around the Tapiola centre 
in Espoo. According to the artist, the 
feelings conveyed by the artwork should be 
“independence, playfulness, and positive 
anarchism” [3]. 

The goals for this design project are 
to create a number of interactive art 
elements to complete the concept of the 
artist and simultaneously investigate the 
interactive artwork design process 
characteristics. The elements must be 
linkable to the main sculpture and the 
overall concept. Their lifespan must 
withstand up to five years of operation 
within the museum. 
 
2. DESIGN PROCESS 
 
The first step to the design process was to 
define what the concept of the project was. 
The artist and the museum staff presented 
their first initial visions and thoughts 
regarding the concept and frequent 
meetings were then arranged to carry on 
with further discussions. Interaction 
between the authors, the artist and the 
museum staff at the opening stages of the 
process was important because artworks in 
general are often conceived somewhat 
abstract and ambiguous. The interaction 
ensured that the vision of the team 
regarding the art concept was similar to the 
vision of the artist. Notes were written of 
the meetings and shared with team 
members via a cloud service. Furthermore, 
the environment of the EMMA museum 
was explored and the background of the 
artist was researched. Studying the 
previous works of the artist enabled the 
team to have a more clear insight of the 
style of the artist and therefore enhanced 
the understanding between the team and 
the artist. A uniform vision was created. 

According to the uniform vision of 
the interactive artwork concept, the created 
attractions should be interactive, playful, 
mysterious and cryptic. Also the childfully 
anarchistic nature of Emma was reckoned. 
Features of possible art elements, such as 
vision, hearing and feeling were considered 
and different ways to implement these 
features were investigated. Questions like 
“what triggers an intriguing effect” were 
debated. The EMMA museum itself was 
visited to observe what pieces of artwork 
draw the most attention and how guests 
moved and behaved in the museum. 
Potential locations for the attractions were 
also decided based on the observations of 
the museum space. “Ask 5 times why” 
method [4] was used in order to gain deeper 
understanding of how people react to 
certain kinds of stimuli. After all, getting 
hold on the experience of the user enables 
the designer to identify the key factors and 
causal connections between different 
emotions and their effects. 

While ideating for possible 
attractions, conventional engineering 
methods were used, including the Diverge 
and Converge [5], and brainstorming 
methods. The goal was to exploit the best 
qualities of these traditional engineering 
tools while giving sufficient space for the 
artist and inspiration in order not to 
suffocate the creativeness. Additionally, 
the tools should not have been used to 
lower the abstractness of the subject, but to 
shape the abstract subject into something 
that can be worked with. 

In the ideation process, 10 
interactive artworks were generated and 
presented to the museum staff and the 
artist. From these, four were chosen to be 
developed further on. The decisions were 
made based on the feedback of the museum 
staff and the artist and on the view of the 
design team which attractions had the best 
qualities regarding to the uniform vision 
and the best technical conditions to be 
implemented. The focus then shifted to 
technical realisation and testing of the 
attractions. The chosen attractions were 
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Swing, Interactive Handprint, Shadow on 
the Wall and Peeking Figure. 

CAD-models and prototypes of the 
attractions were made to ensure their 
functionalities. Finally, in order to assure 
that attractions create the wanted 
experiences to the viewers, they were 
tested. The final versions of the attractions 
were put into display in a public space, 
before eventually unveiling them in the 
museum. This way the team could test the 
effects of the attractions on the viewers in 
more scientific manner and complete final 
observations and adjustments. 
 
3. OUTCOME 
 
Four different attractions were developed, 
bearing in mind the underlying focus of 
understanding the end user experience. 
 
3.1 Swing 
One of the attractions is a swing that 
appears to be swinging on its own (Fig. 2). 
The swing is hanging from the ceiling in a 
place where it cannot be reached. The 
purpose of this attraction is to make the 
illusion of Emma swinging on the swing 
even though the viewer cannot physically 
see her. To support the illusion, the shadow 
of Emma swinging on the swing appears 
on the wall while the swing still remains 
empty. Although this attraction may seem 
frightening, this is not the intention. The 
aim is to create a positive and surprising 
experience to the viewer. The viewer can 
also link Swing to Emma after seeing this 
piece. Swing brings out the playful 
qualities of the personality of Emma. 
 
3.2 Interactive handprint 
Interactive Handprint replicates the 
drawings of Emma on the wall. The idea 
behind this artwork is to express the 
childishly anarchistic nature of Emma. 
Drawing on walls is generally conceived as 
forbidden but it is not uncommon to see a 
child drawing on a wall or to see a hand-
drawn picture on the wall. Regardless of 

this being prohibited, it still happens and 
most adults can identify this phenomenon 
 

 
Fig. 2. CAD-model of Swing. 
 
and relate to it. Additionally, depending on 
the current life situation of the viewer, this 
phenomenon can raise strong memories 
from either the own childhood of the 
viewer as a child or as a parent guiding 
their own children. Interactive Handprint 
may generate a very distinctive and private 
experience while its basic concept remains 
simple. 

The basic concept in Interactive 
Handprint is that the visitor may gain a 
strong interactive contact with the concept, 
and may “paint” their own handprint on the 
wall for a short time. This is accomplished 
with a system that detects the hand 
movements of the visitor and uses the 
information to illuminate sections of the 
wall with coloured lights accordingly. This 
grants the viewer complete control and 
freedom over the colours and shapes 
shown, which in turn shifts the focus from 
the artwork being merely a solid object on 
the wall to a dynamic display of the 
creativeness of the viewer. Slowly 
dimming and variable colour lights add 
mysticism and an alluring effect to the 
artwork. This enhances the goal of the 
artist to create an intriguing and mysterious 
art concept. 
 
3.3 Shadow on the Wall 
Shadow on the Wall continues the theme 
set by the Swing. The purpose of the 
attraction is to project the shadow of Emma 

221



to a blank wall near another art piece. The 
system senses a viewer stopping to look at 
the art piece, and after some time, the 
shadow appears on the wall. The effect is 
amplified by using sound. Another 
attraction to link the Emma figure to the 
museum, this piece also adds to the air of 
mystery created with the other elements. 
The sound effects are chosen so that the 
experience is not frightening, but positively 
surprising. 
 
3.4 Peeking figure 
Peeking Figure presents Emma peeking 
from behind a door. Emma appears when 
the viewer least expects it and then 
disappears when the viewer tries to 
approach the figure. To enhance the effect 
of this attraction, sound is added to the 
piece. The goal of this attraction is to 
create a mysterious experience to the 
viewer. Peeking figure appears only when 
the viewer is far away. This makes the 
viewer wonder where Emma has gone and 
why she is not appearing when the viewer 
approaches the figure. 
 
3.5 Technical implementation 
Interactivity of these attractions were 
created by sensing the surrounding 
environment and then performing an action 
according to the protocol. All of the 
attractions had this same baseline as 
working principle (Fig. 3). Sensing 
function was achieved by both passive 
(PIR) and active infrared (IR) reflection 
and also by sonar. Small micro controllers 
were used to carry out the processing of the 
data and controlling of the actuators. Small 
servos, direct current (DC) motor, solenoid 
and relays were used as actuators. Basic 
electronics like transistors and resistors 
were also utilised.  

Building processes of each 
attraction consisted of design, prototyping 
and finalization phase. In design phase the 
working principles for each attraction were 
created. Prototyping phase was used to 
gain practical knowledge on working 

 
Fig. 3. Schematic of the Shadow on the 
wall attraction, which reflects the 
functionality of all attractions. 
 
characteristics of each individual 
component i.e. sensitivity of IR transistor. 
Also decisions of how to accomplish minor 
details and functions were made. In 
finalization phase all attractions were 
tested for reliability and adjusted for final 
settings before ultimately unveiling them. 
 
4. DISCUSSION 
 
In more traditional engineering processes, 
the objectives and requirements of the final 
product are well-defined and very objective 
(required output force, voltage, speed etc.). 
When designing artwork however, the 
starting point is very abstract since it is, 
essentially, based on the imagination of the 
artist. Designing an interactive artwork 
nearly always requires some kind of 
mechanical and/or electronical design, 
which in turn requires the involvement of 
an engineer or such person with knowledge 
in those fields. The role that the engineer 
then must take in the design team is 
somewhat special. The engineer is 
probably the design team member with the 
best ability to understand the limitations 
and possibilities regarding the technical 
aspect of the artwork. It is therefore mostly 
their responsibility to guide the ideation 
towards a feasible design. However, this 
guidance should not restrict creativity, 
which can be a challenge. Also, in order to 
give this kind of guidance the engineer 
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must assume a leader position of some 
degree. The concept, however, belongs to 
the artist and therefore it can be difficult to 
determine who the leader of the project 
really is. 

Generally in product design 
processes one of the most important steps 
is the evaluation of the result. In order to 
evaluate the result, clear objectives and 
requirements must have been set in the 
beginning of the project. It is then 
examined whether the result fulfils those 
objectives and requirements. One of the 
greatest challenges that emerged during 
this case was that since the initial concept 
was very abstract, objective evaluation of 
the end result was difficult. Instead, only 
subjective analysis could determine the 
success of the project. This evaluation 
mainly consisted of the opinions of the 
museum staff and the artist, as well as 
feedback from the visitors. In this process, 
the effects of the attractions on the viewers 
were tested before the final unveiling. This 
is not the common practice in art design. 

Better understanding of processes 
like the one described helps participating in 
a design team with members from very 
different fields of study, and having insight 
into the inner workings of exceptional 
product development processes is an 
important tool for any engineer. In this 
paper, the authors have attempted to 
convey to the reader experiences and 
information on the design process of an 
interactive artwork. Since every artwork 
design process is mostly unique, further 
research of the topic could simply be 
conducted by examining more case studies. 
With multiple case studies available it 
would then be possible to start identifying 
common factors between the processes, 
and ultimately to create a methodology for 
engineers about working on artworks. 
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Abstract: Active magnetic bearings 
(AMBs) have various advantages over 
traditional bearings. Backup bearings are 
an essential part of AMB because they 
support the rotor while it is not operating 
and they prevent rotor-stator contact if 
failure occurs in the AMB. To investigate 
backup bearing behavior during rotor 
dropdown events a test rig without actual 
AMBs was built. Measurements with the 
test rig have strong correlation with the 
measurements of actual magnetic bearing 
system. This proves that the test rig with 
the pneumatic dropdown system is valid for 
backup bearing tests. 
Key words: dropdown test, overcritical 
rotor 
 
1. INTRODUCTION 
 
Active magnetic bearing (AMB) provides 
an attractive alternative to supporting 
rotating machinery because of its various 
advantages over traditional bearings. Main 
assets include a contact-free and thus 
frictionless shaft support and good energy 
efficiency, lubrication free use, high-speed 
operation, broad speed range and 
possibility to active vibration control [1]. 
An essential part of AMB is a mechanical 
backup bearing, which supports the rotor 
while the device is not in operation and 
prevents the electromagnet poles, electric 
motor stator and rotor from damaging in 
case of magnetic bearing system failure or 
bearing overload. Overload may be 
introduced by the rotor critical speed 
vibration. The principal design intent of the 
backup bearing is to ensure a secure 
deceleration of the rotor after a dropdown 

event due to failure of all the electrical 
backup systems. This deceleration may 
include passing through the natural 
frequencies of the system. 
Conventional backup bearings are bushing-
type or rolling element bearings with a 
fixed clearance between the rotor and the 
backup bearing. The clearance is usually 
half of the gap between the AMB and the 
rotor. Due to this clearance, the rotor, after 
the high rotating speed dropdown, is 
susceptible to fatal backward whirl induced 
by the friction between the rotor and the 
inner ring. The backward whirl can 
generate extremely large dynamic forces 
and thus lead to backup bearing, rotor and 
electric motor damage. [2] 
Kärkkäinen et al. [3] simulated the effects 
of backup bearing misalignments on the 
rotors dynamics during the dropdown. 
Vertical and horizontal misalignments 
were studied separately and horizontal 
misalignment had more effect on the rotor 
behaviour.  
Halminen et al. [4] demonstrated by 
simulation that misalignment of cageless 
backup bearings has an effect on the 
dropdown dynamics, and if the 
misalignment is large, the dropdown can 
lead to a significant damage being inflicted 
on the backup bearings and rotor. 
Sun et al. [5] created a detailed backup 
bearing model including damping and 
spring dynamics. The simulation model 
included a flywheel attached to the shaft. 
The study showed that friction coefficients, 
damping factors and side loads have major 
impact to the performance of backup 
bearing and prevention of the whirl effect. 
Wilkes et al. [6] showed that friction 

224



between the journal and axial face of the 
backup bearing results in a force that 
pushes the rotor in the direction of rotation. 
This force results in synchronous whirl 
below a natural frequency of the rotor-
stator system. The force is proportional to 
the friction between the axial face of the 
rotor and backup bearing. A simulation 
model was developed to simulate the 
nonlinear time-transient response of rotor 
on backup bearings. 
Chengtao et al. [7] proposed a mechanism 
to achieve auto-elimination of the 
clearance in a backup bearing. An auto-
eliminating clearance backup bearing 
device was shortened as ACABD. It used 
several tilting supports which were located 
around ball bearing. Particular mechanism 
was created to eliminate clearance between 
bearing inner ring and rotor. Damping 
effects were not involved in model and 
calculations. Kinematic and static analyses 
were carried out and ACABD was proved 
as suitable backup-bearing although more 
research is required. 
In this study backup bearing test rig for 
high speed rotor dropdown event testing is 
introduced. The device itself contains no 
actual active magnetic bearing, because 
they are expensive. The test rig is easily 
configurable in terms of changing the 
backup bearings, using rotors of different 
natural frequencies, and varying the 
backup bearing locations. In addition initial 
backup bearing experiments are performed 
and the results are compared to previous 
researches and simulations for system 
validation. 
 
2. METHODS 
 
A test rig (Fig. 1) for backup bearing 
research was built. The test rig consists of a 
shaft, a belt drive system for rotating the 
rotor, a dropping device, backup bearings 
and their housings, and shaft position 
measuring instruments. The working 
principle is as follows: 
1. The rotor is first accelerated to a 

desired speed with a belt drive system. 

The rotor is supported by the dropping 
device.  

2. The belt drive is detached from the 
shaft and the dropping device releases 
the shaft. 

3. Backup bearings catch the shaft after 
250 µm drop. 

4. The rotor center orbit is measured 
during the deceleration. 

 
2.1 Dropping Device 
Magnetic bearings are imitated by two 
identical mechanical dropping devices 
(Fig.2). The shaft is accelerated by the belt 
drive system to a desired speed while 
supported by normal rolling element 
bearings which are assembled inside the 
housing. The housing is supported between 
two pneumatic cylinders. When the desired 
angular velocity for the shaft is achieved 
the housing and the shaft are released by 
pneumatic cylinders. A microcontroller is 
used to achieve fast and synchronized 
pneumatic valve opening. Pneumatic tube 
lengths were minimized to avoid 
unsynchronized operation of multiple 
pneumatic cylinders.  
The synchronous operation of cylinders 
was verified by four accelerometers 
without the shaft assembled. The 
accelerometers were attached to each 
piston end and cylinders were actuated to 
down-stroke which means releasing the 
shaft. Measured accelerations were 
compared together and delay was added to 
cylinders that were faster. 

Fig. 1 Overview of the test rig build 
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In each dropping device, a pair of angular-
contact ball bearings was chosen because 
of their suitability for high rotating speeds. 
The bearings were preloaded in screw-
tightened housing units. Alignment of the 
bearings and the shaft was done vertically 
by adjustment screws against holder plate 
and horizontally by groove attachment. 
It is shown that a rotating shaft will start to 
drop downwards if there aren't any natural 
frequencies present at the dropping 
speed [3]. The main boundary condition 
was to accelerate the lower pneumatic 
cylinder faster than the gravitational force 
accelerates the rotor. Upper cylinder was 
chosen greater in diameter to produce more 
force and to fix the shaft position specified 
by holder plates and adjustment screws. 
Respectively, the double-acting cylinders 
were chosen 32 mm and 40 mm in 
diameter. Directional valves, used for 
actuating the cylinders, were equipped with 
quick release valves lowering the 
pneumatic capacitance to improve the 
response time of the cylinders. 
 
2.2 Backup Bearing Mounting 
The mounting system of the backup 
bearings is presented in Figure 3. The 
backup bearings were located in both ends 
of the shaft. The guiding end of the backup 
bearing consisted of two angular contact 
ball bearings (SKF 7007 CDVGA 
/HCP4A). The guiding end supported the 

shaft after the dropdown in both radial and 
angular directions. The free end consisted 
of the same set of bearings as the guiding 
end, but without the shaft clamps. Thus the 
free-end bearings support the shaft only in 
radial direction. Clearances are listed on 
Table 1. 

Description Clearance (mm) 
Guiding end radial 0.25 
Guiding end axial 0.5 
Free end radial 0.25 
Table 1. Clearances between the shaft and 
backup bearings. 
 
The lower bases were aligned carefully to 
be concentric relative to each other. The 
upper base was fastened to the lower base; 
this enables easier procedure for bearing 
changes without the need to align the 
housings again. Different sized bearings 
can be easily studied by changing the 
fitting and positioning sleeves. 
Mounting was designed considerably stiff 
to avoid problems with mounting vibration 
and resonance. Moreover, sturdy mounting 
structure was considered to make the 
system more fail-safe. 
 
2.3 Sensors and Data Acquisition 
All the measurements were non-tactile 
because of the high shaft surface velocity 
and irregular dropdown event. Averaging 
of the results was considered impossible 
since there are no two similar dropdown 
events. 

Fig. 2. Dropping device used for 
supporting the shaft during acceleration 
and releasing it to backup bearings. 

 

 

Fig. 3. Upper half (section) of the backup 
bearing mounting. 
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The speed of the shaft was measured with a 
photoelectric sensor and a piece of 
reflective tape attached to the shaft. 
The shaft position was measured after 
dropdown in x and y directions (vertical 
and horizontal) with eddy current sensors 
(Microepsilon S1 sensors with DT3010-M 
signal conditioning electronics) in free end 
of the shaft. Eddy current sensors were 
chosen because of their capability to high 
measuring speed and relatively good 
precision. Since eddy current sensors are 
strongly application specific (materials, 
surface finish and environment), they were 
calibrated in their actual measuring 
position against a micrometer. The data 
was transmitted to computer with a data 
acquisition card (National Instruments NI-
USB 6215), which was programmed with 
LabVIEW. 
 
3. RESULTS 
 
The ability of dropping device actuators to 
simultaneous movement was measured. 
Rotor center orbit during dropdown events 
was measured and analysed. 
 
3.1 Dropdown actuator verification 
The simultaneous movement of the four 
pneumatic cylinders during the rotor drop-
down was measured with accelerometers 
attached to the cylinders. The timing of the 
cylinders was tuned with a microcontroller. 
The values of accelerations are shown in 
Figure 4.  
Fig. 4 shows that the timing of the four 
cylinders could be tuned so that the 
movement was almost simultaneous. The 
difference between the start of the first and 
the last cylinder movement was in range of 
1 ms. The results show that the pneumatic 
actuators could be used for simulating 
magnetic bearing immediate failure on 
both ends. The microcontroller based 
timing tuning allows also the dropping 
device utilization to simulate non-
simultaneous magnetic bearing failures. 

 

3.2 Dropdown events 
Dropdown experiments were performed at 
initial speeds of 4700, 5700, 15100 and 
18900 rpm. All the tests were conducted 
with same backup bearings. The rotor 
center point orbits during the dropdown 
events at those speeds are shown in Figs 5, 
6, 7 and 8. Initially the shaft rotated within 
a limited range around the coordinate 
system origin. Increased shaft center 
position ranges were observed with higher 
speeds. After releasing the shaft, it dropped 
downwards and contacted the backup 
bearing. After the contact the rotor 
decelerated to the bottom of the backup 
bearing due to the circumferential 
damping.

Fig. 4. Cylinder movements concurrence 
in the dropdown event. 
 

Fig. 5. Rotor center point movement at 
4700 rpm dropdown. 
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Fig. 7. Rotor center point movement at 
15100 rpm dropdown. 

 
Fig. 8. Rotor center point movement at 
18900 rpm dropdown. 

However, Figures 5 and 6 show that the 
shaft was misaligned approximately by 
0.1…0.2 mm to the left from the backup 
bearing center. In the higher speed 

experiments the alignment was corrected 
(Fig. 7 and 8). In measurements at 15100 
rpm and 18900 rpm the rotor speed passes 
its natural frequency, while accelerating 
and decelerating. The rotor natural 
frequency was estimated to be between 
12000 and 13000 rpm. 
No slip was observed between locating 
plates and accelerating bearing housings. 
Neither rotor touching the backup bearings 
during the acceleration was observed. 
The test rig speed performance was 
validated by accelerating the shaft to a 
speed of 28300 rpm. The results 
correspond to real magnetic bearing 
dropdown events [2, 8]. Orbits of the test 
device dropdown events were similar as in 
measured AMB tests. 
 
4. DISCUSSION 
 
The data collected from measurements 
with the test rig introduced in this paper, 
corresponds to the results with actual 
active magnetic bearings. The pneumatic 
dropdown event actuation in both ends was 
measured to be simultaneous within an 
acceptable variation. 
Ball bearings are used instead of magnetic 
which leads to different kind of physics. 
Magnetic bearing systems have inductance 
that could cause damping in real magnetic 
bearing system dropdown events. This 
possible damping effect is not incorporated 
in dropping effect as it would only 
compensate the whirl effect. 
Increased shaft position ranges at higher 
speeds prior to dropdown were considered 
to be caused by vibration. The 
phenomenon may also be associated with 
the belt drive detachment from the rotor 
right before the dropdown. 
The rotor positioning back to the 
acceleration position after each dropdown 
was limited to approximately 0.1 mm. This 
caused a need to align the system again 
before each run. The reason was 
considered to be the poor stiffness of the 
dropping device alignment screws. 

Fig. 6. Rotor center point movement at 
5700 rpm dropdown. 
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In the future more rotor position measuring 
sensors should be included to the test rig to 
achieve more accurate and valuable results. 
Also the positioning accuracy of the 
dropping device shall be improved. 
Future research should include researching 
different kind of backup bearings and the 
effect of their properties to the shaft 
behavior. Clearances could be made 
smaller to study their effect to the 
dropdown event. Also damping elements 
around the bearings should be included in 
those considerations. Moreover, a 
clearance eliminating device could be 
developed. 
In conclusion, this research suggests that 
the test rig with the pneumatic dropdown 
system is valid for backup bearing tests. 
The device is easily configurable for 
testing various different backup bearings, 
backup bearing positions and rotors. The 
device offers also a suitable platform for 
future research. 
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Abstract: Electronic locks have become 
more common in buildings and vehicles. A 
significant benefit of these locks is remote 
access control which allows easily to add 
access for new user or remove access from 
user’s lost key. In this project our goal is to 
design and produce portable electronic 
lock for bicycle. This feature is expected to 
improve bicycle sharing that is 
increasingly common around the world. 
Lock’s functionality is researched from 
battery life time perspective to discover 
how it would function in various 
temperatures. 
 
Keywords: keyless lock, energy efficiency, 
portable lock, bicycle sharing 
 
 
1. INTRODUCTION 
 
The rapid development and expansion of 
bicycle-sharing in all over the world in 
recent years shows that it is becoming an 
attractive and adaptable urban 
transportation concept [1]. Usually bicycle 
sharing is implemented so that user picks 
the bicycle from one docking station and 
returns it into the same or another station 
[2]. Installing a station takes time and is 
costly [3]. One way to make sharing more 
attractive in the future is to create a 
portable locking system and get rid of 
stationary docking stations. Wirelessly 
operated electronic locks provide easy 
remote access control. Ability to grant 
accesses is a key feature for bicycle 
sharing. One other key feature is the 
possibility to operate lock with mobile 
phone which already has the systems for 

locating and identifying users as well as 
method for payment [4]. 
In general creating bicycle sharing system 
with traditional means requires large 
investments to bicycles and docking 
stations [2]. Usage of portable locks would 
make it possible to create systems that are 
not tied to fixed place.  This paper 
describes design of a mobile version of 
electronic lock that could be used for 
sharing bicycles. Furthermore it researches 
the problems there may lie on this kind of 
locks such as: lifetime of battery, user 
friendliness and effect of outdoor usage [5]. 
One of the challenges with portable 
electronic locks is to get energy last long 
enough without replacing batteries 
continuously. Locks that are developed by 
current startups have often energy 
harvesters such as solar panels to keep the 
battery alive [6]. At cold weather the 
lifetime of the lock may decrease 
dramatically. A battery manufacturers data 
sheet informs that the capacity of battery at 
–20 °C temperature may be 20-80 % of the 
capacity at +20 °C depending on battery 
type and usage. [7] Another study shows 
that some lithium-Ion batteries at -20 °C 
temperature may only have 10 % of the 
energy density compared to the battery at 
+20 °C [8]. Therefore, the battery lifetime 
is even more significant issue in countries 
with cold winters. 
 
2. PROTOTYPE SYSTEM 
 
2.1 Locking mechanism 
The prototype lock was made in a shape of 
common U-lock. This shape was chosen 
because it is widely used in bicycle locks 
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and it can be used in other applications as 
well. Dimensions of the lock's frame are a 
result from the size of the controlling 
circuit board. The inner part of lock was 
designed to be made from plastic and the 
outer shell to be made from steel. Steel is 
protecting the softer inside which is 
manufactured from lighter material. 
Lock is protected by tubular shell made out 
of stainless steel. Cylindrical frame of lock 
located inside the shell consists of two 
parts that can be separated when removed 
from the shell. U-bar that is used to lock a 
bicycle is connected to the frame and 
locked with a locking plate that is sliding 
in a slot inside of the frame. Battery and 
control chip are located in the middle of 
frame. Both ends of shell are protected 
with steel plates to prevent opening of lock 
with a drill. One end has a button which 
opens the lock if it’s unlocked.  
The mechanism was designed in a way that 
the lock's default status is locked and it is 
always possible to insert the u-bar without 
electric power. This feature is expected to 
save energy. Electric power is only used to 
turn the lock to open and closed position 
with as little movement as possible. The 
actual movement to free the u-bar is 
performed by the user. The driving logic 
opens the lock for few seconds and then 
automatically turn it closed. This feature 
was expected to prevent the lock from 
being left open. To prevent the lock from 
being opened by applying brutal force on 
the button, the mechanical structure was 
designed so that the locking action will not 
prevent the button from being pressed. 
Instead, locking action connects and 
disconnects the button from the actual 
locking plate. 
Locking mechanism (Fig. 1) itself consists 
of locking spindle (2) and actuator to 
operate the related opening mechanism. 
Movement to open the lock is applied via 
button (1) located at the end of frame. 
Motor is located inside of this button and it 
rotates locking spindle. When the locking 
spindle is in unlocked position, the 
movement of the button is conducted via 

locking spindle to locking plate (3) which 
opens the lock. In locked position, the 
locking spindle is 

 
Fig. 1. Illustrations of the lock in different 
states. Figure a) show the lock in closed 
state at rest and in figure b) button (1) is 
pressed while lock is still in closed state. In 
figure c) lock is in open state when the 
button is not yet pressed and in figure d) 
button is pressed while lock is in open 
state. 
 
sliding over the locking plate without 
touching it, thus the lock stays locked. 
Movement of the button and locking plate 
are monitored with switches. Pair of 
springs are used to return everything to 
home position when no force is applied. 
While the lock is opened and the U-bar is 
removed the frame can be removed from 
inside of the protective shell for 
maintenance such as replacing the battery. 
Disassembly of the lock requires it to be 
unlocked. 
While the end-user’s device is near enough 
to the lock, it’s possible to control the lock 
via Bluetooth (Fig 2). When the user 
chooses to unlock the lock, the lock system 
confirms from database whether or not the 
operation is permitted. This database can 
be located either locally in user's phone or 
on internet depending on how the system is 
administrated [9]. If the user has the right 
permits, the lock opens and led indicator is 
switched on.   
 
2.2 Measurements 
Bicycle locks are used in various weather 
conditions. Temperature can have great 
variation depending on the location and 
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time. To figure out the effect of the 
temperature in locking electronics, energy 
consumption of the lock was measured at 

 
Fig. 2. Lock functionality chart 
 
four different temperatures: +24 °C, +8 °C,  
+2 °C and -24 °C.  Also characteristics of 
batteries in these conditions were studied. 
At each temperature two measurements 
were made. First circuit board's standby 
energy consumption was measured for 15 
minutes. During this period the energy 
consumption of the circuit board was 
settled. While board is in standby it scans 
for a Bluetooth device at specific time 
intervals. After this, energy usage of 
unlocking and locking cycles were 
measured. Locking electronics were placed 
in each measurement temperature 30 
minutes before measurements. 
Temperature was measured during the 
entire measurement period with a digital 
thermometer. Energy consumption 
measurements were made with Monsoon 
Power Monitor.   
 
3. RESULTS 
 
The Figures 3, 4, 5 and 6 show the energy 
consumption of the controlling circuit 
board at standby state at different 
temperatures. In these measurements the 
lock scanned for Bluetooth device but was 

not controlled by any. The actuator was not 
used in these measurements.  
 

 
Fig. 3. Power usage of controlling circuit 
board at +24 °C temperature. 
 

 
Fig. 4. Power usage of controlling circuit 
board at +8 °C temperature. 
 

 
Fig. 5. Power usage of controlling circuit 
board at +2 °C temperature. 
 

 
Fig. 6. Power usage of controlling circuit 
board at -24 °C temperature. 

Circuit board uses 4,5 volts. Table 1 shows 
the measured average current in standby 
state at different temperatures. Average 
power consumption is calculated with 
equation P=UI. Average power is also 
easily seen in Figures 3, 4, 5 and 6. Table 1 
also shows the measured consumed energy 
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when the lock is opened in these 
temperatures.  
 
Temperature Avg. 

current 
Actuator 

consumption 
+24 °C 0,10 mA 107 uAh 
+8 °C 0,23 mA 108 uAh 
+2 °C 0,47 mA 110 uAh 
-24 °C 0,48 mA 112 uAh 

Table 1. Average current draw of control 
circuit board at standby state and energy 
consumption of actuator at different 
temperatures. 
 
4. DISCUSSION 
 
By the end of the measurements, several 
results were found. 
• Cold temperatures has no significant 

effect for energy consumption of the 
opening and locking mechanism. 

• Cold temperatures has great effect for 
energy consumption while the lock is in 
standby mode. Energy consumption can 
be multiple times higher compared to 
warm temperatures. 

• Energy consumption in standby mode 
will raise as temperature falls, but the 
energy consumption has its maximum 
limit. When temperatures drops under 2 
°C, the energy consumption has little 
growth. 

• Battery life time at room temperature 
(24 °C) is 3,6 years. 

• Battery life time at cold temperature 
(below 2 °C) is 260 days. 

As it was seen from the previous results, 
temperature has a large effect against the 
life time of the batteries. In the countries 
where temperature drops to under 2 °C, 
batteries have to be replaced more often. 
By storing bicycles inside while they are 
not used during cold seasons, the effect of 
cold air can be reduced. When the bicycles 
are not under the influence of cold season, 
the life time of batteries can be over 3 
years with configuration we did use. This 
is acceptable service interval for bike 
sharing and private use.  Bike renting is 
also possible with cold seasons but in these 

circumstances the batteries has to be 
changed more often since the life time of 
the batteries are under 9 months. 
Temp. 
 

Lifetime 
(4 uses/ 
day) 

Lifetime 
(6 uses/ 
day) 

Lifetime 
(8 uses/ 
day) 

+24 °C 2,99 y 2,76 y 2,56 y 
+8 °C 1,34 y 1,30 y 1,25 y 
+2 °C 0,70 y 0,68 y 0,67 y 
-24 °C 0,68 y 0,67 y 0,66 y 

Table 2. Battery life time estimations when 
lock is opened 4, 6 and 8 times per day 
with 3000 mAh battery at different 
temperatures. 
 
Table 2 represents estimation of lock's 
lifetime in years with 3000 mAh battery 
and different utilization rates. In estimation 
circuit board's daily energy usage and 
actuator's usage times are taken into 
account. Board's daily energy usage is 
calculated from results of measurements. 
During the measurements average energy 
usage of one actuator cycle was also 
revealed. The effect of battery temperature 
is not taken into account in the table. 
Keeping control chip of the lock turned on 
has largest affect to battery life in long 
term. Locking and unlocking the lock have 
only minor affect for battery life. Thus, the 
best results for increased battery life would 
be acquired by keeping the power off while 
not used. This way the user should turn the 
lock on before usage and wait till it wakes 
up. 
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Abstract: This paper presents the design 
and implementation of a wireless network 
using Xbee modules for autonomous 
mobile robots integrated with graphical 
user interfaces in MATLAB. The graphical 
interface panels and controls in MATLAB 
enable the operators to monitor and 
control all remote robots online. 
Computational results/solutions from 
MATLAB are sent back to those 
autonomous mobile robots for their 
executions and interactions as in the real 
time. This paper explores a low cost and 
secure wireless network with powerful data 
processes supporting remote 
microcontrollers on mobile robots.  
Key words: Wireless sensor network, XBee 
modules, MATLAB graphical user 
interfaces, microcontrollers, autonomous 
mobile robots. 
 
1. INTRODUCTION 
 
This paper introduces the design and 
implementation of a wireless 
communication network based on IEEE 
802.15.4, and integrated with the graphical 
user interfaces (GUIs) in MATLAB to 
monitor and to control autonomous mobile 
robots. Robots are equipped with smart 
sensors, cameras and microcontrollers. In 
this research, the microcontrollers 
LPC2148 are used since in LPC2148,  
there are already inbuilt two serial ports 
(UART0 and UART1). One port can be 
used to connect to an XBee wireless 
module and the other port can be used to 
connect to an iPhone SIM card. The system 
can perform a mesh network and enable to 
monitor and control from a PC with 

MATLAB graphical panels and also from 
other iPhones via their GPS system. 
XBee modules can create a meshing 
network connection of more than 64000 
units at a data speed of 500k bit per 
second. Each XBee module consumes a 
very low energy of few milliwatts (mW) 
and provides a communication range of 
some hundred meters. This wireless 
network can be used for inter-
communicating with smart sensors and 
remote microcontrollers. However, the 
embedded microprocessors in those 
microcontrollers are not designed for fast 
data process and complicated computation 
because of the very limited memory and 
size by themselves. Therefore, the use of 
MATLAB can support the calculation for 
those remote microprocessors.  
There are still few applications for such 
integrated system. A review of recent 
applications for mobile sensor wireless 
using WiFi, Zigbee, and XBee modules 
can be read in reference [1]. An application 
of a wireless network for smart sensors to 
monitor and to control the temperature in a 
museum is presented in reference [2]. 
Another new application for smart housing 
with wireless Zigbee modules for 
intelligent furniture in a house can be read 
in reference [3]. A new home security 
system with XBee wireless applications is 
designed in reference [4]. The data 
communication via internet and wireless 
networks for industry with S7-1200 
SIMATIC are introduced in reference [5]. 
Recent applications of MATLAB GUIs to 
control and support microcontrollers are 
relatively still few since only recent 
MATLAB versions of 2014 to 2016 have 
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updated new GUIs for fully design of 
graphical human robot interfaces and 
interactions to remote microprocessors via 
wireless networks. A review of MATLAB 
online for data achieving and processing 
supported remote microcontrollers can be 
read in reference [6]. Another application 
with MATLAB for monitoring and 
controlling using graphical interfaces for 
remote microcontrollers is presented in 
reference [7]. 
Regarding recent references for the control 
of mobile robots, some papers have 
developed control algorithms using 
MATLAB to generate feasible paths of 
autonomous robots. A recent paper 
regarding this issue can be read in 
reference [8]. Conditions to assure stability 
for controllers are presented in reference 
[9]. And a new application for a wireless 
sensor network using MATLAB and 
embedded microcontrollers can be read in 
reference [10]. 
This paper attempts to design new 
applications of MATLAB graphical 
interfaces and interactions to monitor and 
to control remote autonomous robots via 
XBee wireless modules. The contents of 
the paper are as follows: part 2 presents the 
design of the hardware, part 3 introduces 
the design of the software, part 4 
summaries some experimental results, and 
finally, part 5 concludes key outcomes and 
recommendations.   
 
2. DESIGN OF HARDWARE 
 
The design of hardware for this system is 
consisting of remote mobile robots and a 
PC as a control center. Robots are 
equipped with smart sensors, camera and 
microcontrollers LPC2148. XBee wireless 
modules are connected to the UART ports 
of those microcontrollers and connected to 
the USB ports in the PC. SIM cards of 
iPhone can be also connected to those 
microcontrollers to monitor the activities of 
robots at anywhere if possible. 
Each robot can communicate to others and 
to the PC control center via the wireless 

network and also to the iPhone GMS 
system. Figure 1 illustrates the 
configuration of the tested autonomous 
mobile robots. In our experiment, these 
mobile robots are used the robot platform 
Rover5 with four driving wheels run by 
four DC motors connected to four encoder 
disks to control the movement of each 
wheel. 

 
Fig. 1. Mobile robots configuration 
 
A PC with MATLAB version 2016 plays 
as a control center. MATLAB GUIs 
interfaces and interactions are used to 
monitor and to control those remote mobile 
robots via their XBee wireless modules. 
All sensory data from remote robots are 
stored and displayed as the real time on the 
PC screen multiple panels with tough 
functions. Connection of the PC control 
center is illustrated in figure 2.  
 

 
Fig. 2. Connection of the PC control center 
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This hardware allows the support of 
MATLAB powerful computation to the 
remote microcontrollers on mobile robots. 
The PC can also support the data achieving 
and storing data to the PC hard disks. The 
next part presents the design of software 
for this system. 
 
3. DESIGN OF SOFTWARE 
 
The design of software includes the design 
of multi graphical panels in MATLAB 
GUIs for human robot interfaces and 
interactions. Figure 3 shows an example 
for a MATLAB interfaced control panel. 
The operator can monitor the remote robots 
via camera and control the robots via touch 
screen panels as in the real time. 
 

 
Fig. 3. MATLAB graphical panel 
 
The next is the development of the 
software for each XBee modules. Each 
XBee module is designed to perform the 
following functions: receive data from 
sensors and transmit them to its 
microcontroller and also to other modules 
and to the PC control center via a meshing 
wireless network and/or to the iPhones via 
the GMS system. Data exchanged from/to 
other autonomous mobile robots allows 
them to collaborate with each other based 
on the pre-programming software in their 
microprocessors. The PC control center 
can monitor and control all remote robots. 
The PC control center can also update new 
programming software for remote 
microprocessors. All sensory and video 

data from remote robots are achieved and 
processed with MATLAB in the control 
center PC.  
The operators can view all control panels, 
stop or start as real time all remote 
microprocessor. The design of XBee 
communication software flowchart for this 
system is presented in figure 4. 
 

 
Fig. 4. Software design flowchart 
 
From the above flowchart, all 
communication ports must be synchronized 
with pre-setting for transmission rate, 
parity, stop bit, data buffer, etc., and the 
inputs and outputs assigned for each node. 

237



Then, the main control loop for every 
nodes starts by checking the command 
from the control center. Working status of 
each node will rely on the activated signal 
from the control center. When the control 
signal for each node is checked and 
accepted, the node begins its operations 
according to its pre-programming. This 
system allows each robot working 
independently, collaboratively, and 
autonomously to each other’s. In this 
experiment, each XBee node receives data 
from other nodes and from the control 
center. The next part introduces some 
experimental results from this project. 
 
4. EXPERIMENTAL RESULTS 
 
Each robot has it owned pre-programming 
software to generate its feasible paths 
subject to the environmental obstacles and 
the robot itself physical constraints. Based 
on the real time data from camera and 
smart sensors, the microprocessors in each 
robot can calculate and map out the best 
solution from feasible paths to move from 
the current initial position with the initial 
body direction to the next destination 
position with the destination body 
direction. Figure 5 illustrates a solution 
path for a mobile robot from a starting 
point coordinate position of x,y[0,0] and 
with the body direction at 0 degree. The 
robot is planned to move to the next 
destination coordinate position of 
x,y[10,10] and the destination robot body 
direction of 180 degree (the robot moves to 
other position and reverses its body 
direction).  
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Fig. 5. Feasible path and velocity solution 
 
In figure 6, the robots are tested to avoid 
obstacles and collisions. They can perform 
their feasible paths from any starting points 
to any other destination points. Further, the 
robots can collaborate to each other to 
avoid the collisions by exchanging their 
position, speed and direction data. 
 

 
Fig. 6. Test of collision avoidance 
 
Next tests are for the human robot 
interfaces and interactions with the PC 
control center. Figure 7 shows that from 
the control center, the operators can 
monitor and control any remote robots. The 
operators can also upload new pre-
programming to remote microprocessors 
upon the new working situations and the 
changes of the their environments.  
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Fig. 7. Monitor and control of robots 
 
Video and sensory data from remote robots 
can be stored and processed with 
MATLAB in the control center PC. Figure 
8 shows the sensory data achieved from 
one remote robot online. These data will be 
calculated in MATLAB and will be sent 
back to the remote robots. 
 

 
Fig. 8. Sensory achieving data 
 
The MATLAB computation support to 
remote microprocessor vie XBee modules 
is the new application for MATLAB GUIs. 
This allows the robots performing very 
complicated and sophisticated activities via 
the connection of MATLAB at the control 

center. The calculated results will be sent 
back to remote microcontrollers as shown 
in figure 9. 
 

 
Fig. 9. MATLAB computation support 
 
Communication among autonomous robots 
via XBee wireless modules is illustrated in 
figure 10. Each XBee module can send and 
receive data from others. The programming 
software for each XBee module must 
contain the transmitted addresses, the start, 
the end, and the confirmation mark for 
each sending and receiving message.  
 

 
Fig. 10. Communication among XBees 
 
In summary, the integration of wireless 
network for remote autonomous mobile 
robots and MATLAB GUIs in a PC control 
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center can enhance the computation ability 
for remote mobile robots. The designed 
communication network is low energy 
consumption, low cost and fast data 
achieving and processing using the latest 
applications of MATLAB version 2016. 
 
5. CONCLUSION 
 
In this paper, a new wireless 
communication network for remote 
autonomous mobile robots integrated with 
MATLAB GUIs to support data achieving 
and processing are designed and tested. 
This project promotes new applications of 
XBee wireless communication and 
MATLAB graphical control panels 
supported to remote microprocessors. The 
network can be also opened for iPhones  
GPS system. Recent MATLAB versions 
can support new graphical panels for 
human robot interfaces and interactions.   
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	Abstract: ABS and PA6.6+15% GF are polymers. Their specification is that they are thermoplastic. Tribotesting was used to find out whether or not this is the case. The basis for tribological testing is the Pin-on-Disc method, and this measurement was...
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	For this test, two samples of polymeric materials used in the field of thermoplastics were selected:
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	POLYAMIDE 6.6 with 15% GLASS FIBRE (PA6.6+15%)
	And why polymeric materials? Because ever since they were discovered people have been trying to use them in different applications. Replace them other materials which are either limited in the world or polymers having advantageous properties for use. ...
	• Lightweight - polymeric materials have a lower density than metal materials
	• Electrical insulating properties - very widely used in plants with an increased risk of explosion or ignitable environment
	• Low thermal conductivity - does not transmit as much heat to the surrounding parts such as metals
	• Corrosion resistance - used with high moisture or water
	• Resistance to some chemicals - for example, oil, gasoline, etc.
	• Flexibility / elasticity - widely used in flexible couplings
	• High resistance to fatigue
	• Aging resistance
	The test was to compare the above mentioned materials. But also to compare how to change the resulting properties such as coefficient of friction, frictional forces and wear volume between two contact surfaces. With this test we can evaluate and use p...
	As shown in Fig. 1 the testing materials were shaped into a disk about ∅ 60 x 3 mm. Disk size was chosen considering the space for performing all tests.
	Fig.  1 Sample shape
	Injection moulding was selected for the preparation of samples for testing.. Injection was performed on an Engel Victory 28 in, which is located in the indoor laboratory of the University of Vigo, Spain. Parameters shown in Tables 1 and 2 were used. A...
	Furthermore, the material PA6.6 + 15% GF was placed in a drying box before injecting. Drying was carried out at 80 C for 10 hours. This is due to the hygroscopicity of the material despite additive glass fibre PA 6.6 maintains a very high hygroscopici...
	The samples were tested with regard to:
	 Types of material
	 Altered parameters in production
	 The actual structure of the sample surface
	It was set up and labelled as shown in Table. 3
	Tests were carried out in collaboration between the laboratories of University of West Bohemia in Pilsen and laboratories of the University of Vigo.
	Test parameters were set on the basis of previous tests performed in the field of research as e.g. in [3] [4] and subsequently validated by performing a preliminary test for commencing testing. The parameters used for the final tests are given in Tabl...
	This parameter is the most important value for this test. On the basis of information about the value of the friction coefficient, one is able to predict how the material will behave under load. Thus, both will be wearing, how will heat up or how it w...
	The parameter is measured during continuous tribological testing and then this value continues to operate. This test measured the coefficient of friction for long term testing since the objective was to determine the mean coefficient of friction.
	Label groups:
	1-150 bar and roughness poor
	2-100 bar and roughness poor
	3-100 bar and roughness good
	4-150 bar and a roughness good
	This comparison is interesting in that the greatest friction coefficient was achieved at maximum load. This can be anything from previous tests to explain why it is necessary to carry out further tests with those conditions and that both the load and ...
	The changing weight of the sample describes how much the research sample wears under the influence of higher pressure and cyclic effect (rotary) wear.
	From Fig. 6 it is already possible to say how the material will behave during further testing and what results can be expected from additional tests, and that material  PA 6.6 + 15%GF will better withstand potential stresses than ABS. In numbers, this...
	3. CONCLUSION
	It is very difficult to draw conclusions from tests when we have not yet conducted tests on all the test materials, but even here it is possible to derive some conclusions.
	ABS and PA are polymers and are thermoplastics. Therefore, they should have roughly the same properties and characteristics as some specific parameters for these materials. As shown in the following Tab.5 and not everywhere it is. We tested ABS and PA...
	If the resultant product is used as an exposed part, according to the test the clear choice is ABS. This is covered by acquired better visual structures and surface roughness, and after averaging all values amino slightly smaller friction coefficient ...
	However, when used as a loaded component, this material is very difficult to use.
	Large wear loss of material occurs when loading, which is adhered in the form of fine dust on all around visibility
	Even in terms of comfort for the test were as arm Vibration noise or better based material PA6.6 + 15% GF.
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