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Foreword
Over the past years, DAAAM-Baltic has been an international
forum for researchers and engineers to present their research results
in the areas of industrial engineering, manufacturing and
automation. It provides an avenue for discussion and exchange of
new ideas addressing new techniques and methods for product
development and manufacturing engineering.
This DAAAM-Baltic-2015 conference in the DAAAM-Baltic
Conference series will continue the mission of the DAAAM, which is to give for young and
active scientists of the Baltic Sea region an opportunity to introduce their works and find
partners.
The main idea of starting DAAAM-Baltic meetings was to organize regional conferences of
DAAAM International events (DAAAM – Danube-Adrian Association for Automation &
Manufacturing). DAAAM International is association for international scientific and
academic cooperation in the fields of intelligent automation and modern production. Estonia
has been represented as a member of International DAAAM Committee since 1994. In year
2015 we have 10th Conference of DAAAM-Baltic and 19 years of history of publishing the
Proceedings. The Proceedings of DAAAM-Baltic have been included in ISI Web of Science
of Thomson Reuters since 2004 and in Scopus since 2012.
The Conference addresses the issues of managing globalization in the internet age. We
emphasize importance of European initiatives towards Factories of the Future and technology
platform Manufuture, and hope to give our contribution by bringing scientists, entrepreneurs
and industry specialists together for exchange of future visions based on scientific research
and case studies.
In 2015 we listened over fifty oral presentations from 8 countries. The conference itself was
organized in the frameworks of ICT Week and Der deutsche Frühling, introducing Industry
4.0 developments all over Europe. All scientific papers have been carefully selected and full
texts of presentations peer-reviewed to address key topics of the conference. The proceedings
include a variety of topics: New Manufacturing Technologies; Factories of the Future;
Industrial Internet; Industry 4.0; Mechatronics Design; Control Systems; Robotics; Supply
Chain Management and Logistics; Quality Management; Productivity Management; and
Human Resource Management.
We wish to thank all authors, referees, members of the Organizing Committee and Program
Committee, as well as supportive organizations for their efforts which made this conference
possible. DAAAM-Baltic would not be possible without contributions from members of the
scientific community of the Baltic-Sea region.
We look forward to a very exciting and stimulating conference, and hope that you will join us
in next DAAAM-Baltic in 2016.
Tallinn; May 2015

Tauno Otto
Chairman of the Scientific Committee DAAAM-Baltic 2015
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ANALYSIS OF THE GUIDENANCE OF MECHANICAL PRESSES
WITH REGARD TO NEW FORMING TECHNOLOGIES
Chval, Z.; Cechura, M.; Raz, K.

Abstract: Number of technological
operations performed on forming machines
is increasing worldwide. It is caused by
more accurate operations and therefore
products with smaller tolerances and more
precise shape are produced. Also material
waste during technological operations and
production is lower. These facts are
resulting in various tasks for machine
designers. Old forging machines must be
upgraded and new solutions and machine
designs should be found. A new machine
must meet requirements of accuracy and
also ram guidance quality. This paper is
comparing different types of ram guidance
on mechanical forging press in terms of
stress and deformation.
Key words: mechanical press, forging
press, guidenance, forming technologies.

Usually, it happens that both methods are
combined.
Research of crank presses deals with the
analysis of ram guidance method and
analysis of various ram design solutions
with respect to its rigidity and size of
deformations.
2. INFLUENCE OF RAM GUIDANCE
TO QUALITY OF FORGING
Accuracy and quality of ram guidance
directly affect the accuracy and quality of
forging. Therefore, many companies
solved this problem and developed various
solutions. The most commonly are used
tetrahedral and an octagonal guidance.
Octagonal guidance is considered as the
best guidance. [1,2].
A

1. INTRODUCTION
Presumption for the quality machine design
is good knowledge of used technologies. If
the technology is determined, it is
necessary to analyse the technological
process for determining the load of
machine
parameters
of
individual
operations (boundary conditions for virtual
prototyping).

B

C

This may be done:
• Calculation based on given technological
parameters and assumptions according to
many years of practical experience.
• Monitoring of technological process and
taking into account the obtained results.
Fig. 1. A and B variants of the octagonal
ram
D guidance.
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Variant of ram guidance - A is designed for
presses with a wide frame compared to the
press frame. In this variant clearance of
guidance is defined on the ram and on the
press frame too. Variant B is designed for
presses with the same wide of press frame
and the ram. Clearance of guidance is
defined only on the ram.
C

3. VIRTUAL ANALYSIS OF THE
EFFECT OF DIFFERENT TYPES OF
RAM GUIDANCE TO THE STRESS
AND DISPLACEMENT
3.1 Boundary conditions of calculation
Ram was modeled as a half symmetric
model. Fixation in the vertical direction
was carried out in part (taking account of
eccentricity) of the bottom surface of the
tool inserted through the contact to ram. In
other directions the ram is caught by
guidance (using contact).
Clearance in the guidance in all cases was
set to 0.5 mm.
Guidance is considered as a rigid without
the influence of frame deformation - the
red part of models.
For all types of guidance the contact area is
identical in both directions.
Nominal force is applied through pin of
ram.

D
E

E

Fig. 2. C, D and E variants of the octagonal
ram guidance.
Variant C and D is intended for machines
with four columns, variant C is designed to
eccentrically applied force in the x and y
axes. Variant D is designed to eccentrically
applied force only in the y-axis.
E variant is a prismatic guidance.
Clearance of guidance is defined only on
the ram.
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Fig. 3. Example of ram model with
boundary conditions.

3.2 Calculation results
1

2

3

4

5

7

In all cases the greatest stress in ram is
under the pin. But the distribution stress is
different depending to displacement of the
ram in its guidance (tilting).
Case no. 2 leads to jamming of the pin and
therefore the stress under the pin is
decreased.
The smallest size of the stress fields in the
ram, and the size of stress values show
results no. 5. For all other variants are
stress peaks in the corners between the ram
and the guide bars.
Types list of ram guidance and
displacement conditions of the ram.
1

2

3

4

5

6

6

8

Table 1. Stress conditions in various types
of rams (MPa).
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7

The analysis shows that the smallest
displacement is in ram no. 3, 4, 5, and the
smallest stress is in ram no. 5.
Proper selection of design solution of the
ram can significantly influence stress and
deformation of the ram. This obviously has
an impact on the accuracy of production
and economic cost of the proposed
solution.
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Table 2. Displacement in various types of
rams (mm, -3 to +1).
average

maximum

1

0,995

2,094

2

1,121

2,322

3

0,803

1,584

4

0,888

1,796

5

0,868

1,734

6

1,785

2,997

Guidance type displacement displacement

7

1,608

2,656

8

0,942

1,926
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5. CONCLUSION
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INFLUENCE OF COOLING METHODS ON TOOL LIFE DURING
MACHINING WITH iMACHINING STRATEGY
Fulemova, J.; Hnatik, J.; Kozmin, P. & Sklenicka, J.

Abstract: The choice of right method of
cooling can influence not only the
machining process, but also its results.
Generally it is known that effect of different
methods of cooling on machining process
can be different at the same cutting
conditions. It can be expressed by tool life,
surface roughness, cutting temperature,
cutting forces, etc. Currently, there are
used more ecological technologies during
machining that include for example dry
machining with air blowing into cutting
area. This article deals with influence of
external cooling and dry machining of
S235JR steel on tool life during milling
with a four-teeth milling cutter during
iMachining strategy. Further there are
compared tools, delivered by three
different tool producers, in terms of
economic viewpoint.
Key words: milling, cooling method, tool
life, iMachining.
1. INTRODUCTION
Actual trends in an engineering industry
are insisting on quality and efficiency of
manufacturing,
on
its
technical,
economical and ecological level. To ensure
these demands there are technologies like
HSC (High Speed Cutting), HPC (High
Performance Cutting), HFM (High Feed
Milling), dry machining, etc. The benefit of
these technologies is reducing of
continuous production time and machine
time of manufacturing at keeping quality
and accuracy of a product [1, 2]. Machining
technology, which is called iMachining is
ranked among HPC and was used during
progressive milling of a machine part. The
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workpiece material was carbon steel
S235JR.
1.1 iMachining
As mentioned above, iMachining is ranked
among HPC strategies. This technology is
based on high dept of cut (a p ) and lower
width of cut (a e ) and that is why it is
possible to achieve great material removal.
The algorithm for counting the tool path
iMachining tries to keep constant load of
the tool. This is achieved by keeping the
tool engagement angle at the set
boundaries, it means a p is constant and a e
is changing. If the supposed tool loading
were nevertheless higher, the feed rate
would be reduced. Constant cutting forces
are not guaranteed by keeping constant a p
and φ at outside and inside corners. For
that reason the algorithm takes into account
effective feed per tooth. In case of entrance
and exit of the tool into/from the
workpiece, there is not possible to keep
constant φ, the algorithm automatically
changes feed rate [2, 3].
1.2 Pros and Cons of this strategy
Uniform cutting forces allow fully utilize
the possibilities of the tool without risk of
its overloading. It brings expressive
increasing of machining productivity and
also there is an increase tool life and more
uniform tool wear with regard to high
depth of cut. Machining by iMachining
strategy increases productivity on account
of cycles reducing; it means time saving
70% and more. Certain problem is
machining of semi-products which were
made by technology of forging, plasma
cutting, casting, etc. because they have

very hard surface layer. iMachining
strategy does not allow up-milling, which
is especially suitable for mentioned kinds
of semi-products. Huge amount of chips is
produced during iMachining. Chips have
needle shape, see in the Fig. 1.

Fig. 1. Needle shape of chips after
iMachining strategy
In some cases it can cause flooding of a
tool and its very fast breakage. During
standard milling strategy the tool wear and
the risk of its breakage is very often
indicated in advance by increased noise of
machining and higher values of vibrations.
In contrast to it, in case of iMachining,
after tool flooding, the destruction of tool
is very fast and without preceding
symptoms. This phenomenon is so fast that
the machine operator is not able to
sufficiently response. That is why it is
necessary to ensure very good chip flow,
namely by external cooling, internal
pressurized cooling, blowing of the tool by
external pressurized air or using a vortex
tube [2, 3].
1.3 Research background
A choice the method of cooling
dramatically influences results of cutting
process. The effect of different cooling
methods on cutting process can be
profoundly different at the same
conditions. Mentioned effect is possible to
observe on tool life, cutting forces, cutting
temperature, quality of machined surface,
etc. Currently there are used following
cooling methods: external cooling, internal
pressurized cooling, MQL, external
cooling by air or frozen air, cryogenic
cooling, etc. [4,5].
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Usage external cooling is dependent upon
material
of
workpiece,
machining
technology, cutting conditions and type of
machining. Generally, for milling is
suitable dry machining or pressurized air as
blowing. The higher temperature at the
place of cut the less suitable is using
cooling liquid, especially during roughing.
Although cutting temperatures are not
constant during milling so these changes
do not exceed individual possibilities of
sintered carbide grades [6, 7, 8]. Da Silva et
al. [9] investigated the influence of
different cooling method on tool life. They
observed milling of carbon steel by
sintered carbide with TiAlN thin layer at
cutting speed 200 and 226m/min and
changing feed rate 0.14 and 0.22mm/rev.
Conclusion of their work is following.
Except v c = 200m/min and f =
0.22mm/rev. there is not strong different,
in light of tool life, among external cooling
and air blowing. At mentioned cutting
conditions, the tool cooled by air has
around 25% higher tool life than the tool
cooled by external cooling. This
conclusion is partly at variance with
general recommendations. Many papers is
mainly focused on the influence of cooling
method during finishing milling of tool
steels, Al alloys, Ti alloys, stainless steels,
etc. on tool life. Choice of suitable cooling
method for theirs machining differ from
low alloyed carbon steels. That is why this
article is focused on rough (productive)
milling of carbon steel S235JR. This
material is very often used in engineering
industry. The main task of this paper is
explaining the influence of external cooling
and air blowing on tool life. Results of this
article can be used for practical application
and for everyone who is going to machine
this kind of workpiece material. An
integral part of this work is certain
recommendations which will lead to more
productive machining of S235JR. Last step
will be comparison of used tool in terms of
economic viewpoint.

2. EXPERIMENT
Experiment was done on the machining
centre DMU 65monoBLOCK. The
workpiece material was carbon steel
S235JR. The size of workpiece was
110x50x70 mm and the amount was
1,000pieces. The cutting tool was fourtooth VHM solid milling cutter, this tool
has teeth in helix and the diameter 16mm;
it is universal tool which is suitable both
roughing and finishing operations.
Chemical composition and mechanical
properties are written in Tab. 1. Tested
tools, cutting conditions and other
parameters are written in Tab. 2.
Chemical composition [%]
C
Mn Si
P
S
N
0.20
1.4
- 0.035 0.035 0.012
0.23
1.5
- 0.045 0.045 0.014
Mechanical properties
R p0.2 [MPa] R m [MPa] A[%] KV[J]
195
350
22
27
500
Table 1. Chemical composition and
mechanical properties of steel S235JR

The milling strategy was iMachining.
Shape of the semi-product and the tool
paths, which are generated by iMachining
strategy, are in the Fig. 2.

Fig. 2. Shape of the semi-products and tool
paths
The tools were clamped into a weldon tool
holder. This tool holder is designed for
roughing operations for tools where is a
risk of its pulling out or slipping. The
workpiece was clamped into a jaw-vice.
Cooling method was following:
• external cooling, emulsion Blaser
Blasocut 35Combi, concentration 6% (in
the Tab. 2 marked as wet)
• external, air (in the Tab. 2 marked as
air)
Tool
B

Tool A
1.

2.

3.

4.

5.

6.
16
4

D [mm]
z
v c [m/min]
249
249
-1
n[min ]
4951 4951
f rev [mm]
0.14
0.16
v f [mm/min] 2758 3099
a e [mm]
2.34
1.78
a p [mm]
23
cooling
wet
tool life
26
80
106 93
198 237
[min]
thin layer
TiAlN
Table 2. Cutting tools and their cutting conditions
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1.

Tool C
1.

2.

Tool D
1.

2.

wet

air

73

237

206
4100
0.14
2233
1.57
air
293

316

323

TiAlN

TiN/TiCN

and the value of spread of measured
points is marked by . The spread of
measured points is influenced by the way
of tool wear. The main way of tool wear
is edge chipping, see in the Fig. 5.

2.1 Set up the experiment
Before experimental machining it was
necessary to set up proper cutting
conditions (cutting conditions were
selected from catalogue of each tool
producer) and to choose proper cooling
method. Tools which are marked A and B
were bought from the one tool producer.
Tools are made from sintered carbide and
differ from each other by design,
deposited thin layer and a purchase price.
Debugging of cutting conditions was
done at the tools A no. 1, 2 and 3 and
their results are not taken in relative
comparison. The used tool can be seen in
the Fig. 3.

Fig. 4. Tool wear of each cutting tool
(tools in the red square = external
cooling)
The edge chipping occured along the
whole cutting edge. At some tools and at
some edge places, the edge chipping was
more intensive. Average value of tool
wear was 0.2mm. During experimental
machining the tools were visually
checked. If the machine operator
indicated intensive edge chipping he
exchanged the milling cutter. C milling
cutters reached the higher tool life, but
also the highest spread of measured
points of tool wear. Comparable results
were reached with tools A6 and D2 (the
same tool life and the same values of tool
wear). B1 milling cutter reached the tool
life „only“ 293min. This tool would have
reached better results if there had not
been finished production on account of
reaching demanded amount of produced
parts (it means 1,000pieces). It is possible
to say that tool B would reach the same
results as C tools.

Fig. 3. Used tools for experimental
machining
3. EXPERIMENTAL RESULTS
Because the tools are tools for high
productive machining/cutting so the main
criteria for explanation of their benefit are
volume of removed material and
purchase price of the tools.
3.1 Volume of removed material
In the graph Fig. 4 there is shown the size
of tool wear, which was measured on the
flank face and which is marked as VB max .
Tool wear was measured on all four teeth
and along the helix, till the value of
maximal axial depth of cut (a p ).
Average value of tool wear is marked by

Fig. 5. Tool wear on a) A5 and b) C2
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The results, shown in the graph Fig. 4
and which are written in the Tab.2 is
brightly seen that external cooling is not
suitable cooling method for rough milling
S235JR steel. There was always reached
more than half tool life in comparison
with tool which were cooled by air, at the
same cutting conditions. The lower tool
life was caused by thermal cracks, which
were perpendicularly on the cutting edge.
Substrate of the tool started to crumble
away or was broken out. Thermal cracks
are close-knit with milling technology
and cyclic thermal loading of the cutting
edge. A cooling liquid always has
negative effect and deteriorate the tool
life. This was mentioned in theoretical
part of this article.

The tools A3 ÷ D2 removed
80.634cm3.min-1. Volume of removed
material from 1piece was 201.059cm3.
The next step, it is necessary to count for
each tool following:
• volume of removed material of each
cutting tool:
VCTi = Ti × Q

C (1cm3 ) CTi = PCTi ÷ VCTi

(

CM CTi = C 1cm 3

[Euro ⋅ cm ]
−3

(3)

)

CTi

× 201.059

[Euro] (4)

In the Fig. 6 there are compared the tools
in term of price per milling 1piece.

Fig. 6. Comparison of the tools in term of
euro per 1piece
Although the tool B does not reach the
same tool life as C tools, so the
machining of 1piece is the cheapest with
this tool. Tools A4, C1, C2 and D2 is
possible to machine 1 piece for the same
price. This conclusion shows, that the
right choice of the cutting tool is possible
to cheapen the production.

The first step is expression the value of
the stock removal (Q):

]

(2)

where: P CTi … the purchase price of i-th
cutting tool [€]
• price per milling of 1piece:

Tool producer
Purchase price [€]
A
89
B
48
C
141
D
113
Table 3. The purchase price of each
cutting tool

[

3

where: T i … tool life of i-th tool [min]
Q … stock removal [cm3.min-1]
• price per removed cubic centimetre:

3.2 Comparison of each cutting tools in
terms of economic
For mutual comparison of each cutting
tools it is necessary to introduce their
purchase price (see in the Table. 3). The
purchase price of a cutting tool is
depending on many factors, which are: a
supplier, a region, a country, a discount
for faithful
customer, etc.
For
requirements of this article, there are
written real prices in the Table 3. The
prices include VAT.

Q = v f × a p × ae cm3 ⋅ min −1
where: v f … feed speed [mm/min]
a e … width of cut [mm]
a p … depth of cut [mm]

[cm ]

(1)

4. CONCLUSION
This experimental machining brightly
demonstrated that external cooling is not
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5. Liu, Z., An, Q., Xu, J., Chen, M., Han
S. Wear performance of (nc-AlTiN)/(aSi3N4) coating and (nc-AlCrN)/(aSi3N4) coating in high-speed machining
of titanium alloys under dry and
minimum quantity lubrication (MQL)
conditions. Wear [online]. 2013, vol. 305,
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249-259.
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suitable for roughing milling S235JR.
Removing cooling liquid is possible to
increase the tool life more than half and it
also have positive effect to cheapen the
production. At the same time there were
specified a recommendation for the tool
producers. For tools, which are extremely
force stressed, create the weldon facet.
We did it for tools B and D (can be seen
in the Fig. 3). Our future steps will be
comparison iMachining strategy and
classical rough milling without coolant
focused on tool life and cutting forces. It
should demonstrate concrete benefits of
iMachining strategy.
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MANUFACTURING OF STEERED FIBER COMPOSITE LAMINATE
Haavajõe, A.; Mikola, M.; Herranen, H. & Pohlak, M.

developed for design of discrete variable
stiffness structures. Design and modeling
of composite materials and structures has
been main topic of the current work
group [6-11]. Special attention was paid to
optimal material orientation, related
tightly with the topic of the current study
[12-13].
The main issues today concerning these
technologies are improving the heating
process controllability and deeper
understanding the influence of heating
parameters,
compaction
process,
compaction force, positional/speed errors,
also possible variations of the robotic
machinery and laminating head under a
working condition.
In the current study a set of experiments
were carried out using a simple testing
approach. For measuring of the
compaction force, tensile-compression
measurement system was used. The
temperature of the consolidation area and
the heat distribution were screened with
the thermal camera. Gas torch heater was
used as a heating source. Material used in
the experiment was unidirectional carbon
fiber reinforced polyamide tape.
Findings show that in addition to the
main parameters – the compaction force
and the temperature, there are many
minor parameters such as the diameter of
the compaction wheel, the pretension of
the laminating tape, etc, all influence the
quality of the final product.
Thus designing a low price machine for
manufacturing of steered fiber products,
yet making no trade-offs from the aspect
of the controllability of the laminating
parameters, proves to be a real challenge
and needs further investigation.

Abstract:
The main goal of the study is to develop a
laminating head for an industrial robot
that would be competitive from the aspect
of the price and versatility, and also to
find mathematical models that could
describe well enough the relations
between the laminating parameters and
the properties of the final product.
Key words: Advanced Fiber Placement
Technology, Automated Fiber Placement,
Automated Tape Laying, Fiber
Reinforced Composites, Laminates
1. INTRODUCTION
Historically, advanced composites have
been manufactured by hand lay-up of
prepreg to produce composite parts that
are then consolidated and cured in an
autoclave. This labor-consuming process
results in high fiber volume fraction,
void-free, well-consolidated composite
structures with excellent mechanical
properties. However, the costs of these
structures are high due to the labor costs
for hand layup processing. Automated
Fiber Placement (AFP) and Automated
Tape Layup (ATL), as one of the steered
fiber
composite
manufacturing
techniques, have gained attention for their
cost-effective, flexible, and automatic
process.
Application of the AFT and ATL
techniques allows to design of composite
structures with variable stiffness [1-5].
Pioneering work in this area has been
done in Delft University of Technology
by research group headed by Z. Gürdal.
Their latest results concerning numerical
modeling of AFP/ATL techniques are
presented in [1-2]. In [3-5] the simulation
models and optimization techniques are
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presence of the voids. So the
consolidation process plays an important
role in the manufacture of high quality
composite parts. Moreover, good
consolidation is important for eliminating
residual stresses and warpage in the
product [16].
In response to the demand for high
quality of composite structures, the
compaction force for a consolidation
process needs to be reinvestigated for
possible variations of the force that lead
to the variations of the consolidation
process.
The roller itself is usually made of
aluminum but can also be made of
different metals with different coatings
such as teflon and polyurethane
depending on the size and curvature of
the mold being laminated. In industrial
laminating heads, cooling is used to
prevent the composite tape from sticking
to the roller.
As a heat source, laser, infrared heater or
gas torch can be used.
Laser heating was first introduced by
Beyeler and Güçeri [17]. He used CO 2
laser for melting the incoming tape and
substrate for thermoplastic filament
winding. Laser heating has many
advantages over the other methods, like
fast response time, excellent energy
efficiency and uniform heat distribution
and good integration with the overall
controlling system. However, the size and
weight of a laser requires a large fiber
placement head in order to carry it. This
restriction limits the application of laser
to large machines only not to mention the
fact that it is expensive, which is contrary
to the main goal of the work group
behind this paper.
Infrared heating was investigated by
Endres [18] and Calhoun [19] from the

2. WORKING PRINCIPLES OF AFP
One of the main technologies for
producing advanced composites is AFP
which belongs to the robotized fiber
placement method (RFP). A typical
configuration of the RFP system with its
main modules can be seen in the Fig. 1.

Fig. 1. A typical AFP system [14].
The main parts of the system are
industrial robot with its manipulator and
force/torque sensor, a mold and the heart
of the system- the laminating head.
The basic working principle is shown in
the Fig. 2.

Fig. 2.Working principle of the AFP.
The main parts of the laminating head are
the compaction roller that presses the
material stripe against the mold or
previous ply. Heat source, that heats the
material stripe above the melting point to
make it sticky and a cutting mechanism
that cuts the stripe when necessary.
The major factor that determines the
quality of the final product is the
compaction force. The experiments
carried out by Pitchumani [15] showed
that the quality and performance of the
final product is directly influenced by the
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aspect of applicability for filament
winding of thermoplastic composite tapes
for its energy-efficient characteristics and
good response behavior. Although
infrared heating is not as good as laser
heating, it is, overall, a good technique
and available with reasonable price on the
market. Therefore, today it is the most
widespread solution for heating the
towpreg. However, it is inferior to the
laser from the aspect of nip-point heating
which needs very high intensity heating
on a small area.
Hot gas heating for on-line consolidation
of thermoplastic composites was first
used by Werdermann [20]. In spite of the
disadvantages of very low energy
efficiency and slow response time, a hot
gas heating is the most widely used
method in low tech laminating
applications for its cost-effectiveness and
design flexibility.
AFP as the most common RFP methods
for manufacturing advanced composites
has successfully been used for
manufacturing parts for aeronautics and
aircrafts for many years already, yet there
is plenty of room for further investigation
and research. The main areas that need to
be improved are controlling the
laminating
parameters,
especially
laminating temperature and compaction
force but also laminating speed and
tow/tape tension. Also, CIM systems
specially designed for path generation of
composite laminating. Improving the
overall accuracy by using different types
of feedback systems. In addition to the
main goal - lowering the manufacturing
costs, it should be considered the
possibility of lowering and simplifying
the laminating system itself to be more
attainable for small- and medium sized
companies dealing with other fields than

aerospace and automotive industry.
Advanced composites can be successfully
used in fields like renewable energy,
small ship building, medicine and etc.
3. PROCESS PARAMETERS
The main operational parameters are:
• Compaction force
• Temperature
• Time
And other important parameters are:
• The radius of the roller
• Material and the coating of the
roller
• Curvature of the mold, etc.
The following part of this paper
concentrates on testing the two main
parameters – the temperature and
compaction force on carbon fiber
reinforced polyamide material PA12CF60 tape with 0,1 mm thickness, 25,4
mm width and with melting point of
180oC.
4. TESTING
Firstly, to find an optimal laminating
temperature to the material, simple tests
were carried out. The tests comprised
cutting the material into right length and
positioning it to the simple fixture made
of cardboard to ensure approximately the
same overlay surface area during every
test attempt. The device can be seen in
the Fig. 3., where the red rectangle in the
middle indicates the location of the
contact area that is going to be heated and
compressed.

Fig. 3. The test piece.
The estimated contact area is 645 mm2.
The opening in the cardboard is for
heating and for pressing, so that during
the process all the force is applied to the
contact area of the material stripes and
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the thickness of the cardboard does not
influence the result. The two test pieces
are fixed with simple paperclips.
The test setup can be seen in the Fig. 4.

applied during 30 seconds. 4. The test
piece was removed from the machine.

Fig. 6. Thermal image of the mold.
The test was repeated several times
varying the heating temperature up to
300o C. Test pieces were torn apart in the
tensile machine and investigated from the
aspect of adhesion. Findings from the
temperature tests show that: 1.The
optimal temperature to get the perfect
seam is between 200 – 220o C.
2. Using lower temperature can cause
improper adhesion. 3. Using higher
temperature is not recommended because
high temperature can cause the matrix
material (PA) to flow out of the seam or
to evaporate leaving gaps or cracks in the
seam zone (Fig. 7 a)). 4. Even heat
distribution is crucial to get high-quality
seam. Uneven heating causes improper
adhesion (Fig. 7 b)). 5. Excessive heating
can cause flashing of the carbon fiber. 6.
Considering point 4 and point 5, gas
torch as a heat source is bad solution for
the current material used.

Fig. 4. Test setup.
For applying compressive force, a testing
machine Tinius Olsen H10KT (nr 1.) and
some simple jigs were used. As a heating
source, a gas torch (nr 2.) was used. The
temperature was observed with a thermal
camera Flir ThermaCAM SC640 (nr. 3).
In the Fig. 5, there is a close-up picture of
the testing jigs and testing parts.

Fig. 5.Jigs.
The tests were carried out as follows: 1.
Firstly the lower steel plate was heated
above the melting point of the material to
approximately 200 -220oC. 2. The test
pieces fixed in the cardboard jig were
placed on the lower steel plate imitating
the mold. Extra heat was added to the
testing pieces to ensure the uniformity of
the temperature in mold and material.
Temperature was observed with thermal
camera seen in Fig. 6. 3. An upper
pressure plate was positioned on the
material and constant force 400 N was

a)

b)
Fig. 7. Heating defects.
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tested it to find the relations between the
main operational parameters and a way to
control them. As a result of the
experimental part, it appeared that gas
torch is not suitable for heating the
material PA12-CF60 because of the
uneven heat distribution. Proper heating
of the material is one of the key factors
when high quality is the goal. This is one
of the reasons why laser heating has
found its place in ATF technology.
Secondly, maintaining the constant
consolidation force during the lamination
process is crucial because it greatly
affects the mechanical properties of the
final product.

The next stage of the testing PA12-CF60
material comprised the investigation of
the compaction force. The test was
carried out as follows: 1. Testing pieces
were positioned on the mold, in that case
a planar sheet of steel. The same contact
surface area (645 mm2) was used. 2.
Material was heated to the optimal
temperature (200 – 220o C). 3. Using
compaction roller, the material was
pressed together using three different
pressures: 0,62 MPa, 1,09 MPa and 1,55
MPa. The manufactured test pieces were
then torn apart with a tensile machine to
find out the force when the seam breaks.
The results are shown in the Fig. 8.
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MULTI-POLE MODELING AND INTELLIGENT SIMULATION
OF A HYDRAULIC DRIVE WITH THREE-DIRECTIONAL
FLOW REGULATING VALVE
Harf, M. & Grossschmidt, G.

Abstract: Composing of multi-pole model
and simulation of a hydraulic drive with
three-directional flow regulating valve is
considered in the paper. Multi-pole mathematical model of a hydraulic drive is presented. An intelligent simulation environment CoCoViLa supporting declarative
programming in a high-level language and
automatic program synthesis is used as a
tool. Simulation examples of a hydraulic
drive are presented and discussed.
Key words: hydraulic drive, flow regulating valve, multi-pole model, intelligent
programming environment, simulation.
1. INTRODUCTION
Using and solving large differential
equations systems in simulation of fluid
power system dynamics is not wide spread.
It is difficult to compose, guarantee the
adequacy and solvability of such systems.
In analysis and system synthesis frequently
simplified, 3rd…5th order differential
equation systems are used [1].
In the current paper an approach is
proposed, which is based on using multipole models with different oriented
causalities [1] for describing components of
different levels. Components of the lowest
level are hydraulic resistors, tubes,
hydraulic interface elements, directional
valves, etc [2]. Hydraulic control valves of
different types [3] are used as components
of the higher level. In such a way models
of complex systems can be built up
hierarchically.
A special iteration technique is used that
allows avoid solving large equation
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systems during simulations. Therefore,
multi-pole models of large systems do not
need considerable simplification.
Modeling and simulation of a hydraulic
drive including a three-directional flow
regulating valve is considered as an example of applying proposed methodology.
2. MULTI-POLE MODELS
In general a multi-pole model represents
mathematical relations between several
input and output variables (poles). The
nearest to physical nature of various
technical systems is using multi-pole
mathematical models of their components
and subsystems [1].
The multi-pole models of the components
describe the ports, which have oriented
input and oriented output variables in pair,
as it is in most real physical systems.
Multi-pole models enable to express both
direct actions and feedbacks.
The multi-pole model concept enables us
to describe mathematical models graphically which facilitates the model developing.
3. SIMULATION ENVIRONMENT
CoCoViLa is a flexible Java-based intelligent simulation environment that includes
different simulation engines and is
intended for creating and performing
simulations in various engineering
domains [ 4]. It provides visual tools and
supports
full
automatic
program
construction from specifications that are
given visually [ 5].

4. THREE-DIRECTIONAL FLOW
REGULATING VALVE
Flow regulating valves [ 6, 7] are used when
the working speed of hydraulic drive
should remain almost constant in case of
different loads at the user.
Three-directional flow regulating valve
(Fig.1) contains adjustable throttle and
connected
in
parallel
pressure
compensator ensuring constant pressure
drop in the throttle. In addition to keeping
output volumetric flow constant it keeps
pressure at the pump proportional to the
load force.
Fig.1. Functional scheme of a three-directional
flow regulating valve
In Fig.2 three-directional flow regulating
valve of Mannesmann Rexroth is shown.

Multi-pole models of components:
ResYOrA – regulating orifice, VQAS22 –
pressure compensator spool, RQHC – pressure compensator spool slots, ResGCh,
ResH – cushioning resistors, IEH10-1-4-2,
IEH4-2-1-1 – interface elements.
Multi-pole mathematical models of control
valves of fluid power systems are considered in [2, 3]. Exceptions concerning components used here are described below.
VQAS22 differs from VQAS21 [3] as
follows. VQAS21 is normally open pressure compensator spool but VQAS22 is normally closed pressure compensator spool.
In VQAS21 displacement of the pressure
compensator spool
y1 = 1 / (1 – B) * (F / c – fV0),
pressure compensator spool slot width
y = y0 – y1.
In VQAS22
y1 = 1 / (1 + B) * (F / c – fV0), y = y1.

Fig.2. Three-directional flow regulating
valve
The valve consists of the throttle pin 1 with
orifice 2, normally closed regulating spool
3 with two springs 4, bores 5 and 6 to the
spool surfaces.
Multi-pole model of a three-directional
flow regulating valve is shown in Fig.3.

Pressure compensator spool slot RQHC
Inputs: pressure p2, displacement y of the
pressure compensator spool, volumetric
flow Q1.
Outputs: pressure p1e, pressure drop dpe in
poppet-valve slot, volumetric flow Q2.
Through-flow area of the pressure compensator spool slot
A = Pi * d1 * y * sin (β * Pi / 180),
where
d1 diameter of the spool sleeve,
β
half of spool cone angle.
Turbulent flow resistance
RT = ρ / (2 * μ2 * A2),
where
ρ fluid density,
μ discharge coefficient.
Output pressure
p1e = p2 + (RT * abs (Q1)) * Q1.

Fig.3. Multi-pole model of a three-directional flow regulating valve
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Difference of pressures:
dpe = p1e – p2.

5. HYDRAULIC DRIVE WITH THREE
-DIRECTIONAL FLOW REGULATING VALVE
Functional scheme of a hydraulic drive
with three-directional flow regulating valve
is shown in Fig.4.

The pump PV is driven by electric motor
ME through clutch CJh. The outlet of the
pump is provided with three-directional
flow regulating valve FCV and safety
valve SV1 (spool VS and throttle edge RV
in Fig.5).

Fig.4. Functional scheme of a hydraulic drive with three-directional flow regulating valve
Tubes T1 and T2 are located in inlet and
outlet of hydraulic cylinder CYL. Piston
and actuator are denoted respectively as
PIS and AC. Constant pressure in outlet of
the cylinder is ensured by pressure valve
SV2.

6. SIMULATION OF STEADY STATE
CONDITIONS
Simulation task of steady state conditions
of a hydraulic drive with three-directional
flow regulating valve is shown in Fig.5.

Fig.5. Simulation task of a hydraulic drive with three-directional flow regulating valve
for steady state conditions
Multi-pole models: ME- electric motor,
PV - axial-piston pump, ResYOrA –
regulating throttle orifice, VQAS22 –
pressure compensator spool, RQHC –
pressure compensator slot, VS – safety
valve spool, RV – throttle edge of safety
valve spool, pisH_F-v_st1 – piston, acH –
actuator, TubeH – tube, IEH10-1-4-2,
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IEH8-2-3-1 – interface elements, WG –
efficiency coefficient calculator [2, 3, 8, 9].
Inputs: outlet pressures p2, regulating
orifice area A, constant position angle al of
the pump regulating swash plate.
Outputs: actuator velocity v2, efficiency
coefficient eG of the entire hydraulic drive.
Simulation manager: static Process 2.5D.

The following parameter values are used
for steady state simulations.
For VQAS22: d1=0.008 m, d2=0.03 m,
μ=0.8, β=30 deg, ds1=0.003 m, Ds1=0.022
m, n1=5, ds2=0.0025 m, Ds2=0.014 m,
n2=4, G=8e11 N/m, m=0.04 kg, kfr=2e-9
N/Pa, Ff0=3 N, h=5 Ns/m.
For RQHC: d1=0.015 m, d2=0.012 m,
μ=0.7, β=30 deg.
For ResYOrA: μ=0.7.
For TubeH: d= 0.019 m, l= 2 m.
For pisH_F-v_st1: piston diameter dpi=
0.10 m, diameters of rods dr1= 0 m,
dr2= 0.056 m, piston friction force
Ffpi= 100 N, rod friction force Ffr= 50
N.
For acHst: Ffr= 100 N, h= 100 Ns/m.
For VS: d= 0.008 m, spring stiffness
c= 8950 N/m, preliminary deformation of
spring fV0= 0.00722 m, h= 20 Ns/m.
For RV: d=0.008 m, μ=0.8, β=45 deg.
Results of simulation of steady state conditions depending on the load force for
three different values of the regulating
orifice area A = (18, 10, 2) e-6 m2 are
shown in Fig.6 and Fig.7.
In Fig.6 graphs of actuator velocities
(graphs 1) and efficiency coefficients
(graphs 2) are shown.

Fig.6. Graphs of simulations of steady state
conditions
Three-directional flow regulating valve
(FCV in Fig.4) causes actuator velocity to
remain almost constant. After opening the
safety valve (SV1 in Fig.4), actuator moves
backward (actuator velocity becomes
negative). Increasing the load force causes
efficiency coefficient to rise.
In Fig.7 graphs of pressure compensator
spool displacements (graphs 1) and safety
valve spool displacement (graph 2) are
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Fig.7. Graphs of spool displacements
presented. Pressure compensator spool
displacement decreases by increasing of
the load force. The safety valve (SV1 in
Fig.4) opens at load force of ~150 000 N.
6. SIMULATION OF DYNAMICS
Simulation task of a hydraulic drive with
three-directional flow regulating valve for
dynamics is shown in Fig.8.
Additional and different multi-pole models from steady state conditions: CJh –
clutch, TubeH, TubeY – inlet and outlet
tube, pisY_F-v_dyn1 – piston, cylY –
cylinder, veZ1, veZ2 – volume elasticities
of cylinder chambers, acYdyn – actuator,
IEH4-1-2-2, IEH4-2-1-2 – interface elements [2, 3, 8, 9].
Inputs: constant outlet pressures p2, load
force F2, regulating orifice area A, constant
position angle al of the pump regulating
swash plate.
Outputs: actuator velocity v2, outlet
volumetric flows Q2, cylinder position xfi.
Simulation manager: dynamic Process3D.
The following additional parameter values
are used in dynamic simulations.
For VQAS22: m=0.04 kg.
For ResYOrA: A=1e-5 m2.
For ResGCh: d= 0.0005 m, l= 0.02 m.
For ResH: d= 0.001 m, l= 0.02 m.
For VS: m= 0.02 kg, h= 20 Ns/m.
For TubeH, TubeY: d= 0.019 m, l= 2 m.
For pisY: elasticity of piston rod
er2= 1e-10 m/N.
For veZ1, veZ2: lengths of cylinder
chambers l1= l2= 0.2 m,
For acYdyn: m= 20 kg, h= 3e3 Ns/m.

Fig.8. Simulation task of dynamics of a hydraulic drive
Results of simulation of dynamic responses
caused by applying the hydraulic drive
with three-directional flow regulating valve
actuator step load force F2 = 5E3 N (step
time 0.05 s) as input disturbance are shown
in Fig.9...Fig.11.

Fig.9. Graphs of actuator
Input load force step change (graph 1)
initially causes actuator velocity (graph 2)
to drop down. After load force rises to a
new level, actuator velocity stabilizes.

Fig.10. Graphs of flow regulating valve
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Flow regulating valve spool (graph 1) takes
a new position and causes pump pressure
(graph 2) to rise.

Fig.11. Graphs of volumetric flows
Pump volumetric flow (graph 1) divides
into flow through regulating orifice to
drive (graph 2) and flow to tank (graph 3).
5. CONCLUSION
In the paper modeling and simulation of a
hydraulic drive with three-directional flow
regulating valve is considered.
As experiments show, control valve parameters are to be adjusted for each particular case to attain the best performance of
the hydraulic drive.
Control valve models e.g. those we described and used in the paper can be used

when composing models of fluid power
systems whatever type.
Using methodology described here enables
to try out different configurations and find
optimal parameters in design and develop
of fluid power systems.
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DIFFICULTIES IN SMES AND KPI SELECTION MODEL AS A SOLVER
Kaganski, S.; Paavel, M.; Karjust, K.; Majak, J.; Snatkin, A.

Abstract: Small and medium enterprises
are seen as „backbone of the European
economy“[1] Nowadays, in „harsh
environment“ and difficult economic
situation, to be able to survive, SMEs
should not only optimize production, find
new investors, rise effectiveness and
productivity, but also change the way of
thinking and try to understand all
processes in production and company itself
instead of just „driving forward with
closed eyes“. The measurement of
processes and company’s condition at
present moment should be one of the keys
to success. Continuous development and
analyse would provide management team
with plan of actions. The main objective of
this paper is to introduce difficulties and
problems, with which enterprises are faced
in their life. Furthermore, to show concept
of KPI selection model for enterprises,
which would help to understand, what
KPIs should be taking into account and
studied by management and how those
metrics can change the situation and solve
all difficulties. In addition, during the
applying of model, the amount of data and
data flow in enterprise would be optimized.
Key words: Key performance indicators
(KPI), Small and medium enterprises
(SME), KPI selection model.
1. INTRODUCTION
The last twenty years have seen profound
change in the private sector’s relationship
with society. Globalization, deregulation,
privatization and a reconsideration of the
links between state and market have
changed the basic
principles on which
private companies are expected to
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contribute to the public sector [2, 3].
Additionally, the economic conditions in
2011/2012 in the World and in the
European Union with new difficulties
nowadays, due political issues and food
embargo as a counter from Russian
Federation, have crucial impacts on SMEs
but still, this form of business is remaining
the most important and widely spread.
They are showing a better performance in
compering to big enterprises and
corporations [4,5], additionally, the dynamic
role of SMEs-as a chine of the European
economy-seems to have been played
important role in the recovery from the
global crisis since 2008 [1]. On the one
hand, SME cannot effort high cost
researches and developments (R&D) like
large enterprises, due the financial and
economic aspects, on the other hand, the
speed of implementation of new
technologies and methods (Lehtimaki
considered the importance of new ideas for
product innovations in SMEs of Finland to
top of management [6]), comparing with
large enterprises, are high and not so much
time and money consuming. Additionally,
SME can be innovative in other waysmodernization of products and processes to
win new markets (LE are not interested in
small markets, they are trying to get a
really wide spreading markets and big
clients).
2.
DIFFICULTIES
APPEARING IN SME

THAT

ARE

Watt has distinguished following steps in
the risk management process, which should
be taken into account by managers [7]:
• Establishing the SMEs risk strategy;

• Determining the SMEs risk appetite;
• Identification and assessment of risk;
• Prioritizing and managing risk.
Also, if we try to divide problems, with
which enterprises are facing, then there
will be two main groups:
• Financial or economic problems (SMEs
success is tied in with the local economy as
the SME sectors market growth is usually
at the same rate as the macro economy as a
whole, therefore, if there is an economic
downturn, SMEs will usually also
experience difficulty [8].
• Enterprise based problems (human
resource
problems,
multi-functional
management, high employee turnover rate
[one of the common problems nowadays],
lack of skills and experience, low
productivity and difficulties of finding
quality staff [9].
Considering financial problems, SMEs
have very limited bank finance, which is
only around 10 per cent, while self-finance
remains the major source of finance
contributing 76.5 per cent of fixed capital
and 51.8 of working capital [10]. In critical
situations SMEs don’t have the buffer for
not only investments in new technologies
but also for covering additional costs
during prices growth or projects
recalculation. For example, according
World Bank survey (2002) the lack of
money for the majority of Bangladesh’s
SMEs (55%) was the main issue, during
their operation.
To reduce the impact of economic/finance
issues on SMEs entrepreneurs should to
[11]:
• Definite market opportunities;
• Pay more attention to team working;
• Choose or develop suitable marketing
entry strategy;
• Operate the profitable ventures.
It is important to know, who the clients are
and of course do not forget about
competitors and comparing to them, what
would be the main strengths and
weaknesses. Additionally, entrepreneurs
should think about the logistics and the
prices should be also competitive. To open
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new firm and to start business is quite easy,
but to stay afloat and continue to grow is
very difficult.
When we are talking about measurements
of economic aspects, then nowadays, the
majority of SMEs has not established strict
financial accounting system, including
real-check, card-check and account-check.
It’s is difficult to carry out the financial
accounting procedure [12]. Although most
SMEs apply basic financial accounting
system but it does not match smoothly with
the logistics, manufacturing, sales and
cannot provide enterprises with complete
information [13].
Considering the enterprise based problems,
Employee Turnover is one of the common
problems. “It is the ratio of the number of
workers that had to be replaced in a given
time period to the average number of
workers” (Agnes, 1999) [14]. It is often
utilized as an indicator of company
performance and can easily be observed
negatively towards the organization’s
efficiency and effectiveness (Glebbeek &
Bax, 2004) [15]. Due to limited growth of
SME most of the skilled employees leave
SMEs. According Levy, SMEs are
knowledge creators but poor at knowledge
retention [16]. Employee job satisfaction
has influence on employee turnover in
organizations. The extent to which an
organization is able to retain its employees’
depends on the level of job satisfaction that
is made available to these workers. [17].
However, taken into account nowadays
situation, the main reasons of high turnover
is salary. Young specialists are searching
the best place, which could include a good
salary, an interesting job and good
additional opportunities for further rise.
According to the European Statistic 2010,
In a recent OECD (Organisation for
Economic Co-operation and Development
study (2009)) covering eleven countries for
job turnover and twenty-two for labour
turnover and using harmonized data, job
turnover rates were estimated at 22% (of
total employment) over the period 19972004, and annual average labour turnover

rates at 33% (of total employment)
between 2000 and 2005 [18].
The high turnover rate is not only problem,
that companies in Europe and in other
countries should face. The Boston
Consulting Group in their research is
mentioning that in the nearest future,
companies will face five critical HR
challenges [19]:
• Managing talent;
• Managing demographics;
• Becoming a learning organization;
• Managing work-life balance;
• Managing change and cultural
transformation.
Considering the nowadays situation, the
lack of qualified workers is becoming more
problematic with every year. HRM should
be on the same level of importance, like the
economic issues (turnover, consumer
leverage ratio, retail sales and etc.).
Managers should not forget that the main
job is done by workers and the beneficial
HRM is directly influencing the financial
indexes of company. KPI of HR for
management can help to make right
decisions to changes the situation in
enterprise.

and optimized. The first phase is
questionnaire, which could be called also
as a preparation phase. Survey for KPI has
been built concerning the productivity
KPIs. In this study, questions are
constructed in this way, that by responding
on them, the critical spots and problems
would be identified. The questions are
linked with KPIs that would be
investigated after data collection. In turn,
KPIs are divided by 3 groups:
• Direct KPI – indicators, which are in
explicit relation to the responses;
• Indirect KPI – indicators, which are in
connection to more than one question;
• Suggested KPI – indicators, which are
proposed to the management for further
studying.

3. KPI SELECTION MODEL
To understand the main purpose of
bottlenecks and difficulties at company, the
necessary measurements should be
performed by management to be able to
evaluate the impact of each factor. KPI
selection model [20] should be seen as tool,
which is able to identify the critical spots
in enterprise and solve them in nearest
future perspective. The idea is to use
traditional methodical questionnaires to
make management understandable and to
bring out the main bottlenecks and
weaknesses in the production and general
enterprise processes.
On Fig 1 the main first phase of KPI
selection model is been illustrated. The
draft version was described in article
Kaganski 2014 [20], however, during
practical study, it would get final review
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Fig. 1. The first phase of KPI selection
model
In table 1, the example of distribution for
KPIs from first phase has been shown. This
kind of approach provides possibility to
show management, if right KPIs have been
followed (direct KPIs). Furthermore,
depending of the problems, which would
appear after analyse of the answers,
suggestions can be provided to company,
what could be measured.

Question

Direct
% of
employee
over age 55
Average age
range of
employee
staff
turnover
ratio
staff
turnover
ratio
staff
turnover
ratio

What's the average age of white collars
(Admin person) in your company?
Your age range
What's the average age of Blue collars
(factory floor persons) in your company?
How long have you been employed in the
current enterprise?
How many white collar employees have
left your company during last year?
How many Blue collar employees have
left your company during last year?
Company is offering appropriate training
for the job, as well as speciﬁc
Occupational Health’s Safety & Welfare
training?
Table 1. Example of question vs KPI
Indirect KPIs can be specified only by
answering at least on two questions, which
are connected to it. As for example, KPIsatisfaction can be followed in company
only by knowing the situation with staff
turnover, trainings and benefits availability
and etc.
To eliminate misunderstanding and check
the relationship between pairs “questionKPI” the sorting was performed in WEB
resource “Optimal workshop” [21] by case
study group. The case study group is group
of researches, who has no connection to the
study, but in spite of that has necessary
knowledge and experience in the field.
Survey should be filled by workers from all
areas, including “blue collars”, “white
collars” and CEO. The independent point
of view of each employee would help to
construct the right representation.
4. CASE STUDY
The selection model would be tested on
different manufacturing companies, which
are dealing within divergent fields to
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KPI
Indirect

Suggestion

Satisfaction

Employee
Training
Index

evaluate the compatibility of it. Taking into
account, that prevailing language at
companies in Estonia can be divided to 3
main groups: Estonian, English, Russian, -

the survey should be providing the
opportunity to be used in any condition.
After acquiring mandatory amount of data,
analyse should be done. Each studied
company would receive the methodology
of improvement steps for the future and
also, the whole picture of all enterprises by
detection standard bottlenecks, would be
analysed. Furthermore, the questionnaire is
only one step of data collection and can be
considered as manual way. The other
opportunity is to use advantage of PMS
(product monitoring system) and get data
directly from machines, production lines to
the database for further study. Wireless
sensors would be attached to machine park
and provide data of parameters: vibration,
temperature, voltage consuming, which in
turn could be used to prognoses the
condition of tool. [22] The usage of wireless
sensors would reduce costs (not need for
cables and wires) and simplify the

assembly and installation. [23] The
advantage of this approach is the
possibility to study KPI: OEE (overall
equipment efficiency) and all related with
it metrics. Online data flow gives the
opportunity to make right decisions in
instance and drive the production in right
direction, which would save time,
resources and nervous.
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9441 and Innovative Manufacturing
Engineering Systems Competence Centre
IMECC (supported by Enterprise Estonia
and co-financed by the European Union
Regional Development Fund, project
EU30006).
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5. FURTHER RESEARCH
The KPI selection model would be tested
in practice and acquired data analysed.
Taking into account, that testing model on
one
enterprise
isn’t
enough
for
optimization, next points should be
done/analysed:
• Optimization of KPI selection model
(questionnaire & linked KPIs);
• Data from PMS as first step for further
study;
• Different SMEs for collecting right
amount of data.
6. CONCLUSION
Considering the efficiency of production in
SMEs, HR issues, material flow and other
critical subjects at companies, the
measurement with further improvements
and optimization remains general task for
management. The difficulties, which were
described in article, cannot be eliminated in
an instant; however, the necessary
measures could be done in order to avoid
further difficulties. The KPI model
structure and difficulties, which are
occurring at companies, were described in
this paper. Later steps were defined for
next researches.
The KPI selection model could become the
main fundament on which decisions and
improvements would relay. Furthermore, it
should simplify the work of management
and make production more transparent.
Optimization, data collection and analysing
are foreseen as next tasks.
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STUDY OF COMBINED MACHINING PARAMETERS ON 3D
ROUGHNESS BEHAVIOUR IN MOULDS AND DIES
A. Logins, T. Torims, S. C. Gutiérrez Rubert, P. Rosado Castellano, R. Torres Carot, F.
Sergeyev
nowadays greater potential to improve
machining processes with information obtained
from 3D surface topography measurements.
Wide ranging factors of influence, which it is
necessary to take into account, make it very
difficult to select the most appropriate operating
conditions.[3] Several studies have already
been conducted, to identify how technological
parameters
affect
surface
topography
parameters.[3],[4] For the most part, such
research only considers what has been generally
established in science and uses general
topography parameters such as S a – average
roughness S q – root mean square roughness and
S t – max. peak-to-valley roughness.[5] These
parameters are inadequate to describe machined
mould surfaces. Several other, more appropriate
surface texture parameters can be used for
mould and die manufacturing.
Our research focuses solely on the most
correlative parameters, which are specific to
this industry and mathematically proven. S a –
arithmetic mean surface height, S tr – texture
aspect ratio, S ku – kurtosis of the scale-limited
surface and S vi – valley fluid retention index.
Machined material surface quality parameters
involve not only surface texture, but also the
micro-hardness of the machined surface and
geometrical surface and shape errors.
Therefore the research also had to include
mathematical analysis of how the high-speed
machining technological parameters influence
surface micro-hardness, measured before and
after sample processing. Geometrical surface
deviations are dependent on machining
technological parameters and thus also have to
be taken into account.[6]

ABSTRACT
In order to process materials with special
characteristics (e.g. brittleness, hardness and
stiffness), high-speed machining (HSM) has
gradually become one of the most popular
metal cutting and machining methods. In the
die-mould manufacturing industry, HSM is
mainly used for workpiece machining. By
applying HSM technology[1], it is possible not
only to obtain specific surface roughness
parameters, but also to improve surface quality
generally. This is because the technological
parameters of the machining have an impact not
only on surface quality parameters such as
surface texture and roughness, but also on
surface micro-hardness.[2] This paper contains
detailed results on how high-speed milling
impacts on 3D surface texture and roughness
parameters. The ISO25178 standard of
geometric product specification was used to
characterize surface roughness. This paper also
offers a comprehensive review of how HSM
impacts on industry and the surface microhardness with regard to particular materials.
Carefully
designed
experiments
were
conducted, varying technological parameters,
which were recorded along with the relevant 3D
roughness parameter measurements. Significant
conclusions are based on the compilation of
statistical models, to find differences between
groups of means. Analysis of variance was
applied in this research, using R-commander
software for ANOVA analysis. This paper also
proposes initial recommendations for mould
and die manufacturers to deploy HSM to
improve the machining process and surface
quality.

2. EXPERIMENTAL PROCEDURE
1. INTRODUCTION

Initially, several samples were machined using
high-speed milling on three different die-mould
materials (C45 - 1.1730, 40CrMnMo - 1.2312
and BT1-0). In these samples, such parameters
as cutting depth, strategy, overlap and tool-nose
radius were modified.

Surface topography measurements are an
important area in characterization of machined
steel surfaces. If in the past 2D surface
roughness measurements were sufficient to
describe the machined surface, there is
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mould steel, with higher tensile strength and
hardness, but with lower elongation properties.
It has higher resistance and is appropriate for
mechanical treatment and machining.

After confirming the influence of these
parameters (Fig. 1), both in isolation and
combined, the relevant effect of other variables
not taken into account so far was observed. The
variables for sample No. 3 and 5 are
represented in Table 1.

To conduct extensive and more accurate
research into the influence of the materials’
mechanical properties on 3D surface
topography parameters, it was decided to
introduce an additional material with a different
chemical
composition
and
mechanical
properties – unalloyed titanium.

Table 1
Technological parameters for sample Nos. 3 and 5
Sample
Nr.

Strategy

Overlap,
mm

Feed,
mm/min

Mode

3

LP

0.1

12566

Up

5

CP

0.1

12566

Down

In the second stage of this research, the authors
enhanced the number of machined samples with
another new material, Toolox 33. This is a diemould steel with similar mechanical properties
to 1.2312 steel, but with a different chemical
composition.

Inter alia, the relation between up-and-down
machining, overlap and tool-nose radius
variables were analyzed. An appropriate
number of samples were machined to
demonstrate the influence of these new
variables. A new type of material was then
added (Toolox 33).

All of the material mechanical properties and
chemical compositions are shown in Table 2.
Table 2
Chemical and mechanical properties of the
materials
Material

a)

Mould
Steel
1.1730
Mould
Steel
1.2312

b)

Chemical
composition

Tensile strength - Yield
strength - Elongation –
Hardness

0.45C – 0.27Si –
0.7Mn

640N/mm2 – 340N/mm2 –
20% - 190HB

0.4C – 0.4Si –
990N/mm2 – 860N/mm2 –
1.5Mn – 0.03P –
15% - 280-325HB
0.08S – 1.9Cr –
0.2Mo
0.18Fe – 0.07C –
BT1-0
0.1Si – 0.04N –
400-450N/mm2 - 300Grade 2 98.61/99.7Ti – 0.12º
420N/mm2 – 30% - 210HB
– 0.01H – 0.3Mo

Fig. 1. Marks and traces in samples nº 3 (a)
and nº5 (b), top view. Material: Toolox 33
3. APPROACH
To provide useful recommendations for die and
mould manufacturers, it is important to use
relevant cutting technological parameters in
accordance with the die mould manufacturers’
practices. In the experiment however, the
materials used were chosen for their mechanical
properties from suggestions from the plastic
part moulding industry and die-mould
manufacturers. Therefore information will be
required from further investigation before it is
applied in manufacturing. In the first stage of
this research, two different types of materials
were chosen, each with different mechanical
and chemical properties. Both materials are
commonly-used industrial die-mould steels.
The first is 1.1730 moulding steel, a surfacehardened steel with a tough core, suitable for
die-mould manufacturing. This steel has lower
tensile strength and lower hardness than other
materials used in die-mould manufacturing. The
second material is a widely used 1.2312 die-

Toolox
33

0.24C – 0.11Si –
0.8Mn – 0.01P –
0.02S – 1.2Cr –
0.3Mo

980N/mm2 – 850N/mm2 –
16% - 300 HB

The GENTIGER GT-66V-T16B HSM highspeed milling (HSM) machine was used to
machine all the samples in this research. It is
equipped with a Mitsubishi type VC2ESB
spherical ball-end milling tool. The 4mm radius
ball nose is coated with Al, Ti and N. The
milling tool was adjusted at 90º to the work
surface.
To analyze the influence of the technological
parameter it is necessary to apply different
combinations of cutting conditions on each of
the chosen material samples. Therefore, each
material sample was divided into 16
subsamples, which were machined with
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measurement of surface texture parameters,
dimensions, form and surface roughness. The
device is equipped with Talymap expert
analysis software. Some 4 samples of the
Toolox 33 material were also measured on this
device to compare the results, check the
standard deviations and absolute errors. The
second measurement stage took place in the
Faculty of Mechanical Engineering at Tallinn
University of Technology, in cooperation with
associate professor Fyodor Sergeyev. All the
Toolox33 material samples were measured on
the Bruker Contour GT3 optical microscope
(Fig. 2.), equipped with Vision64 software.

different cutting parameters. The chosen cutting
parameters are:
Cutting strategy:
1) Linear Path (LP) - the tool movement
on the material is straight and one-way.
2) Circular Path (CP) - the tool moves on
the surface in a spiral path outwards
from the centre.
3) Two Linear Paths (TLP) – combination
of two linear paths, one along the X
axis and the other along the Y axis.
Cutting overlap: Two different overlap values
were chosen according to the peak heights. The
chosen values are 0.05 and 0.1mm.
Feed speed: Feed speed is potentially one of
the most important technological parameters, as
in conventional milling. The feed rates were
chosen in accordance with the tool
manufacturer, who recommended using 3
different linear feeds:
a) 2,513mm/min (0.08mm/tooth);
b) 6,283mm/min (0.2mm/tooth);
c) 12,566mm/min (0.4mm/tooth).
To ensure the correct machining of the
titanium, the feed speeds were altered:

a) 587mm/min (0.08mm/tooth);
b) 1,466mm/min (0.2mm/tooth);
c) 2,933mm/min (0.4mm/tooth).
Milling mode: As in conventional milling, there
are two possible milling modes – up-milling
and down-milling. For up-milling, the tool
rotation direction is opposite to the feed
direction. In down-milling, the tool rotation is
the same as the feed direction. Both milling
modes were used for all selected machining
strategies and feed types.
All other technological parameters were kept
constant, in accordance with the die-mould
manufacturers’ recommendations and HSM
technology.
Cutting depth: The cutting depth was kept
constant at 0.3mm, to ensure part finishing
conditions.
Spindle speed: The spindle speed was
maintained at 16,000 rpm as recommended by
the tool manufacturer and HSM technology, to
ensure the correct chip formation and
appropriate machining processes.
Surface texture measurements
The first 3D surface topography measurement
stage was conducted at Riga Technical
University, Latvia. The results were obtained
with the Taylor Hobson Form Talysurf Intra
measuring device. It provides simultaneous

Fig. 2. Measurements taken using the Bruker
Contour GT3 optical microscope
This measuring method is quicker than the
contact method using the Taylor Hobson device
and provides more precise results, excluding
errors caused by needle shape defects (Fig. 3.).

Fig. 3. Marks and traces in sample nº 3
Material: Toolox 33 measured by the Bruker
Contour GT3
4. DATA ANALYSIS
In the first stage, the measurements were taken
for all 16 subsamples of the 3 material types.
For the additional material, several samples
were measured, to conduct additional analysis
on the influence of the material’s mechanical
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This parameter is affected by strategy type up
to 2.2 times, depending on the strategy type,
comparing the strategy and feed factor
influence. Only the parameter S a value is lower
on average than the other texture parameter
values, which was generated by applying a
circular path strategy type. All other chosen 3D
surface texture parameter values are higher with
a lower feed factor, even for Titanium samples.
It can be seen in Fig.4. that by using the circular
path strategy, the influence of the feed speed is
absolutely different – increasing the feed speed
decreases the S ku value. This may be caused by
the chaotic distribution of the surface texture
(peaks) over the measured surface area, which
is generated by the circular strategy type.
Also the overlap influence was detected as an
insignificant cutting parameter. Of course, this
parameter is predicative, in that increasing the
overlap value increases the peak height (Fig. 5).
Roughness parameter distribution is similar for
both overlap values, but they are dependent on
material type. In the case of previously
machined materials, the average roughness
difference was higher than with the material
Toolox33.

properties on surface topography. The obtained
results were sorted by group, according to the
surface parameter they describe. These groups
were then subjected to an analysis of
mathematical correlation. The correlation
matrix of n random variables was then drawn
up. The matrix included a set of 3D roughness
parameters from each group, to determine the
most relevant HSM parameter for each group.
To conduct the analysis and determine the
technological parameters’ influence on 3D
surface roughness parameters, a multifactorial
analysis of variance (ANOVA) was undertaken
between all types of materials. New values
were introduced into the analysis, with
technological parameters being replaced by
factorial values, as required by the method of
analysis. These values were replaced by two or
three factors. In this analysis, the surface
parameters were used as a response function of
technological parameter’s interaction with the
analysis function. R-commander mathematical
analysis software was used to perform the
mathematical verification.
In the first stage of this research, three types of
materials were compared in terms of the
dependence of their surface topography
behaviour on the cutting parameters. A
graphical spreadsheet analysis was prepared
using the ANOVA results. The graphical
spreadsheet shows the trend line coefficients of
the polynomial regression equation with
argument x. The analysis showed that some
technological parameters, such as the cutting
tool strategy type, have a significant influence
on surface texture parameters, although this is
not a major contributor (Fig. 4.). Almost all
other chosen impact factors had a higher
influence rate in HSM.

Fig. 5. Plot of means for parameter S a of
overlap and material influence
Mathematical analysis confirms that the
material factor is a more important influence
than overlap (see Fig. 6.).

Fig. 4. Plot of means for the parameter S ku of
strategy and feed influence
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influence of the material’s mechanical
properties on cutting forces.
The influence of the milling mode (up/down)
can be seen in Fig. 8. As shown, the milling
mode significantly affects the surface
parameters and the surface texture parameters
are distributed differently for each material.
Fig. 6. Mathematical analysis of material
factor and overlap influence
Relative to the other parameters, we can see in
Fig. 6 the plot of means for tool feed. In the
case of overlap influence, increasing the feed
rate should increase the topography parameters.
This is true for parameters S a , S ku and S vi , S tp ,
but not for S tr , since with this parameter, at the
highest speeds, the cutting marks and
topography texture aspect are better preserved
by the direction and behaviour, but at lower
speeds, the machined surface is more isotropic.
The S a parameter has a different distribution
according to types of materials and feed rates.
Materials with lower tensile strength at lowest
feed rate have higher texture parameters,
whereas with increased material mechanical
properties, the surface texture parameters
diminish. (Fig. 7)

Fig. 8. Plot of means for parameter S a of
milling mode and material influence
The down-milling mode generally has the best
influence on cutting processes, the best chip
formation and lowest vibrations, as shown in
Fig. 8., surface texture parameters are growing
together with material mechanical properties In
this case, material Toolox33 is different,
because mechanical properties are similar to
material 1.2312. In most cases, samples of
material Toolox33 have the lowest texture and
the best surface roughness parameters. Thus the
material is a major influence, although this may
not only be related to material mechanical
properties, but also to the material’s chemical
composition and manufacturing nuances.
5. CONCLUSIONS
After analyzing the results, the authors
identified which factors had the most impact on
machining and surface texture parameters. The
following conclusions were obtained:
1. The up/down milling mode is the most
relevant parameter for 3D surface roughness.
The correct chip formation and acceptable
volume of removed material reduce the process
forces and vibrations. The down milling mode
provides the lowest surface texture parameters
S a and S ku – for mould and die materials.
Parameter S vi and S tr reaches the lowest values

Fig. 7. Plot of means for parameter S a for feed
rate and material influence
This conclusion provides real data for
manufacturers.
As mentioned above, the number of samples
was enhanced to prove the results achieved in
first stage of research. As the figures show, the
results for the different materials sometimes
diverge up to 6 times, depending on the
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by using TLP strategy with the appropriate
milling mode.
2. Based on the mathematical ANOVA
multifactorial analysis results, the second most
significant influence on texture parameters is
the material (or the material’s mechanical
properties). Toolox 33, which has different
mechanical
properties
and
chemical
composition, confirmed the arguments of the
material’s influence on surface texture
parameters. On observing the results, Toolox33
is the most appropriate material to use for
mould and die manufacturing with HSM.
3. Analytically, the machining strategy is the
third major factor of influence in HSM. The
differences between texture parameters can be
up to 2.2 times greater. The lowest texture
parameter values were obtained by using
circular path (CP) and linear path (LP). Both
were used in combination to produce mould and
die workpieces. Two linear paths (TLP) milling
has a negative effect on the material surface
roughness and probably also on mechanical
properties.
4. Small overlaps and small cut feeds lead to
the concentration of the cutting zone around
zero radiuses. The negative effect of these
phenomena masks the results.
To prove these phenomena, as well as the TLP
effect on surface texture and mechanical
parameters,
surface
micro-hardness
measurements and analysis are required. These
surface micro-hardness measurements are still
in progress.
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PRODUCTIVITY IMPROVEMENT BY IMPLEMENTING
LEAN PRODUCTION APPROACH
Mahmood, K., Shevtshenko, E.

Abstract: This paper aims to provide a
better understanding of lean production
approach in order to enhance productivity,
reduce cost and maximize customer value
while minimizing waste during the
production processes. Lean tools enabling a
company to differentiate value from waste
and facilitate to maximize customer value
while minimize waste. Although there are
many key factors for this methodology but
here authors would be focusing on the Value
Stream Mapping (VSM), Pull system
(Kanban) and Dedicated Flow that are
contribute to change the process by
eliminating different kind of wastes (such as
inventory) which slows down the process. A
case from metal manufacturing company
will be taken into account that focus on
lowering down the inventory (waste) levels
with the help of lean tools.
Key words: Productivity, Lean, wastes,
VSM, Kanban (pull system), Dedicated Flow

cost in order to stay competitive in the
market and satisfies customer. Specially, in
Baltic region medium size manufacturers
have a fear to losing competitiveness against
other low cost manufacturing countries.
Hence, they must be more effective to
survive and in order to do this they are
seeking for process improvement methods.
Purpose – The solution for above stated
problem is to adopt lean production. The aim
of this paper is to create awareness about
lean production with the help of a simple
model of manufacturing system alongwith
recognization of deadly seven wastes of lean
and lean tools.
Methodology/Approach – A thorough search
of literature and the qualitative case study
research methodology [1] are used in order to
find the solution of the stated problem.
Findings – Lean Production has been one of
the most well-known methodologies to
eliminate waste in the manufacturing and
service industry. The emphasis of lean is to
eliminating non-value-added activities and
the goal has been a goal of industrial
engineering i.e., to improve the efficiency of
all processes. Many firms have been
practicing lean production to improving
productivity and as a process improvement
approach, small-medium enterprise (SME)
manufacturers also looking forward to get
under the umbrella of lean production. In
Baltic SMEs willing to learn Lean and it can
be achieved through Lean Lego Games,
hence, there is also a need to build such kind
of Lean Labs where companies can practice
Lean.

1. INTRODUCTION
In today’s advance world the companies are
striving to get better and better, the
competiveness in the world market has
always existed and is a key element for
improvements, because it forces people and
companies to drive themselves in order to
bring up new tools or methods and take
stance in front of innovative gadget, lean
approach is the way to achieve improvement
either in manufacturing and service sector.
Problem – Nowadays, the problem facing by
medium sized manufacturing companies is
how to increase productivity and reducing
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must be considered, otherwise the positive
long term effects of a lean approach in
services will be absent.

2. REVIEW OF LITERATURE
In this section the contribution of lean
concept and its background with principle
will be discussed. A brief explanation of
productivity as a competitive tool will also
be a part of this section.

2.2 Productivity as a Competitive Tool
"Productivity is a relationship (usually a
ratio or an index) between output (goods
and/or services) produced by a given
organizational system and quantities of input
(resources) utilized by the system to produce
that output” [7]. The input are usually
classified as labor, capital, material
(inventory) and energy. In this paper
inventory as an input will be under
consideration, during the case study the
inventory reduction with the help of lean
tools leads to improvement in productivity
of a case company.
Productivity enhancement is a common
factor in fulfilling producer demands and
customer demands as well. In this area the
potential for improvement is always high to
certain extent. Some researchers and
company managers in western production
industries argue that there is a potential to
increase productivity by 50 per cent in many
western companies. The more obvious fact is
that when productivity is too low, operations
are transferred to low-cost countries.
Nowadays, this threat is also a reality in
operations outside manufacturing. The most
probable reasons for moving operations to
low-cost are usually due to lower wages that
will lead to increased profitability and/or
enhanced competitiveness. Even some
customers asking their supplier to move their
operations to low-cost countries in order to
expected reduction in prices. Unfortunately,
this kind of discussion disregards the fact
that the probable gains in profit due to lower
wage level are often eliminated by costs
related to longer lead times, increased tiedup capital, poor control, increased
transportation costs, etc.
Lean is an approach to operations that
specifically aims at increasing productivity
in order to attract customers as well as
investors. Nevertheless, it is not a short term
approach to cure the wound; it is a long term

2.1 Brief History of Lean
In the beginning of 20th century, Henry Ford
developed a new way of manufacturing,
mass production, which has been a major
evolution and first applied to the automotive
industry, and then his philosophy has been
applied in every kind of production plants. A
second major evolution, which is nowadays
considered as the best of way manufacturing
has been developed by Toyota, during the
second half of the 20th century is Lean
manufacturing [2]. It describes the opposite
way of mass production, where quality is
preferred to quantity [3].
The approach of lean was first initiated by
Toyota, lean production is orginated from
Janpanes manufacturing method known as
TPS - Toyota production system.
The term “lean process” in the literature has
many definitions. Lean production uses half
the human effort in the factory, half the
manufacturing space, half the investment in
tools, half the engineering hours to develop a
new product in half the time. It requires
keeping half the needed inventory, results in
many fewer defects, and produces a greater
and ever growing variety of products [4].
”Shah and Ward [5]” defined lean process as
“an integrated socio-technical system whose
main objective is to eliminate waste by
concurrently reducing or minimizing
supplier, customer, and internal variability”.
”Calborg et al., [6]” suggests in their study of
“A lean approach for service productivity
improvements” that standardizing services
and increasing reliability in service
processes through lean principles can
increase efficiency. Further, Lean principles
can be beneficial in order to improve
productivity in services with an appropriate
approach in which customer satisfaction
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approach that eventually focuses on efficient
resources utilization by eliminating waste,
increasing workforce commitment and keeps
an eye on customer expectations [8].
2.3 Lean Principles
Lean methodology has five principles
according to”Womack and Jones [9]” and
they are defined as:
- Identify value from customer point of view
- Value stream mapping (process map)
- Create flow – redesigning processess to
minimize waste and optimize customer
service
- Establish Pull – produce when it is needed
to fulfill customer demand
- Pursue perfection – Zero Defects

Fig. 1. Lean dimensions in a manufacturing
system and its relation to wastes.
4. DISCUSSION
VSM, Kanban and Dedicated flow are the
three tools of lean production that were
under investigation in this research, they can
be used to clean the system especially all
kind of inventory waste and focus on
productivity enhancement. This section
discusses the above stated tools that how
these lean tools play their role in
effectiveness and influence on the
improvment of a company.

3. METHODOLOGY
After reviewing the literature it is somehow
obvious that a proper lean implementation is
a basic need in current manufacturing
industries and in this research focusing on
more to the identification of indicators,
practices or tools or techniques for the
implementation of lean in manufacturing for
productivity improvement. The purpose is to
get the right product at the right time and
with right quality in order to gain
profitability and stay competitive by
continuing the sales growth [10].
In this paper a simple model of input,
process and output of manufacturing system
is developed with the identification of
wastes known as seven deadly wastes of lean
in order to create awareness of lean in
manufacturing system.
The figure 2 is presented a system model
shows the relation between lean dimensions
and wastes. ‘Muda’ is a Japanese word for
waste and “Ohno [11]” has identified seven
kinds of waste that are: overproduction,
waiting, transportation, unnecessary motion,
poor processing, defects and inventory.
Productivity can be improved by eliminating
these wastes from the system by
implementing lean tools effectively.

4.1 Value Stream Mapping (VSM)
It is a map of process flow for better
visualization, VSM is a mapping tool that is
used to map a productive process or an
entire supply-chain of a product. It maps not
only material flows but also the information
flows that signal and control production.
Moreover, a value stream is a collection of
all actions (value added as well as nonvalue-added) that are required to bring a
product through the main flows, starting
with raw material and ending with finish
product to reached customer. The ultimate
goal of VSM is to identify all types of waste
in the value stream and take steps for trying
to eliminate the wastes [12].
4.2 Kanban (Pull)
Kanban provides the same idea as pull
system which means a ‘signal’, ‘signboard’
or ‘ticket’ that is used to activate demand of
a product or service. It specifies when and
where more material is needed for sake of
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As there was imbalance between casting and
rolling processes with respect to production
speed, a great amount of WIP inventory was
present that creating queues and occupying
extra space on the production floor. The
work load on rolling and slitting machines
was uneven that also creates buffer in terms
of inventory (finish goods- FG) as shown in
fig.3. It was because of variation in product
mix and which was not handled properly,
moreover, no grouping of product and
dedicated flow of product with respect to
machines (RM – raw material, inventory).

better flow internally and externally both.
These cards are used to control production
flow and inventory. This system facilitates
high production volume and high capacity
utilization with reduced production time and
work-in-process inventory [13].
4.3 Dedicated Flow
Dedicated flow is based on product families,
the similar function products are divided into
the same product category and this family of
product proceeds according to their
respective process machines or equipment
that results in optimal routing of a product
family.
5. CASE STUDY

Fig. 2. Process
inventories

A metal manufacturing company was
selected for the case study and to implement
the tools for process improvement as
discussed in above section. This company
was producing copper strips by casting
process followed by slitting and rolling mill
processes, more precisely the company
produces copper strips for automotive and
electrical applications
Company had some internal challenges such
as lengthy transportation, low quality, a lot
of scrap and excessive stock as well as high
work-in-progress, and long manufacturing
and delivery lead times. That makes the
management to initiate the lean production
improvement operation with the focus to
increase the productivity by minimizing
wastes (inventory levels) within the
production facility, to concentrate on quality
and reduce costs. The main problems in the
production flow were:
• High Work-In-Process (WIP) Inventory
• Unpredictable process and time
• Long changeover time

Flow

with

marked

Steps that were followed during the analysis
and improvement process were: first to
create overall current production flow
(mapping) through VSM, next step was to
clean the process by implementing lean tools
– Kanban and dedicated flow to reduce
inventory levels and lead times. Third was to
standardize the improved process by creating
standard operating procedures with better
developed process map (VSM).
Inventory type
Raw Material
WIP
Finish Goods
Total

Quantity (ton)
349
1026
470
1845

Time (days)
4.8
14.3
6.6
25.8

Table 1. Levels of Inventory (Before Lean)
The current inventory levels of all kinds of
inventory are shown in the table 1. Lean
tools implementation and their results along
with future inventory levels will
be
discussed in the following section.
5.1 VSM Deployment

The current (as-is) state of stream was
mapped from fetching of raw material to
dispatch of finish goods. The current state
was a mess and creates chaos due to bad
handling of information and lack of
communication with some wrong practices.

Figure 4 represents the To-Be process map
as an improved values stream map where the
information and material flow was clearly
identified. The awareness of employees
about this suggested improved process map
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machine
get
the
desired
product
(withdrawal). The process is shown in the
figure 5. Although, there were some
challenges to keep this system work properly
and understand by everyone in the
production area. This kanban approach is
postponed twice during the transformation to
lean implementation due to some issues in
foundry management. But in the end this
system start working and the WIP level has
reduced from 1026 tons to 800 tons.

also created. The VSM helps to develop a
new alloy combination also to avoid certain
quality issues and to cope up with scrap
problem especially in foundry process.
Moreover, new flow of products leads to
avoid waiting time and extra transportation
along with equal distribution of workload,
while the concept of freezing window for
product groups is taken into the account to
minimize re-planning issues. In order to
avoid and mitigate the problems (delaying in
finish goods deliveries) that occurred due to
unpredictable process, extra delivery day is
taken into consideration to fulfill the
commitment of customer and to abstain
rescheduling deliveries.

Fig. 4. Kanban Replenishment System
5.3 Dedicated Flow Deployment
In order to keep the flow continuous that
leads to reduction in buffer time, a dedicated
flow has been implemented – in this a group
of similar products would be process
through their designated machines. This
result in clear and smooth flow, also leads to
waiting time (buffer) gets smaller and hence,
transportation has also optimized with better
utilization of machines.
The products were divided into different
families according to the processes that
would be performed on them. Product family
‘A’ belongs to those products that have
annealing point greater than 100 my and
thick in dimension, likewise the products
passes through annealing between 70 to less
than 100 my with single pre-rolling
correspond to family B and family C
products are those that have annealing point
less than 70 with double pre-rolling. The
process can be seen in the figure 6.
Furthermore, the challenges have been faced
during this implementation was the mix of
product (A, B, C) with no agreement with
sales to fit customer demand to capacity.

Fig. 3. Value Stream Map (To-Be)
5.2 Kanban Deployment
The Kanban replenishment system was
successfully implemented that reduced the
WIP remarkably and enhance the process
performance. A kanban sticker/card was
introduced that contains a product
information – when, where and how much is
needed to produce for the subsequent
process as the signal from upstream has
triggered. This means information flow and
the material flow run parallel, this kanban
(pull system) effectively control the buffer
between casting mill and rolling mill
processes.
The kanban method start from production
machine in rolling area that generate a signal
by means of card (contains information what
they required), this card goes to the planner
who plans casting production accordingly,
casting produced that specific product
(replenishment) and in the end demanding
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Table 2: Inventory Level (After Lean)

Fig. 5. Dedicated flows of product families

Fig. 6. Comparison graph As-Is (Before) Vs
To-Be (After)

6. RESULTS

7. CONCLUSION

The future inventory levels of all kinds of
inventory after lean implementation are
shown in table 2. The total inventory level is
reduced to 1600 tons from 1845 tons that
leads to productivity improvement. Aslo the
number of days for inventory are reduced to
22 days as compare to 26 days that speed up
the production process.
Moreover, the graph in figure 7 shows a
comparison between as-is and to-be state of
the production process in terms of all kind of
inventory levels along with percentage
change. The improvement achieved in
overall inventory level is 13.3% after the
implementation of lean approach. To sum-up
this case study it has been obeserved that the
lean approach is not a short term approach it
is a long term philosophy that required
continuous
practice
to
get
bigger
achievements. Although, we have seen
improvements in the metal manufactuirng
company’s production process by means of
reduction in inventory levels and smooth
flow after lean implementation in a short
period of time but it can be enhanced by
doing more and more efforts in order to
strive for perfection and lean area to see
huge improvements.
Inventory type
Raw Material
WIP
Finish Goods
Total

Quantity (ton)
400
800
400
1600

Lean tools and activities support stability.
The tools – VSM, Kanban, Dedicated Flow
improves safety and productivity. The
impact of lean tools and techniques was
quite noticeable as the case company had a
big problem of high work-in-process
inventory and it was consider to a fat that
has been reduced by lean approach and lean
implementation have shown improvement
by reducing WIP inventory from 1026 tons
to 800 tons while overall inventory level has
fallen down from 1845 tons to 1600 tons.
The consequence of this study is that Lean is
a very global and vast system, and it’s not
easy to implement just a small portion, it is
moreover, all or nothing. People must be
ready to change the whole organization, not
only production lines. Sales, Logistics,
Marketing,
Product
development
departments will be affected by this change
and if one of them does not follow, Lean
will not sustain.
One of the future researches could be the
effectiveness and barrier of lean approach in
SMEs; on the other hand research on lean
effectiveness in service sector for service
productivity improvement can also be a
future research.

Time (days)
5.6
11.2
5.6
22.4
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INFLUENCE OF INITIAL SETUP OF PARTS BEFORE ROUGHNESS
EVALUATION
Melichar Martin, Kutlwašer Jan, Kubátová Dana

Abstract: This article deals with issue of
initial setup of the tested part before
roughness
measuring
process.
In
cooperation with industry partners it has
been tested the influence of accuracy of the
positioning of parts for measuring
parameters inside high precision holes
with small diameter.
During the
experimental phase it was evaluated by
high-end stationary laboratory roughness
device thousands of samples of one type of
high precision hole to get statistical
relevant data. The other part of the article
deals with results and current research
about possibility of solving the problem
with noncontact unit.
Key words: Surface Metrology, Roughness,
Initial
1. INTRODUCTION
The meaning of machining quality of the
individual components increases recently.
It has the major impact on the functionality
of the entire device. Especially by the
contact surfaces (eg. bearings) quality is
roughness one of the decisive factors. It
can influence the operation and use of the
device as a whole. The surface quality has
a significant effect on the life and
reliability of components, such as machine
parts running accuracy, their noise, friction
losses, heat transfer, or wear resistance.
Therefore, it is preferable to monitor
surface roughness of functional surfaces
and evaluate the measured parameters. [6]
The surface structure has a decisive weight
on how the component will behave in
practice and what will have functional
properties. General surface contains a
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number of unevenness (roughness,
waviness, the surface shape) forming the
surface structure, especially its differing
pitches having a different effect on the
function
surface.
Therefore,
the
development of measurement equipment
and metrology surface structure needs to
pay more and more attention.
Since the surface structure control for
single-use measuring machines, it is clear
that their manufacturers sharing the
metrology enhancing the focus. The system
of assessment and evaluation of the
structure of the surface is defined by a
plurality of standards that describe the
evaluation, measurement, marking texture
or calibration of measuring instruments etc.
These are called. Standard GPS
(Geometrical product), which specify the
geometric requirements for the product [2].
These standards are continuously gradual
development of measurement equipment
and general metrology developed, refined
and supplemented.
2.

ISSUE

OF

INITIAL

SETUP

When analyzing the surface integrity,
especially roughness, one of the key factors
in achieving relevant results is the correct
setting of the mutual position between the
measuring device and controlled products
[4]. The ideal position in terms of
measurement seems (when application of
contact evaluation methods) theoretically
so that the stylus moves perpendicular to
the tracks roughness e.g. ideally etalon
roughness perpendicular to the lines cuts.
How much can a potential difference of
perpendicularity affect the relevance of the

results of the measurements was
investigated in experimental metrology
conditions.

Fig. 1

During the test phase has been under
controlled entry conditions experimentally
measured several thousand precision holes
(this is specific and often solved metrology
operation [5]) machined with a reamer. The
quantity of the obtained results was
necessary for reliable statistical evaluation
experiment. The actual parameters
detection
was
performed
on
Roughness/Contour
Hommel-ETAMIC
T8000 (see Fig. 2), which is capable of in a
controlled environment to detect and
measure the parameters in the accuracy of
fully meeting the requirements of
aerospace and automotive industries. The
device Hommel Etamic T8000 has an
optimal combination for surface roughness
measurement and after replacing the sensor
head can be used for profile control
components (control contours). This dual
measurement is made possible thanks to
the intelligent arrangement of both probing
systems.
Roughness and contour are measured using
two different imaging systems. Outline of
the probe can be easily interchanged and,
in some cases it is possible to parallel
roughness and profile part.
An experiment was carried out using a
measuring system HOMMEL-ETAMIC
T8000. This is a measuring system that
allows measurement of surface roughness
and waviness profile and topography of
different part types. The design of the
system has a modular design that allows
the interconnection of different shift units,
sensor types, columns and granite slabs.
This allows relatively high usability
measurements for different sizes, types of
surfaces etc.
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Fig. 2 Hommel-Etamic T8000

This equipment as well as other
manufacturers’
equipment
provides
measurements in only two axes and a
possible shift the third axis is solved by
manually or CNC controlled table, which
can be obtained from the manufacturer in
the supplementary equipment of machine.

Fig. 3 Measured sample [1]

Fig. 4 Detail of contact measurement in the hole
[1]

With an accurate manual micrometer stand
holes were always tested in an ideal
position to measuring machine and
installed as incorrect assumption. The
angular extent of "false" positioning was
limited diameter holes (12mm) in relation
to input roughness parameters given in ISO
4288 [3]. The output is clear that the initial
phase of testing was clearly distinct
influence of the initial system setup
machine - controlled piece.

Fig. 7 Position 5mm off axis

To eliminate potential errors were chosen
methodology selected holes further
evaluated by in terms of shape and
parameters on the precise roundness Taylor
Hobson Talyrond 585 LT. This device is
equipped with automatic levelling and
centering piece measured up in the order of
tenths of a micrometer. Among its other
features include the ability to scan the
entire surface of contact both internal and
external cylindrical profile and the profile
mathematically evaluated.

Fig. 5 Correct position of the sensor

Fig. 8 Taylor Hobson Talyrond 585 LT

Output value of this evaluation corresponds
to the initial assumptions and again clearly
demonstrates the effect of measurement
methodologies and especially the initial
position gauge - piece on relevant result.

Fig. 6 Position 2,5mm off axis

Fig. 9 3D data of evaluated hole
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3. FIGURES

4. CONCLUSION

Based on the experimental simulations it
was found that the described device
provides an effective way to initial setup of
the third axis of the roundness instrument.
Because exerted contactless nature of the
methodology and the resolution of HD
camera, we obtain high accuracy while
keeping a significant increase in the
success of initial setup cycle. This is
achieved substantial productivity gains the
control processes. Also, the value of
standard uncertainty remains at the same
level as touch setup. Advantage, the
decreased cost of the non-contact
components compared to standard method
based on the manual or CNC table, savings
in labor time and expense-consuming
machines, to which the contactless setup
realized, as there is no need to operator
surveillance over the process because of
the anti-collision procedure. The proposed
device is therefore a significant
improvement and streamlining the setup
process.

The model devices provides statistical
stable results for the applications described
above so the next step will be preparation
next generation of these models and their
applications by using high precision
machines by support of Regional
Technological Institute (RTI-UWB). RTI
under research project cooperate with
many companies, which allows the usage
of the devices and procedures in the reality
of industrial sector.
5. ACKNOWLEDGMENT
This paper includes results created within
the project SGS031-2013 and project
CZ.1.05/2.1.00/03.0093
Regional
Technological Institute. The project is
supported by the European Regional
Development Fund and the state budget of
the Czech Republic.
6. CORRESPONDING ADDRESS
Ing.. Martin Melichar, Ph.D.
University of West Bohemia
Faculty of Mechanical Engineering
RTI
Univerzitni 8, 30614 Plzen, Czech
Republic
Phone: +420 377638534
E-mail: mech@rti.zcu.cz
http://www.zcu.cz

Fig. 10 Prototype of experimentary table

Fig.11 HD sensoric head [1]
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SHARPENING HOBBING WORM MILLING CUTTERS ISSUE
Milsimerova, A.

Abstract: The complex shape and
kinematics of grinding teeth faces of
hobbing worm milling cutters makes it
difficult to achieve the necessary accuracy
and resultant shape geometry. Grinding
wheel shape, size and helix angle influence
accuracy during grinding. Inappropriate
combination of these parameters causes
undercutting of face teeth and reduces
accuracy. The main concept of this
research is the graphic design of a wheel
corresponding to the geometry of the
ground groove. Real testing is performed
based on data from grinding simulation
with the designed wheel shape and from
comparison of curves of both wheel
shapes. The aim is to find a parametric
system which, when variables are changed,
recalculates and modifies the solution for
specific tools and their parameters.

Inappropriate combination of the geometric
parameters of both input factors into the
grinding
process
causes
increased
inaccuracy of the helix groove. This
process has an impact on the undercut of
the groove according to the required
tolerance.
2. APPLICATION AREA
The ongoing research is concentrated on
the elimination of the helix groove
undercut and attaining the required
accuracy of the ground surface (e.g. [2]). In
the current status the solution is focused on
hobbing worm milling cutters with zero
face teeth angle, indicated as γ, according
to the axis of the tool (see Fig. 1. Face
teeth angle).

Key words: hobbing worm milling cutters,
grinding, groove undercut, grinding wheel
shape
1. PROBLEM STATEMENTS
Hobbing worm milling cutters are special
tools – each one is designed to
manufacture a gearing with specific
parameters. The accuracy of the hobbing
worm milling cutter has an impact on the
accuracy of the rolling gearing. This aspect
has high demands on the geometric
accuracy of these tools, especially on the
cutting area (area which is made by teeth
faces). The tool is worn out during the
manufacturing process by the cutting
conditions and due to the required
preservation of parameters grinding wheels
are used for grinding the face teeth.
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Fig. 1 Face teeth angle
The insertion of the grinding wheel cutting
parts into the face teeth of the hobbing
worm is caused with consideration of the
ground tools geometry and with the
inclusion of the influence of the grinding
wheel geometry. The helix pitch angle
control of the hobbing worm and the shape
and the diameter of the grinding wheel are

the main influences on this negative effect.
The higher helix curling and bigger wheel
diameter, thus there is larger insertion and
clearly higher inaccuracy (= undercut). If
the wheel diameter is theoretically small,
as it were be made by point, no undercut
will occur. There would only be point
contact. However, with the increasing
wheel diameter, surface contact occurs. But
there is the requirement of achieving the
tangent contact through the whole grinding
process for the maintaining accuracy.
Taking the helix curvature into account, a
wheel with a bigger diameter cannot be
placed in every position of its running with
tangent contact with the ground face teeth
but with the surface contact.
3. RESEARCH COURSE
In the current phase we are designing and
adjusting a wheel shape, which should
correspond to the ground groove and copy
its curvature, based on analysis of the input
factors, which negatively affect the
resulting accuracy of the ground surface
(e.g. [1]), and taking the complexity of the
issue into account. This effect should
eliminate the helix groove undercut with
no respect to the grinding wheel diameter.
The graphic method is exploited for this
design solution. The benefit of this solution
in contrast with an analytic is the
description and display of facts and the
possibility to look into the process at every
current point and plane of its running.
These methods are priceless in terms of
describing the issue and in terms of more
easily understanding the processes
involved.
4. METHOD USED
For the investigation of default tool
surfaces a graphic method of cutting planes
is used as standard. This method is
primarily used for investigation of default
tool surfaces for profiling – for helix
groove machining with the grinding wheel
in this case. The method is based on
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orthogonal projection on two projection
planes. Intersections of particular circles of
the tool and the surface of the helix groove
in each cutting plane are obtained by
creating
a
cutting
plane
system
perpendicular to the tool axis (including
consideration of the tool rotation according
to the helix groove angle). These
intersections create involute curve point
system. The intersection system, which
creates particular points of the default tool
surfaces equal to a given solution type, is
made by projection of intersections in
every cutting plane into the tool axis.
4.1 The wheel shape design
Based on the cutting planes definition
auxiliary geometry was composed from
default selected point of guide helix,
auxiliary planes, surfaces and lines which
define the wheel geometry necessary for
the correct compilation of particular wheel
cutting planes. The circles (define wheel
diameter geometry in every cutting plane)
tangent to the teeth surface were created in
every plane (see Fig. 2. Circle system).

Fig. 2 Circle system
Explanations:
1. The intersection of perpendicular
plane to the pitch angle and guide
helix
2. Middle wheel point
3. Cutting planes system
4. The line defines big wheel diameter
5. The line defines the wheel axis
6. Cutting planes intersections into the
teeth face

This effect enabled creation of the wheel
involute curve into the material of the
hobbing worm (see Fig. 3. Involute curve).

Fig. 5 The original wheel shape

Fig. 3 Involute curve
Explanations:
1. The line defines cutt
2. The intersection of line and circle in a
current cutting plane
3. The point of contact – involute curve
point in a current cutting plane
New wheel shape points were investigated
by successive creation of intersections of
particular cutting planes circles and the line
defines the wheel diameter. Linking these
points created the new wheel profile sketch
(white highlited) and the suitable wheel
shape was made by its rotation (see Fig. 4.
New wheel shape).

All these constructions were made in the
perpendicular plane to the helix at a
selected point. Equal wheel shape and
investigation of current involute curve of
the tool into the hobbing worm material is
the result as for real grinding. The accuracy
of the solution depends on the quantity of
created planes and their distance. Thus the
more intersections and found points we
have, the closer we are to an ideal solution.
The shape of the disc for solving the issue
is created by the connection of the
intersection points of individual curves and
lines defining the diameter of the disc. This
connection must be created in the
perpendicular plane on the helix because in
this plane the adjusting position of the
grinding wheel in the groove was defined
according to the helix angle. This place is
the current contact of the grinding wheel
and hobbing worm. When rotating the disc
in the groove as in real grinding, this place
will be in other sections of the face, thus
we reach a different plane perpendicular to
the helix.
5. STATUS

Fig. 4 New wheel shape
The width of this wheel depends on the
depth of the groove; i.e. the result
corresponds only to the teeth face and this
shape will be considerably narrower than
the real wheel shape. The original wheel
shape was created in the same default
position in the same way (see Fig. 5. The
original wheel shape).
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The grinding wheel shape is designed
using graphic method for solution of helix
groove undercut. Currently the wheel
shape is designed based on the construction
method, which should correspond to
ground groove geometry. From the
comparison of the view of the groove, with
the original wheel shape and the newly
designed wheel shape, it is clear that the
original wheel inserts its cutting part into
the teeth faces during the grinding process.
The newly designed wheel shape traces the

teeth curvature (see Fig. 6. Comparison of
views of the groove).

Fig. 6 Comparison of views of the groove
5.1 The curve of the grinding wheel
profile
The newly designed wheel shape is created
by a curve (red highlighted), which was
made by connecting particular points
obtained using the graphic method (see
Fig. 7. The curve of the grinding wheel
profile).

Fig. 7 The curve of the grinding wheel
profile
These points each have the distance of
0.5mm according to the distance of the
construction cutting planes. Points were
connected through spline curves. At first
sight it seemed that the curve is rectilinear
and there is no curvature. Thus the
generated curve was projected on the
model with original wheel geometry and
from the comparison it is clear that there is
real divergence of both curves (see Fig. 8.
Comparison of wheel shape curves).
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Fig. 8 Comparison of wheel shape curves
Distances of particular points of the new
designed curve were taken based on this
comparison (see Tab. 1. Distances of
particular points).
Curve point X[mm] Y[mm] X´[mm]
0
0
0
0
1
0.71
0.5
0.7
2
1.42
1
1.4
3
2.14
1.5
2.1
4
2.87
2
2.8
5
3.61
2.5
3.5
6
4.36
3
4.2
7
5.12
3.5
4.9
8
5.88
4
5.6
9
6.65
4.5
6.3
10
6.96
4.7
6.6
Tab. 1 Distances of particular points
A graph was created from these points. The
values of the original rectilinear shape
were also plotted on this graph (see Graph
1. Wheel shape curves).
Explanations:
Y – Graph axis Y
X – Graph axis X of the designed curve
X´ – Graph axis X of the original straight
curve

Fig. 11 Simulation results

Graph 1 Wheel shape curves
6. RESULTS
The grinding simulation was created with
the original wheel shape and with the
designed wheel shape for verification of
obtained results. The verification was
calculated using the analysis of the
remaining material and checked in several
random points. The toleration was set on
the value up to 0.01mm.
6.1 Grinding simulation - verification

The simulation confirmed accuracy
increasing in hundredths and thousandths
orders. It´s not a fixed result because we
must consider some inaccuracy and graphic
error. But it is definitely a degree of
innovation in this issue. The undercut
occurred in point 5, is still close to the 0,2mm value. This effect occurs at the
teeth heel. There was a probability this
would happen due to curve shapes, because
there is no, or too small divergence,
between the original and the designed
curve. Based on this effect was designed
construction for the wheel shape using
above mentioned method. But in places
with no divergence of both curves with
0.1mm cutting planes distance because due
to a verification of the curve running,
whether it would be the same or different.
6.2 Construction refinement
A graph was created from particular points
of designed curve (see Tab. 2 Distances of
particular points – refinement). The values
of the original rectilinear shape were also
plotted on this graph.

Fig. 9 Simulation verification – the original
wheel shape

Fig. 10 Simulation verification – the
designed wheel shape
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Curve point X[mm] Z[mm]
0
0
0
1
0.14
0.1
2
0.28
0.2
3
0.42
0.3
4
0.56
0.4
5
0.71
0.5
6
0.85
0.6
7
0.99
0.7
8
1.13
0.8
9
1.28
0.9
10
1.42
1
11
1.56
1.1
12
1.71
1.2

wheel shape curve corresponding to each
ground groove. If there would be a
possibility to create a parametric hobing
worm model, it would be possible to find a
parameter, which would be directly linked
with construction method for a grinding
wheel. There is an assumption that it
should be possible to find analytic
description of the solution in this phase.
Then there should be a possibility to
recalculate and modify the solution, if a
variable would be found, for a specific
tool.

13
1.85
1.3
14
2
1.4
15
2.14
1.5
16
2.29
1.6
17
2.43
1.7
18
2.58
1.8
19
2.73
1.9
20
2.87
2
21
3.61
2.5
22
4.36
3
23
5.12
3.5
24
5.88
4
25
6.65
4.5
26
6.96
4.7
Tab. 2 Distances of particular points –
refinement
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Graph 2 Designed curves - overlapping
7. FURTHER RESEARCH
Currently we are testing the grinding with
the disc, which profile is dressed according
to designed curve. Based on results there is
a possibility to consider the accordance of
real results with result of used method. The
next step is the creation of series hobs with
different parameters and the design of the
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MATERIAL RECYCLING AND IMPROVEMENT ISSUES IN
ADDITIVE MANUFACTURING
Mägi, P.; Krumme, A. & Pohlak, M.

Abstract: The objective of this study is to
find ways of reusing polymeric material
left over in Selective Laser Sintering (SLS)
in other Additive Manufacturing (AM)
processes, i.e. Fused Deposition Modelling
(FDM). Furthermore, attempts are made to
improve the material’s mechanical
properties.
This
paper
provides
information about the changes of tensile
properties taking place in the un-sintered
polymeric material after it has been
exposed to SLS process and the tensile
properties that the recycled material
obtains when additives are added into its
matrix.
Key words: Additive Manufacturing,
Selective
Laser
Sintering,
Fused
Deposition Modelling, material recycling,
Polyamide-12
1. INTRODUCTION
Additive Manufacturing is being
falsely advertised as ‘the technology that
creates no waste’. Additive and subtractive
manufacturing are both widely used for
fabricating
customized
products.
Subtractive manufacturing begins with a
block of material from which the desired
object is cut out by removing material
producing waste as a by-product. In
contrast, AM adds raw material layer by
layer in order to form the desired object;
this doesn’t mean absolutely no waste is
created. There are a number of different
types of AM processes; most of them
create waste in the form of supporting
material used in the manufacturing process.
In Selective Laser Sintering a part’s
three-dimensional design is created in a
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computer aided design program. That 3-D
design is virtually sliced into layers with a
thickness 0.1 mm [1]. A recoater in the
SLS machine applies a layer of polymer
powder onto the print bed and a laser beam
traces the model’s cross section fusing the
polymer particles into a solid object layer
after layer, leaving the non-traced powder
loose [2].
One of the most widely used
polymer powders used in SLS is
polyamide. All powder present in SLS
process is subjected to high heat, which
deteriorates polymer particles [3]. The heat
and radiation initiated degradation of
polyamides may involve the following:
change in chemical structure of the
polymer molecule, change in crystallinity
(molecular
orientation),
dipole
rearrangement, hydrogen bridging and
change in the amount of molecularly
associated materials that have plasticizing
effect, such as water. The polymer
molecule breaks at the C-N bond;
moreover, breaking of a very small
proportion of the C-N bonds can already
result in an appreciable decrease in molar
mass. Increase in crystallinity is proposed
accompanying the decrease in molar mass.
All these degradation effects may result in
appreciable
change
in
physical
characteristics of polyamide [4]. Therefore,
only certain amount of processed
(presumable degraded) material can be
used in mixture with non-degraded, new
material
to
preserve
characteristic
mechanical properties of the material. This
results in excess of polymer powder with
changed properties that cannot provide
sintered parts with as high quality as would

be achieved by using virgin powder.
Therefore a considerable amount of raw
material goes to waste; only a certain
percentage, 30 - 70% (depending on the
material) [1], of leftover can be blended
with virgin material and re-introduced into
the process assuring production of high
quality parts. Since the powder deteriorates
differently at different parts of the build
chamber the quality of the recycled powder
can vary greatly. If too high percentage of
heavily deteriorated recycled powder is
blended with virgin powder, the produced
parts will have surface defects such as
‘orange peel’. In order to avoid the risk of
producing damaged parts, producers
frequently decide to blend just a small
percentage of recycled powder into virgin
powder [1]. By producing more polymer
powder waste than is recycled there will
always be leftover powder that will be
permanently scrapped.
This
research
encourages
environmentally friendly thinking and
acting by studying the waste generated in
SLS process and aiming to develop new
materials of this waste that would be
suitable for using in FDM process. This
way all leftover polymer powder which
otherwise would be scrapped, could be
made into new raw material.
The ultimate goal of this study is to
develop a set of polymeric materials that
could function as the raw material for FDM
printing hand prostheses. Currently a USA
based non-profit organization e-NABLE
and its global network of volunteers FDM
print prosthetic hands at their own expense
for people in need across the world [5].
Plastic filament makes the bulk of the cost
of such prostheses. If material left over
from SLS could be made into filament that
would classify as acceptable prostheses
material, it would be possible to make
printing hands economically more viable.
In addition to tackling the economical
factor, opportunities to make a version of
that recycled material that is stiff and a
version that is flexible are explored.
Another goal is to make an electrically
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conductive polymer that is suitable for
using in mechatronic equipment.
In this research, polyamide-12 (PA12) that is left over from SLS process in
Tallinn University of Technology has been
studied with a focus on giving the material
new
mechanical
properties.
PA’s
mechanical properties were manipulated by
adding thermoplastic polyurethane (TPU)
ground pellets and aramid fibres into
recycled PA-12’s matrix.
TPU is a linear block copolymer
that is made up of hard and soft segments,
which are separated during extrusion or
injection. This separation of microphase
segments gives the material unique
properties including high tensile strength,
high elongation at break, good wear and
tear resistance and low temperature
elasticity. The shortcoming of TPU is
expressed in low temperature resistance,
which may become a problem during
processing the material. Blending TPU
with other (heat resistant) materials, such
as polyamide, helps to overcome this issue
[6]. Aramid is considered to be a high
performance fibre [7]. High levels of
molecular alignment result in high levels of
stiffness and strength of aramid fibres [8].
Polymers are reinforced with short
fibres to increase their strength and load
carrying capacity of the components.
Among the fibre reinforcements as glass
and carbon, aramid fibres are widely used.
Polymer composites reinforced with these
fibres are usually one to four times stronger
and stiffer than their unfilled equivalents.
The reinforcement reduces also coefficient
of friction and hence allows the material to
be used for higher duties without
exceeding the softening point of the matrix
[9]. Good adhesion (which is necessary for
reinforcing effect) between PA matrix and
aramid fibres is expected due to similar
chemical nature.
TPU and polyamide mixture
provide material with toughness, low
temperature flexibility, tensile strength,
tear
strength,
abrasion
resistance,
transparency, resistance to oils, resistance

to hydrolysis, resistance to kinking and
hardness without brittleness [10].
In addition to perfecting current
materials’ composition and structure,
further studies will tackle PA’s electrical
conductivity and visual properties.
Depending on the achieved properties of
the material some possible applications are
considered,
e.g.
limb
prostheses,
mechatronic equipment, etc.
2. IMPROVEMENT OF MATERIALS
This study investigated the change
in mechanical properties of un-sintered PA
2200, which is a modified version of
polyamide 12 supplied by EOS GmbH
[11], after the polyamide powder was
processed in Formiga P100 (EOS GmbH)
and after that reused powder was added
TPU and aramid.
All raw materials were dried in a
convection oven at 105°C for four hours;
after drying the raw materials were stored
in airproof containers until processing them
in the injection moulding machine. Four
different sets of test specimens were
prepared at 215°C using micro-injection
moulding machine Babyplast 6/10P [12].
Specimens were prepared of the following
materials 1) 100% virgin PA-12, 2) 100%
reused PA-12, 3) 90% reused PA-12 and
10% mechanically milled TPU pellets, 4)
95% reused PA-12 and 5% aramid fibres.

Fig. 1. Comparison of tensile stress against
tensile strain of specimens made of
different materials.
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The brand name of TPU that was
used is Elastollan® which is made by
BASF. This material has excellent low
temperature flexibility [13]. Short fibre
reinforced PA-12 was prepared using
aramid fibres with a length of 2 mm.
3. TESTING OF MATERIALS
All specimens were prepared
according to the standards of ISO 527-2
type 5B. A small specimen size was chosen
in order to preserve unnecessary waste of
materials and to shorten the testing time.
Tensile testing was carried out on
all four different sets of prepared
specimens using Instron 5866 machine.
The crosshead speed was set at 50
mm/min. Each specimen was individually
measured. The results of 10 successful
tensile tests of each set of specimens were
recorded.
A sample filament was produced of
recycled PA-12 using a laboratory
compounder manufactured by Brabender.
Following
properties
were
measured: maximum tensile stress, tensile
strain at break, modulus and energy at
break. Recycled PA-12 filament was used
as raw material in Vellman K8200 FDM
printer [14] to 3-D print an object in order
to be able to analyse FDM-printability of
produced material.

Fig. 2. Tensile strength of different
compositions.

Material

Virgin
PA-12
Recycled
PA-12
Recycled
PA-12 +
TPU
(10%)
Recycled
PA-12 +
Aramid
(5%)

Maximum Tensile
Stress, MPa

Tensile Strain at
Break, %

Modulus, GPa

Energy at Break, J

Value

Standard
Deviation

Value

Standard
Deviation

Value

Standard
Deviation

Value

Standard
Deviation

39,5

2,1

296,8

21,3

0,60

0,10

5,90

0,60

37,0

2,0

198,5

34,3

0,60

0,10

3,90

0,70

44,4

4,1

421,4

132,1*

0,56

0,05

9,21

3,18

35,1

2,6

172,6

23,7

0,64

0,07

3,32

0,55

Table 1. Mechanical properties of different PA -based materials (* high variability is
caused probably by two defected specimens).
4. RESULTS
Fig. 1 shows typical tensile test
diagrams of the four different material sets
of specimens studied. Fig. 2 represents the
comparison of average tensile strength of
each material type. The standard deviation
is marked for each set of specimens.
The mechanical properties of all
four tested PA -based materials are shown
in Table 1. Some preliminary tests were
made to analyse the suitability of recycled
PA-12 in an FDM machine. Fig. 3 shows a
flower printed with recycled PA-12 in an
FDM printer.
5. DISCUSSION
The results show that the biggest
difference between virgin and recycled PA
reflects at tensile strain at break and also in
energy at break (see Table 1). Other results
are more similar. Perhaps there is not that
much difference between these materials
and recycled PA could be successfully
used for most applications that virgin PA is
used for. However, the quality of virgin
material is much better controlled; it is
more homogenous and predictable.
Adding 10% of TPU to PA may
have been too small amount for making it
softer since the modulus did not change
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Fig. 3. FDM printed Recycled PA-12
flower
significantly compared to pure PA.
However, the maximum strain increased
considerably, and also the tensile strength
increased. More studies for identifying the
influence of different levels of TPU in PA
are needed.
Adding 5% of short aramid fibres
made the material only slightly stiffer.
Small difference may have been caused by
either too low reinforcement content or
non-uniform fibre distribution inside the
test specimens. Therefore, some further
studies are needed.
Studies show that the recycled PA12 is FDM-printable, but at this point the
quality is far from acceptable level (see
Fig. 3). The main issues to deal with are
achieving control over the thermal

expansion of the material and assuring
good adhesion of the material to the
building platform of the FDM machine.
6. CONCLUSION
The study focused on recycling
issues of polyamide powder left over in
Selective Laser Sintering process. The
attempts were made to improve the
material and re-use it in Fused Deposition
Modelling system. In the study four
polyamide based materials were tested: a)
unprocessed virgin PA; b) recycled PA; c)
recycled PA + TPU (10%); d) Recycled PA
+ short Aramid fibres (5%). Mechanical
properties of the materials were measured.
The best results showed recycled PA +
TPU. The addition of TPU increased
tensile strength and maximum strain.
Future studies for identifying
optimal content on additives should be
made. A study for focusing on FDM
processing using the created materials is
planned.
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ANALYSIS MODEL DEVELOPMENT TO SIMPLIFY PLM
IMPLEMENTATION
Paavel, M.; Kaganski, S.; Karjust, K.; Lemmik, R. & Eiskop, T.
Abstract: Each new Development and
implementation needs plan what consists of
good vision, goals and strategy. There is
described Analyse model for giving
information to different activities before
real implementation. Information is
gathered from different levels of company t
to get the best results. Involving majority of
company’s workers gives information of
problems of different level of company and
presents
comprehensive
picture
of
company.
Article gives brief overview of Enterprise
Analyse model development first stage.
Enterprise Analyse model was initiated to
help companies to implement Product
Lifecycle Management (PLM)/ Product
Data Management system (PDM) by before
PLM activities. Through Analysis model to
map and recommend Key Performance
Indicators (KPIs) in company.
Analyse model structure, construct and
answering options are described.
Key words: Analysis model, PLM, PLM
implementation, KPI
1. INTRODUCTION
Competition between enterprises makes the
companies to improve their processes and
their performance. For reacting quicker to
market
changes
and
increasing
development speed with fewer errors. One
opportunity is to improve data management
systems, related to products and
production. Advantage can be achieved by
thought-out implementation of Enterprise
Resource Planning (ERP) or PLM/PDM
system. [1,2,3,4]
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2. PLM IMPLEMENTATION
PLM system should help to meet the goals
set by the company’s management. PLM is
a business strategy of different complex IT
tools and applications which support digital
design and manufacturing practices in
different areas of company. This business
concept helps the company to manage
products and products related data in whole
enterprise. [5,6,7]
PLM is implemented to get better results.
The results are obtained through making
Products Lifecycle more transparent and
more organized. By different modules and
applications. Information moves across the
company and closes the missing loops.
From Beginning of Life (BOL) to Middle
of Life (MOL) and to End of Life
(EOL).Also backward from EOL to MOL
and BOL by making the product
information a whole.[8,9]
The expected benefits are divided into four
bigger categories; [5,10,11]
• Reduce
cost
by
reducing
development,
material
and
prototyping cost. Also by faster and
controlled design and wright on
time information and products
movement.
• Improve quality by better and
cleared data quality what ensures
less errors, rework customer
complaints, product returns. Better
document control gives faster
document search and revision
management.
• Project times reduction by lower
overrun times, engineering change

times, usage of already developed
details and assemblies.
• Other useful extras by better
business decisions and results by
clearer product lifecycle.
The need for PLM implementation should
come from companys overall vison and
PLM should be one tool to achieve set
goals. From overall vision should come
business vision in which depend the PLM
vision and PLM strategy. Vision should
include The company: objectives, strategy,
success factors, key issues, The PLM
Initiative, Description of PLM Vision,
Next steps: PLM strategy, PLM
implementation Strategy, PLM Roadmap,
PLM Plan, schedules, resources, value,
cost, Return of Inverstment (ROI).These
are company specific and there should be
described goals and abjectives before
contacting the vendor. The Implementation
strategy shows how resources will be
organized in future and is the starting point
for Implementation Plan. PLM Plan shows
the components, objectives, action steps,
timing and financial requirements. The
main purpose of the chain from business
mission and objectives through PLM
Vision,
PLM
Strategy,
PLM
implementation strategy PLM plan and
implementation is that the company meets
it objectives. [10,12,13,14]

• Help implement PLM/PDM system
in company.
• Map and recommend KPIs in
company.
In this paper we focus how to ease
PLM/PDM Implementation. This model is
built up in Lime Survey Environment and
information is collected through structured
questionnaire. Input to this Survey is in
accordance with overall corporate business
visions and business objectives. Also
controlling how it matches with incision of
people. Survey enables us to determine the
PLM
maturity
of
an
individual
organization. After determining the as-is
situation and to be situation it is possible to
raise goals what can be used describing
PLM vision. Information from PLM
framework can also be used for
development of PLM strategy, PLM
Implementation strategy and PLM Plan
(Fig 1).

3. ANALYZE MODEL
There are lot of different possibilities how
to ease implementation. From hiring
company to going to depth by itself. There
are several further work options like
questionnaires, interviews or surveys. Each
have their advantages and disadvantages.
This Analyze model is described in two
variants. On is in English/Estonian
duplicate in English/Russia. Analyze
model developed considering Estonian
production field.
Current analyze model is developed for
two reasons:
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Fig 1. Information movement between
different Implementation phases and
analyses model.

Also for evaluating companies PLM
maturity and .The empirical research will
be conducted based on questionnaire.

Questions are covering main business
Dimensions: [15]
• Strategy and policy
• Monitoring and control
• Organization and processes
• People and culture
• Information technology

3.1. CONSTRUCTS
Questions in questionnaire are divided into
fifteen categories (Table 1). Each category
has different number of constructs.
Constructs are based on and composed
based on research articles, information
needed for PLM implementation and
constructs connected to KPIs. Information
what describes the construct can be based
on facts or based on opinion of the worker.

Different
Category
constructs
Customer and Supplier participation
5
Electronic Data Interchange
38
Enterprise name
1
Financial
1
General information
5
Human Resource
31
Logistics
8
Mission and goals
7
NPI
21
Performance management
5
PLM implementation
13
Production
28
Quality management
8
Respondent information
6
Sales Management
2
Sum:
179
Table 1. Constructs divination between categories.

Overview of issues asked through
questions in categories;
• Enterprise
name
–
Gives
opportunity do analyses each
enterprise separately.
• General information- describes the
location, field where the enterprise
is operating and what its research
areas.
• Mission and goals – Shows the
enterprise mission and goals. How
are long and short term goals
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Questions
9
43
1
2
5
42
14
12
28
11
14
52
15
6
5
259

understood and fallowed by
company’s workers. Also describes
workers
awareness
about
responsibilities and their connection
to overall picture.
• Respondent information - brought
out respondent information about
position, work experience, age and
gender.
• Customer and Supplier participation
– Gives information about suppliers
and customer participation in

•

•
•

•

•

•

•

•

enterprise early stage development
process.
Electronic Data Interchange –
Shows what type of data and
information is managed. How and
by whom it’s managed. Data
movements and times in enterprise.
Also gives feedback about data
quality and asks for proposed
amendments.
Financial – Shows workers
disposition about different financial
measures.
Human Resource – Gives overall
background
about
company’s
workforce and its distribution
between different divisions. Also its
skills and satisfaction with his job.
This information reflects overall
readiness for cooperation.
Logistics – Describes situation in
companies logistic. Are used on
transport
or
outsourcing,
information about delivery times
and delays.
New
Product
IntroductionInformation about portfolio and age
of portfolio. What is the speed of
renewal product portfolio? What
metrics are fallowed during New
Product Introduction?
Performance
management
–
Provides
information
about
performant
measures
what
company is fallowing and workers
view of current situation.
PLM implementation – Shows what
company has done to date at time.
Do they have PLM vision, PLM
strategy and how these are
matching with overall business
strategy and vision? Information
about feasibility study, PLM ROI
and its payback time. What kind of
Advantages Company is hoping to
achieve
by
implementing
PLM/PDM system.
Production – Gives overview of
principles enterprise production
division is operating. What are the
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main problems in production field
and where to focus attention in
future? What parameters are
measured and what should be
measured according to other
company’s expectations.
• Quality management – What are
problems in field of quality. What
are measured and what are
expectations
for
quality
measurements by the management.
Main reasons of reclamations and
errors inside the company.
• Sales Management – Information
about winning new clients, and the
competence of salesman.
3.2. QUESTIONS
Questionaire consist of 259 different
questions what are collecting information
for 179 different construct. Not all the
questions are asked from everyone.
Questions are divided into groups. Based
on your work position you can answer only
to prescribed questions. There is described
81 different work positions from assembler
to Chief Executive Officer (CEO). Job
position are divided into larger groups:
• R&D Personnel
• IT Personnel
• business,sales and marketing
• Production
• Quality
• Human Resource
• Purchase and Logistics
• CEO
Questions are divided into two:
• Questions what are fact based.
• Questions what are interested in
workers opinion.
For answering the questions what are
collecting information about facts there are
used more than 40 answering scales.
Questions what are collecting information
about workers opinions were described
through six point discrete scale. This was
used because of no middle point (Table 2).

To get correct information these questions
are asked twice with similar wording. And
answer of the both question is counted
when the answers are similar. This
guarantees the accuracy of the data and
excludes that someone has misunderstood
the question.
CT001 Strongly agree
CT002 Agree
CT003 Inclined to agree
CT004 Inclined to disagree
CT005 Disagree
CT006 Strongly Disagree
Table 2.1. Consent Scale (Discrete)
4. QUESTIONS COMPLIANCE TO
CONSTRUCTS

6. CONCLUSION
Survey results will be collected from the
current project phase. Together with
preliminary research model based on
constructs will be input for the next project
phase where the statistical analysis is done.
Information received from answers will be
used in implementation early stages. Used
for mapping goals what should be set for
PLM/PDM implementation. Used for
developing companies personal PLM vision,
PLM strategy, PLM implementation strategy
and plan. According to the results from
statistical analysis suggestions can be given
for further actions. In the final project phase
the research model is validated and project
conclusions will be drawn.
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OPTIMAL STRUCTURAL DESIGN OF A
SLOTLESS PERMANENT MAGNET GENERATOR
Pabut, O.; Kirs, M;. Lend, H. & Tiirats, T.

Abstract: Most optimal mechanical layout
of an electrical generator in a wind turbine
is still under investigation. In current work,
a novel lattice passed solution is presented
together with corresponding design
principles and optimization procedure.
Finite element analysis and response
surface modelling are used to create the
mathematical model of the structure and
carry out the design investigation and
optimization. Generator layout is modelled
at two turbine capacity levels and
compared to a similar sheet metal
structure. Results prove the suitability of
the offered procedure and superiority of
the lattice concept in terms of the
generator structural mass.
Key words: Design optimization, lattice
structure, response surface modelling,
permanent magnet machine.
1. INTRODUCTION
Wind energy sector has gone through a
rapid commercial and technical revolution
during past decades [1]. For many subsystems clear technical standardization has
taken place, while the concept of the most
beneficial electrical generator is still under
investigation [2]. Direct-drive generators
have been gaining popularity but in terms
of machine cost they are still inferior to the
established combination of a double-fed
induction generator and a gearbox [3].
Researchers
have
indicated
that
optimization and component integration of
these machines could lead to a
considerably lower energy cost, while
keeping their known advantages [4]. Most
of the cost and heavy mass of these units
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can be attributed to the mechanical carrier
structure [5].
Goal of the current work is to develop
design principles and optimization
procedure for a new type of mechanical
carrier structure for a permanent magnet
(PM) generator. Utilization of now
available computational power together
with various software tools and methods,
including finite element modelling (FEM)
and response surface modelling (RSM), is
used to create the mathematical model of
the generator structure. For comparison
purposes two alternative mechanical
structures are investigated to prove the
superiority of the lattice concept against
the more common sheet metal solution.
2. GENERATOR MODEL
2.1 Electromagnetic layout
Basic parameters of a direct drive
generator are primarily determined by the
wind turbine where the generator is used.
The power P available in the wind for a
wind turbine with given blades can be
found according to [6]:
1

3
𝑃 = 2 𝜌𝑎𝑎𝑎 𝜋𝑟 2 𝑣𝑤𝑤𝑤𝑤
𝐶𝑝 ,

(1)

where 𝜌𝑎𝑎𝑎 is the air mass density, r is the
turbine rotor radius, 𝑣𝑤𝑤𝑤𝑤 is the given
wind speed and 𝐶𝑝 is the power coefficient.
Rotational speed of the turbine is given as:
𝜔=

𝑣𝑡𝑡𝑡
𝑟

,

(2)

where 𝑣𝑡𝑡𝑡 is the blade tip speed and 𝜔 is
the rotational speed of the machine. Torque

𝑙

resulting from the power and rotational
speed is defined according to:
𝑃

𝜏 = 𝜔.

(3)

By combining equations (1), (2) and (3),
torque of the turbine system can be
expressed as:
𝜏=

3
𝜌𝑎𝑎𝑎 𝜋𝑟 3 𝑣𝑤𝑤𝑤𝑤
𝐶𝑝

2𝑣𝑡𝑡𝑡

.

(4)

In order to convert the kinetic energy of the
wind into electrical energy, the used
generator has to be able to produce equal
torque described by [7]:
𝜏 = 2𝜋𝜎𝑡𝑡𝑡 𝑅 2 𝑙,

1

(7)

Based on previous research, value 0.125 is
chosen for the particular machine. By
combining equations (5) and (7) the
generator air-gap radius is expressed as:
3

𝑅 = �2𝜋𝜎

𝜏

𝑡𝑡𝑡 𝑘𝑎

.

(8)

In order to assess the mechanical designs
of machines in equivalent frame of
reference, their electrical designs should
fulfil certain similarity criteria. Following
relative dimensions for the generator active
components have been found to be most
optimal in terms of cost vs. efficiency:

(5)

where 𝜎𝑡𝑡𝑡 is the tangential component of
Maxwell stress, R generator air-gap radius
and l generator axial length. Value of 𝜎𝑡𝑡𝑡
for
a
generator
with
defined
electromagnetic configuration is a rather
constant value over a large range of
capacities and is given as [8]:
𝜎𝑡𝑡𝑡 = 2 𝐴𝑠 𝐵𝑛 𝑐𝑐𝑐𝑐,

𝑘𝑎= 𝑅 .

(6)

where 𝐴𝑠 is the linear current density, 𝐵𝑛
normal direction air-gap flux density and
𝑐𝑐𝑐𝑐 is the power factor between active
and apparent power. Air-gap flux depends
largely on the chosen electromagnetic
circuit of the machine. In present work
concept developed by Kallaste [9] is
utilized with air-gap windings and iron in
the stator yoke leading to a magnetic flux
density around 0.5 T. Allowed linear
current density is limited by the heat
dissipation properties of the machine. For
passively cooled generators, values leading
to high efficiencies range between 40
kA/m and 50 kA/m [10].
For a given generator type, the most
economic layouts in terms of active
material vs. efficiency vs. acting forces are
achieved at a constant electromagnetic
aspect ratio 𝑘𝑎 determined according to:
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𝑘𝑝 =

𝑘𝑚𝑚𝑚 =

𝑤𝑚
𝑤𝑝

ℎ𝑚
ℎ𝑦

ℎ𝑦

= 0.65, 𝑘𝑤 = 𝑤 = 0.32,
𝑝

ℎ

= 0.44, 𝑘𝑐𝑐𝑐𝑐 = ℎ 𝑐 = 0.29, (9)
𝑦

where 𝑘𝑝 is the magnet, width and pole
pitch ratio, 𝑤𝑚 is the magnet width, 𝑤𝑝 is
the pole pitch, 𝑘𝑤 is the total air-gap ratio
to the pole pitch, ℎ𝑦 is the total air-gap
height, 𝑘𝑚𝑚𝑚 is the magnet height ratio to
the air-gap, ℎ𝑚 is the magnet height, 𝑘𝑐𝑐𝑐𝑐
is the coil height ratio to the air-gap and ℎ𝑐
is the coil height.

Fig. 1. Air-gap layout and parameters
For simplification purposes magnet length
𝑙𝑚 is taken to be equal to the axial length 𝑙
of the machine. Main parameters of the
active components are described in Fig. 1.
As common practice, the value of
generator mechanical air-gap 𝑔𝑎𝑎𝑎 is
predefined according to mechanical
deformations and assembly precision.

Magnet height ℎ𝑚 as a function of air-gap
flux density can be found according to [11]:
ℎ𝑚 =

𝐵𝑛 𝜇𝑟𝑟 𝑔𝑒𝑒𝑒
𝐵𝑟𝑟

,

(10)

where 𝜇𝑟𝑟 is the relative permeability of
the PM material, 𝐵𝑟𝑟 is the remanent flux
density of the magnet and 𝑔𝑒𝑒𝑒 is the
effective air-gap. As the machine has no
slots and coil units are located in the airgap following simplification can be made:
𝑔𝑒𝑒𝑓 = ℎ𝑦 + 2ℎ𝑖𝑖𝑖 ,

(11)

where ℎ𝑖𝑖𝑖 is the isolation layer height
around the winding. Combining equations
(9), (10) and (11) leads to:
ℎ𝑚 =

𝑔𝑎𝑎𝑎 +2ℎ𝑖𝑖𝑖
𝑘
𝐵𝑟𝑟
− 𝑐𝑐𝑐𝑐 −1�
𝐵𝑛 𝜇𝑟𝑟 𝑘𝑚𝑚𝑚

.

�

(𝐵𝑛 = 1.1 T) and large aspect ratios
(𝑘𝑎 > 0.4) well studied mechanical layouts
can be found from literature. These
structures are made up from thin walled
(0.001R to 0.0025R) discs, structurally
profiled spokes, support arms and stiffness
ribs [2]. For generator’s with ultra large
radiuses and small air-gap flux densities,
more complicated solutions with prestressed tension rods or air-gap bearings
have been employed [12]. One option not
considered in the available literature is the
utilization of a lattice structure. This has
been used in bridge and crane structures for
centuries and is generally characterized by
its light weight, high loading capacity and
high stiffness to length ratio, which makes
it a good candidate for an optimal
structural concept.

(12)

Based on the above described similarity
criteria and principles given in [9] two
generator layouts with different capacities
are defined and presented in Table 1.
Electrical power
Rated wind speed
Power coefficient
Rated tip speed
Rotational speed
Torque
Air-gap radius
Air-gap width
Flux density
Current density
Efficiency
Magnet height
Magnet width
Magnet length
Magnet flux density
Coil height
Coil width
Coil length

𝑃𝑒𝑒
𝑣𝑤𝑤𝑤𝑤
𝐶𝑝
𝑣𝑡𝑡𝑡
ω
τ
R
𝑔𝑎𝑎𝑎
𝐵𝑛
𝐴𝑠
η
ℎ𝑚
𝑤𝑚
𝑙𝑚
𝐵𝑟𝑟𝑟
ℎ𝑐
𝑤𝑐
𝑙𝑐

MW
m/s
m/s
rpm
kNm
m
mm
T
kA/m
%
mm
mm
mm
T
mm
mm
mm

3
11
0.48
81.5
15.3
1983
6.3
11.5
0.5
40
94.5
22
100
800
1.34
14.5
200
1000

1
11
0.48
81.5
26.5
385
3.65
8.5
0.5
40
93.5
17.5
79.5
460
1.34
11.5
160
620

Table 1. Used generator layouts

a

b

Fig. 2. Layout of the lattice rotor (a) and
the lattice stator (b)

a

b

Fig. 3. Layout of the sheet rotor (a) and the
sheet stator (b)

2.2 Structural layout
Design of the mechanical carrier structure
for a PM generator is in general driven by
the allowable air-gap deflection. For
machines with high flux densities
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Principle layouts of the employed lattice
configurations for rotor and stator are
depicted in Fig. 2a and Fig. 2b,
respectively. In order to have a more direct

comparison to a sheet structure with
similar size a corresponding sheet model is
developed and analysed in parallel.
Principle layouts of the rotor with internal
support arms and stator with cantilever
support beams are shown in Fig. 3a and
Fig. 3b, respectively.
2.3 Mathematical model
Direct-drive generators with sheet metal
structures are well studied and analytical
formulas have been developed to determine
the air-gap deflections for regular
mechanical layouts [5]. As lattice structure
has so far not been utilized for a generator,
no ready-made analytical tools are
available. It is possible to use known truss
calculation methods like MaxwellCremona diagram for determining the
internal forces and deflections of the
members. In current study, FEM in
conjunction with RSM technique is used to
compose the mathematical models for
different
support
structures.
RSM
technique is a combination of mathematical
and statistical methods, which allows
composing an objective function based on
learning data [13, 14]. These functions are
represented by certain degree polynomial
models. In current work quadratic model is
used with following general form [15]:
𝑌 = 𝛽0 + ∑𝑘𝑖=1 𝛽𝑖 𝑋𝑖 + ∑𝑘𝑖=1 𝛽𝑖𝑖 𝑋𝑖2 +
+ ∑𝑖 ∑𝑗 𝛽𝑖𝑖 𝑋𝑖 𝑋𝑗 ,
(13)

where Y is the measured response, k is the
number of factors, 𝛽0, 𝛽𝑖 , 𝛽𝑖𝑖 and 𝛽𝑖𝑖 are
the regression coefficients for intercept,
linearity, square and interaction and 𝑋𝑖 and
𝑋𝑗 are the independent design variables. In
present paper the procedure is carried out
in Design Expert 9 software environment.
Full factorial experimental (FFE) method is
employed to create the initial population of
designs for RSM. For both structure
configurations the number of factors k is
selected to be 4 and the number of levels n
for each factor is set to be 5. As the sheet
and lattice structures are different in nature,
the used factors vary between the structure
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types. Factors and their limit values are
depicted in Table 2. General structural
variables and variables specific for the
sheet structure are described in Fig. 4a and
variables used for the lattice structure in
Fig. 4b.

a

b

Fig. 4. General and sheet variables (a) and
lattice structure variables (b)
For both of the structure types, the height
of the rotor and stator rings ℎ𝑠𝑠𝑠 is varied
as a state variable defined by:
ℎ𝑠𝑠𝑠 = 𝑘𝑠𝑠𝑠 𝑙𝑠𝑠𝑠 ,

(14)

where 𝑘𝑠𝑠𝑠 is the structure aspect ratio and
𝑙𝑠𝑠𝑠 is the structure axial length.
Lattice structure bracing is subjected to
following dependencies in order to keep
the number of variables at a reasonable
limit:
𝑑𝑎𝑎𝑎 = 0.7𝑑𝑚𝑚𝑚𝑚 , 𝑡𝑎𝑎𝑎 = 0.5𝑡𝑚𝑚𝑚𝑚 , (15)

where 𝑑𝑎𝑎𝑎 is the bracing tube diameter,
𝑑𝑚𝑚𝑚𝑚 is the main tube diameter, 𝑡𝑎𝑎𝑎 is the
bracing tube wall thickness and 𝑡𝑚𝑚𝑚𝑚 is
the main tube wall thickness.
Calculations to compose the learning data
are carried out on a parametric geometrical
computer aided design model in ANSYS
Workbench software. General description
of the applied loads and the corresponding
beam model can be found in [16].
3. OPTIMIZATION PRINCIPLES
Generator structural mass 𝐹𝑚 (𝑥̅ ) is chosen
as an objective subjected to minimization
while the air-gap deformation 𝜀 is defined

Factor
Structure axial length
Structure aspect ratio
Main tube diameter
Main tube wall thick.
Spoke sheet thick.
Ring sheet thick.

Symbol
𝑙𝑠𝑠𝑠
𝑘𝑠𝑠𝑠
𝑑𝑚𝑚𝑚𝑚
𝑡𝑚𝑚𝑚𝑚
𝑡𝑠𝑠𝑠𝑠𝑠
𝑡𝑟𝑟𝑟𝑟

Unit
mm
mm
mm
mm
mm

3 MW lattice
700-1300
0.7-1.3
110-150
10-18
-

3 MW sheet
700-1100
0.5-0.9
6-18
6-18

1 MW lattice
400-700
0.7-1.3
30-50
4-8
-

1 MW sheet
385-585
0.5-0.9
4-10
4-10

Table 2. Factors and levels used in the FFE
as a constraint. Therefore, the optimization
problem can be formulated:
𝐹𝑚 (𝑥̅ ) → min,

(16)

subjected to linear constraints applied to
the design variables vector 𝑥̅ :
𝑥𝑖 ≤ 𝑥𝑖∗ ,

−𝑥𝑖 ≤ 𝑥𝑖 ∗ ,

𝑖 = 1, … , 𝑛, (17)

and non-linear constraint applied to the
sum of rotor and stator air-gap deflections
𝜀 𝑚𝑚𝑚 as:
𝜀 𝑚𝑚𝑚 (𝑥̅ ) ≤ 𝜀 ∗ ,

(18)

where indexes * in (17) and (18) refer to
upper limit value of the variable.
For regular slotted generators the allowable
air-gap deflection is in most cases fixed to
10% of the initial value, as larger
deflections would result in unreasonable
changes to flux densities and generated
electromagnetic force. The machine under
investigation has air-gap windings and as a
result, the magnetic air-gap 𝑔𝑚𝑚𝑚 (see Fig.
1) and mechanical air-gap 𝑔𝑎𝑎𝑎 are not
equal. Consequently, the generator is
electromagnetically less sensitive towards
mechanical
air-gap
deformations.
Therefore, a double criterion is applied to
the deformations in order to allow for
sufficient flexibility and guarantee both
mechanical and electrical safety:
𝜀 𝑚𝑚𝑚 ≤ 0.12𝑔𝑚𝑚𝑚 , 𝜀 𝑚𝑚𝑚 ≤ 0.3𝑔𝑎𝑎𝑎 , (19)

As the stator is designed in a cantilever
form and rotor is supported from both
sides, rigidity of the rotor can be achieved
with smaller weight penalty. The allowable
𝑚𝑚𝑚
deformations for rotor 𝜀𝑟𝑟𝑟
and stator
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𝑚𝑚𝑚
𝜀𝑠𝑠𝑠𝑠
are found according to:

𝑚𝑚𝑚
𝑚𝑚𝑚
𝜀𝑟𝑟𝑟
= 0,25𝜀 𝑚𝑚𝑚 , 𝜀𝑠𝑠𝑠𝑠
= 0,75𝜀 𝑚𝑚𝑚 . (20)

Even though stress is observed as one of
the outputs during the FFE, initially no
criterion is applied to the resulting stresses.
As the optimization is against single
criteria with applicable constraints, no
normalization of the inputs or outputs is
necessary.
4. RESULTS AND DISCUSSION
Optimal configurations of the structures
with respect to the criteria described in (19)
and (20) together with corresponding
values of the coefficient of determination
2
for deformation (𝑅𝑑𝑑𝑑
) are listed in Table
3. At 3 MW level, total masses of different
generators are almost equal in terms of
weight and for the 1 MW level, the lattice
concept is about 17% lighter. Selection of
the stiffness criteria was based on an
assumption that structures designed for
high rigidity are also optimal in terms of
ultimate strength and fatigue resistance
[17]. Evaluation of the determined optimal
solutions against fatigue, linear buckling
and additional tower top accelerations
revealed this to be untrue. Found
encumbrance can be mostly attributed to
the fact that rigidity of such a large
structure is a global property, while fatigue
and buckling problems depend on local
topology. For each structure type not
compliant with the applied set of
requirements, another optimization run was
conducted with additional design criteria
for maximum stress range and minimum
load multiplier for buckling. The achieved
results are presented in Table 4.

Factor

Unit

Structure ax. length
Aspect ratio
Deformation
Stress
Part mass
Generator mass
2
𝑅𝑑𝑑𝑑

mm
mm
MPa
t
t
-

Factor

Unit

Structure ax. length
Aspect ratio
Deformation
Stress
Mass
Generator mass

mm
mm
MPa
t
t

3 MW lattice
Stator
Rotor
700
1234
1.04
1.30
2.5
0.85
54
43
16.85
13.74
30.59
0.995
0.997

3 MW shell
Stator Rotor
700
700
0.88
1.30
2.5
0.85
83
59
15.77
13.64
29.41
0.980
0.980

1 MW lattice
Stator Rotor
400
400
1.00
1.30
2.0
0.55
80
54
2.22
2.08
4.30
0.987
0.991

1 MW shell
Stator Rotor
385
385
0.54
1.01
2.0
0.47
106
60
2.79
2.38
5.17
0.965
0.986

Table 3. Optimization – stiffness criteria
3 MW lattice
Stator Rotor
700
1000
1.04
1.30
2.5
0.85
54
43
16.85
13.74
30.59

3 MW shell
Stator
Rotor
700
700
0.50
1.30
2.4
0.85
70
55
19.32
14.68
34.00

1 MW lattice
Stator Rotor
400
400
1.08
1.13
1.57
0.55
60
50
2.80
2.38
5.18

1 MW shell
Stator Rotor
385
385
0.50
1.17
2
0.47
113
50
3.33
2.54
5.87

Table 4. Optimization – stiffness, fatigue and buckling criteria
With the additional criteria the lattice
generator is 10% lighter at 3 MW level and
12% lighter at 1 MW level. For lattice
stators, smallest allowed axial lengths and
aspect ratios around 1 lead to low weight
structures. This is mainly caused by the
cantilever nature of the stator, where
additional overhang due to the increased
axial length leads to large deformations.
Increasing the aspect ratio beyond 1 does
not yield any benefits, as the bending is
mostly seen in the stator spokes. For the
lattice rotors, higher aspect ratios are
preferable as the angles of diagonal
bracings are turned into better alignment
with the vectors of normal stress. Similar
phenomenon can be seen for the shell rotor
and stator aspect ratios and axial lengths.
5. CONCLUSIONS
Analytical equations and optimization
procedure are proposed for designing a PM
generator with a novel type of carrier
structure. Similarity criteria for a slotless
air-gap winding generator are introduced
and used to define two generator
electromagnetic configurations at different
power levels. The resulting loads and
mechanical parameters are used as an input
to set up a lattice type carrier structure for
the generator and to compare it to a
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more common sheet metal solution. Due to
the complex geometry of the lattice design,
RSM approach is used to create the
analytical models for both structure types
with the aid of FEM. Obtained results are
used as an input for RSM with quadratic
curve fitting to optimize the structural mass
for both concepts. Based on the process
and achieved outcome it is concluded that:
• RSM with quadratic fitting can be used
to predict the structural behaviour of
generator support structures;
• when considering only stiffness criteria,
conclusion regarding optimality of a
generator structural concept cannot be
made;
• if stiffness, fatigue, buckling and tower
top acceleration criteria are considered,
lower structural weights can be obtained
with the lattice concept;
• stiffness criteria can be used for initial
definition of the described generator
structure, however fatigue resistance
criteria has to be applied either
simultaneously or as a next step in the
optimization procedure.
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IMPROVEMENT OF MECHANICAL PRESS PRODUCTIVITY AND
ACCURACY BY COMPENSATION OF FRAME OPENING
Raz, K.; Cechura, M.; Chval, Z.; Zahalka, M.

Abstract: The paper presents a design of
adaptive controlled compensation of
deformation in frame of “C-shaped”
forging press. For compensation are used
hydraulic or mechanical principles. The
aim
of
this
frame
deformation
compensation is to reduce opening
depending on the actual press force. In
actual time is preloading force changed
due to sensor of deformation. This leads to
exact contact between both tools and also
better tools guidance. The results are more
accurate products, productivity and quality
improvement and tools life increasing.
Key
words:
force,
deformation,
compensation, open frame.

2. HYDRAULIC PRESS WITH OPEN
FRAME
The goal of innovation is to avoid
widening of the frame. It means that the
deformation of the frame y1 and y2 are
equal to zero [1,2].

1. INTRODUCTION
During works, carried out by Centre for
research of forming machines on university
of West Bohemia in Pilsen are designed
new forming and forging machines and
also innovations of old machines are
performed. Main problem with forming
machines with open frame (“C” shaped
frame) is deformation of this frame and
also misalignment of forging tools. This
has influence on accuracy and quality of
products. Elimination of this frame
opening during forming operations, and an
adaptive change, depending on the size of
the loading force is the subject of this
paper.
For this problem in today known solution,
but it is not adaptive and it is not easy
changeable. The main aim is to use frame
with minimum changes in structure and use
maximum amount of standard parts.
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Fig. 1. Model of open frame
γ – angle of rotation
y 1 ,y2 – deformation of the frame
F – loading force
A-B-C-D –computational model for
analytical solution
ρ – radius of curvature
Sn, Jn – sections and quadratic moments of
individual sections of the frame.
By using these values and also using
simplification of the frame can be
calculated the deformation of the frame.
More modern approach is to use virtual
modeling and analysis of stress and strain
using FEM methods. It will tell us real
values with considering ale shape changes.

2.1 Determination of preloading force

3. PRELOADING MECHANISM

The preloading force Fp was determined
from the torque balance between this force
and the working force F relative to the
neutral axis from the FEM calculation.
More details can be seen from Fig. 2,
where forces are displayed on the frame
and the vertical line is neutral axis (the
place where the deformation is equal to
zero).

There are many ways how to get
preloading. Adaptive preloading force is
performed by moving of the wedge
surfaces between the vertical rod and
frame. Changing of position (also
preloading force) can be done in many
ways, the easiest way is to use a screw
connection, but it does not allow rapid
adaptive changing of position. Better
solution is hydraulic cylinder, adaptively
controlled by deformation sensor. Force of
hydraulic cylinder must correspond with
force Fmx. Because vertical rods are not as
tough as the frame, stress in material of
vertical rods is above 100 MPa. To
eliminate stress in the contact area between
the rod and the frame is useful to increase
the contact surface in order to achieve
optimum contact pressure and stress.
According these facts were prepared
following solutions of adaptive controlled
frame deformation [3,4].
3.1 Variant 1- force on
mechanism caused by screw

wedge

The principle is to realize preloading force
by pushing of 5° wedge. Controlling is
carried out manually by screw. This screw
is located on the side of the vertical rod.

Fig. 2. Torque balance of forces
To obtain preloading force Fp is used
wedge mechanism. To determine the
preloading force is necessary to make a
detailed analysis of the forces and provide
the adjustment force Fmx according to the
following scheme.

Fig. 3. Decomposition of forces on the
wedge, angle 5 ° without friction effects
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Fig. 4a. Vertical rod and press frame

3.3 Variant 3- force on wedge
mechanism
caused
by
modified
hydraulic mechanism

Fig. 4b. Screw- wedge mechanism
3.2 Variant 2- force on wedge
mechanism
caused
by
hydraulic
mechanism
Because is necessary to make change
of preloading force automatized, is better
to use solution with hydraulic mechanism
and also with controlling system. Principle
is same as previous. The wedge is pushing
it to the space between vertical rod and
frame. As more is pushed, higher
preloading force is. Force, which is moving
with wedge, is caused by hydraulic
mechanism.
Cylinder
of
hydraulic
mechanism is by its lower face attached to
the frame. Vertical rod is attached by 3
bolts to the frame (on side of hydraulic
mechanism), but holes are bigger in order
to allow vertical movement.

Preloading is caused by acting of a force
on vertical rod. Again is used principle of
wedge. Changeable force is caused by
hydraulic cylinder. Difference between this
variant and previous one is position of
hydraulic cylinder. Here is attached to the
front part of vertical rod.
Cylinder is in contact with vertical rod
(dark). Piston is attached by screw to the
frame. Change of pressure is also changing
position of piston and preloading force [5].

Fig. 6. Variant 3- force on wedge is caused
by modified hydraulic; arrows are vectors
of deformation (movement) during
preloading
4. FEM ANALYSIS AND
SIMULATIONS

Fig. 5. Variant 2- force on wedge
mechanism is caused by screw (cutted
view)
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For evaluating and comparing of
preloaded and non-preloaded frame was
used virtual FEM analysis. The result is
minimization of frame deformation.
Maximal stress in vertical rod is up to 130
MPa. Because contact pressure is higher, it
was neccesary to make contact surface
between vertical rod and frame wider. As
an evaluation criterion was used
displacement
in
vertical
direction.
Compared was preloaded and nonpreloaded frame (Fig. 7a, 7b). Measuring
point for deformation was on top contact
surface of vertical rod [6].

Non-preloaded frame has maximal
deformation up to 2mm.
Preloaded
frame
eliminated
deformation and value is equal to zero.

5. CONCLUSION
The design and modification of forming
press frame helped to eliminated
deformation. The range of usage is because
of this solution much better. Lifetime of
tools used for forming is higher because
guidance is in proper position. This will
save money and also time for tool
changing. This topic should now continue
into the real prototype.
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COMPARISON OF NUMERICAL SIMULATION AND
EXPERIMENT OF A FLEXIBLE COMPOSITE
CONNECTING ROD
Sedláček, F.; Lašová, V.; Kottner R. & Bernardin P.
Abstract: The work deals with a
comparison of numerical simulations and
experimental tests of a flexible composite
connecting rod in order to create an
appropriate computational model for
predicting the strength and stiffness. For
the numerical simulation were used finite
element analysis in the software Siemens
NX 10 and SIMULIA Abaqus 6.14.
Experimental specimens with different
geometry were exposed to quasi-static
loading. Zwick/Roell Z050 testing machine
was used for tensile tests.
Key words: flexible, composite connecting
rod, FEM analysis
1. INTRODUCTION
Composite materials have an ever greater
range of applications in industrial practice.
Today, commonly used construction
materials in aviation and aerospace
engineering, are increasingly used in the
automotive and railway industries. One
possible application is in flexible elements,
for which the main factor is strain energy,
which could be simply described by the
equation;

(composite materials have high strength
with low weight compared with
conventional steel, up to 80%). Other
positive properties of composite materials
are water resistance, high fatigue strength,
resistance to corrosion, higher natural
frequency, low friction, etc. However, the
use of composite materials has many
negative aspects, which include in
particular complicated design and difficult
manufacturing, which are mainly caused
by orthotropic (or anisotropic) properties of
the material.
The objective of this work is to design and
verify potential applicability of composite
materials in for example a flexible joint. It
has
the
task
of
transferring
tensile/compressive loads as well as
bending and torsion. It is not such a
problem
to
propose
fundamental
(functional) areas for this element, but the
part that is used to connect to subsequent
components and this paper focuses on this
area. It specifically focuses on the
integrated types of joints of glass fibre.
Integrated joints are already addressed in
several papers [4, 5, 6]. However, they are
targeted at the use of carbon fibre joints.
2. EXPERIMENTAL TESTS

𝜎2
𝑈=
𝜌𝜌

From which clearly follows that the
material with a lower modulus of elasticity
E and density ρ, will have a relatively
higher strain energy U. And the composite
materials fulfil this property excellently
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A simplified element was created for
possible
design
verification
using
numerical simulations, specifically the
wrapping loops.
E-glass fibres (Aeroglass 2400 TEX) and
epoxy resin (LH298 + hardener H512) as
were
chosen
the
material.
The

experimental samples were wound on a
special form in two versions (16pcs with
seven threads a 16pcs with four threads of
the fibreglass).
Experimental tensile tests were carried out
by quasi-static load (0.5 mm/sec) on the
Zwick/Roell Z050 machine. The samples
were attached according to verified
methods [4, 5] where one side eyes were
tightly attached using special jaws and the
other side free fastening was used. The
results can be seen on the charts.

// Fig.3 measured wrapping loops

E-Glass fibre + epoxy resin (H512+LH298)
____________________________________________________________________________________________________________________________

V f [-]
V m [-]
E 1 [MPa]
E 2 [MPa]
E 3 [MPa]
G 12 [MPa]
G 23 [MPa]
G 13 [MPa]
ν 12 [-]
ν 23 [-]
ν 13 [-]
X T [MPa]
X C [MPa]
Y T [MPa]
Y C [MPa]
Z T [MPa]
Z C [MPa]
S or S 12 [MPa]
S 13 [MPa]
S 23 [MPa]

Fig.1 results of the experiment wrapping
loops with seven threads of fibres

0.73
0.27
52640
8576.16
8576.16
1986.75
1986.75
3264.20
0.295
0.31366
0.295
2000
1033
315
51
315
51
48
42
48

Tab.1 Mechanical properties of tested
composites
3. NUMERICAL SIMULATION
Numerical simulation was performed on
the three-dimensional model by using finite
element software Siemens NX 10 (with
solver NX Nastran 10) and SIMULIA
Abaqus 6.14.

Fig.2 results of the experiment wrapping
loops with four threads of fibres
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3.1. FE model of wrapping loop
The meshes were created by brick elements
CHEXA8 type (C3D8 in Abaqus) with 8
nodes. Subsequently, the elements were
assigned to the appropriate orientation of
material (see Fig. 4). The model was
calculated as a symmetrical solution by
transverse plane (YZ) with appropriate
removal of degrees of freedom. The load
was applied in the form of displacement of
a pin according to the values obtained from
experimental measurements.

Fig.4 FE model, including a material
orientation of the elements
3.2. Results of the numerical simulation
From the results of the individual
components of normal stresses (L, T, T')
and shear stress (LT, TT', LT') follows that
the most critical is the index 3 (T´) and 6
(LT´), see Fig. 5 and 6.

// Fig.6 stress values in the direction LT´
(loop with seven threads of the fibres)
Subsequently, the failure indexes from
individual components of stresses were
evaluated. Strength criterion 'Maximum
stress' for the first approach was chosen.
According to this theory, failure occurs if
any component of stress has reached the
ultimate strength of the material [7]. Failure
indexes for individual directions of this
strength criterion are listed in Table 2.
Where σ L (σ T , σ T' ) is normal stress in
longitudinal (transverse) direction; XT (YT,
ZT) is in Longitudinal tensile strength
(transverse) direction; XC (YC, ZC) is
compressive strength in longitudinal
(transverse) direction; τ LT (τ TT' , τ LT' ) is
shear stresses in LT (TT' or LT') plane and
S LT (S TT' , S LT' ) is shear strength in LT (TT'
or LT') plane.
Failure indexes

FL
FT
F T´
F LT
F TT´
F LT´
// Fig.5 stress values in the direction T´
(loop with seven threads of the fibres)
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Maximum stress criterion

σ L/XT if σ L > 0
σ L/XC if σ L < 0
σ T /YT if σ T > 0
σ T /YC if σ T < 0
σ T´ /ZT if σ T´ > 0
σ T´ /ZC if σ T´ < 0
|τ LT / S LT |
|τ TT´ /S TT´ |
|τ LT´ /S LT´ |

Tab.2 Failure indexes of Maximum stress
criterion

the LaRC04 #2 mode (matrix failure, if
𝜎𝑇´ < 0, 𝜎𝐿 ≥ 0):
𝜏𝑇
𝐹𝐹𝑀 = � 𝑇
�
𝑆 − 𝜂𝑇 𝜎𝑛 + 𝜎𝐿 𝑃𝑀

2

2

𝜏𝐿
+� 𝐿
� ≤1
𝑆 − 𝜂 𝐿 𝜎𝑛 + 𝜎𝐿 𝑃𝑀

And parameter P F for LaRC04 #03 mode
(fibre failure, if 𝜎𝐿 > 0):

Fig.7 Failure index in the direction T´
(Maximum stress criterion)

𝐹𝐹𝐹 =

𝑋𝑇

𝜎𝐿

+ 𝑋 𝑇 𝑃𝐹
𝑌 𝐶 + 𝑋 𝑇 𝑃𝑀

𝜎𝑇´ 𝑃𝐹 +

𝑋𝑇

≤1

where τ T and τ L are stresses in the plain of
the failure, S T is the transverse shear
strength and S L is the longitudinal shear
strength and η T and η L are coefficients of
the friction. The failure criterion and the
values of the adjusting parameters P F and
P M were investigated using the comparison
of the experiments and corresponding
numerical simulations including results of
previous works [3, 4, 5].
Fig.8 Failure index in the direction LT´
(Maximum stress criterion)
By using this strength criterion, the results
of FI indexes do not correspond to values
obtained by experimental tests. Therefore
strength criterion LaRC04 (Laminates and
Reinforced Composites/Langley Research
Centre – invented in 2004 [8]) was used.
LaRC04 is an interactive strength criterion
for long fibre unidirectional composites. It
is derived for the three-dimensional stress
state and has incorporated therein
correction for the nonlinear behaviour of
the composite in shear area. For the modes
LaRC04 #02 and LaRC04 #03 this strength
criterion was modified, according to [5, 6].
The modification assumes that the strength
of the matrix at loading pressure in the
direction transverse to the fibre is also
dependent on the tension in the direction of
the fibers σ L . However the stress σ L causes
hardening of the matrix. Further were used
the adjusting parameters, parameter P M for
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Fig.9 Mesh of the FE model with divide of
cross-section

For numerical simulation of the matrix it is
considered that it is already broken (if the
failure of the matrix occurred before the
failure of the fibres according LaRC04 #
2). For each geometry the cross-section
was divided at an angle α in the place
where according LaRC04 #2; FI M = 1 =
FI Mmax . Between the separate parts and
base part the contact of the type "touching"
(without considering the friction) was
defined (see Fig.9).
In the chart (Fig. 10) is possible to see
comparing
experimental
data
with
numerical analysis using a modified
strength criterion LaRC04 (for the most
critical modes LaRC04 #02 and LaRC04
#03) and strength criterion Maximum
stress (for the most critical index – in
direction T´).

Fig.10 comparison of experimental data
with numerical analysis
4. CONCLUSION
By using numerical simulation with the
comparison of the resulting data from the
experimental tests significant mismatch
using the strength criterion 'Maximum
stress' was revealed. Subsequently a
modified strength criterion LaRC04 was
used. By using this strength criterion the
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maximum difference of 27% was created
to conformity compared with the
experiments.
These data are the basis for further research
in the area of integrated joints of glass fibre
and we are still working on further
experimental tests that provide more
accurate results for a modified strength
criterion LaRC04.
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LASER CLADDING TECHNOLOGY IMPLEMENTATION FOR INSITU REFURBISHMENT OF SHIP DIESEL ENGINE CRANKSHAFT
JOURNALS
Stepans Sklariks and Toms Torims

Abstract: This article provides an
overview of state-of-the-art laser cladding
technology which can be implemented in
the in-situ refurbishment of ship diesel
engine crankshaft journals. The envisioned
laser cladding system arrangement
consists of a carbon dioxide (CO 2 ) laser, a
Neodymium-doped Yttrium Aluminum
Garnet (Nd:YAG) laser or a high-power
diode laser, a vertical-axis laser cladding
powder feeder, a coaxial laser cladding
nozzle as well as a process guidance and
control system.
Key words: Laser cladding; lasers; powder
feeders; laser cladding nozzle.
1. INTRODUCTION
Laser cladding technology can be
implemented for in-situ marine crankshaft
renovation by fitting a laser cladding
nozzle positioning and guidance device
directly onto the crankshaft journal fillets.
This novel in-situ concept of applying laser
cladding for marine crankshaft repair
provides clear economic benefits and many
technological advantages.[1;2]
The purpose of this paper is to establish the
state-of-the-art technological means of
implementing the method to repair
damage[1] caused by the gradual
degradation of in-service performance of
the diesel engine crankshaft journal. This
article sets out the most relevant
information on the laser cladding
equipment and the actual laser cladding
process, to be able to define the system
specifications used in the in-situ laser
cladding refurbishment process.

92

Laser cladding technology ensures that a
thin layer of a desired metal is deposited on
a moving substrate using a laser heat
source. The material deposition on the
substrate can be performed by several
methods: powder injection, pre-placed
powder on the substrate or wire feeding.
Some of these methods and their variants
are shown in Fig. 1. The most popular of
the aforementioned methods is laser
cladding by powder injection. During this
process, the laser beam melts the powder
particles and a thin layer of the moving
substrate to deposit a layer of the desired
material on the surface. Different kinds of
materials can be deposited on a substrate
with laser cladding by powder injection to
generate a layer whose thickness can range
from 0.05 to 6 mm[2] and width can be as
narrow as 0.03 mm.[3]
2. OVERVIEW OF THE LASER
CLADDING APPLICATION FOR
COMPONENT REPAIRS
Conventional part repair technology relies
on destructive, high temperature welding
processes.
Moreover,
error-prone
machining processes can have a negative
impact on the timely execution of a repair.
Laser cladding is a sufficiently safe and
accurate technology to repair high-value
parts, particularly for critical contact
surfaces. The laser cladding repair not only
offers complete restoration of the initial
quality of a part, but also enhances it,
resulting in a longer and more reliable
service life. Thus it is possible to restore a

high-value product which would otherwise
have to be replaced. [4]

Fig. 1. Material deposition methods in laser
cladding [5]
Nonetheless, laser cladding also has its
drawbacks. The quality of the lasercladded layer can vary in different areas
due to the complex nature of disturbances
in this process. Such occurrences can even
be observed between processing cycles
performed under the same operating
conditions. Even if an optimal set of
parameters is found experimentally and is
subsequently used in an open-loop process,
a surface layer formed may not be of good
quality due to the very random or periodic
nature of disturbances in the system.
The high investment cost, the lack of laser
source efficiency as well as hard-to-control
cladding processes are the main drawbacks
that hinder a widespread use of this
technology in industry.[6]
Laser cladding is used to repair and
refurbish high-value components such as
tools, turbine blades and military
components. Using this process, a part that
was over-machined due to an error in the
design or manufacturing process can be
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saved and successfully employed for
further operations.
It is possible to use a process such as
welding to repair damaged parts, however
given that these methods are usually of a
destructive nature due to the highly
distributed temperature over the area being
repaired, the mechanical properties are
impaired owing to cracks and pores,
leading to a reduction in part life. In
contrast to welding, laser cladding can
provide a permanent structural repair and
refurbishment on alloys that are generally
considered unweldable due to the small
heat-affected zone, rapid solidification,
increased cleanness, lower dilution as well
as increased control over the depth of the
heat-affected zone.
One of the main areas where laser cladding
has gained in popularity is turbine blade
repair and refurbishment. Due to their high
value and operational importance, these
components have become a target for a
repair technology application that can
maintain their original mechanical and
metallurgical features.[6]
3. LASER CLADDING PROCESS
PARAMETERS
A large number of operational and physical
parameters determine the quality of the
obtained clad. A summary of these
parameters is given in Fig. 2.
Laser cladding parameters may be defined
as dimensionless variables, in terms of the
energy balance between the absorbed
power Aq and the power used to heat and
melt the clad material, in order to
successfully establish the operational
process window as well as achieve a
constant, normalized clad thickness:
Dimensionless beam power:
𝑞∗ =

𝐴𝐴
𝑟𝐵 λ(Tm − 𝑡0 )

(1)

Dimensionless clad thickness:
𝑙∗ =

𝑙
𝑟𝐵

(2)

Dimensionless traverse rate:
𝑣∗ =

𝑣𝑟𝐵
𝑎

(3)

Dimensionless volumetric latent heat of
melting:
𝐿∗𝑚 =

𝐿𝑚
𝜌𝜌(𝑇𝑚 − 𝑇0 )

(4)

Dimensionless surface temperature:
3

1

1 2
𝑏 2
𝑇𝑝∗ = � � 𝑞 ∗ tan−1 � ∗ �
𝜋
𝑣

Thermal diffusivity:

𝑎=

𝜆
𝜌𝜌

(5)
(6)

Where:
𝐴 – material absorptivity;
q – beam power [𝐽𝑠 −1 ];
2𝑟𝐵 – beam diameter (spot size) [mm];
𝑙 – clad thickness [mm];
𝑣 – beam traverse rate [𝑚𝑠 −1 ];
𝜌 – density of the cladding material
[𝑘𝑘 𝑚−3 ];
c – specific heat capacity [𝐽 𝑘𝑔−1 𝐾 −1 ];
𝑇𝑚 – melting temperature of the clad [K];
𝑇0 – initial temperature of the clad [𝐾];
𝐿𝑚 – volumetric latent heat of melting
[𝐽𝑚−3 ];
𝜆 – thermal conductivity of the clad
material [𝐽𝑠 −1 𝑚−1 𝑘 −1 ].[7]
Given the complexity of interactions
between the laser beam, the alloy
deposition mechanism and the molten
region, as well as the fact that no previous
knowledge is available for these specific
application purposes, further research is
needed in order to obtain a successful
numerical model of coherent input, process
and output parameters. Nevertheless
empirical adjustments as well as the
consideration of many inflectional factors
must be taken into account for the obtained
model such that the process result can be
predicted, which will offer a direction for
further research.[7]
4. MAIN COMPONENTS OF A LASER
CLADDING SYSTEM
Of all the numerous laser systems available
in the market, those most commonly used
for laser cladding are CO 2 lasers, lamppumped and diode-pumped Nd:YAG lasers
and high-power diode lasers (HPDL).[8]
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Fig. 2. Laser cladding parameters [7]
Metals are more reflective at 10 µm than at
1 µm, thus Nd:YAG and HPDL lasers
which produce light at wavelengths of
1.024 µm and ~0.85 µm respectively are
more efficient for metal processing
compared with a CO 2 laser (10.6 µm).
Aluminium is highly reflective when using
a CO 2 beam, whereas the Nd:YAG or
HPDL laser is perfectly absorbed. On the
other hand, most carbon and stainless steels
absorb CO 2 and Nd:YAG beams in a very
similar manner. CO 2 laser beams are
focused on smaller spots and are more
symmetrical, which improves clad width.
HPDL lasers provide a wide beam
distribution and have a low beam quality,
such that HPDL lasers in today’s market
cannot be used for materials with a high
melting temperature.

hopper with an orifice, as well as a load
cell based electronic weighing mechanism,
a powder carrier and a supplementary
back-pressure gas system for the stability
of the powder stream. In order to increase
the controllability of gravity-based powder
feeders, different devices such as a
metering wheel can be integrated into the
powder feeder.[6] Fig. 3 illustrates a
possible design for a vertical-axis, rotating
wheel powder feeder system.

Fig. 3. Cross-sectional view of a potential
powder feeder system [9]
Another important issue when selecting a
laser for in-situ refurbishment in a confined
space is the beam delivery and
manoeuvrability of the laser nozzle, which
in the case of a CO 2 laser would be very
limited, due to the impossibility of
transporting a CO 2 laser beam along
optical fibre owing to its wavelength of
10.6 µm, which is inappropriate for this
technology. Nd:YAG and HPDL lasers on
the other hand can be passed along a fibre
optic cable and as a result, can be
connected to the end effector of a robot
with any degree of freedom. However with
HPDL, it is necessary to use a standard
lens to achieve an appropriate working
distance from the focus point. But there is
also a very high risk that the protective
glass and the lens will quickly become
dirty or even damaged by the powder
particles. Thus the processing of complex
shaped surfaces (such as crankshafts)
becomes complicated.[6]
The main components of any type of
powder feeder are the powder material
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Fig. 4. Possible embodiment of a coaxial
laser cladding nozzle [10]
The two basic nozzle configurations for the
laser cladding application are coaxial and
lateral nozzles.
The coaxial nozzle has gained the most
widespread popularity when choosing a
nozzle type for a specific laser cladding
process, due to various advantages:
• Obstruction of the laser beam is not so
critical compared with pre-placed or paste
methods, resulting in good bonding
formation without the need for binders;

• Deposition is not orientation-dependent,
which makes the process omnidirectional
and results in stable track formation;
• The combination of material in powder
form is relatively easy, which makes it
suitable for in-situ alloy deposition.[5]
A possible design for such a nozzle is
given in Fig. 4.
In spite of the advantages listed, the
integrability of the given component design
must
be investigated
further,
to
successfully establish all of the limiting
factors that pertain to the confined space of
the shipboard engine compartment, for the
application of in-situ marine crankshaft
refurbishment.

each of which are fixed to the respective
guide-way.
The device also comprises two upper rods,
positioned in the upper part of the frame
part, and two lower rods in the lower part
of the frame part, by means of which both
frame parts are rigidly connected to each
other (cf. Fig. 6).

5. GENERAL ARRANGEMENT OF A
LASER CLADDING SYSTEM
All of the aforementioned laser cladding
components can be integrated within a
system, the schematic of which is
illustrated in Fig. 5. The motion of the laser
beam relative to the substrate is provided
either by a CNC table, a CNC turning stage
or a robotic arm. In such an embodiment
the overall system is controlled by a master
control
computer,
which
provides
coordination information to as well as
receiving data from all of the components
shown in Fig. 5. Many other secondary
control sensors may be integrated within
the control system to provide information
on various aspects of the laser cladding
system’s operation to the master control
computer.[10]
This system can be implemented for
monitoring the marine crankshaft in-situ
renovation device. Such a device would
allow repairs of a damaged marine
crankshaft whilst the ship is at sea far away
from on-shore repair facilities, as well as
eliminating the need for very complex,
time-consuming and a very high-cost
crankshaft dismantling from the ship.
The device comprises two guide-ways and
two opposite guide-ways to position it on
the crankshaft fillets and two frame parts,
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Fig. 5. Block diagram of the overall control
system and related components [10]
The device further comprises two carriages
which are installed on the upper rods and
lower rods so that both carriages can slide
along these rods. A laser nozzle is installed
operatively between both carriages. The
device includes two servo motors, the first
of which is installed in the first carriage
and is operatively connected to the laser
nozzle to control its pivoting angle (see
Fig. 6).
A second servo motor is installed on the
second carriage and is operatively
connected to one of the two lower rods by
means of a gearing transmission, to control
the laser nozzle’s longitudinal position.

To ensure the device’s positioning and
controlled rotation around the crankshaft
journal,
it
comprises
the
two
aforementioned guide-ways and two
opposite guide-ways. Two supporting
plates are permanently fixed on the
opposite guide-ways. Furthermore, these
supporting plates are connected to each
other by two opposite rods so that both
perpendicular guide-ways are in fixed
connection to each other. When installed
on the crankshaft journal, the guide-ways
and opposite guide-ways are connected and
fixed to each other by means of four
adjustable arms. The adjustable arms are
connected to the guide-ways and opposite
guide-ways by eight guidance-screws (cf.
Fig. 6).
While the crankshaft is being rotated
around its main axis, the laser head topdown position is maintained by eight
pneumatic cylinders. These cylinders are
connected to the guide-ways and opposite
guide-ways by the aforementioned eight
guidance- screws. The pneumatic cylinders
can rotate freely around these eight
guidance-screws.[7]

Fig. 6. 3D model of an in-situ marine
crankshaft renovation laser cladding device
[7]
6. CONCLUSIONS
Laser cladding offers numerous advantages
as a repair process, providing complete
restoration of a part’s initial quality, as
well as its overall enhancement, resulting
in improved and longer service life. It thus
demonstrates sufficient suitability for the
refurbishment of a high-value component
such as a marine crankshaft.
Further research must be undertaken in
terms of establishing input, process and
output parameter coherence as well as
necessary empirical adjustments that will
lead to development of a knowledge-based
controller which is of crucial importance
for the in-situ marine crankshaft
refurbishment
process,
given
its
complexity and lack of available
information on the subject.
CO2, Nd:YAG and HPDL are the lasers
currently used for laser cladding, with
Nd:YAG laser displaying the most
advantages
for
in-situ
crankshaft
refurbishment processes, in terms of
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compact design and high manoeuvrability
potential within the confined working
space of a ship engine’s housing.
Implementation of current technology for
the in-situ refurbishment process requires
further identification of all ship diesel
engine
crankshaft
serviceability
requirements, as well evaluation of the
suitability of the proposed ship diesel
engine crankshaft in-situ laser cladding
refurbishment process with the identified
primary serviceability requirements.
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BACKSTOP AND BULLET TRAP DESIGN
Tikal, F.; Špirk, S. & Šedina, J.

Abstract: Taking into consideration the
lack of standards for dynamic bullet and
bullet fragments trap with difficult-defined
energy, this issue is now solved by
individual proposals of these devices. The
priority requirement of the construction is
certainly its security.
The device commonly ignores the
investment cost and also operating cost
due to lack of information on sizes of
dynamic operational load.
Optimised bullet trap reflects these criteria
and also respects the issue of assembling of
special difficult to weld used materials with
respect to long-life joints.
Finally, the concept is designed for
environmental friendly approach to waste
management.
Key words: bullet trap, design, ballistic
protection, explicit FEM analysis
1. INTRODUCTION
When analysing the current state of
dynamic bullet trap constructions, an
absence of standards and design
recommendations for this issue was
identified.
In practice, it is common to use only rough
design knowledge without any verification
by an analytical calculation, let alone
numerical simulation and also the lack of
knowledge of characteristics of the
materials used. Safety and durability are
solved only by oversizing constructions
and thickness of materials is estimated.
Furthermore, it does not take into
consideration optimum joints. The material
is often welded without regard to the
lifetime of such a joint under dynamic
impact stress.
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They are also commonly applied in
combination with non-metallic materials
such as rubber, usually in the form of
discarded tires, respectively conveyor belts
etc. The above mentioned factors lead to
high purchase price and expensive and
environment-unfriendly
bullet
trap
operation.
The motivation was therefore a systematic
identification of a suitable construction
along with both conventional and special
materials and tests them for use in preselected
defined
load.
The procedure was as in the field of
numerical simulations and practical testing.
The concept of optimized dynamic bullet
trap was verified by using an explicit finite
elements solver. The explicit analysis
allows simulating of extreme nonlinear
behaviour in extreme situations, which lies
on the limits or outside the area of solvable
typical FEM programmes.
For testing of selected materials was at first
performed a set of dynamic tests on
specimens to determine material input data
for numerical simulation. Subsequently
was on the simulation model performed a
set of analyzes of impacts and included the
effects of possible penetration. Based on
the simulation results the type of material
was evaluated depending on the spatial
orientation of the sample sheet metal and
its damage the degree of protection. To
validate the concept of bullet trap the set of
experiments was conducted with using the
test stand under real operating conditions.
2. CONDITIONS STATEMENT
When analyzing requirements of the bullet
trap was at first created statistics according

to the regional requirements. This statistics
was the further basis. The most frequently
used limit caliber bullets, resp. their energy
for civil rifles, were identified.
Subsequently were chosen materials with
regard to the future intention to use a
sandwich design and was defined speed
and energy of bullets for a numerical
simulation of the falling distance, which
according to the producer information
complied with the conditions of the
experimental testing.
Used boundary conditions
Cartriges:
SAKO .308 Win 141A Racehead with the
bullet weighing 10.9 grams, bullet type
Racehead HPBT. It is a full metal jacket
bullet with the lead core. The bullet is
excellent in very thin casing and in bottom
shaped as "boat tail", which gives the bullet
very
good ballistic characteristics.
Tested materials:
Hardox 500 with a thickness of 8mm,
S355 (CSN 11523)
a thickness of 10 mm and 12 mm
The dimensions
materials:
A4

of

the

samples

of

Rake angles of samples on the stand:
90 ° and 45 ° to the horizontal orientation

processes with large deformations and
reshaping. There is a better chance of
capturing nonlinear behavior of material
and fracture. The explicit solvers are
generally better suited for tasks with
complex contact situations. Thanks to these
characteristics are the explicit solvers
determined to solve conflict tasks, so called
crashes, bullet holes etc.
Explicit code basically comes from
Newton's second law of motion. This is the
equation of motion incorporated in the
matrix form (1). This equation is defined at
the given time. In order to keep the balance
of the dynamic forces, the relationships
described below must be met [1].

(1)
Here is
the acceleration vector (at time
t),
is the weight matrix,
a vector
of external forces acting on the body and
is the vector of internal forces.
After definition of the internal forces and
adding some basic elements, it is possible
to create an equation for the numerical
solution in the following format (2). The
was added to prevent
element
hourglassing and
as vector of
contact forces. Furthermore
is internal
tensions matrix,
is matrix of reshaping
elements.

Distance:
50 meters
(2)

3. NUMERICAL SIMULATION
3.1 Explicit FEM Theory
The beginning of the development of
explicit solvers goes back to the sixties. At
that time began the development
particularly at universities. The HEMP
programme, which had freely available
code, was the basis of gradually developed
these days used software. Explicit time
integration is suitable for a simulation of
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The solvers based on the explicit code are
conditionally stable. It means that they are
stable only under certain conditions. This is
mainly about the time step size. It is related
to propagation of voltage waves in the
material (see following relationship (2)).
Here is the wave’s propagation speed in
the material, is the characteristic size of
the element,
is the module of the
material elasticity and the density of the

material.

(3)
The big advantage of the explicit method is
the use of elements with a single
integration point. The advantages of this
method are, however, redeemed by reduced
stability of the calculation. If the element is
deformed symmetrically, there is no
corresponding change in internal energy. In
the calculation result are therefore the
typical imbalance between kinetic and
internal energy of the system. This
numerical error is called hourglassing. It is
obvious that during the dynamic
calculations must be always controlled the
total energy. As critical it is considered the
increase in hourglassing energy over 5% of
the total energy of the system. In extreme
cases of hourglassing increase may even
collapse calculation. To limit the
hourglassing occurrence are used different
methods.
3.2 Explicit FEM solver used
Pam-Crash is a FEM solver that is part of
the software package VPS (Virtual
Performance Solution) produced by ESI
Group. [2] The software is used for crash
simulation and safety assessment. This
software is most commonly used in the
automotive industry.
The software has been developed since
1978 and is connected with the early car
crash simulations. The software is based on
the finite element method (FEM) and
allows modeling of complex geometry with
a broad range of different types of finite
elements. The programme offers a wide
range of linear and nonlinear materials
including visco-plastic, foam and multilayered composites, including models of
failure [3].
Thanks to the usage of the explicit
formulation FEM, is the software suitable
for simulation of nonlinear tasks with a
large number of contacts (mainly based on
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the penalty algorithm).
This software was selected based on
references from the field of defense,
because it allows solving tasks such as the
performance of munitions with respect to
explosion, cratering and the simulation of
kinetic energy penetrators.
3.3 Description of numerical simulations
Initially was completed a simulation
model, subsequently were set boundary
conditions and implemented material data
from dynamic tests on specimens.
The following description of the simulation
model is valid for one situation of
boundary conditions. Other models were
created as variants. These variants were
modifications of this debugged pilot case.
The bullet consisting of a lead core and a
brass surface casing crashed into a metal
sheet of material S355 with the thickness
of 10 mm. Initial bullet speed was 779 m/s
[4]. To create the model, we used linear
quadratic elements with eight nodes. The
average size of the element is about 0.5
mm. Material model number 19 "elasticplastic-with-damage-failure" was chosen as
a representative.
All three materials were defined based on
this model. Flexible behavior was defined
on the basis of stress-strain curves. Various
stress-strain curves are defined for various
values of strainrate. Thanks to that, the
strengthening of the material during rapid
deformation was taken into account.

Fig. 1. Material S355 True stress [GPa] True strain [1], while strainrate 0; 1; 140;

2100;

s-1

As a criterion, it was considered maximum
plastic strain element for elimination.
Critical time step is defined by
characteristic element size, young modulus
and stiffness Δt=8,9e-6 ms. Time of
simulated process duration is 0.14 ms.
3.4 Results of numerical simulation
The results of simulation give a good
knowledge of the resistance of the plate of
steel material. It is very good visible a hole
forming in the entrance of a bullet. For a
board with the thickness of 10 mm at a
right angle to the bullet trajectory there is
the complete penetration of the projectile.
The bullet speed is due to the loss of
energy during penetration reduced by 70%.

Fig. 2. Results of the simulation – the
board inclined by 0°
When simulating bullet impact with a plate
inclined by an angle of 45 °, with respect to
the bullet trajectory, does not come to
penetration. This result corresponds to the
result of the experiment. It is apparent that
the board inclination significantly increases
its resistance.

Fig. 3. The results of simulation – board
inclined by 45 °
4. EXPERIMENTS
For the validation of numerical simulations
was performed set of experiments using the
testing stand in real operating conditions.
The shooting was conducted at a distance
of 50 m with a sniper rifle of following
parameters:
Remington 700 Police (short action) [5]
Caliber .308 Win., Barrel Length 26"
Standard Twist 12".
For the shooting experiments were used
specially made rectangular metal sheets of
paper size A4 positioned immovably in the
special stand, which allows to select the
angle of inclination of the material
samples.
On the plate were shot two times for single
variant of combination of metal sheet
material and the angle of inclination.
Each score was documented. See Figure
Nr. 4, 5 and 6
During the shooting experiment were
achieved results that confirmed the
assumptions ballistic-resistant of metal
sheet
calculated
by
using
numerical simulations.
5. CONCLUSION
Numerical simulations provided the
assumptions that were subsequently
verified by the shooting experiments. See
Table Nr. 1

102

These findings will be used for a selection
of materials and design of optimized
dynamic bullet trap.
Material Thickness Angle

Results

Hardox
500

8 mm

90°

2x micro
deformation

S355

10 mm

90°

2x
penetration

S355

12 mm

90°

2x cup
deformation

Hardox
500

8 mm

45°

2x abrasion
only

S355

10 mm

45°

2x cup
deformation

2x cup
deformation
Table 1. Results of experiments
S355

12 mm

45°

For future research is planned to extend the
analysis to other caliber and inclination
angles of material samples.
The tests of other materials will be
included. The materials will be selected
with regard to price. It also assumes the
development and use of special rolled
sandwich materials.
Further to the shooting conduct will be
necessary to include an electronic gate to
measure the speed of bullets (chronograph)
and install to the testing stand a speed
thermal imaging camera for more detailed
evaluation of impacts dynamic process
with simultaneous temperature monitoring.
The results achieved will be prepared for
the evaluation software, which enables
effective proposals of bullet trap mainly for
civilian and military indoor shooting
ranges and ballistic departments.
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DESIGN OPTIMIZATION OF GLASS CANOPY PANEL SUBJECTED
TO SNOW LOAD

Õunapuu, E.; Velsker, T.; Eerme, M.

genetic algorithms (HGA), meta-modelling
techniques and FE analysis.
Among a large number of meta-modelling
techniques available like regression
methods [1, 2], kriging models [3, 4],
splines & radial based functions [5, 6], etc.,
the feedforward artificial neural network
techniques [7, 8] are selected due to their
high accuracy and simplicity. The
optimization procedure introduced can be
regarded as extension of the optimization
algorithms developed by workgroup for
design of composite and sheet metal
structures [9-12]. These multicriteria
optimization algorithms are based on
pioneering study in this area by Deb [13],
Coello-Coello [14]. Deb et al. introduced
nondominated sorting based NSGA2
algorithm with reduced computational
complexity in [15]. Latter algorithm is
widely used approach in design of
optimization methods up to now. One new
trend in design optimization of advanced
engineering materials and structures is
design of stiffness variables [16-20]
(caused by advances in manufacturing
technology).
The aim of the current study is to
determine optimal configuration of glass
canopy panel subjected to snow loading.
Current study can be considered as
extension of paper [21] containing
preliminary design based on Taguchi
design of experiment.
2. PROBLEM FORMULATION

Abstract:
The scope of this study is design
optimization of glass canopy panel with
prespecified strength properties and
geometrical dimensions. The panel is
subjected to snow load. Maximum Von
Mises stresses and maximum deflection of
the panel are considered as objective
functions.
The stress-strain relationship of the glass
canopy panel with point fixings is
determined by use of FE analysis. A
mathematical model for evaluation of
objective functions is developed. Optimal
set of design variables is determined based
on preliminary analysis.
1. INTRODUCTION
Fast development in architecture has
transformed glass from window material
into load carrying element material. Glass
canopy panels, floors and full glass facades
are common in modern city buildings.
Application of the point supported glass
and FEM (finite element method) analysis
have been the main reasons of expeditious
development in the field.
The considered glass canopy panel
represents thin glass layers with relatively
large surface area. The glass layers have a
certain amount of holes for point fixings.
The main problems for designing such
panels are large deflections of the panel
and high stresses around fixing holes. The
solution procedure proposed in the current
study is based on combining the hybrid

The current study is focused on design
optimization of glass canopy panel

104

thickness of the panel. Panel is subjected to
gravity and pressure caused by snow load,
no wind load is considered (Figures 2-3).

subjected to snow loading (Figure 1).

Fig. 2. Distribution of snow load
Fig. 1. Glass canopy with point supports
Design of such a structure is a complex
task problem due to presence of mixed
integer variables, rather specific stressstrain behaviour of glass and multiple
constraints. The main characteristics
considered in design of glass canopy panel
are
maximum
stresses,
maximum
deflection and maximum strain energy
density. These criteria are conditioned by
the thickness of glass panel and the
location and diameter of fixing holes.
The dimensions of the panel are given by
the manufacturer of glass canopies which
are 1700 mm in width and 2000 mm in
length. The objective is search for an
optimal set of design variables X1, X2, X4
and X5.

Fig.3. ANSYS Variable load pressure
model
3. FINITE ELEMENT ANALYSIS
To analyse glass panel with point fixings, a
three dimensional FEM model is applied.
The deformation of the glass canopy panel
subjected to snow load may exceed the
thickness of the panel. Thereby the
behaviour of the panel cannot be described
accurately by linear theory. A nonlinear
plate theory is applied. The stress-strain
state of the glass panel is analysed with
FEA software (ANSYS) where simulation
model with solid elements has been
developed. For avoiding long calculation
times, the general mesh element size of the
model is delimited with 20 mm. Due to
fact the maximum stresses occur around
the fixing holes, the size of mesh elements
around the holes is decreased to 3 mm.
Such mesh is employed around holes in 40
mm diameter sphere.
The values of the design variables are
chosen based on manufacturing and
structural limits. Four levels have been
considered for the design variables X1, X2,
X4 and three levels for X5, respectively.

The design variable X3 is fixed in the
current study based on results of
preliminary design [21] and technological
constraints. Panel is made of tempered
soda lime silicate glass. It is assumed that
the panel is made from monolithic solid
glass, although common practice is to use
two thinner glass panels laminated
together. The variables X1 and X2 stand
for the coordinates of the fixing holes, X4
is the diameter of the hole and X5 is the
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criteria has been performed and different
formulations of the optimization problem
are examined.
The minimization of the maximum value
of the Von Mises stress and maximum
deflection are considered as two criteria

The value of the variable X3 is fixed as
mentioned above. Parametrical model
according to the values of design variables
was created in ANSYS Workbench.

VonMises
f1 ( x ) = min(s max
( x )) ,
subjected to

xi ≤ xi* ,
− x i ≤ x i* , ,
*
ε max ( x ) ≤ ε max
(x) ,

(1)
i = 1,..., n ,

(2)
(3)

C( x ) ≤ C ( x )
*

(4)

Fig. 2 Stresses around fixing holes
and

The maximum stresses occur on the edges
of fixing holes.

f 2 ( x ) = min(ε max ( x ))

(5)

subjected to (2), (4) and

4. DESIGN OPTIMIZATION
In the following, the output data obtained
from FE analysis are treated as response
values. However, the evaluation of the
objective functions by means FE
simulations is time consuming. A common
technique for reducing computational cost
in optimization algorithms is using
surrogate models for approximation of the
objective functions.
In the current study the artificial neural
networks (ANN) based surrogate models
are employed to guide the search towards a
global
optimum.
The
MarquardtLevenberg algorithm has been applied for
training of a two-layer backpropagation
artificial neural network. This algorithm
combines the advantages of the steepest
descent (wider convergence domain) and
Newton (higher convergence speed)
methods. The configuration of the ANN
has been tuned for particular problem. The
radbas neurons and purelin neurons are
used in first and second network layers,
respectively.
The considered optimization problem is a
mixed integer problem. The design
variables X1 and X2, describing positions
of the holes are real valued, but the radius
of the hole and thickness have integer
values. An analysis of the optimality

VonMises
VonMises*
( x ) ≤ s max
(x) .
s max

(6)

In (1)-(6) xi stand for normalized design
variables, x is a vector of design variables,
VonMises
ε max ( x ) stand for
s max
( x ) and
normalized maximum values of Von Mises
stress and deflection, respectively. The
lower and upper limit values of the
variables/functions are denoted by asterisk.
These two objectives are nonconflicting
and their application results a quite similar
solutions shown in table (rows 2-3).
Table 2. Objective functions and optimal
solutions
Objective
X1
X2
X4
X5
394.56
450.00
35
20
f1
399.51 450.00
34
20
f2

f3

396.52

450.00

35

20

The objective f 3 ( x ) shown in last row of
the Table 2 is defined as weighted sum of
the objectives f1 ( x ) and f 2 ( x ) as
f 3 ( x ) = w1 f1 ( x ) + w2 f 2 ( x ) .
(7)
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The values of the thickness (X5) are equal
to upper limit since the cost is not
considered as objective function
and
constraints on value of the cost (4) applied
appears satisfied in the case of all optimal
designs considered (in general increasing
thickness improve mechanical performance
but increase cost). The cost can be
considered as objective in future study.
The position parameter X5 also achieved
upper limit value in the case of optimal
designs determined. Here can be
considered reconfiguring of the design
domain for this variable.

Here the weights w1 and w2 determine the
significance of the corresponding criteria

w1 + w2 = 1 .

(8)

In Table 2 the values of the design
variables are given in original dimensions
in order to simplify understanding their
real meaning.
The hybrid genetic algorithm (HGA)
developed by workgroup for analysis of
composite structures [7] is adapted for
solving above considered mixed integer
optimization problem. The genetic
algorithm is applied for global search.
Local search is performed by combining
steepest descent and Branch and Bound
methods.

6. CONCLUSION
A nonlinear FE analysis of the glass
canopy panel subjected to snow load is
performed. Based on FEA results the ANN
based mathematical model is composed.
The full factorial design of experiment
technique has been applied for selection of
input dataset. The HGA based multilevel
optimization procedure is developed/
adapted for particular problem. Optimal
configuration of the glass canopy panel
subjected to given load case is determined.
The results obtained by applying three
different optimality criteria are close (see
table 2). Introduction of additional
optimality criterion – cost of the structure
seems reasonable. The simulation models
and optimization procedures developed can
be applied for solving wider class of design
problems.

5. DISCUSSION
The FEA results as well as optimization
results are given in section 2 and 3,
respectively. Three optimality criteria are
examined. As it can be expected the first
two criteria minimization of the maximum
Von Mises stress and maximum deformations are not conflicting. Thus, the use
of physical programming techniques for
combining these criteria is justified (for
conflicting criteria can be applied Pareto
concept). Employing the weighted
summation criterion (7) allows to consider
two objectives but perform optimization
with one combined objective. In
comparison with objectives (1) and (5)
here is less constraints necessary (on
design variables only). The weights w1 and
w2 can be assigned according to
significance of the objectives (higher
weight to more critical objective).
It can be seen from Table 2 that the values
of the design variables corresponding to
combined objective remains between the
values of the single objectives (X1) or
coincide with these values. Also, the
optimal solutions corresponding to
different criteria are close.
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INTEGRATION OF HOUSEHOLD APPLIANCES TO THE
EXISTING INTERNET INFRASTRUCTURE
Airola, A.; Jousimaa, O.; Niemi, K.; Vuokko, S.;
Kiviluoma, P. & Kuosmanen, P.

Abstract: The Internet of Things (IoT) is
an interconnection between uniquely
identifiable computer systems and existing
Internet infrastructure. The field is quickly
growing while large companies are
starting to take interest in it. To study
possibilities and challenges of Internet
connected devices, an ordinary coffee
maker was modified to receive commands
and send status over the Internet as a first
experiment. A smartphone application was
built as a controlling user interface.
Adding Internet connectivity was forthright
to accomplish, but delay of message
delivery did real time control unfeasible.
This study approached the problem by
considering how to add value to basic
devices
with
relatively
low-priced
components. The ultimate outcome would
be a future household where appliances
can communicate with each other and the
user.
Key words: Internet of Things, WiFi, Home
Automation
1

INTRODUCTION

The Internet connected computer systems
can currently be small embedded
microcontrollers, which can be installed
virtually to any possible object. These
devices can vary in size from a large
industrial paper machine to tiny heart
monitoring implant or biochip. Their
function can be either passive or active
depending on whether they have only
sensors to measure current function of the
machine or also actuators so that the device
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can be remotely controlled. [1] It is
common between many of these
applications to utilize an IP address (IPv4
or IPv6) as a handle [2]. Thus each machine
can
be
monitored
or
controlled
individually.
In recent years, IoT has been making a
significant breakthrough in every industrial
field. In addition, home automation
utilizing IoT is increasingly adapting to our
household appliances. It is a concept of
utilizing cloud services to improve user
experience of everyday devices. Because
the field is quite novel, there are a lot of
elementary research to be done. [3]
Smart household devices have existed for
many years [4] but still none of them has
become commercially successful. Many of
them are too futuristic or highly priced to
fit every household. Rapid development of
technology and lack of multi-vendorplatform have limited lifecycle of
intelligent household devices [3] [5] [6].
In this research paper, new ways to
incorporate Internet to existing, everyday
household appliances will be investigated.
As a part of the project, an expandable
platform and a few demonstration
applications were built. The main ideology
was integration: same user interface can be
used to control multiple different
household devices [7]. Second key-concept
was to utilize existing infrastructure such
as WiFi connection and smartphones.
The first goal was to build a coffee maker,
which is remotely controllable via
smartphone application. The main idea was
that the coffee maker is able to dose the
correct amount of water and coffee ground

based on the user input. The coffee maker
is controlled by a WiFi connected
microcontroller, which communicates with
a cloud server. The server is a proxy
between the coffee maker and the
smartphone.
The secondary goal was to add more
appliances to be controlled with the same
smartphone application. LED lighting was
decided to be incorporated to the platform.
This way a smart wake-up feature
incorporating wake-up alarm, coffee maker
and lighting could be implemented: When
the alarm shuts off, lights and the coffee
maker turn on. Data security of IoT is
excluded from this research.
The basic working principle of the whole
system is shown in Figure 1.

Fig. 1. Basic working principle of the
system.
2

METHODS

2.1 Coffee maker
Safety is one of the highest priorities. To
ensure safety, the supply voltage circuitry
was decided to be kept as simple as
possible. This led to use on-off relays as
controlling the AC power to the coffee
maker. Water supply is strictly limited to
separate water tank to avoid water
damages.
Arduino Mega microcontroller platform
was chosen for its easy connectivity and
prototyping features. It also offers great
expandability to integrate all desired
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features but lacks performance to have
modern stand-alone user interface. If the
device would be mass produced, a custom
solution would be justified.
ESP8266 WiFi module [8] was used to
enable internet connectivity. The third keycomponent was relay board which was
used for on-off switching. Devices
connected to the relay board were a dosing
pump and a coffee maker. Coffee-grinddispenser brought a significant factor of
uncertainty. That was caused by its
mechanical properties. Required operating
torque was discovered to be variable and
unknown which led us to select a stepper
motor with high torque. Coffee-dispenser
was driven with stepper motor attached
directly to the rotor, instead of its original
crank mechanism. To control the stepper
motor, a stepper shield was used.
The inlet water hose from the external
water tank was attached to the same water
line which moves water from coffee
maker’s own water tank to the coffee filter
during brewing.
The target was that all the components
would be hidden into the base to achieve
more finished appearance. The coffeegrind-dispenser was the only visible
component due to its location on top of the
coffee maker. To fit the dispenser and the
stepper motor sturdy to the coffee maker’s
frame a separate support was manufactured
by 3D printing.
The basic schematic of the coffee maker
unit is shown in Figure 2.
2.2 LED lighting
In addition to coffee maker, a separate
control box was developed for LED
lighting. Similarly, Arduino Nano and
ESP8266 were chosen for control and
communication.
The control box was designed to support
PWM output. Thus the brightness of lights
could be adjusted in the user interface. In
theory, any other low-voltage and lowpower device could also be connected to
this expansion box.

Nr.

Component

1
2
3

Smart phone
Cloud
Control box for LEDs
(inc. Arduino Nano
and WiFi module)
LED lights
WiFi module
Arduino Mega
Stepper motor
Coffee grounds
dispenser
Water pump
Water tank
Coffee maker

4
5
6
7
8
9
10
11

Fig. 2. Basic schematic of the system.
2.3 Programming microcontrollers
The Arduinos were programmed using
C++
based
Arduino
programming
[9]
language
. For each subsystem, a
separate function was created to ease the
task of coding the control sequences in the
main loop.
First the codes were implemented to
control coffee maker and LED lights
through the local serial monitor via PC.
Later, the WiFi module was incorporated
to the code to read the commands directly
from the cloud-based server.
2.4 Android application
Android application was designed with
Android Studio [10] to give an easy and
intuitive way for the user to control
connected devices. It allowed separate
control of the coffee machine and the lamp
or simultaneous control of both of the
devices.
The separate control allowed the user to
choose the amount of coffee cups and the
time when it starts brewing. Lamp control
enabled the user to choose brightness of the
lamp on scale from zero to hundred, zero
meaning it was switched off. The
application also had a wake-up mode
which allowed the user to choose a time to
wake up. The mode set a wake-up alarm,
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brewed selected amount of coffee and
turned the lights on at that time.
2.5 Cloud server
A public Internet facing server acted as a
mailbox between the devices. This solved
the problem on how different devices could
find each other regardless of possible
firewalls, NATs or other issues. The server
itself didn't have any control logic, it only
took data in and presented it in suitable
format to user.
Having a publicly available connection
allowed to have devices controlled from
anywhere, it led to a unpredictable lag
between sending and receiving commands.
Since security is outside the scope of this
paper, even basic authentication or
encryption
in
commands
wasn’t
implemented.
3

RESULTS

3.1 Wireless communication
The wireless communication between the
microcontrollers and the server worked
well most of the time. The microcontrollers
were pre-programmed to connect to the
server every minute and check whether
there are any new commands. However, in
crowded networks the WiFi modules had
some difficulties in connectivity and it took

Fig. 3. Pumping performance data of dosing pump.

Wireless connectivity between server and
device had also significant latency and
jitter in response times. In practice this
means that any real-time control over
TCP/IP is not feasible, and local
microcontroller had to control every timesensitive task such as pumping and dosing.
3.2 Coffee dispensing
The automated water dispensing system
proved to be reasonable accurate. The
pumping data can be seen from Figure 3.
As it is presented in the graph, the
dispersion of the flow rate is quite low so
the closed-loop control wasn’t required in
the system.
On the other hand, the coffee ground
dispenser had some issues with moisture
condensing inside the dispenser and
contaminating the unused coffee grounds.
Also the spinning rotor in the dispenser got
occasionally jammed because of small
coffee ground particles getting wedged
between surfaces. However, by grinding
wider clearance to the rotor, the problem
was solved.
The software of the coffee maker was
rather simple, linear program. The program
polled for new instructions from server
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roughly at one minute interval, and acted
on any commands received. Figure 4
shows the program flowchart of the coffee
maker.
3.3 Light dimming
The light dimming using PWM turned out
to be straight forward to implement. The
device controller had three distinct modes:
WiFi controlled, Manual controlled and
off. The modes selected the source of data:
on WiFi mode, data was polled from the
server. On Manual mode, user could press
the buttons on controller to adjust the duty
cycle of PWM outputs. Off mode was for
the convenience, it set all the outputs to
0 %.
Device also had a watchdog timer to guard
against software lockups. In each cycle of
the program, a watchdog timer was reset. If
the watchdog timer was not reset in eight
seconds, the software would be reset and
started from initializing the hardware
peripherals.
Figure 5 shows the program flowchart of
LED lights.

With the status page, the user could also
easily check the current command send to
the coffee maker and LED control box.

Fig. 5. Software structure of LED lights.

Fig. 4. Software structure of coffee maker.
While using the coffee maker and the LED
lights in the same network, there seemed to
be some interference between the devices
and the other device occasionally refused
to work. By further software tuning, this
issue could be achievable to overcome.
3.4 User interface
The Android application (Figure 6) turned
out to be simple and easy to use. The
application had an individual button for
each function (coffee, lights, wake-up) and
easy sliders to set the right time and
amount of cups.
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Fig. 6. User interface.
4

CONCLUSIONS

Internet connection could be used to relay
high-level commands, such as “Brew 6
cups of coffee at 14.30”. However,
unpredictable lag in communication
prevented real time control of the system,

so local device had to control time-critical
tasks such as dosing water.
Intelligence in device is important to verify
the safety limits of commands, for example
to avoid dispensing water amount
exceeding water tank capacity and causing
water damage to floor structures.
If remote operator does not have a line of
sight to device being controlled, fault
conditions can lead to catastrophic failures.
Therefore Internet connected devices
should have even more robust safety
electronics, such as sensors, than most
current household devices.
User interface design is extremely
important to maintain easy user experience
Devices should have a way of presenting
status for example to remind user for filter
changing.
Overall, the project showed that IoT has
potential to adapt to everyday household
devices. Additional component cost is not
the greatest challenge decelerating
generalization of IoT but lack of deviceunifying software and hardware platform.
By further developing and standardisation,
safe and useful concepts could be created.
5
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TWO DEGREE-OF-FREEDOM UPPER LIMB EXOSKELTON
TRAINER FOR ELDERLY PEOPLE
Bhatt, N.; Räsänen, N.; Lehtinen, J.; Tervamäki, T.; Salerto, S.; Kiviluoma, P. &
Kuosmanen, P.
Abstract: The rehabilitation of people with
mobility difficulties is an issue that
deserves attention. Conventional methods
such as face-to-face physiotherapy offer a
solution but demand huge resources in
form of man-hours. In addition, face-toface therapy is time consuming for the
patient. An exoskeleton trainer, which can
be used from the comfort of the patient’s
home, might provide safe method for
training.
This paper describes a concept of
two degree-of-freedom (DOF) exoskeleton
trainer. The 2-DOFs Exoskeleton trainer,
described in this paper, is designed for
upper-limb rehabilitation purposes for
elderly people. The device provides the
operator with controlled and safe training
of upper limb muscles. The purpose of the
trainer device is to create resistive force
that acts against the operator’s
movements.
Key words: muscle rehabilitation, upperlimb exoskeleton, isokinetic velocity,
exoskeleton trainer.
1. INTRODUCTION
The population of people aged 60 or above,
is predicted to increase by approximately
three times of the current population by
2050 [1]. Increase in population requires
innovation in the healthcare sector in order
to keep up with the problems experienced
by the ageing population. The effect of
ageing on muscles includes loss of muscle
mass, muscle fibres, and decrease in the
water content of tendons [2]. These effects
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result in reduced strength, longer response
time, loss of motion and flexibility of joints
in elderly people. These effects are further
accelerated by a sedentary lifestyle and can
be slowed down significantly by regular
exercise involving basic movements of
different body parts [3,4]. However, certain
amount of caution is required in the case of
elderly people to ensure that the muscles
and joints are not overstressed during
exercising.
There is a significant amount of
research about exoskeletons [5], but it
mainly focuses on military and muscle
assistance applications. There is little
information about the use of exoskeletons
in rehabilitation, or about how these
technologies could be applied into
rehabilitation. The study referred [6], which
focus on exoskeletons that assist muscles
had similar overall mechanical design, very
similar parts and mechanical concepts as
the exoskeleton presented in this paper.
The structural implementations from these
applications were used as a basis in the
designs of the current paper. Only few
research
papers
[6][7]
discussed
exoskeleton robots for rehabilitation and
had similar focus and concept as our
project.
This paper describes a two-degreeof-freedom (DOF) upper-limb exoskeleton
trainer for elderly people rehabilitation
purposes. The device described in this
paper was developed for controlled training
of the arm and shoulder muscles. The
article addresses the mechanical design,
electrical design and control design of the
2-DOF exoskeleton trainer.

2. SYSTEM REQUIREMENTS
The requirements for the 2-DOFs
exoskeleton trainer are set according to
rehabilitation purposes, safety and elderly
people’s limitations. The requirements of
the 2-DOFs exoskeleton trainer are:
i) Safety. The device should be safe to
operate and cause no harm to the user
in any situation. The range of motion of
the device should be limited according
to restrictions set by human
physiology.
ii) Two degrees of freedom. The device
should have rotating joints at the elbow
and at the shoulder to enable exercising
and rehabilitation for certain upperlimb muscles: deltoid muscle, biceps
and triceps.
iii) Ergonomic design. The device should
be fast and easy to wear, it should fit on
any person and it should be mobile. In
addition, the device should be
lightweight.
iv) Motion resisting operational principle.
The device should exercise upper-limb
muscles by resisting the movements
and not provide additional force.
v) Position sensing technology.
vi) Load sensing technology.
The exoskeleton trainer described in this
paper is designed for rehabilitation of
upper limb muscles. The controlled
movements implemented for the upperlimb are: lateral raise for deltoid muscle,
bicep contraction for arm and triceps
extension for arm.
It was decided that the device
should enable 2 to 3 exercising movements
and that it should be mobile and that the
arm would be a good focus point, because
the arms are used extensively in everyday
life. The concept was further simplified to
include only the shoulder and elbow joints.
Design work began on building the idea
around the two joints, the controller and
actuators were chosen and, lastly, also the
sensors. The aim was to keep the device
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compact and simple but also useful,
accurate and generally functional.
The maximum torque values for the
shoulder joint and elbow joints are
approximately 75 Nm and 65 Nm
respectively in healthy individuals aged
between 40 to 50 years. However these
maximum values are not being targeted
since they would be rarely required for
muscle training. Such high powered
actuators would also increase the overall
complexity significantly in terms of design
and power requirements which are
unnecessary for this prototype. The goal is
to only demonstrate basic muscle training
operation.
3. SYSTEM DESIGN
3.1 Mechanical design
The mechanical structure of the 2-DOF
exoskeleton trainer (Figure 1) consists of:
i) Aluminium frame with PTFE slide
bearings
ii) 2 geared DC motors with optical
encoders
iii) Microcontroller
iv) Wearable vest.

Fig. 1. The exoskeleton trainer.

The shoulder axis of the device for the
lateral raise movement is located behind
the operator. The elbow axis is located on
the side of the operator. The geared DCmotors are attached into the joints. The
joints of the exoskeleton are designed to
align with the human’s shoulder and elbow
joint’s turning axes (Figure 2). Therefore,
lengths of the lever arms do not alter

during the operation of the device.
However, alignment of the axes of human
and exoskeleton set some requirements.
The misalignment of the axes in
exoskeleton can result into uncontrolled
forces and cause extra strain on the
muscles. [5] For ensuring the alignment of
the axes of the operator and exoskeleton,
the described exoskeleton has adjustability
in horizontal position of shoulder and
elbow axis. In addition, the length of the
upper-arm lever arm is adjustable
according to user’s dimensions.

Fig. 2. Exoskeleton trainer components and
rotational axes.

ITEM NO
1
2
3
4
5
6
7
8

COMPONENT
DC motor
Gearbox
Back plate
Support plate
Shoulder frame
Upper arm frame
Lower arm frame
Arm attachment pad

Table 1. The main components of exoskeleton
trainer.

3.2 Control system design
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The system was developed with minimal
components and as simple as possible in
order to test the proof of concept since this
is the first prototype. Electric motors were
chosen to be used as the actuators for
generating resistance required for muscular
exercise. Based on a study conducted by
Thomas Harbo et. al. [9], the electric
motors with a max torque rating of 8 Nm
and stall torque of 54 Nm selected.
The motors were controlled using a
microcontroller with a compatible motor
driver.
The
microcontroller
was
programmed to drive the motors to
generate torque in the direction opposite to
the motion while maintaining the speed
constant,
thus
obtaining
isokinetic
movement.
A PID control algorithm was used
for controlling the motors. The input given
to the control system is motor speed
determined using rotary optical encoder
with a resolution of 300 pulses per second.
The output is varying torque at constant
speed. The activation of motors was based
on a threshold velocity set and thus the
motors stop as soon as the user stops the
movement. This ensures safety to a certain
extent.
Finally motor current is measured
and logged during the exercise and can be
used to determine torque throughout the
range of motion. This can be used to
evaluate
muscle
performance
and
improvement over time. Motor current
characteristics as given in the data sheet are
0.4 A at no load to 2.2 A at rated speed of
2500 rpm. This information can be used to
calculate torque using rated torque value of
8Nm since the current increases linearly
with torque. The control system flow chart
is shown in Fig. 3

Fig. 3. Control system

The device assists the operator in
exercising three different muscles: lateral
deltoid, bicep and triceps. The device is
programmed to
produce isokinetic
contraction, so that tension in the muscle
remains constant as the muscle’s length
changes, i.e. the velocity remains constant
throughout the entire range of motion. The
device assists elderly people to rehabilitate
their muscles routinely. The shoulder
movements are shoulder abduction and
adduction and elbow movements are elbow
flexion and extension.
4. RESULTS
The initial plan was to tune to PID
parameter by testing of the device but in
practice, this proved to be too time
consuming. The parameters were tuned as
much as possible in the available time but
the control system is remained oscillatory
in nature. However, it responds to the
change in muscle power applied by varying
torque. The final output demonstrated the
proof of concept of a wearable muscle
training exoskeleton.
The mechanical design of the
exoskeleton trainer proved the concept
working.
For the future research,
improvements in the areas of userfriendliness, adjustability and overall
weight are needed. The greatest challenge
in the final prototype was aligning the
motion axes of the device and the operator.
The device had capability for adjustments
in the length of upper-arm part, horizontal
position of shoulder joint and horizontal
position of upper-arm frame i.e. in elbow
joint position. The described adjustability
capacity proved to be insufficient. Lack of
adjustability resulted in limited range of
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motion of joints during operation. The
overall weight of the device was rather
high considering elderly people as the
target user group. However, the main
source for increased mass of the device
was the geared DC-motors, which were
over dimensioned. In addition, the
integration of the device and the vest
requires more attention. Attachments of the
device caused flexibilities in the system,
which led to misalignment of the motion
axes and uncomfortableness in user
experience.
Aluminium was the material chosen
for the exoskeleton frame. The advantages
of aluminium as construction material for
described device were lightness, easy
manufacturability, relatively low costs
compared to more advanced metals and
composite materials and satisfactory
mechanical properties. The disadvantages
of material selection were softness of
aluminium and constructions stiffness.
Softness of the aluminium resulted in
abrasion in parts subjected to forces.
Abrasion was significant especially in
joints, which implemented keyway design.
Abrasion in shoulder part and upper arm
part generated gaps between key and
keyway. Furthermore, position errors due
to increased gaps impeded control design.
The joints of the exoskeleton trainer
utilized cotter joint design with PTFEplastic slide bearings. The principle of
applying slide bearings proofed to be
simple, cost-effective and functional. The
coefficient of friction between PTFE and
aluminium parts was low enough for
enabling proper functionality of the device.
Challenges occurred in connections
between steel key and key grooves of

aluminium parts, which resulted in
abrasion.
The presented device also met the
set safety requirements. The device had
mechanical limitations for the range of
motions, which prevented overextensions
of operator’s joints. The control system
was designed to act as resistance, which
intrinsically included the safety aspect i.e.
the control system did not allow the device
to produce torque, which would harm the
operator. In addition, a manual kill switch
was included into the device, which would
switch off the power from the device in
case of malfunction.
5. CONCLUSION AND DISCUSSION
This paper described the concept of
a 2-DOF exoskeleton trainer for
rehabilitation purposes for elderly people.
Actuator selection, mechanical design and
control design of the device were
described. Mechanical design of the device
proved the concept functional with certain
limitations. Further research is needed for
improving
user-friendliness
and
ergonomics and decreasing overall weight.
Especially material selection, adjustability
and integration of the device to the user’s
body requires more research. For the
commercial products the overall design has
to be optimized for comfortable and fast
dressing-up. The challenges are the weight
and different body sizes, which require
attention for aligning motion axes. For the
future, more merged design is needed to
address these challenges.
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HIGH ACCURACY FILTER TRANSMISSION MEASUREMENT FOR
DETERMINATION OF THE DETECTION EFFICIENCY
CALIBRATION OF Si-SPAD DETECTORS
Dhoska, K.; Hofer, H.; López, M.; Rodiek, B.; Kübarsepp, T. & Kück, S.

Abstract: A high accuracy filter
transmission
measurement
for
the
determination of the detection efficiency of
a Si-SPAD detector has been carried out
using an integrating sphere with attached
detector. The measurement method and the
improvement of total measurement
uncertainty of the Si-SPAD detection
efficiency calibration are described in this
paper.
Key words: Si-SPAD detector, integrating
sphere, filter transmission measurement,
detection efficiency.
1. INTRODUCTION
Over the last decade, silicon single-photon
avalanche diodes (Si-SPADs) have become
increasingly important in different
application fields such as quantum
operations, vision systems, astrophysics
telecommunications, biology and medicine.
Such a variety of usage fields of Si-SPADs
is based on their high detection efficiency
at few photon levels in a wide spectral
range; from the visible to the near infrared.
The detection efficiency is typically
measured by sending few photons onto the
detector at a known repetition rate and
recording the number of detection events
[1]. Typically a strong attenuated laser or
incandescent lamp is used as a light source.
Thus, in order to achieve reliable
measurements for the detection efficiency
calibration, the Physikalisch-Technische
Bundesanstalt
(PTB),
the
national
metrology
institute
of
Germany,
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established recently a compact setup for SiSPAD calibration that uses traceable
transfer standards and a measurement
procedure based on filter transmission
technique, see Fig. 1 and ref. [2, 3].
However, the previous calibration results
of the Si-SPAD detection efficiency have
shown that one of the major uncertainty
contributions
in
the
measurement
uncertainty budget comes from the neutral
density filter transmission measurement [3].
For this reason, a high accuracy filter
transmission measurement is required to
improve the measurement uncertainty of
the Si-SPAD detection efficiency. The
novelty of this research work is that instead
of using a single silicon detector (SiDiode), an integrating sphere is employed
for the filter transmission measurement.
The integrating sphere is a device used for
collecting and spatially integrated radiant
flux [4]. The systematic errors that may be
introduced due to specular reflections
between the Si-Diode and the objective
used during the filter transmission
measurement are practically eliminated by
using the integrating sphere.

Fig. 1. Schematic view of the calibration setup for
Si-SPADs [2, 3].

2. MEASUREMENT METHOD AND
SETUP
For the determination of the Si-SPAD
detection
efficiency
applying
this
technique, the transmission of the filters is
required to calculate the optical power
impinging on the Si-SPAD detector.
However, since a very low filter
transmission is needed, which is not
possible to be measured directly with an
analogue detector, a two step measurement
procedure for the filter transmission
determination is required. This is carried
out as follows: in a first step, the filter
transmission is measured individually for
each filter (T F2 , T F3 ) by using high
accuracy translation position stages and the
integrating sphere with attached detector as
a light sensor. In a second step, the filter
transmission of the two filters is measured
as a filter package ( TCombined ); i.e. both filters
are simultaneously placed in the beam
path. From these three measurements a

deviation between individual filters and
total filter combination can be calculated,
that is,
T ⋅T
Dev = 1 − F 2 F 3 .
(1)
TCombined
This deviation can be taken as an overall
uncertainty contribution of the filter
transmission
measurement
for
the
determination of the detection efficiency of
Si-SPAD detectors, as described in [3].
The measurement setup for the filter
transmission measurement and the
determination of the quantum detection of
Si-SPAD detector is shown in Fig. 2. A
tunable laser source with a wavelength
range from 766 nm to 781nm is used. The
laser beam is focused through a
microscope objective APO M-PLAN 20x
with an 0.42 numerical aperture and a
working distance of 20 mm. We have used
neutral density filter NG9 D 2.6 for Filter 2
and neutral density filter NG9 D 3.0 for
testing the measurement procedure.

Fig. 2. Top view picture of the setup for the determination of the detection efficiency
calibration of Si-SPAD detector by using integrating sphere with attached detector.
An Agilent VEE program has been
developed for the realization of automated
measurements. At each wavelength, in the
range from 766 nm to 781nm with steps of
2 nm, were realized 100 measurements. In
the measurement procedure, Filter 2 and
Filter 3 are moved in x-direction of the
translation stage. The position repetition of
the translation stages is ≤ 5 µm, which
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avoid errors due to the spatial nonhomogeneity of the filter transmission. The
translation range of the stages is 80 mm.
The measurement program is composed of
4 modules. In module 1 the optical power
of the laser is measured with the
integrating sphere without any filter. The
mean value of the measurement obtained
with module 1 is used as a reference value

for calculation of the filter transmission in
relation to the results obtained in the next
measurement modules. Afterwards, the
measurement module 2 only Filter 2 is
moved in the beam path (x = 37 mm).
Module 3 continues with the measurement
of the individual filter transmission by
moving Filter 2 to position x = 0 mm and
Filter 3 to position x = 37 mm. Finally,
module 4 completes the measurement
procedure by measuring the total
transmission of the filter combination, i.e.
Filter 2 and Filter 3 are positioned in the

beam path (position
simultaneously.

x

=

37

mm)

3. MEASUREMENT RESULTS
The summary of the filter transmission
measurement results with their deviations
for different wavelengths are shown in
Table 1 and dispersions of the deviations
are depicted in Fig. 3. The deviation
between the transmission measurement of
the single and combined filters is ≤ 0.05 %
for the whole measured wavelength range.

Nr
λ (nm)
Filter 2
Filter 3
Combined Filters
Deviation (%)
1
766
0.0186882
0.0086968
0.0001626
0.020
2
768
0.0188345
0.0087792
0.0001654
0.012
3
770
0.0189695
0.0088636
0.0001681
-0.023
4
772
0.0190674
0.0089108
0.0001699
0.016
5
774
0.0191954
0.0089864
0.0001724
-0.044
6
776
0.0193084
0.0090481
0.0001748
0.030
7
778
0.0194161
0.0091136
0.0001769
-0.012
8
780
0.0195284
0.0091665
0.0001791
0.035
9
781
0.0195746
0.0091978
0.0001800
-0.011
Table 1: Summary of the filter transmission measurement results and deviations calculated
by equation (1).

Fig. 3. Deviation of the filter transmission measurements calculated by equation (1) for
different wavelengths.
4.
DETECTION
UNCERTAINTY

EFFICIENCY

The mathematical model for determination
of the detection efficiency of the Si-SPAD
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accompanied with all possible contribution
factors for evaluation of the measurement
uncertainty is given by [3],
hc A2 A3 Q1Q4
s F ,
h=
(2)
l A1 Q2Q3 Si filt

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, A 1 , A 2, A 3 are the signal
amplification factors, Q 1 , Q 2 , Q 3 are the
ratios of the signal of the Si-diode attached
to the integrating sphere and the monitor
detector signal, Q 4 is the ratio of the
counter and the monitor detector signal, s Si
is the spectral responsivity of the
integrating sphere with the attached Sidiode, and F filt is the factor taking into
account the use of two filters.
The estimation of uncertainty of the
detection efficiency measurement is carried
out following the guide to the expression of
uncertainty in measurement (GUM) [5].
Based on the propagation law of
uncertainty and uncertainty of input
quantities, we can evaluate the combined
uncertainty as [3]:
2
uc (h ) = c12 ⋅ uh2 + c22 ⋅ uc2 + c32 ⋅ ul2 +
+ c42 ⋅ u A21 + c52 ⋅ u A22 + c62 ⋅ u A23 + c72 ⋅ uQ21 +
+ c82 ⋅ uQ2 2 + c92 ⋅ uQ2 3 + c102 ⋅ uQ2 4 +

, (3)

+ c112 ⋅ u s3Int . Sph + c122 ⋅ u F2Filt

where the u(i) are the standard
uncertainties of the input quantities and c i
are the sensitivity coefficients which are
calculated from the partial derivatives of
all input quantities.
In continuity on the improvement of the
total measurement uncertainty we will not
focus to the estimation of all possible
contributor factors but only at the factor of
the use of two filters as one of the major
contribution. The deviation between
combined
and
individual
filters
measurements will influence in the
correction factor. The expression of the
deviation between two measurements is
estimated from equation (1) and correction
factor by equation (4):
T
T
FFilt = Combined = Combined ,
(4)
TIndividual TF 2 ⋅ TF 3
where T F2 , T F3 are the filters transmission
of each individual filter and T combined is the
filter transmission of combined filter.
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These results have shown that the largest
deviation ∼ 0.05 % comes from the
transmission measurements carried out at
l=774 nm. This deviation is used, for
simplicity, for the estimation of the
uncertainty of the correction factor F Filt for
each wavelength. Thus, the standard
uncertainty of the correction factor that
uses two filters is estimated:
T
− Tcombined
u FFilt = Individual
= 3.3 ⋅ 10 −4 . (5)
Tcombined ⋅ 3
The uncertainty contribution of the factor
which uses two filters is obtained:
uc ( FFilt ) = c122 ⋅ u F2Filt = 2.2 ⋅ 10 −4 ,

(6)

where sensitivity coefficient is c 12 = 0.64.
The final result has shown that uncertainty
contribution is 8.1 %. Referring to the
previous estimated results we have
improved one of the major uncertainty
contributions by significantly reducing
measurement uncertainty from 54.8 % [3]
to 8.1 %. The new contribution value of the
factor using two filters is included into the
uncertainty budget and is used to estimate
the combined uncertainty u c (η). Finally,
the obtained detection efficiency of the SiSPAD detector is:
η SPAD = 0.6359 ± 0.0014,
η SPAD = 0.6359 ± 0.22 %.
5. CONCLUSIONS
In this paper, the accurate filter
transmission measurement method and the
improvement
of
its
measurement
uncertainty have been developed for the
calibration of the detection efficiency of
Si-SPAD detector.
The use of an integrating sphere instead of
a single Si-Diode for the filter transmission
measurement has significantly reduced the
measurement uncertainty contribution of
the filter factor from 54.8 % to 8.1 %. The
relative standard uncertainty of the
detection efficiency of the Si-SPAD was
improved from < 0.5 % to < 0.25 %.
Future work will be focused on reducing
the uncertainty contribution of the absolute
spectral responsivity on the integrating

sphere as the last larger contribution factor
for the determination of detection
efficiency of Si-SPAD detectors.
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CUBESAT MISSION FOR MULTISPECTRAL EARTH
OBSERVATION FROM LOW EARTH ORBIT
Karmin, M.; Ehrminger, R. ; Shatov, J. ; Mzhavia T. ; Vaher, O. ; Dihuliya D. ;
Hiiemaa, M. & Tamre, M.

Abstract: An international team of
Master students from the Tallinn
University of Technology in cooperation of
MEKTORY Space Center designed a three
unite sized CubeSat for low Earth
observation mission. The data acquired
during the mission can be used for
educational, scientific, space technology
development and knowledge transfer
purposes. The contributing team from the
department of Mechatronics designed the
subsystems for the optical payload, attitude
determination and control system. The
preliminary design of the optical system
consists of a multispectral line scan sensor,
shutter and a Ritchey-Chrétien reflector.
Compact deployable mechanism design for
the secondary mirror is considered. The
requirements for the attitude determination
and control system are determined
according to the chosen line-scan sensor
and the optical system.
Key words: CubeSat, Multispectral-line
scan- sensor, Ritchey-Chrétien reflector,
deployable optics

e.g. agricultural applications, thermal
mapping and other scientific purposes.
In order to determine the available
backscattered spectral power intensity for
the CubeSat at the altitude an atmospheric
model was developed. Based on the model
data a line scan sensor with the suitable
sensitivity was chosen. After the sensor
selection, the requirements for the optical
system and the altitude determination and
control system have been identified.
The current paper presents the final stage
of the first conceptual design study. One of
the results of this study is the identification
of requirements for the subcomponents for
each module. Additionally the operational
range of latitude and the detectable terrain
types can be differentiated and specified.
Further steps of the project are
optimisation and verification of the spectral
models and the integration with other
subsystems. Furthermore, prototyping and
testing of components and modules is
considered.

2. GENERAL CUBESAT CONCEPTS
AND MISSION REQUIREMENTS
1. INTRODUCTION
The main goal of the low earth orbit (LEO)
mission is to take multispectral images
with relatively high ground resolution of
25 m/pixel. The limited volume, weight
and power requirements as well as the
relatively low spectral power intensity are
the main drivers for this design concept.
The data gathered during the mission can
be used for general land observation tasks,
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The mechanical outer frame structure is
based on the CubeSat standard with three
units. The predefined dimensions of
100x100x340.5 mm limit the maximal
available volume for all components. The
illustration of the conceptual solution of
the CubeSat is presented in figure 1.

Fig. 1. Illustration of the overall design
The general top-level requirements are the
theoretical ground resolution of 25 m/pixel
for RGB and NIR bands from the 600 km
low earth orbit and the image size of 2 k
pixels. The design process started with the
spectral
light
intensity
estimation
according to atmospheric conditions and
backscattering characteristics of different
landscapes including seasonal light
conditions. In the second phase the optical
system subsystem has been developed
within a volume of 100x100x120 mm³ and
the overall weight of around 4,25 kg. The
power budget of the optical system is
around eight Watts (peek).
Parallel to the development of the optical
system the specifications for the second
sub module “altitude determination and
control” have been determined. According
to the timeline and technical requirements
the iACDC-100 from Berlin Space
Technologies has been considered as the
best option. In a long-term perspective, a
self-developed system is pursued.
The onboard computer has been developed
by the communication team. It enables
high reliability image data pre-processing
and communication with space graded
components.
2.1 SPECTRAL POWER INTENSITY
ESTIMATION
For determining the power spectrum of
light available at given conditions, the
model of the light path was created. Each
stage of the light’s path acts like a filter
removing various amount of power in
different area of wavelength power
spectrum from prior one. As the light
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enters the atmosphere at some zenith angle
it travels through corresponding air mass
(AM), which will deform the power
spectrum intensity. The loss of incoming
light is subtracted from extraterrestrial
irradiation. As light reaches surface energy
will be absorbed and converted into heat as
well as reflected. Power spectrum intensity
which reached Earth will be multiplied
with corresponding albedo characteristics
for different scenarios. The remaining light
will travel once more through the
atmosphere (perpendicular) and outgoing
losses are subtracted from remaining power
spectrum. The light intensity, which
reaches the satellite and enters the optical
system changes its characteristics one more
time before the sensor can detect an object.
The light intensity model is based on
different landscape scenarios. The model
returns the value of the power spectrum of
the light reached to sensor dependant on
the zenith angle and one specific terrain
type which is based on albedos
characteristics. The results provide an
estimation about possible operational
ranges and restrictions for a chosen sensor.
The
spectral
reference
used
is
1
ASTM E 490 [ ] extraterrestrial spectrum
by the American Society for Testing and
Materials.
To determine the spectral losses through
atmospheric
distortion,
previously
mentioned reference extraterrestrial spectra
is compared to ASTM G173-03 (ground
spectrum) [1]. This light path corresponds
to AM coefficient 1.5.
The situation where both incoming and
outgoing light paths are with zenith angle
0 deg is possible only at position where
satellite is aligned to the same line with the
sun and the target. Since the plan is to take
images from several positions on orbit, it is
necessary to calculate various AM
coefficients of incoming light rays and the
latitude of the target. The light intensity
depends also on the zenith angle. To
complete the model the Pickering equation
is implemented [2].

To determine the increased loss of power
spectrum of incoming light through
atmosphere, due the increased crosssection of the atmosphere, the AM
coefficient of zenith angles from 0 to
90 deg were compared to losses of AM1.5
and each spectral characteristics was
modified accordingly.
The remaining power reached Earth will be
either absorbed and converted to heat or
reflected from different earth’s surface
materials. To determine reflectance of
different scenarios the spectral albedos
from U.S. National Renewable Energy
Laboratory’s SMARTS model [3] are used.
A number of sample albedos were chosen
and used to estimate the backscattered
energy intensity from Earth.
One result of the spectral power estimation
is a degradation of visible and infrared
light in connection with higher zenith
angle. The main reason for this effect is the
exponential growth of atmospheric
distortion. The following graphs 2 to 4
present the results of the spectral power
estimation. On the x-axis the power
intensity in nJ/cm²/sec and on the y-axis
the spectrum from 300 to 1400 nm. The zaxis represents the zenith angle form 0 to
90 deg.

Fig. 4. Patterns of dry land

2.2 OPTICAL SYSTEM AND
INTERFACE
The optical system consists of four main
components. The line scan sensor, shutter,
the deployable system and the telescope.
The integrated configuration has three
main stages. In stage a) the CubeSat can be
transported and launched. After the launch
and the tumbling phase the springs with the
sunshade boards can be released. This
process is presented in stage b). At the 3rd
stage the legs are fully deployed and a
slight rest load in the leaf springs provides
the stability for in orbit maneuvering. The
sunshade boards have a reflective
characteristic at the outer surfaces. The
inner sides absorb light in order to avoid
reflectance in the optical path. The three
stages of the deployable optical system are
presented in Figure 5.

Fig. 2. Oak tree characteristics
Fig. 5. Deployable optical system

2.2.1 RITCHEY–CHRÉTIEN
REFLECTOR
The main reasons for choosing the
Ritchey–Chrétien telescope are minimal
weight and non apochromatic correction.
With ULE as base material, the thermal
distortion is kept to the minimum. In order
to obtain the required theoretical ground

Fig. 3. Snow reflectance patterns
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resolution the focal length of 370 mm has
been considered. To fit the sensor and the
shutter a back focal length of 30 mm is
estimated.
2.2.2 DEPLOYABLE
MECHANISM
In order to take images with the required
ground resolution within the available
volume a deployable mechanism of the
secondary mirror is considered. The
current design incorporates a deployable
secondary mirror and mounting frame
which is passively actuated by four
preloaded springs inside the interfolding
legs. The process of deployment is
presented in Fig. 5.

2.2.3 SUN PROTECTION
SHUTTER
To ensure that the line scan sensor will not
receive too much heat an optical
semitransparent filter is placed between the
optical system and the sensor. The sun
protection shutter is mainly needed during
the tumbling phase so it will only open
with the orientation to Earth.

The camera sensor works on power supply
of 8 W at 12 V with 6 pin Hirose
connector. Spectral range of it is 400 to
950 nm and dynamic range of 60 dB. The
sensor provides a maximum line rate of
70 kHz (2.8 kHz is required) [4].
The software interface level for the line
scan sensor is chosen with consideration of
versatility and flexibility of design. The
solution has to be compatible with industry
standards in order to use it with variety of
sensors. Requirements consisted of:
processing the image and appending the
results to the image data stream,
controlling external hardware, and
operating during the real-time part of the
application.
The preferred GenICam interface, standard
is hosted by the European Machine Vision
Association (EMVA). The goal of
GenICam is to provide a generic
programming interface for all kinds of
cameras and devices. No matter what
interface technology (GigE Vision, USB3
Vision, CoaXPress, Camera Link HS,
Camera Link, 1394 DCAM, etc.) is used or
what features are implemented, the
application programming interface (API)
should always be the same [5].

2.3 ALTITUDE DETERMINATION
AND CONTROL SYSTEM

2.2.4 LINE SCAN SENSOR
The sensor chosen for the mission is a line
scan sensor. Line scan offers much more
cost-effective implementations of very
high spatial resolution image capture and
the dynamic range that is relatively higher
than area array technology. The scanner is
capable of having smear-free images of
fast moving objects without expensive
strobing. Line scanning eliminates the
frame overlaps required to build seamless
images. Frame overlap represent redundant
data that uses up precious processing
bandwidth. Applications like satellite,
require high-speed and high-resolution
solutions.

131

After de-orbiting the satellite will be in
microgravity environment and without the
application of force; it will be in a free
tumble. Objects in low-earth orbit also
experience disturbances by atmospheric
drag, solar radiation pressure and other
forces. In order for a satellite to be able to
accomplish its mission, it must be
stabilized and pointed to the desired
direction. Attitude determination and
control subsystem (ADCS) have to
measure the position of satellite in Earth
coordinate system and control it by
applying forces to get the required pointing
direction. There are many ways to
determine the position of satellite. It must

be pointed in the desired direction with at
least 1 degree accuracy. The 1 degree
would mean a linear shift of ~10 km near
the nadir (and more if the camera is
pointed out of the nadir).
Considering the complexity of the ADC
subsystem
itself,
high
mission
requirements and its importance for our
mission, it is considered to use a
commercial off-the-shelf module. Attitude
determination and control module iACDC100 from Berlin Space Technologies [6] is
chosen as the best option. It has a star
tracker for attitude determination and three
reaction wheels plus three magnetorquers
for attitude control. It gives pointing
accuracy less than one degree, which meets
the mission requirements. This module also
comes with the algorithms for target-,
nadir- and sun pointing, spin mode and DeTumble mode.

2.4 SYSTEM PERFORMANCE
ESTIMATION
Theoretical ground resolution is around
25 m/pixel. The static field of view is about
50 km x 98 m. If the main mirror diameter
is 100 mm, the area of the primary mirror
would be 78.54 cm². The pixel size of the
sensor is 14.08 μm x 14.08 μm and the
corresponding effective sensor area is
0.1624 cm². To illuminate the whole sensor
at the sensor’s focal length the illuminated
diameter is reduced to a circle with
approximate diameter of 31 mm. That
leaves approx. 1 mm reserve to each side to
compensate possible misalignment during
the transport and launch phase of the
satellite. The sensor uses approximately
0.02 % of the main mirror’s effective area,
hence 0.02 % of total possible energy is
left after light passing the reflective
surfaces. Based on the datasheet of the
sensor, the spectral responses of the sensor
at its bands are following: Red 700 nJ/cm²,
Green 800 nJ/cm², Blue 600 nJ/cm², NIR
300 nJ/cm² [4] For example to get a reading
of DN = 1 at NIR band, it is necessary to
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get the energy intensity at the sensor level
of 1/300 nJ/cm². With the 10 bit color
format each channel has 1024 shades. For
example at NIR band it takes 3.41 nJ/cm²
to saturate the sensor to DN value 1024.
Energy needed for full saturation
(DN = 1024) for four bands are: Red
1.462 nJ/cm², Green 1.280 nJ/cm², Blue
1.706 nJ/cm², NIR 3.413 nJ/cm².
To stay in 25 m/pix ground resolution
boundaries with satellite orbiting at altitude
of 600 km it is necessary to determine if it
is possible to saturate the image in a certain
period of time that is equal or less than
time needed for satellite to travel 25 m
relative to ground. For this, it is important
to find out the time needed to get
maximum saturation for each channel and
to see if it fits in to boundaries. If yes then
there is enough light to operate in those
conditions. At 600 km altitude the satellite
is orbiting with the approximate speed of
27000 km/h. The radius of the orbit is
about 6.98 * 106 m, circumference ≈
4.3857 * 107 m and time taken for one
orbit ≈ 5.747551126 * 103 seconds. That
yields to the angular velocity of ≈
0.062635 deg/s. At Earth’s surface this
makes ≈ 6974 m/s. 25 m fits into 6974 m
around 280 times. To stay in the bounds of
25 m/pixel the ground resolution the
maximum saturation time should be less or
equal to 1/280 sec.

Fig 5. Spectral characteristics of dry grass
The image 5. shows the backscattered
spectral characteristics of dry grass at the
zenith angle of 59 degrees (corresponds
approximate latitude of Estonia at spring
and autumn) and characteristics of the
snow (same latitude, dates 24 Jan/ 17 Nov).
Based on the spectral model estimation at

the case corresponding to albedo
characteristics of dry grass, it seems that
there is lack of light corresponding to the
blue channel. The green channel receives
approx.
170 nJ/cm²/s,
red
channel
395 nJ/cm²/s
and
NIR
channel
420 nJ/cm²/s. With these values it is
possible to determine the saturation times
for channels where light is present.

3. CONCLUTION
The aim of this research is to push the
possibility boundaries of easily accessible
and research friendly format of CubeSat
missions. Implementing an advanced
optical subsystem, attitude determination
and control solutions will provide stronger
basis
for
future
daring
ideas.
It is a great challenge to design and
implement these systems according to the
available room, weight, power limitation
and required performance. However, with
careful testing and verification the
possibility to get valuable data for the
future research is very high.
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A METHOD FOR ESTIMATING THE RELAXATION OF A PERSON
IN AN EDUTAINMENT CONTEXT
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Abstract: This paper describes an
estimation method which can be used to
determine relative changes in a person’s
relaxation/stress state for edutainment
purposes. As the edutainment context
implies sensor measurements might be
inaccurate and subject to different
alignment and reading errors. The method
accounts these problems by supporting
variable number of sensors while
maintaining the scale of the resultant
value.
The device to implement the proposed
method includes a single electrode EEG
headset, a resistance measurement sensor
and a pulse oximeter. The method yields
dimensionless resultant values which are
comparable between multiple test subjects.
The resultant value also reacts quickly to
different disturbances in the person’s stress
and relaxation levels. The applications of
this research can be utilized in different
relaxing exercises and for example as an
athlete’s mental exercise tool.
Keywords: meditation, calmness, brain
activity, EEG
1. INTRODUCTION
Educational entertainment, or edutainment,
is any content that is designed to educate as
well as to entertain. Games can be
designed to have educational value and to
teach people about certain subjects. The
effects of different situations on a person’s
own mind and body are an interesting field
of study and a game between two persons’
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minds can prove to be an educating and fun
experience.
This article describes a method for
estimating the relaxation of a person in an
edutainment context. The idea is to
formulate a relaxation index which
represents the changes of a person’s
relaxation state and estimates it. This is
done in a way that is accurate enough for
comparison between two people in
edutainment use, but not necessarily exact
enough for medical use. For this purpose,
the estimation based on three parameters:
GSR (galvanic skin response), EEG
(electroencephalography, brain activity)
and heart rate was created.
The term relaxation, which is used in this
paper, is a word describing a mental state
where one is not feeling any agitation or
excitement. It is possible to do
measurements about the relaxation of a
person because the state of mind affects
many bodily functions. Disturbances in
relaxation causes heart rate to rise above
the resting heart rate and perspiration to
increase. Excitement and anxiety also
causes changes in brain activity.
All of these measurable factors are
dependent on the individual who is the
target of this examination. This means that
without any foreknowledge it is very hard
to measure how calm someone is.
Consequently, measuring the absolute
relaxation of someone is difficult without
doing multiple measurements in different
conditions.
Calibration
of
the
measurements is therefore required for
every test subject.

The choice of parameters was based on
previous research and suitability for
edutainment applications. EEG can be
filtered to different frequency ranges and
previous studies have shown that when a
person calms down it increases EEG
activity in the frequency range of 7-13 Hz
(alpha activity). [1] This can be determined
reasonably well with a single electrode
EEG headset. [2] In addition, being under
mental stress person’s skin will produce
sweat
which
increases
the
skin
conductance. [3] Simple resistance
measurement can be utilized to determine
these changes.
Studies have also shown the usefulness of
skin conductance, heart rate, respiration,
temperature and muscle electrical activity
measurements for determining emotions
and physiological events. [4]

electrodes. First, the baseline of the voltage
drop is calibrated and further values are
then measured relatively to this baseline
value. When a sudden change in nervous
system will occur, like a deep breath or any
painful experience, the nervous system will
respond quickly by increasing the
perspiration,
thus,
increasing
the
conductivity of the skin.
The decrease in conductivity is much
slower than the initial increase due to
sweating. Therefore only the changes in
GSR are used in the calculation of the
relaxation index. If the person calms down
the derivative value of the GSR is slightly
positive as the fingers dry and when the
person sweats the derivative value is highly
negative as the resistance decreases.
The value used for the relaxation index
calculation is the derivative of skin
conductance.

2. METHODS
The three chosen parameters (GSR, heart
rate and EEG) were chosen for their
affordability, responsiveness to mental
changes and simple usage. [5] All three
measurements are also non-invasive to
support edutainment applications. Lesser
number of measurements could have also
been utilized, but three different
parameters provide redundancy, different
response times and value stabilities in
order to provide more stable and
responsive results.
2.1 Galvanic skin response (GSR)
Galvanic skin response (GSR) is the
measurement of electrical conductance of
skin. In this study it is measured through
two electrodes attached to fingertips, but
there are also several other methods
available. Usually, GSR is measured using
a part of the skin with more sweat glands
and another part with less as a reference. It
is also possible to measure it on the same
area through active electrodes. [6]
In this case, a simple voltage drop
measurement is used to determine the
conductance of the skin between the
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2.2 Heart rate
Heart rate can be measured by using pulse
oximetry. Pulse oximetry is based on light
absorption characteristic of the blood and
is essentially a multiple wavelength
plethysmograph. [7] Heart rate is a
commonly acquired low-cost physiological
measure that changes according to the
subject’s mental state [5]. Pulse oximeter is
often connected either to fingertip or
earlobe of the test subject.
Pulse oximeter consists of a LED and a
photodiode or a phototransistor. In the
sensor used in this study, both components
are on the same side of the finger, so this
pulse oximeter uses the changes of
reflection
caused
by
the
blood.
Measurement of the light passing through
the finger is also possible.
The signal which is received at this stage is
very weak and is passed through an
amplification circuit and a low-pass filter
to remove ambient noise. [8] The resting
heart rate is individual so the absolute
value cannot be used for the relaxation
index. Therefore, the baseline of the heart
rate is also calibrated before measuring the
changes. When the subject is relaxing, the

heart rate decreases and stays lower.
Agitation, stress and excitement rises the
heart rate. In contrary to GSR, continual
differences in heart rate can be used as
well, since these represent subject’s current
state.
The value used for the relaxation index
calculation is the difference between
current heart rate and the calibrated
baseline.
2.3 EEG
Brain activity (EEG) is a voltage
measurement from the scalp of a person.
This requires at least one electrode to be in
contact with the person’s head and one
contact that works as a reference point for
the voltage measurement. The reference
point can be another point on the scalp or a
clip on the person’s ear, as it is in this
study. For positioning the electrodes, a
system called “10-20 system” has been
developed. This system defines names for
the possible electrode points. [9]
EEG signal has numerous frequency
components with designated names. For
relaxation measurements, the most
interesting frequency range is called Alpha
band (8-15 Hz). Meditation has been
shown to increase the intensity of Alpha
activity in the frontal regions of the scalp.
[10] Simple meditation measurement can be
made for example from point Fp1 (10-20
system designation) which is used by many
commercial EEG headsets. In this study,
the measurement system consists of single
electrode placed on the Fp1 point on the
scalp and a reference point on the ear.
The voltage amplitude of brain waves
measured through the scalp is around 10100 µV and the frequency content varies
from 0.5 to 100 Hz. Amplification circuit
with high gain is required to convert the
voltages into measurable range and
filtering is needed to filter out noise below
and above the frequency range of interest.
The configuration consists of high-pass
filter (cut-off around 1.5 Hz) and low-pass
filter (cut-off around 45 Hz). The high-pass
filter should have as steep cut-off as
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possible to remove lowest frequencies
(near DC components) while preserving
frequencies above 2 Hz. The low-pass filter
is used to remove any residual 60 Hz
interference. Fast Fourier Transform (FFT)
is then used to transform brain waves into
frequency domain to examine the intensity
at different frequencies. The intensity
around the Alpha band is then estimated
and a value representing the relative
content of activity is generated. This value
is then passed on to the relaxation index
estimation. [10]
2.4 The relaxation index
The relaxation index is a dimensionless
scalar value which is calculated from the
afore-mentioned parameters. Its purpose is
to enable the comparison of two test
subjects’ relaxation states. As such the
relaxation index is a way to display an
estimation of a person’s relaxation in a
comparable way.
The three parameters used in this study for
the calculation of the relaxation index are
called M 1 from heart rate, M 2 from GSR
and M 3 from EEG. The values of these
variables are determined by the
measurements described earlier.
The measured values need to be scaled
accordingly in order to have different
sensors effect the final index so that getting
more relaxed increases the final index. This
need is caused by differences in these three
parameter values and their changing
ranges. For M 1 (heart rate) we use K 1 , for
M 2 (GSR) we use K 2 and for M 3 (EEG),
K 3 is used. The values K 1 , K 2 and K 3 are
constant factors and they are acquired from
empirical testing of different measured
parameter inputs. This way the final form
for calculating the relaxation index is
𝑅 = 𝐾1 𝑀1 + 𝐾2 𝑀2 + 𝐾3 𝑀3 .

The relaxation index R is calculated out of
every parameter that is used on that
measurement time. Higher relaxation index
corresponds to a more relaxed state.

In case only EEG and HR are measured,
the formula used to calculate relaxation
index will have the constant multiplier K 2
set to zero and the result will be multiplied
by 3/2. As the changes in different
parameters are set to cause approximately
same kind of changes in the relaxation
index, this 3/2 multiplier will make the
resulting index comparable with an index
that has been calculated from all three
parameters. In the same manner, if only
one parameter is used, the indexes constant
multiplier is 3 and the other multipliers will
be zeros. This way, the relaxation index
becomes more reliable with more
parameters, but is somewhat usable even
with one measured parameter.
The resulting relaxation index value can
then be compared to different subjects’
values in order to compare the relaxedness
of the subjects. The subject with higher
relaxation index is estimated to be more
relaxed.

Fig. 1. Active relaxing with closed eyes.
Figure 2 shows the test subject reading a
book. This concentration causes the index
to stay around 80.

3. RESULTS
The described sensors and calculations
were used with real test subjects in order to
determine the constant factors and to
validate the correlation between relaxation
index and the actual effects on the test
subject. After the determination of the
constant factors, the following results were
obtained to validate the correlation.
Figure 1 contains data from a person who
is sitting down and actively relaxing with
closed eyes. This figure shows a relaxed
baseline for heart rate HR (𝐾1 𝑀1 ), GSR
(𝐾2 𝑀2 ) and EEG (𝐾3 𝑀3 ) values and the
resulting relaxation index (R). In this
relaxed state the index rises over 100.

Fig. 2. Reading a book.
Figures 3 and 4 show the same parameters
after different disturbances in subject’s
relaxation. In both figures the relaxation
index drops momentarily after the
disturbance.

Fig. 3. After eating very spicy snack.
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4. DISCUSSION

Fig. 4. Loud noise during relaxation.
To test the possibility to rise the index
values by effort, the test subject held breath
to activate the diving reflex. While not
breathing, figure 5 shows the relaxation
index staying above 100. After resuming of
breathing at 885 seconds, the index drops
momentarily.

Fig. 5. Holding breath to activate the
diving reflex.
Figure 6 shows a test subject watching a
video and how that affects the
measurements.

Figure 1 shows that a person is capable of
affecting the relaxation index value by
actively relaxing. The same can be seen in
Figure 5 where the subject performed a
task, which caused him to relax. While
actively relaxing every parameter indicates
that the person is becoming more relaxed
and the index correlates with the change.
These two figures also illustrate the index
value to be around 100 while being in a
clearly relaxed state.
Figures 3 and 4 show how different
disturbances cause a momentary drop in
the index value. This indicates that the
index does react to changes in the person’s
state of mind. As the disturbances are
short, the index returns to the original state
quite quickly. Figures 3 and 4 also show
that these short changes are mostly caused
by GSR (𝐾2 𝑀2 ). As mentioned earlier the
GSR reacts quickly to changes in the
mental state. These quick disturbances do
not affect other parameters so clearly. This
seems to also be the cause why the index
returns back to the state before the
disturbance.
The influence of active thinking and
concentrating can be seen in figures 2 and
6. Both of the actions lower the relaxation
index value clearly below 100. The video
causes more variation as the GSR and HR
(𝐾1 𝑀1 ) vary. Reading a book keeps the
values with considerably less variation.
Both of these actions keep the steadier
parameters EEG (𝐾3 𝑀3 ) and HR in a
stressing state. This active state keeps the
index from rising.
These results show a clear link, between
the relaxation index and a person’s
relaxation state.
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DEVICE FOR WOOD FIBRE YARN BASED PRODUCT
MANUFACTURING
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Kuosmanen, P.

Abstract: The interest in new wood
fibre based products in addition to paper
has grown in the past decade. Successful
implementation of continuous nondissolving wood fibre yarn production
raised interest to produce new textile-like
structures directly from papermaking
grade wood pulp. These new structures
can be utilized in various fields ranging
from agriculture and excavation to more
sophisticated products. Compared to
cotton production or regenerated fibres
this yarn production method has a
smaller ecological impact. This research
describes device that can reliably
produce conical structures out of
biodegradable wood fibre. These
structures could be utilized as, e.g.,
planting bags in agriculture. This method
can be used as a basis for the
development of other similar wood fibre
products.
Key words: Cellulose, wood fibre, pulp,
nonwoven, textile, biodegradable
1. INTRODUCTION
The current production chain of natural
fibre fabrics is a long and complicated
process. The keystone of this process is
yarn production which includes multiple
steps beginning from the harvesting,
preparation and spinning to the rolling
that prepares yarn for the actual fabric
manufacturing. The fabric production
itself is also a multiphase process, usually
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performed by knitting or weaving. Using
shorter and simpler processes to produce
textiles could lead to lower production
costs and more sustainable products [1].
The technical Research Centre of Finland
(VTT) has developed a new wet spinning
method to produce yarn directly from
papermaking
grade
pulp
without
dissolution of the cellulose fibres [2]. The
method has been researched thoroughly
and pilot prototypes have been developed
that are capable of continuous production
of yarn [3]. The method has several
advantages. It is both resource and costefficient since the main raw material,
pulp, is both affordable and readily
available. The process does not require
harsh chemicals and is scalable due to its
simplicity.
Use of native wood fibres as the basic
element in different kind of fabrics can
lead to a whole new area in forest
industry and has commercial potential in
various market-areas [4].
The main goal of this research was to
investigate the possibility of a new
technique of producing a textile-like
structure based on the same chemical
process as the wet spinning method. The
research hypothesis was that different
structures can be achieved by extruding
the suspension directly into different
shapes without an intermediate yarn
production phase. As the wet yarn has a
tendency to adhere to itself, larger
structures can be produced.

The achieved wood fibre products could
be categorized as wet-laid nonwovens.
Nonwovens are widely used across
different
industries.
The
term
“nonwoven”
refers
to
fabric-like
materials that are composed of fibres that
are bonded together. The binding is in
most cases achieved with chemical
additives such as latex. Papermaking
grade pulp can be used to produce wetand air-laid nonwovens. The structure
produced in this research is however,
composed of individual yarn layers and
has different properties than traditional
nonwovens.
The goal was to produce a product that
exhibits more characteristics of a
traditional textile than nonwovens in
general. This paper describes how the
basic functions of the manufacturing
process are discovered and how the
technical solutions are implemented in
the form of a prototype.

dry matter 66.2% are wood fibres, 33.1%
is sodium alginate and 0.7% is a
rheological modifier. The rheological
modifier decreases flocculation and
improves the flow behaviour of the
suspension. In this study an ultrahigh
molecular weight anionic polyacrylamide
(A-PAM), AN 923 PG0, was used. The
pulp was refined with a valley beater to
achieve an even distribution of the wood
fibres in the suspension. [5]
To evaluate the approach of direct
forming, simple nets were manufactured
(Fig. 1). The nets were produced with a 3axis, stepper motor driven machine.
Samples of approximately 150 mm by
150 mm were produced. Additionally,
different types of paper machine wires
were compared to discover the best
platform for the production process.

2. METHODS
The main interest of this research was to
examine the production of wood fibre
yarn based products. The process used is
based on a wet spinning method
developed at VTT. In this method a crosslinking reaction with alginate is used to
create an initial yarn-like structure.
When alginate reacts with certain multior divalent cations it forms a stable and
strong hydrogel. The reaction is
sufficiently fast to form a supportive
outer layer for the pulp in a fraction of a
second. [5]
In this research sodium alginate and
calcium chloride (Ca2+ cations) were
used. The concentration of calcium
chloride solution was kept at 15%
throughout the different tests. This
research examines a process where the
yarn is extruded straight to the final shape
of a textile.
The main raw material used is a wood
fibre based suspension which has a total
dry matter consistency of 1.5%. Of the
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Fig. 1. Cellulose yarn net sample; size
70 x 25 mm

Fig. 2. Structure and flow directions of
the extruder nozzle; 1 suspension, 2a
CaCl 2 (aq), 2b unused CaCl 2 (aq), and 3
wet yarn.

To achieve the cross-linking reaction, the
wood fibre suspension and the calcium
chloride solution are fed through a
nozzle. As the suspension and solution
come in contact with each other a
hydrogel is formed around the
suspension’s outer layer. Figure 2
presents the structure of the nozzle and
the flows through it.
The yarn extrusion process has many
critical parameters that need to be
controlled, such as the flow rates and
pressures of the wood fibre suspension
and the calcium chloride solution. The
diameter of the yarn is largely determined
by the nozzle diameter and has a strong
impact on the final structure. The
diameter of the nozzle can be adjusted
with interchangeable brass sleeves. The
extrusion speed of the suspension and the
linear motion of the nozzle have to be
synchronized
to
produce
good
distribution of the cross-linked wet yarn.
It is a well-known phenomenon of fibre
suspensions that they tend to form flocs.
Flocs are tiny groups of fibres that are
attached to each other that act as larger
solids in the suspension. Flocculation
needs to be taken into consideration
during the extrusion. Due to the
thixotropy of the fibre suspension,
sufficient flow speeds are required to
achieve a consistent flow. A syringe
pump was used to pump the wood fibre
suspension with precise control over the
flow rate.
2.1 Design of the prototype
To test the possibilities of the production
method further a prototype was
developed. The prototype produces
conical structures that can be used as
planting bags in agriculture. The basic
layout of the prototype is shown in figure
3.
The key component of the prototype is a
rotating drum and the wire which is
attached to it. Sparse stainless steel wires
had produced the best results in previous
tests and were therefore chosen. The
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stainless steel wire has a good resistance
to the corrosive environment. To dewater
the wet wood fibre structure the drum is
rotated with a high angular velocity. The
centrifugal force causes water to be
expelled from the structure and holds the
wet structure in place as it dries.

Fig. 3. Layout of the prototype
The nozzle is actuated along linear guides
inside the drum and the yarn is extruded
perpendicularly to the wire. By moving
the nozzle back and forth a uniform
structure is formed. The drum is enclosed
in a polycarbonate frame. The frame acts
as a reservoir for the calcium chloride
solution which is expelled from the wood
fibre structure.
The conical shape of the drum needs to be
taken into consideration in the control of
the linear movement of the nozzle. To
achieve a uniform structure the flow
speeds are kept at a constant but the linear
velocity of the nozzle is increased as it
enters further into the drum. The angular
velocity of the drum is also decreased
accordingly during the progression of the
nozzle.
The designed nozzle, presented in Figure
2, allows precise control of flow and
pressure of the calcium chloride solution
and suspension. The flow of the calcium
chloride solution can be controlled by
adjusting the inner part of the nozzle (B)
closer to the bottom of the nozzle frame
(C). The pressure of calcium chloride
solution can be controlled by resisting the
return flow (2b). Furthermore, the yarn
diameter can be determined by choosing a
sleeve (A) with the desired nozzle

diameter. The calcium chloride solution is
corrosive which is accounted for in the
choice of materials.
The electro-mechanical implementation is
based on three stepper motors, a DC vane
pump and control electronics including
motor drivers and a microcontroller.
Stepper motors are used to rotate the
drum, push the suspension out of the
syringe pump and move the linear guides.
A vane pump is used to pump calcium
chloride solution to the nozzle. The
prototype is controlled with a computer
through a graphical user interface.
3. RESULTS AND CONCLUSIONS
The prototype was used to successfully
produce conical wood fibre based
structures. It was demonstrated that a 3dimesional structure can be produced out
of wood fibres with the alginate-based
cross-linking reaction. The structures are
uniform and can be consistently produced
with the prototype.
However, in comparison with traditional
knitted or woven textiles, the structure
falls short in terms of strength and
elasticity. Results indicate that this direct
forming technique cannot be used to
produce textile-like material suitable for,
e.g., the clothing industry. The material
does, however, have attributes which
make it applicable in other fields such as
agriculture.
Biodegradability was found to be one of
the major assets of wood fibre yarn
products during this research. The
structures contain no harmful chemicals
and can be left in nature with no harmful
effects.
Different
speeds
of
decomposition can be attained by
adjusting the physical dimensions of the
structure.
The manufacturing process does not
require any strong chemicals and is based
on inexpensive raw materials. The bulk
cost of alginate is high compared to the
bulk cost of pulp and its use should
therefore
be
minimized.
The
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manufacturing process is simple and
therefore scalable. The approach can be
used to produce different products in a
sustainable way.
The developed prototype for producing
conical structures proved to be fully
functional. The prototype was able to
produce repeatedly uniform bags with
different parameters. The stainless steel
wire, which was chosen to be used as
yarn extrusion surface, proved to have
beneficial attributes related to drying
process. Due to its high tolerance of heat,
elevated temperatures can be used in the
drying process. Higher temperatures
decrease the drying time of the structure.
Figures 4 and 5 present the final product
that was produced with the prototype.

Fig. 4. Final product #1

Fig. 5. Final product #2
The final product fulfils all the
requirements set for it; the structure is

uniform and the yarns are bound together.
After drying the product maintains its
shape and can be used for the desired
purpose. The height of the bag is
approximately 11.5 cm, bottom diameter
is approximately 10 cm and top diameter
is 15 cm. Tests showed that a minimum
of 8 layers are needed to produce bag that
has sufficient wall thickness.
4. DISCUSSION
Even though the prototype built during
this research was fully functional there
are still some functions that require
improvement. The linear speed of the
extruder nozzle should be increased to
improve the shape of the product.
With higher linear speeds, more net-like
structures could be produced. With the
current construction, the linear speed is
set to its highest value but the yarns are
not perpendicularly oriented with each
other. The angular velocity of the drum
cannot be decreased to remedy this issue
since the structure folds and collapses on
itself without an adequate centrifugal
force holding it in place.
Use of calcium chloride as the crosslinking cation presents problems as well.
After drying, calcium chloride remains on
the surface of the structure. This may
have a harmful effect when used in an
agricultural context. The salinity of the
final product is moderately low and can
still be reduced by washing the structure
with
water.
Nevertheless
further
investigations should be done to assess
whether these steps are needed. To
further improve the applicability in an
agricultural context, the structures could
be impregnated with nutrients by adding
them to the suspension. The nutrients
could be selected to suit specific plants.
During this research drying was
performed manually, which proved
problematic. In further development the
drying process should be automated. The
drying could be implemented with an
even higher rotating speed of the drum.
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Hot air flow or even electrical heating
elements could be used in drying.
Compression can also be used to increase
the efficiency of the drying process.
Compression could be achieved by
adding a roll that presses the net against
to drum. Due to the high water content of
the used suspension the drying is the most
energy consuming stage of the
manufacturing process. By improving the
energy efficiency of the drying process
the overall profitability of the whole
product would increase.
Drying is also an issue regarding the
scaling of the process. Currently the
drying time constitutes a major part of the
duration of the whole process. The
manufacturing process of one plant bag
takes approximately 10 minutes in total,
with only the first three minutes
consisting of extrusion.
5. REFERENCES
1. Hämmerle, F. M. The cellulose gap
(The future of cellulose fibres). Lenzing Nature Jeju Festival. Jeju, South Korea.
June 2011.
2. WO2013034814, Method for the
manufacture of fibrous yarn, fibrous yarn
and use of the fibrous yarn, VTT,
Jyväskylä,
Finland,
(Salmela,
J.
Kiiskinen,
H.
Oksanen,
A.),
WO2012FI50877, 10.9.2012. 14.03.2013,
18 p.
3. Koskinen, H.; Isomaa, T.; Lehto, J.;
Stark, T.; Salmela, J.; Liukkonen, J.;
Kiviluoma, P.; Widmaier, T. &
Kuosmanen,
P.
DEVICE
FOR
CONTINUOUS CELLULOSE YARN
DRYING
AND
FORMING.
9th
International
DAAAAM
Baltic
Conference
”INDUSTRIAL
ENGINEERING”,
2009.
(Cited
31.10.2014).
Available:
URL:
“http://innomet.ttu.ee/daaam/proceedings/
Design%20Engineering/Koskinen.pdf”

4. Finland to lead the way as a designer of
cellulose-based products, VTT internet
article, (Cited 22.4.2015). Available:
URL:
“http://www3.vtt.fi/news/2013/02102013
_DDWoC.jsp?lang=en”
5. Klar, V. Development of wood fibre
yarn machinery. Masters’ Thesis. Aalto
University,
Espoo,
9.3.2015.
[Unpublished work]
6. CORRESPONDING ADDRESS
Panu Kiviluoma, D.Sc. (Tech.), Senior
University Lecturer
Aalto University School of Engineering
Department of Engineering Design and
Production
P.O.Box 14100, 00076 Aalto, Finland
Phone: +358504338661
E-mail: panu.kiviluoma@aalto.fi
http://edp.aalto.fi/en/
7. ADDITIONAL DATA ABOUT
AUTHORS
Laitinen, Heikki, B.Sc. (Tech)
E-mail: heikki.laitinen@aalto.fi
Vahtila, Vesa, B.Sc. (Tech)
E-mail: vesa.vahtila@aalto.fi
Liski, Timo, B.Sc. (Tech)
E-mail: timo.liski@aalto.fi
Komsi, Petri, B.Sc. (Tech)
E-mail: petri.komsi@aalto.fi
Klar, Ville, M.Sc. (Tech)
E-mail: ville.klar@gmail.com
Kuosmanen, Petri, D.Sc. (Tech.),
Professor
Phone: +358 500 448 481
E-mail: petri.kuosmanen@aalto.fi

145

10th International DAAAM Baltic Conference
"INDUSTRIAL ENGINEERING 12-13 May 2015, Tallinn, Estonia

OPERATING LEVERAGE AS A FACTOR OF PROMOTING
INVESTMENT IN THE ENGINEERING INDUSTRY

Laskina, L.; Musalimov, V. & Musalimova, L.

Abstract: Investment in new assets is the
most common means of increasing a
company’s value. Further, improving the
technical level of the company increases the
proportion of non-current assets in the value
of the total assets, resulting in an increase in
fixed costs. This implies an increase in
operating leverage. In order to evaluate
operating leverage, the authors use the
methods of mathematical statistics and
regression analysis, and introduce a measure
of evaluation which has not previously been
used in the literature, namely depreciationoperating costs ratio. According to the
regression analysis of time series, the degree
of operating leverage in engineering averaged
0.835; when evaluated with the measure
proposed by the authors it was 0.044. The
latter can be interpreted to the effect that the
average degree of depreciation in operating
costs for the industry is 4.47%. Given that
promoting investment in fixed assets increases
enterprise value, we analyzed the effect of
operating leverage on such value. In general,
the industry demonstrates a positive
correlation (correlation coefficient of 0.326),
which means that an increase in operating
leverage causes an increase in enterprise
value.
Key words: operating leverage, risk,
investment, depreciation, firm value.
INTRODUCTION
The concept and measure of operating
leverage – degree of operating leverage
(DOL) – are widely used by experts in the
field of finance. The DOL literature review,
however,
contains
uncertainties
and
contradictions. Thus, J. Clark, M. Clark and P.
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Elgers say that “operating leverage measures
the sensitivity (elasticity) of operating profit
and changes directly with the share of fixed
costs in the total cost.” E. Solomon and J.
Pringle make a similar statement: "The higher
the ratio of the company’s fixed operating
costs to variable operating costs, the higher
the operating leverage.”
In the literature, there are two basic
approaches to the evaluation of operating
leverage: 1) regression analysis of time series;
2) multiplicative approach (point-to-point
approach). Mandelker and Rhee (1984)
pioneered the use of regression analysis of
time series to evaluate the degree of operating
leverage, followed by Ang and Peterson
(1985) and DeYoung and Roland (2001). In
this case, evaluating DOL requires using a
relationship between earnings before interest
and taxes (EBIT) and sales volume.
Mandelker and Rhee [1] undertook to
empirically assess operating leverage with the
following regression equation
ln EBITt = D ln S t + A + ε

(1)

where EBIT t – operating profit for the period
t;
S t – revenue from sales for the period
t;
D – regression coefficient representing
a degree of operating leverage;
А – regression coefficient.
Following the multiplicative approach, the
degree of operating leverage (DOL) can be
evaluated with a variety of measures: 1) as the
ratio of the change in operating profit (per

cent) to the change in sales volume (per cent),
2) various methods to measure, proxyvariables (static proxy measures): the ratio of
fixed assets to total assets [1,2], or as the ratio
of depreciation to sales revenue, or the ratio of
depreciation to assets [3]. There are other
measures of the degree of operating leverage.
For example, Novy-Marx (2007) defines the
degree of operating leverage as the ratio of
operating costs (cost of goods sold plus
selling, general and administrative expenses)
to total assets.
The most demonstrative measure of operating
leverage is the “proportion of fixed costs in
the total operating costs”. In this case,
operating leverage is interpreted as a factor of
variability in financial results. This measure
reflects the effect of internal factors inherent
in the company. Raising the technical level of
the company will lead to an increase in the
proportion of non-current assets in the value
of the total assets, resulting in an increase in
fixed costs. This in turn will increase
operating leverage. The positive effect of
operating leverage is manifested in the fact
that raising the technical level of the company
is profitable, as it provides additional income.
However, there is an adverse effect expressed
in the fact that investment in fixed assets may
not be justified.
A more complex measure of the degree of
operating leverage, which evaluates the
impact of both internal and external factors on
profit variability, is the so-called “classical
model”. We can identify such external factors
as market factors associated with price
fluctuations, volatility of demand for
products, growth of prices for material
resources, etc. The above parameters tend to
be poorly controlled by the company. In this
case, “operating leverage” is regarded as the
coefficient of elasticity which allows
evaluating the sensitivity of the firm’s
operating profit to changes in sales volumes:
Т EBIT
,
(2)
ТS
– operating profit growth rate,
DOLr =

where T EBIT
%;
Ts
– sales revenue growth rate, %.
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The significance of operating leverage is
particularly evident in resource-intensive
industries. Examples are oil producers
(regardless of the degree of utilization of a
well, the maintenance of the well requires
significant costs), metallurgy, railway, etc.
Such companies need intensive investment in
fixed assets. This generates high fixed costs
and a significant proportion of fixed costs in
the total cost. For example, companies with
low operating leverage may include trading
companies with lower fixed costs [4].
The correlation between DOL and the above
“proxies”, as well as the names of scientists
suggesting “approximation”, are presented
chronologically in Table 1 1.
Ratio
Assets / Sales
revenue
Fixed assets /
Assets

Depreciation /
Sales revenue
Depreciation /
Assets

Author, year
B. Rosenberg, W.
McKibbon (1973)
B. Rosenberg, W.
McKibbon (1973)
M. Ferri and W. Jones
(1979)
G. Mandelker and S.
Rhee (1984)
T.J. O’Brien and
P.A.Vanderheiden
(1987)
T.J. O’Brien and
P.A.Vanderheiden
(1987)

DOL
correlation
– 0.059
– 0.043

– 0.045

– 0.028

Table 1. Experimentally-obtained
approximate ratios offered as DOL.
As follows from Table 1, none of the
alternative parameters is related to the degree
of operating leverage (correlation coefficient
of about 0), which indicates that the “proxies”
are not effective and may not be used as
“substitutes” for DOL. Let’s discuss the
possible reasons for the lack of such
correlation. For example, two firms with the
same proportion of fixed assets in total assets
may use different volumes of labor (variable
costs), which would change the proportion of
fixed costs. Another example is service
companies with relatively small investment in
fixed assets (consulting, auditing companies),
1

The correlation coefficient was calculated by T.J.
O'Brien and P.A. Vanderheiden on the basis of a
sample of 62 companies.

which may have a relatively large proportion
of current assets and relatively high costs in
the form of salaries and bonuses to the
qualified personnel and management. Such
company may have a high DOL and a small
proportion of fixed assets in the value of the
total assets.
Building the company’s technical capacity
involves significant investment. Investing in
new assets is the most common means of
increasing enterprise value. An important
consequence of the acquisition of assets must
be the generation of extra income, increased
cash flow or improved efficiency of the
company. If this is achieved, the value of the
company increases. So, we can say that
operating leverage is one of the factors of the
enterprise value creation.
A variety of approaches is used to estimate
enterprise value. There are three basic
approaches: income, cost and comparative
(market) approaches. Within the market
approach, estimating enterprise value involves
different multipliers. The best-accepted
indicators are based on the relationship of the
share price, market capitalization, or the value
of business and a particular index in the
denominator (revenues, income, or book value
of assets). If we know the value of the
multiplier, we are able to determine the
enterprise value by multiplying it by the
corresponding index in the denominator.
In this paper, the enterprise value EV was
determined by multiplying the value of the
multiplier
EV/S
by
sales
revenue.
Theoretically, using the multiplier EV/S is the
most correct, since sales revenue is a source
of income for shareholders and creditors, as
well as a source of taxation. Moreover, the
experts point out that one of the main
advantages of the multiplier EV/S is that
revenue is practically the only index to
compare companies, including those using
different accounting standards.
In this paper, we study the sample of Russian
issuers in the engineering industry.
Engineering became one of the leaders in
manufacturing in terms of growth of
production in 2014. Note a pretty good result
achieved against the background of the
investment slowdown in the country. Of the
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twelve sub-sectors into which the Russian
engineering was divided by the Russian
Federal State Statistics Service, production
growth was observed in only two:
“Production of electronic components,
equipment for radio, television and
communication” and “Production of ships,
aircraft and spacecraft and other vehicles”.
The most significant contribution to the
overall dynamics was made by the second
sector where production growth in the
reporting period was 28.5%, being the highest
figure not only in engineering, but also in the
entire industry. It should be taken into account
that this sub-sector is the largest in the
engineering industry in terms of production.
According to Rosstat, its share in the total
volume of engineering production as of the
end of 2013 amounted to almost 29%. The
sector
includes
railway
engineering,
shipbuilding and aerospace engineering. From
the fact that a decline in production in railway
engineering was registered in JanuarySeptember, it can be concluded that the main
growth was provided by shipbuilders and
aircraft manufacturers. According to RIA
Rating experts, such result was largely due to
the implementation of a defense order. The
second sector which showed an increase in
production in the reporting period was the
“production of electronic components,
equipment for radio, television and
communication”. In this case, production
growth was 15,3% compared to JanuarySeptember 2013. This could be partly
explained by import substitution, but since the
share of this sub-sector in the total
engineering production is comparatively low
– about 5%, the contribution of this effect is
negligible. It is also possible that
communication producers implemented the
orders of the Ministry of Defense.
Typically, the production dynamics of the
Russian engineering industry correlates highly
with the dynamics of investment. Of all the
industries, engineering is the most sensitive to
changes in the investment climate. While
during previous challenging periods a decline
in investment meant a simultaneous or even
premature decline in engineering production,
in 2014 this relation was violated. According

to official statistics, investments in fixed
assets are decreasing, while engineering
production volumes are growing, and this
growth has been almost continuously gathered
pace.
Enhancing investment results in the growth of
the share of fixed assets in the value of the
company’s assets, which causes an increase in
fixed costs (in the form of depreciation
charges). It is known that depreciation is an
integral part of fixed costs, and the amount of
depreciation charges is indicated in a separate
line in the profit and loss account drawn up in
accordance with IFRS. So, we consider it
reasonable to use an additional measure to
evaluate operating leverage, which has not
previously been applied in the literature –
depreciation-operating costs ratio. To evaluate
operating leverage, the authors also used the
methods of mathematical statistics and
regression analysis. Two random variables –
operating profit and sales revenue – are the
subject of our study in terms of establishing
their correlation. A preliminary analysis of the
corresponding dependency diagrams showed
that they are characterized by pronounced
exponential nonlinearity. We decided to take
the logarithm of the sample data. Then we
used MATLAB technology to develop a
model of linear dependence of the sample data
transformed. In our study, we took the
opportunity of using the random variables
where they appeared in a standard form with
the parameters m and σ2:
X=m x +σ x ε(µ,σ),

(3)

where ε(µ,σ) is random perturbation.
For simulation modeling, the values of μ = 0
and σ as appropriate are normally used,
although in terms of the "three sigma rule" σ
= 3 is more preferable. At such values,
random perturbation is called “white noise”.
Regression equations are similar to the model
proposed by Mandelker and Rhee
ln EBITt = D ln S t + A + ε(µ, σ) (4)
where EBIT t – operating profit for the period
t;
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S t – revenue from sales for the period
t;
D – regression coefficient representing
a degree of operating leverage (DOL);
А – regression coefficient determining
the average value of profit at the beginning of
the review period;
ε(µ,σ) – random error.
According to the method, the degree of
operating leverage in engineering averaged
0,835 on the basis of regression analysis of
time series; in accordance with the measure
proposed by the authors, it was 0,044. The
latter can be interpreted to the effect that the
average share of depreciation in operating
costs in the industry is 4.47%. The
practicability of the DOL measure proposed
by the authors can be determined by
evaluating the relationship between the values
of DOL 1 calculated using regression analysis
of time series and DOL 2 estimated using our
measure of evaluation “Depreciation/
Operating costs”. The correlation coefficient
between the two DOL measures was
estimated at 0,611, indicating that this
measure can be used as an estimate of DOL.
Taking into account that enhancing
investment in fixed assets causes the growth
of enterprise value, we analyzed the effect of
operating leverage on enterprise value. The
correlation was established between the
degree of operating leverage calculated with
the measure proposed by the authors (DOL 2 )
and enterprise value calculated on the basis of
the multiplier EV/S. The relationship between
the indicators is calculated as follows
ρ xy =COV xy /(D x D y )1/2 ,

(5)

where D x ,D y – sample variances;
COV xy – covariance between X and Y.
In general, the industry shows a positive
correlation – the correlation coefficient was
0,326, which means that technical capacity
building increases enterprise value.
We note finally that operating leverage is an
indicator used in financial management
primarily as a characteristic of operational
risk. An enterprise with a relatively high

degree of operating leverage is at the same
base volumes of sales considered more risky
in terms of operational risk, and in this case
the company runs the risk to the extent that at
best it will make a lower-than-expected profit,
at worst - will not be able to cover its own
production costs.
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SHIP MODEL BASIN CARRIAGE CONTROL SYSTEM
Liyanage, D.C., Aasmäe, E., Sutt, K.O., Tamre, M. Hiiemaa, M.

Abstract: Modern ship model basin towing
carriage control systems demand advance
features which are not possible with
ordinary motion control systems. When it
comes to relatively shorter length towing
tanks which are designed to use with belt
driven carriages the control system
development is more challenging task. This
paper concerns about the design of towing
carriage control system for ship model
towing tank built in Kuressaare College of
Tallinn
University
of
Technology,
Saaremaa Estonia. The following study
covered requirement analysis, system
design, control equipment selection and
concept validation of the proposed towing
carriage control system. And also it
includes proposals for future tasks
regarding robust positioning system for
belt-driven servo mechanism.
Key words: Ship model basin, towing tank,
towing carriage control
1.INTRODUCTION
There are number of ship model tow tanks
that are used by various research institutes
to investigate hydrodynamic performance
of ship hull designs. Majority of them are
longer than 100m [1] lengthwise and are
capable of different simulations from calm
water
resistance
tests
to
vessel
maneuvering characteristics predictions.
Most of the towing carriages are powered
by direct drive mechanisms. Due to longer
length of the tank it is possible to achieve
higher velocity with enough acceleration
distance.
The size of the basins used for ship model
testing varies greatly depending on the
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tests desired. A basin with bigger
dimensions can be used for deep water
testing or maneuvering testing. The
paddles used in the basin also define its
use. In modern testing facilities two kinds
of paddles are used. Flap paddles that are
mounted to the bottom of the tank for
generating deep water waves where there is
negligible motion at the bottom and the
orbital particle motion decays with depth.
And piston paddles that for generating
shallow water motion. Neither of these
types of paddles achieve the motion that
accords to real waves. For that a
combination of paddle types are used.
In our case calm water resistance tests and
head or following sea resistance tests were
required. For that the measurements of the
pool are 60 m x 6m. and flap paddles are
used for wave generation. After receiving
the instructions from the client and getting
a final overview of the objective a clear
plan of action was made. Firstly it was
necessary to select suitable equipment for
the carriage control system. As a next step
we had to work out the concept of the
human machine interface and the graphical
user interface for the system.
2. SYSTEM DESIGN
System design was started with
requirement analysis of the ship model
basin. Then the design concept has been
developed. After that the equipment
selection, field bus selection and concept
validation were carried out.
2.1 REQUIREMENT ANALYSIS

The requirements for the carriage
movement parameters and the motor
selections were set by the client in the
documentation presented to us. Based on
that information ..

Fig 1. Dimensions of the ship model basin
The requirements given for the carriage
movements showed the maximum speed of
the model to be at least 5.5 m/s and the
acceleration distance nor the deceleration
distance to exceed 6 m. The required level
of speed has to be kept with the accuracy
of ± 0.005 m/s. Also the accuracy tolerance
of the carriage trajectory must not exceed ±
01 mm/m in relation to water surface.

2.1 SYSTEM CONCEPT
The towing carriage has been designed to
use belt drives to pull the from both sides.
So that drive control system comprised of
two synchronous servo motors to drive the
carriage.

Fig 2. Carriage control system block
diagram
According to the conceptual diagram Fig 2,
the motion controller is controlling two
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servo drives and IO modules. And also
HMI and remote IPC connected to the
same motion controller.
The motion profile, which governs the
carriage movement will be built desktop
application running in the IPC. This profile
defines the position of the carriage,
velocity, acceleration or deceleration
values. And the status information and
basic system controls are presented in
HMI.
Line topology used in servo drives and IO
modules sub network. Since multiple
drives driving the carriage, they are need to
synchronize with fast industrial fieldbus.
When it comes to locating the components,
motion controllers need to be installed in
the operator room area which is starting
side of the pool and servo drives and IO
modules need to place on the other end
which is close to servo motors and sensors.
This concept makes the controllers and
drives apart more than 60m in distance.
2.2 CONTROLLER SELECTION
It was proposed that Lenze synchronous
servo motors and servo drives would be
most suitable for the application. This
selection imposed constraint to select
suitable
controller
by
maintaining
interoperability. Other than that, there were
several key requirements to fulfill by the
controller which are listed below.
• Modular system - To be expand
based on future requirements.
• Multiple
motion
axes
synchronization
• MATLAB/Simulink integration
• Communication
interface
to
desktop
application
software
development (Visual C#, VB .etc.)
• Multiple programming language
support
• Web server availability for remote
data visualization.
• Multiple
fieldbus
options
availability - Interoperability with
other devices.

Based on above mentioned requirements,
several motion control systems has been
investigated. As a result Beckhoff CX2030
series controller has been selected. It is an
embedded PC which allows to connect up
to 20 servo axes and connect many IO
modules
in
different
network
configurations.

the field bus for the towing carriage motion
control application.

2.3 SELECTION OF FIELD BUS
Choose a suitable field bus protocol was
influenced by the high speed data
communication requirement of the project.
Since each servo motor will be driven by
individual servo drives respectively, the
time delay between velocity commands for
each axis should be less than 20ms. Fig 3
shows the potential failure by de-railing the
carriage in case of delay in velocity
command execution. Below are the list of
requirements imposed by the application to
select suitable field bus.
• Fast data rate to communicate
messages between synchronous
axes.
• Synchronized clocks to trigger
motion in order to minimize lag.
• Interoperability - Open standard
protocol which is compatible with
multiple vendor motion control
devices.
• Topology - There is a need to have
several network topologies in the
system.
• Distance of the communication bus
more than 60m.
• Ethernet based communication
protocol.
EtherCAT which is based on ethernet
protocol, and known to be fastest fieldbus
in the market, priority dependant,
deterministic communication and multiple
topology
support
are
fulfill
all
requirements
of the application[2].
Therefore EtherCAT protocol was selected as
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Fig 3. Carriage movement in case of belt
tension difference.
2.4 CONCEPT VALIDATION
After selecting the controllers, IO modules
and interface devices, it was investigated
the functionality of different motion
concepts and different software integration
techniques in a simulated environment.
This was done in order to check whether
the controller can be used for the carriage
control system application.
By using the built in motion and
communication functions of the controller
software development tools (TwinCAT 3)
several test programs has been done. They
were to synchronize two motors and move
them according to different motion profiles
which is similar to the end user
requirements. And also communicate with
desktop applications written in Visual C#.
3. DISCUSSION, FUTURE WORK
During the design of the system it has been
completed system design, component
selection and testing various motion
functions available with the controller
software development kit (TwinCAT 3).
This can ensure the functionality of the
system. But still there are technical
challenges imposed by mechanics of the
system.

Since the towing carriage uses tooth belt
driven servomechanism to pull it from both
sides, this can be induce vibrations while it
is in motion with different motion profiles.
There are several contributory factors to
vibrations. One of them is the elasticity of
the belt drive, which demands to
incorporate robust position control scheme
overcome belt-stretch issues. In a similar
study about belt drive systems it has been
identified that non-linear friction of the
system also cause positioning errors[3].And
also gear reducers add backlash which may
result in vibrations during motion. The
resonance in the system also accumulate
positioning errors [4]. Therefore all these
cases demands advance control schemes
for positioning.
As part of the study it was investigated
possible control solutions to overcome
above mentioned positioning errors. There
are some studies regarding accurate
positioning of servo mechanisms using
sliding mode control theories[5]. And also
in a later study same authors has
incorporated sliding mode control in
conjunction with asymptotic disturbance
observer[6].
And
similar
accurate
positioning efforts has made by other
authors
using
fuzzy-logic
control
7
systems[ ].

Fig 4. Belt drive system of towing carriage.
During controller selection, it was
considered the possibilities of including
MATLAB model into the motion
controller. This is to try out different
motion control models and optimize it.

present the conceptual system design has
been done according to the requirements of
the facility. Based on evaluation of the
motion functions, Visual C# application
integration it has been proven that the
controller is capable of fulfilling
demanding
control
requirements.
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DEVELOPMENT AND DESIGN OF A CYLINDRICAL 3D PRINTER
Munigala, V.; Kemppainen, M.; Kärki, P.; Tudose, C.; Kiviluoma, P. & Kuosmanen, P.

Abstract: 3D printers offer many
possibilities
in
manufacturing
and
prototyping. While being able to print
complex structures, the most common
Cartesian 3D printers lack the ability to
print mechanically durable rotationally
symmetric parts, such as pipes with fine
surface quality. In this study a solution for
this problem is presented by designing and
building a 3D printer where traditional
planar printing surface is replaced by a
rotating cylindrical surface (mandrel).
Challenges brought by this change
included proper alignment of the axes,
removal of printed pipe from the mandrel
and designing a proper structure for the
printer. Consideration was also required in
programming the printer and printing
different patterns for each printed layer.
The resulting pipes were strong and they
had better surface quality than similar
Cartesian printers.
Key words: non-cartesian, cylindrical, 3D
printer
1. INTRODUCTION
There is a lot of excitement surrounding
3D printing, and the possibilities of 3D
printing are huge. 3D printers are already
used for a wide variety of tasks, ranging
from prototypes to custom parts. While the
technology is already in use, there is
potential for further development. Many
say that 3D printing will become even
more widely adopted as the technology
develops further.
While current 3D printers vary in both
price and print quality, the more widely
used cheap Cartesian 3D printers on the
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market have trouble printing plastic pipes.
Currently, the pipes are printed in
horizontal layers, one by one. As the
number or layers increases, so does the
probability of the structure collapsing on
itself, especially if the walls are thin.
Furthermore, horizontal layers are not an
ideal structure for handling mechanical
stress. A cylindrical 3D printer would
avoid this problem by printing on a rotating
mandrel. In this case, the print layers are
along the walls of the pipe, this allows the
3D printer to print a mesh structure, which
should be more durable than a traditionally
printed equivalent structure.
There are articles and patents that might be
useful in designing the printer [1–4]. Among
the patents were several patents relating to
mandrels (the pipe, which the part will be
printed on), and how to remove the work
piece intact. Removing the finished 3D
printed pipe might turn out to be
problematic.
There is also a patent for an inflatable
mandrel. During printing it’s inflated and
when the printing is done, the mandrel can
be deflated, allowing for easy removal of
the finished product. While this kind of
mandrel might not seem to be an accurate
enough base for printing, it turns out that
by applying sufficient pressure and then
machining the mandrel, it conforms to
tolerances very well. There was also a
pneumatic release system for this mandrel,
where compressed air is conducted into a
sheath which then expands, locking the
mandrel in place [2]. While useful, this
kind of system might prove too
complicated to be viable, as the mandrel is
complicated to manufacture and it would
need a pneumatics system for the mandrel

release. There was also a separate article
for a mechanical expandable and
collapsible mandrel. While it too is
relevant to this project, again, it is very
difficult to manufacture since it consists of
so many interlocking tightly fit parts.
There exists a patent for a cylindrical 3D
printer [3]. However the patent is very
general and doesn’t cover any specific
design. One working cylindrical 3D printer
prototype has been made [4]. It’s based on
fused deposition modelling. This is similar
to the aim of this research, with some
exceptions. This research will be focused
more on printing pipe structures.
Nevertheless, since a cylindrical 3D printer
like this has already been patented [3],
there may not be commercial opportunities
for it.

2. DESIGN AND METHODS
2.1 General layout
In comparison to a normal Cartesian 3D
printer which has x, y and z movement
axes, cylindrical 3D printer has x, 𝜃 and z
movement axes. These three movement
axes are the minimum number of axes
required for printing a multi-layered pipe.
In addition during preliminary tests it was
noticed that manual y-axis adjustment
could be useful, since location of the
extruder along the mandrel surface can
affect printing results.
Several ideas of how to implement
printer’s movement axes were considered.
After consideration following design was
chosen: x-axis is next to the mandrels
rotational axis and parallel to it. Along the
x-axis moves a slide carrier which houses
the height movement mechanism for zaxis. Orientation of these axes along with
the finished design of the printer is shown
in Fig. 1.

𝒛

x

𝜽
Fig. 1. The layout of the printer.
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2.2 The Mandrel System
When designing the mandrel rotation
mechanism, several issues had to be taken
into consideration: possibility to adjust the
alignment of the mandrel, torque and the
resolution of the motor and easiness of
removing the mandrel.
The mandrel is supported by two
aluminium shafts, which are supported by
bearings. In order to eliminate the torsion
created by the weight of the mandrel, a
motor supports the other end and the other
shaft is supported by two rotational
bearings.
The adjusting feature is implemented by
using threaded rods to support the mandrel
mechanism. The threaded rods will allow
the height adjustment for the mandrels both
ends. The rods will be attached into the
baseplate, which has grooves that allow
moving the mechanism along y-axis.
The used motor is a NEMA23 sized
stepper motor, which has 200 steps per
revolution (1.8 degrees per step). With
micro stepping, this is considered to be
precise enough, therefore no gear
mechanism is required to widen the
resolution of precision. With ¼ micro
stepping, this configuration allows for a
resolution of 0.24 millimetres. The
resolution can be varied by altering the
micro stepping, but the goal was to achieve
resolution better than the extruder nozzle
diameter, which in this case is 0.4 mm.
An easy mandrel removal mechanism is
required for calibration. This is done by
installing the left support mechanism on
rails, thus it can be moved. The spring
pushes the left side of the support
mechanism against the mandrel, creating
enough tension to hold the mandrel still.
When removing the mandrel, the left side
of the support mechanism is pushed
manually against the spring, and the
mandrel will be released.
2.3 X-Axis Movement
The x-axis movement is done with a timing
belt. A timing belt, while simple and costefficient, also offers sufficient accuracy.
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The stepper motor controlling the x-axis
movement is NEMA 17. With micro
stepping this motor gives sufficient
accuracy and torque. With ¼ micro
stepping, this provides a resolution of 0.08
millimetres which is more than enough.
2.4 Z-Axis Movement
For accurate control the x-axis mechanism
requires that the z-axis movement
mechanism should be as light as possible to
minimize inertia. The solution used in the
printer is based on a scissor lift
mechanism. This mechanism, while
relatively lightweight, offers good accuracy
and a good movement range. The
mechanism with this design is shown in
Fig. 2. In this design the slide carrier
consists of two halves. There is a stepper
motor in the other half and it controls the
height of the extruder with a lead screw.
The timing belt is attached to this half so it
stays in the same x-axis position during the
height movement. The other half moves
along the rails of the x-axis when the
height changes because of the scissor
mechanism, as shown in Fig. 3. Benefits of
this design are lightness and simple radial
loads
to
linear
bearings.

Fig. 2. Z-axis height adjustment
mechanism.

and 5 A. The advantage of the RAMPS is
modularity which allows the stepper
drivers to be replaced or upgraded easily in
the case of a breakdown.

Fig. 3. Z-axis height adjustment
mechanism raised.
The stepper motor controlling the height
movement isn’t a standard stepper motor but
its size is close to a NEMA 14 sized motor. It
has a special hollow shaft with internal
threads. When the rotation of the lead screw
inserted through the motor is prevented the
screw will move linearly and since it is
attached to the part which holds the extruder,
the extruder will change its height.
Advantage of this compared to a normal
stepper motor with a lead screw coupled to
its shaft is compactness and lightness: much
less space and parts are needed between the
motor and the object attached to the screw.

2.5 Extruder
When the idea of printing on a cylindrical
surface was tested using traditional 3D
printer, it was found out that extruder
jamming was a real problem. While
reviews were scarce, Wanhao MK9 was
the best received, therefore this extruder
was chosen for the printer. It comes with a
standard stepper motor.
2.6 Electronics and Control System
The hardware for electronics and control
system is based on an open source RepRap
model. The stepper motors are controlled
by Arduino Mega microcontroller with
RAMPS (RepRap Mega Pololu Shield).
The stepper drivers to power the stepper
motors are based on Allegro A4982 Ice
Blue Stepsticks. The RAMPS is powered
by an external power supply with 12 VDC
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2.7 Programming
For programming the printer, two options
were considered: use of existing open
source software like Sprinter, Pronterface
and Slicer as they were. Sprinter is the
software controlling the microcontroller.
Pronterface sends commands to the
microcontroller from user’s PC. Slicer is
used to generate G-code from 3D models.
Another option was to modify these
programs so that they would be suitable for
the axis layout of the printer. However
modifying the printer software would have
required modifying all the programs, so it
was simpler to use existing software, as it
is and take the axis layout of the printer
into account when creating individual Gcodes of the work pieces.
All G-code was coded manually. Since
every move the printer makes has to be
coded separately, the coding required
numerous of iterations, especially since
there were several parameters which
required adjusting. These parameters
include extruder speed, and feed rates.
3. RESULTS
First printed pieces had trouble sticking to
the mandrel. Solution for this was at the
beginning of the printing process print a
short thick starting line along the x-axis.
The line stuck well to the surface and
prevented the pieces from detaching from
the mandrel during the printing process.
During the first pieces it was also noticed
that if the extruding rate isn’t high enough
compared to the movement speed of axes
the material, the material winded along the
mandrel like a string, instead of sticking to
the mandrel or other layers. This was
resolved by increasing the extruding rate.
Two types of pipes were printed. The
difference was in the surface patterns. In
the first type two different patterns
alternated between the layers and in the

second type three different patterns were
used. The first layer in both types was
always a spiral layer, which was simply a
line printed helically along perimeter of the
mandrel.
In the first type of pipe the second layer
consisted of adjacent lines along the
rotational axis. These lines were in an
approximate 90° angle to previous layer as
shown in Fig. 4. The number of layers was
always uneven and varied between three to
nine layers so that the last layer could
always be a spiral. Reason for this was that
the spiral layers had better surface quality
than the line layers.

of 65 Nm. Same type of pipes with even
more layers were also printed but their
strength wasn’t tested due to lack of
suitable testing equipment for this size of
pipe.

Fig. 5. Layer patterns in the second pipe
type.

Fig. 4. Layer patterns in the first pipe type.
In the second type the first spiral layer was
much more spacious than in the first type.
The reason for this was to make pipe easier
to remove from the mandrel. Second layer
was consisted of adjacent lines printed in a
45° angle to the rotational axis. In the third
layer the lines were perpendicular to the
previous layer as in Fig. 5. Only three
layered pipes were printed with this
technique.
The surface quality in the first type of pipe
was finer than in the second. Generally the
spiral layers had the finest and smoothest
surface quality. However the quality varied
according to the printing parameters:
mainly how dense the spiral was. For these
reasons most printed pipes had spiral layer
as the inner and outer surface. These kinds
of pipes were also very rigid. The five
layered pipe was able to withstand a torque
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The second type of pipes with more than
three layers could theoretically be printed
but subsequent layers caused some
challenges since the ends of the pipes bent
when printing the diagonal pattern. This
resulted in even worse surface quality in
the ends of the next layer. Also generally
the surface quality in the outmost surface
was considerably coarser than in the first
type of pipe since the outer layer in the
second type consisted of diagonal lines.
4. CONCLUSION
Using the cylindrical 3D printing method
quite lightweight and surprisingly flexible
pipes were able to be printed. The printed
pipes also turned out to be quite strong for
their size.
To further develop this method, adding the
capacity to print composite materials
would be worth researching. With such
setup, it should be possible to add metal
wire or carbon fibre in between the layers
to create even stronger structural mesh,
while still retaining relatively lightweight
and a good degree of flexibility.
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APPLICATION OF MEMRISTOR IN SIMULATION OF FRICTION
PROCESSES
Nuzhdin, K.; Musalimov, V. & Sivitski, A.

Abstract: Phenomena and processes
occurring in the interaction zone of
friction surfaces in the presence of
various liquids and gases are multiple
and complex. The purpose of this project
is
investigation
electromagnetic
phenomena accompanying the effects of
friction, which take place in each
tribosystem and under all methods of
lubrication. Due to the constant changes
in the electromagnetic field to record the
values of the characteristics of the field it
is possible to use the memristor.
Numerical effects of electromagnetic
phenomena
are
compared
with
mechanical effects, by estimating the
coefficients of action. Also in this study
was a comparative analysis of the
electrical phenomena occurring in
friction and characteristics of a
memristor.

2. PROBLEM STATEMENT
In order to better understand the nature of
origination
of
electromagnetic
phenomena in the process of frictional
interaction of bodies (especially for
friction pair consisting of a metal or a
semiconductor) is necessary to explore in
details the area tribocontact, in particular
the parameters of the electric type: the
contact resistance, friction electricity
(triboelectricity)
and
thermo-emf.
Another important aspect is the analysis
of the effect of the tribological
characteristics, such as the force of
friction, the wear, the friction coefficient
and others on electromagnetic processes
occurring in friction. Also, there are
grounds for believing that there is a
regularity
which
connecting
the
tribological characteristics tribosystem
with
electromagnetic
phenomena
occurring in friction. The investigation of
all these aspects makes it possible to
extend the understanding the influence of
the electric component on the laws of
friction, and in further detail explore the
process of frictional interaction.

Key words: memristor, friction
phenomena, electromagnetic processes in
tribosystem, model of friction.
1. INTRODUCTION
The electrical phenomena in the friction
process have the significant interest for
scientific rationale of the control of
friction process. It is also necessary to
study in greater detail the effect of
external sources of electromotive forces
and magnetic fields on the friction and
wear
processes.
Currently,
electromagnetic phenomena occurring in
the process of friction not fully explored
due to its complexity and features of
origination of these phenomena.

3. TRIBOELECTRICITY
During the friction of dielectrics,
semiconductors or conductors (having
different or identical composition),
during the mutual friction of liquid
dielectrics, etc. is always electrifying the
both bodies which involved in the
process of friction. Their charges have
the same value and different signs.
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The contact electrification of the two
metals or metal and semiconductor was
generated in consequence of the
transition of electrons across the interface
from the body with less energy exit of
electrons to the body with bigger energy
exit of electrons (contact voltage). In the
case of contacting the metal with a
dielectric the electrification occurs in
consequence of the transition of electrons
from a metal to an insulator and positive
ions of the dielectric to the metal surface.
In the study of tribological phenomena
occurring in dry friction process of metals
under the reciprocating movement were
observed the formation and accumulation
of significant electrical potentials, as
shown in Fig. 1.

especially under high loads. They are
similar to phenomena under dry friction:
the emission of electrons, thermoelectric
effects, contact-potential difference, etc.
As
a
result
of
rapprochement
microroughnesses of the electrified
surfaces, on the some distance may occur
a local dielectric breakdown and a
transport of electric charges from one
surface to another, this is similar to
atmospheric discharges. 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 body with an electric
charge or the body is having a magnetic
moment, regardless of whether they are
moving or are dormant [1].
4. MEMRISTOR
4.1 Definition of the memristor
In 1971, american professor Leon Chua
proposed that there should be a fourth
fundamental circuit element to set up the
relation between charge and magnetic
flux and complete the symmetry as
shown in Fig. 2 [2].

Fig. 1. Voltage was created during solid
friction processes:
а) F normal = 66 N, b) F normal = 96 N;
materials: Steel 45 – Teflon;
speed: v = 1,42 m/s
Introduction of the dielectric (oil or
lubricant) between the two mutually
moving conductors leads to the formation
of a kind of capacitor in which electric
charges are accumulated. Also other
electrokinetic phenomena can have the
specific influence. During friction, the
lubricant film may be broken because of
short-wavelength pattern, consequently it
may origination of electrical phenomena,

Fig. 2. The four basic circuit elements.
Prof. L. Chua named this the memristor.
It is defined as a two terminal circuit
element in which the flux between the
two terminals is a function of the amount
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of electric charge that has passed through
the device.

where w can be a set of state variables.
For simplicity and ease of simulation the
memristor resistance or memristance
definition has been reduced to that of a
current-controlled time-invariant one-port
device given by:
𝑅
𝑀(𝑞) = 𝑅𝑂𝑂𝑂 �1 − 𝜇𝑉 𝐷𝑂𝑂
(3)
2 � 𝑞(𝑡)

4.2 Properties of the memristor
The memristor devices we are primarily
concerned with are based on metal-oxides
the device models considered here are
based on the theoretical underpinnings
proposed by Hewlett-Packard Labs [4].
For modeling purposes, a thin film metaloxide material of thickness D sandwiched
between two conductors is modeled as
two variable resistors connected in series,
as shown in Fig. 7.

where w represents the doped region of
the memristor, D the total device length
and R on /R off are the lowest and highest
resistance states. Thus, there can be
different values for the memristance M as
changes in the electric current cause
atomic rearrangement and x is varied
between 0 and D [5].
5. THE COURSE OF RESEARCH
5.1 Model of the memristor

For a more detailed study of the
characteristics of the memristor, there
was built his model in an environment
Simulink / Matlab (shown in Fig. 10). As
a basis, it was used the model developed
by Thang Hoang [6]. The subsystem
i_v_flux (see Fig. 10) implements
mathematical
description
of
the
memristor based on the equations (1) (3).
Fig. 7. A schematic diagram of the
memristor with a simplified equivalent
circuit
Each resistor in the model represents two
distinct regions of the metal-oxide, one
with a high ionic dopant concentration,
R on , and the other with a low
concentration, R off .
The most basic mathematical definition
of a memristor is that of a currentcontrolled device for circuit analysis in
the generalized class of nonlinear
dynamical systems called memristive
systems described by the equations:
𝑤(𝑡)
𝑤(𝑡)
𝑣(𝑡) = �𝑅𝑂𝑂
+ 𝑅𝑂𝑂𝑂 �1 −
�� 𝑖(𝑡) (1)
𝐷
𝐷
𝑑𝑑(𝑡)
𝑑𝑑

= 𝜇𝑉

𝑅𝑂𝑂
𝐷

𝑖(𝑡)

Fig. 10. Model of the memristor
During simulation were used parameters
of the real memristor (Table 1), which
was manufactured by HP-company [7].

(2)
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Name title
Length of the
memristor, [D]
Average ion mobility,
[μ v ]
Resistance when on,
[R ON ]
Resistance when off,
[R OFF ]
Table 1. Parameters of the
HP

Magnitude
10 (nm)
10-14 (m2 s1 -1
V )
100 (Ω)
10 (kΩ)

Fig. 14. The characteristic curve of
magnetic flux vs charge

memristor by

Results of the memristor modeling are
represented in Fig. 11 - 15.

Fig. 15. The characteristic curve of
voltage vs memristance
Fig. 11. The memristor input voltage

These results allow us to see the main
characteristics of the memristor such as
hysteresis loop (see Fig. 13) of electrical
parameters. It means that current value
depends up previous state.
5.2 Experimental
friction process

data

from

the

The experiments for the study of friction
were conducted using tribometer. As
specimens were used TiN and AlTiN
materials. The scheme of friction process
is reciprocating movement ball on plate.
The
experimental
conditions
are
presented in Table 2.

Fig. 12. The change of memristance

Name title
friction pair
Fig. 13. The characteristic curve of
voltage vs current

Magnitude
Al 2 O 3 Al 2 O 3 TiN
AlTiN

movement
0.01 m
amplitude
frequency
5 Hz
normal force
22 N
Top specimen - ball
diameter
0.01 m
material
AL2 O 3
Table 2. The experimental conditions
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During the experiment the different
characteristics of friction pair were
recorded: the normal force, friction force,
coefficient of friction, wear, etc. But of
particular interest is the change of
electrical resistance of contact friction
pair, presented in Fig. 16 and Fig. 17.

where y(u(r)) – output function; u(r) –
input function.
Transfer function for friction pair Al 2 O 3 AlTiN:
669.4∙𝑟−33.3
𝑦�𝑢(𝑟)� = 26 ∙ � 2
+ 650� (5)
𝑟 +0.000006∙𝑟+0.0144

Fig. 16. The contact resistance of friction
pair Al 2 O 3 - TiN

Fig. 17. The result of using transfer
function for friction pair Al 2 O 3 - TiN: the
top graph – modeling of contact
resistance change during the friction
process;
the lower graph - change of memristance.

Fig. 16. The contact resistance of friction
pair Al 2 O 3 - AlTiN
5.3
Comparing
characteristics

the

electrical

Further, the dependence was found
between the electrical characteristics
tribopair during friction process and
parameters of the memristor. For this
purpose was used the software package
Matlab called System Identification
Toolbox. As a result, there was obtained
the transfer function, which describes the
relationship between the electrical
resistance of contact tribopair and
resistance of the memristor (see Fig. 17
and Fig. 18).
Transfer function for friction pair Al 2 O 3 TiN:
−101∙𝑟 2 +189∙𝑟+10
𝑦�𝑢(𝑟)� = 60 ∙ � 3
+ 250� (4)
𝑟 +0.2∙𝑟 2 +0.01∙𝑟

Fig. 18. The result of using transfer
function for friction pair Al 2 O 3 - AlTiN:
the top graph – modeling of contact
resistance change during the friction
process;
the lower graph - change of memristance.
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6. CONCLUSION
4.

In the course of the works there was
found the dependence of electrical
parameters of the friction process and
characteristics of a memristor.
There was obtained the transfer function
that relates these dependencies.
To sum it up, we can conclude at some
point of time, the resistance of the contact
area has variation law of electrical
characteristics to a high accuracy
repeating
regularity
of
change
memristance.
Thus, in the process of friction, the
contact area of tribopair can be
considered as kind of
memristor,
however, this topic requires further more
detailed investigation.
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IMPLEMENTATION OF A CONTOUR CRAFTING SYSTEM TO A
3-DIMENSIONAL CONCRETE PRINTER
Nylund, J.; Järf, A.; Kekäle, K.; Rönnskog, J.; Al-Neshawy, F.; Kiviluoma, P. &
Kuosmanen, P.

Abstract: This paper examines the benefits
of implementing a contour crafting system
to a 3-dimensional concrete printer in
order to improve the surface finish and
geometrical shape of the printed concrete.
This system was supplemented by three
additional axis of rotation: two of which
set the angle for the trowels that shape and
smoothen the edges and the last that
rotates the nozzle head around the Z-axis.
Additional software was developed to
modify the G-code and provide instructions
for the three additional axes.
Tests were performed measuring the
surface roughness and the geometrical
shape of the printed concrete object. The
results show that the geometry can be
improved by this contour crafting system.
Applications for this technology can be
small scale concrete structures for
architects, non-standard pre-manufactured
concrete elements and other minor
concrete objects.
Keywords: layered manufacturing,
additive, rapid prototyping.
1. INTRODUCTION
3D printing has become one of the
fundamental
processes
for
rapid
prototyping and is currently being applied
to actual manufacturing of components [1].
3D printing was originally used to make
plastic objects, but lately many alternative
materials are being suggested for 3D
printing such as different metals and
concrete. Concrete 3D printing could, if
implemented correctly, reduce building
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costs of concrete structures such as houses
as no mold is needed and introduce a fast
and flexible way for building emergency
shelters. But as this idea is quite new,
research into the subject is still needed to
make it feasible and correct the existing
problems such as: finding a viable concrete
mixture, adding reinforcement to the
concrete, logistics of the printer, improving
surface quality and finding a way for the
concrete to be made into free forms. This
study will focus on the last two of these
problems, which is adding a free form
system called contour crafting to a 3D
concrete printer which improves surface
quality.
Contour crafting is a system used in
layered fabrication processes, where trowel
like plates are used to smoothen the outer
edges of the printed concrete from the
concrete printer nozzle. This gives the
printed concrete a more uniform shape,
instead of the layered shape of an object
printed without contour crafting. The
trowels improve the surface quality of the
concrete and the aesthetics of the finished
product. [1][2]
Previous research in this area has been
made primarily at the University of
Southern California and at Loughborough
University. The University of Southern
California built a 3D printer for various
materials, which uses contour crafting to
make angled forms possible. The printer
uses a six axis system, three for linear
movement, one for extrusion, one for
rotating the nozzle and one for the singular
trowel [3]. Loughborough University has
also done research in this field [4][5][6].

This
paper
will
focus
on
the
implementation of a contour crafting
system to a 3D concrete printer. The goal is
to create a system which gives the user a
greater degree of freedom in designing
different forms, and that improves the
aesthetic of the finished product. This is
achieved by using trowels that can be
angled at the sides of the nozzle. The goal
of this project is to increase the surface
quality significantly and introduce the
possibility of printing angled walls.

needed. The trowels should also be able to
be angled according to the shape of the
printed object to allow angled walls to be
printed. Additionally the trowels need to be
completely lifted during the fill cycle.

2. METHODS
The original 3D concrete printer moves the
nozzle head a maximum of 475 mm in the
X-direction and 650 mm in the Y-direction
and the printing bed 750 mm in the Zdirection (Figure 1). This is done by 300 W
servomotors which actuates linear screws.
A 660 watt servo motor drives a screwtype extruder [7]. The concrete printer is
controlled by LinuxCNC, which is an open
source software made primarily for CNC
milling machines. An open source slicersoftware converts stereolithography files to
the G-code instructions used by
LinuxCNC.

Fig. 1. The concrete printer setup.
2.1 Hardware
The purpose of contour crafting is to
smoothen the surface of the concrete
flowing out of the extruder. To implement
this to the concrete printer, a new nozzle
with trowels that follow the outer edge was
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Fig. 2. The new nozzle assembly.
The new nozzle model is illustrated in
Figure 2. The top of the nozzle (2) is
threaded, to be screwed on to the extruder.
The rest of the extruder assembly is
fastened with a ball bearing and rotates
around the top part. The rotational
movement is controlled by a 63 watt servo
motor, which is connected to the timing
pulley (3) on the nozzle by a timing belt.
The trowels (6) are made of 2 mm rubber
and stabilizing aluminum pieces. The angle
for each trowel is set separately by servo
motors (5) that are mechanically connected
to the trowels. Each trowel can be angled
135 degrees, as seen in Figure 3. Power
and signals to the servo motors are
supplied by a coiled cable (1), running
through the nozzle assembly. This cable
limits the rotational movement of the axis
to ±540°. When zeroing the rotational
angle, a cam (4) activates a limit switch on
the frame of the concrete printer. Concrete
is extruded through the 22 mm bottom part
of the nozzle (7) and smoothened by the
trowels. Between the upper and lower part
of the nozzle assembly a sealing ring is
used to prevent concrete from entering the
nozzle assembly. This can be seen in the
section view in Figure 3. The parts of the
nozzle assembly that are in contact with
concrete, are made of S355 steel, while
other parts are made of aluminum.

2.3 Concrete mixture

Fig. 3. Section view of the nozzle
assembly. The trowel movement is
illustrated on the right trowel.
2.2 Software
To implement contour crafting, G-code for
the additional axis is also needed. In the
original setup of the printer, G-code is
generated from a CAD model by the open
source software slic3r. Slic3r breaks the
CAD model in stereolithography format
down to points in the X-Y plane.
LinuxCNC then moves the nozzle
according to the path given by the G-code.
In order to control the additional axis, a
program was written in C11 programming
language. The program reads the
coordinates, written in the G-code file and
calculates the angle for the nozzle and the
trowels. The rotation of the nozzle is
limited to ±540°, so the spiral cable does
not extend beyond its elastic limit.
The software has some considerations to
avoid damaging the printed perimeter. If a
sharp angle turn is detected, the program
lifts the trowel that would cut into the
printed concrete to avoid collision. This
slightly worsens the surface quality near
the sharp angle turn, but it is necessary to
keep the form intact. The software also
considers the movement of the trowels
when returning to the starting point of the
current layer, as in some shapes the trowel
can collide with the printed concrete.

Contour crafting puts some additional
requirements on the properties of the
concrete being used. Measures of the
printability of a concrete mix are defined as
extrudability (the ability of the mass to
easily flow through the extruder),
buildability (the
resistance
against
deformations by the subsequent layers) and
formability [7]. The pre-existing recipe [7]
is modified to accommodate the
implementation of the contour crafting
system. The water and plasticizer content
of the mix was adjusted until the criteria
listed above were deemed fulfilled.
A compression test was made on the
resulting mixture, to test the properties of
the concrete. To evaluate the contour
crafting system two test shapes were
printed with and without the contour
crafting system. The shape was made in
CAD software and is a cone with a base
diameter of 155 mm and a slope of 78°.
The composition of the concrete mixture
that was used for these tests is found in
Table 1.
Ingredient

Composition
[kg/m³]

Sand R 1-2 mm*

301.4

Sand R 0.5-1.2 mm

241.2

Sand R 0.1-0.6 mm

241.2

Filler

211.0

Cement

**

464.0

Fly ash

133.8

Silica fume

22.4

Water

221.2

Super plasticizer

3.0

*) The aggregates used in the mix were
30% [R1-2], 24% [R0.5-1.2], 24% [R0.10.6] and 22% Filler.
**) Rapid cement [CEM II A 42.5R]
Table 1. The composition of the concrete
mix.
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Rapid cement [CEM II A 42.5R] type was
used in the concrete mix. The cement was
produced by Finnsementti’s cement plant
at Parainen. The aggregates used in the mix
was natural granite gravel, which was
washed, dried, and graded by sieving. The
grading of the combined aggregates is
shown in Figure 4. The water used was
normal tap water provided by the water
distribution system of the city of Espoo,
Finland and its temperature was 20±2°C.
The
water-reducing
agent
was
superplasticizer (Glenium 51), manufactured by Finnsementti Oy Finland. This
agent was stored in a polyethylene bottle at
room temperature.

3.4 mm. Figure 5 illustrates the difference
between a cone printed with and without
contour crafting.

Fig. 5. Comparison of old and new result.
The object on the right is printed with
contour crafting.
To test the strength properties of the
concrete, standard compression tests were
performed
on
three
cast
cubic
100x100x100 mm samples [8]. The cubes
were left to dry for five days before the
tests were performed. The results can be
seen in Table 2.

Sample 1
Sample 2
Sample 3

fc
[MPa]
46.4
44.5
43.3

density
[kg/dm3]
2.199
2.209
2.139

Fig. 4. Aggregate grading chart for the
concrete mix.

Table 2. Results from compression tests of
the concrete mix.

The dry ingredients were hand-mixed for
one minute after which it was poured into a
container of wet ingredients for another 3
minutes of mixing. The batch was then
immediately poured into the printer.

Cracks in the bend of the rubber trowels
were formed after only a few printings.
This was suspected to be due to either
mechanical wear from the movement of the
trowels or degraded elasticity due to
chemical reaction with concrete. Another
material should be used in this situation.
Metal or rubber resistant to chemical
degradation is proposed.

3. RESULTS
When comparing the pieces printed with
the contour crafting method and the pieces
printed without contour crafting it can be
seen that the surfaces of the new printed
pieces are smoother. The indentations
appearing between each layer were
measured on both types of printed pieces
and were much deeper on the pieces
printed without contour crafting. The
indentations on the pieces without contour
crafting were on average 7.9 mm, while the
pieces with contour crafting had
indentations with an average depth of
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4. DISCUSSION
From the results, the conclusion can be
drawn that with the new setup of the
printer enabling contour crafting, smoother
surfaces can be printed. The changes made
to the concrete mixture have also helped
improve the quality of the printed pieces.
Compared to normal concrete casting there
is a fundamental problem with layer-based
printing of concrete. This is the absence of

steel reinforcements inside the concrete
structure. Since the printing is done layer
by layer, steel reinforcements cannot be
placed beforehand since they would collide
with the printer. A solution for this could
be to add steel fibers into the concrete mix.
This could possibly strengthen the concrete
enough to print larger scale structures.
There are multiple ways that this concrete
printing system could be improved to
achieve more precise forms with better
surface quality. One of these is to
implement a mass flow feedback system so
that the extrusion feed can be adjusted
according to the real output of the concrete
through the nozzle. This would ensure that
the right amount of concrete would be
extruded. Further research to optimize the
concrete mixture should be performed. The
mixture used was designed to emulate the
use of industrial construction concrete.
Software that generates the needed G-code
for all seven axes from the original
stereolithography data could be developed.
This would remove some of the limitations
with the current setup, namely adding the
possibility for discontinuous forms. An
additional feature that could be added is to
have a variable nozzle hole diameter that
adjusts itself according to the required
thickness of the printed piece. Since the
properties of the concrete depends on
multiple factors and is time dependent, an
automatized way of mixing the concrete
continuously while printing could improve
the results. This could probably help
reduce the differences between printed
batches and even remove some of the
differences in the same batch, that are
caused by the unprinted cement drying
while the printer runs.
It should be investigated if this technology
could be scaled up to allow bigger objects
to be printed. The hypothesis is that a
bigger scale would allow the layers to
harden more before the next layer is
printed on top. This would allow higher
objects to be printed. Contour crafting
improves the aesthetics of the printed
object and allows its forms to be freer.
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DEVELOPMENT OF A NURTURANCE
EVOKING ROBOT
Peltonen, O.; Orhanen, S.; Venäläinen, J.; Auvinen, M.; Sepponen, R.; Kiviluoma, P.
& Kuosmanen, P.
Abstract: A robotic companion can have
the same health benefits as pets, including
alleviating loneliness, lowering stress and
elevating mood. The non-allergenic and
controllable nature of robots makes them
preferable over real animals. This paper
describes a nurturance evoking social
robot for eldercare, which is able to
express its emotions and act like a real
animal, is robust and fits in user’s lap.
None of the existing social robots combine
all these criteria. The robot expresses
emotions with actuated neck, ears, nose
and tail, vibration and sound. Flexible
mechanisms ensure safe movements and
durability. Touch, motion, temperature and
sound affect the robot’s emotional state.
Preliminary studies show good results in
evoking nurturance.
Key words: social robot, companion robot,
eldercare, artificial intelligence.
1. INTRODUCTION
In healthcare, a robotic companion can
have the same health benefits as pets,
including alleviating loneliness, lowering
stress and mood elevation [1,2,3]. Although
robotic and real pets have the same
therapeutic effect, a robot is often preferred
in healthcare, because it is not allergenic.
Some patients might also be incapable of
taking care of a real pet. Thus the need for
social
robots
increases
constantly,
especially in the field of eldercare. A study
shows that more than one third of elderly
people suffer from loneliness [4], and the
population in western countries is
continuously ageing. It has been estimated
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that the proportion of people over 60 years
old will be 37% of the whole population in
Western Europe by 2050 [5].
There currently exists multiple commercial
and non-commercial social robots with
applications varying from eldercare to
entertainment. These robots include Paro,
Huggable and Probo.
Paro is a commercially available artificial
pet seal. Under the soft hygienic artificial
fur, Paro features a range of sensors, which
allow it to sense touch and warmth,
recognise its name, greetings and praise.
Paro has actuators to move its eyelids, head
and flippers and a speaker to play authentic
seal sounds. Paro’s behaviour alters to
reflect user’s interaction preferences. [6]
MIT’s Media Lab is developing Huggable,
a therapeutic robot companion with its
whole body able to sense touch. To achieve
touch sensing, Huggable utilises three
sensor types all around the body: Quantum
Tunnelling Composite (QTC) for force,
thermistors for temperature and electric
field sensing to determine for example if
the object touching the robot is human. For
motion, Huggable uses voice coil actuators,
which provide smooth, soundless, lifelike
motion. Huggable also utilises neural
network to determine the nature of the
touch. [1]
Probo is a mammoth-like robot developed
to be a friend for hospitalised children. It
features a fully actuated head with a
moving trunk and natural, motion tracking
eyes [7]. To achieve safe movement, Probo
utilises flexible joints and Bowden cables
between the motors and the actuated joints.
In addition to safety, the use of Bowden

cables allows the motors to be placed
anywhere in the robot, thus keeping the
head light-weighted. [8]
In this paper, the development of a Social
Panda –robot (Fig. 1.) is presented. The
goal of this research was to develop a robot
that keeps company with elderly by
evoking nurturance by the means of motion
and voice. The robot had the following
four requirements: it must be able to
express its emotional state; it must contain
an artificial intelligence (AI) to allow it to
act like a lifelike animal; it must fit in the
user’s lap and be robust. All of these
separate requirements have been met by
the previously mentioned robots, but none
of them combines all four criteria. This
paper introduces a design of a social robot
that combines all four aforementioned
requirements.

Fig. 1. Appearance and features of the
panda robot.
2. METHODS
2.1 Overview
The approach to make the robot fit one’s
lap, be expressive and to have lifelike
artificial
intelligence
sets
certain
limitations and requirements for the design.
For one, the hardware inside the robot has
to be lightweight and small, selected
actuators have to be able to accurately
drive the used mechanisms to make the
robot’s expressions distinctive. Secondly
the software design has to take human
interpretations into account.
To meet the set requirements, the robot is
able to move its head, ears, nose and tail,
emit sound and vibrate to mimic purr of
cats. The feeling states of the robot will be
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expressed with combinations of these
outputs, and slight randomness is added to
the AI to achieve a lifelike animal
behaviour.
The robot was chosen to look like a panda
for two reasons. Firstly, a study shows that
it is psychologically beneficial to make the
robot look like an animal that most people
don’t have experience on [6]. This choice
of design is advantageous, because if users
have no knowledge on how the robot
should behave, they don’t lose interest in it
due to unsatisfied expectations. Secondly,
pandas are commonly considered as
sympathetic. A 19 cm x 24 cm x 30 cm
WWF plush panda was selected as the
exterior of the robot.
2.2 Mechanical Design
The first prototype of the robot features 6
degrees of freedom (DOF) to obtain a
lifelike
and
nurturance
evoking
appearance. The robot is able to move its
ears (2 DOF), move its nose (1 DOF), tilt
its head (2 DOF) and wiggle its tail (1
DOF). These movements are used to
express the feeling state of the robot. The
prototype is powered with an external
power supply.
To achieve safe movements and durability,
flexible joints and mechanisms were used.
The neck joint was manufactured from a
coil spring and polycarbonate connecting
plates. The joint is actuated by pulling
monofil nylon fishing lines with RC servo
motors (MG90S). Fishing lines operated
with RC servo motors were also used to
operate the mechanisms for the nose and
ears. RC servo motors were chosen as main
actuators for their affordable price, light
weight, size and controllability.
The skeleton of the robot consists of two
modules, the head and the body. Main parts
of the skeleton are shown in the Figure 2.
The function of the skeleton is to house
and protect the electronics and serve as a
contact surface for the touch sensors. The
skeleton was 3D-printed, which allows
great freedom of design and produces parts
quickly. The skeleton was designed as a

tight fit inside the plush panda so that it
does not require any external attachment to
the cloth exterior.

Fig. 2. Illustration of the two-module
skeleton.
2.3 Electronics and Sensors
Arduino was chosen as the platform for the
electronics, as it is well suited for
prototyping: it features easy and fast
coding, and the market is full of Arduino
compatible modules. Arduino Nano V3
was chosen for its small size in order to fit
in the robot.
The robot’s touch sensing was achieved by
placing sensors made of Quantum
Tunnelling Composite (QTC, Peratech)
pills on the surface of the skeleton. QTC
material changes its electrical resistance
when pressure is applied, thus making it
suitable for touch sensors. QTC sensors
were chosen for their affordable price and
small size. Thermistors were used to detect
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the warmth of the holding human, other
possible temperature changes and to detect
possible electrical failures. A passive
infrared (PIR, HC-SR501) sensor module
was used for sensing motion in front of the
panda. Motion and orientation of the robot
is detected by an IMU module (GY-85).
Servo shield F08019 controls the 6 servos.
The robot makes noises from a speaker,
driven by a sound module (WTV020-SD)
with audio stored on a SD-card. One
eccentric rotating mass (ERM) motor
(RF300) is used to create the purr
vibration, purr effect is enhanced with
corresponding sounds.
In order for the robot to be useful in
eldercare or as a scientific tool for studies,
one has to be able to monitor the
functioning and usage of the robot. To
achieve this, the monitoring data is sent by
a serial-interface WiFi-module (ESP8266)
to a monitoring computer.
2.4 Software Architecture
The architecture shown in Figure 3 has a
hierarchical structure where high-level
computation is executed on the top and, on
the contrary, low-level computation on the
bottom side. For example, software classes
that represent different moods of the robot
are on the top-side of the diagram, because
they are more abstract concepts than, e.g.,
motor controller that lie on the bottomside. This kind of hierarchical software
structure is common in robotics and
software design in general, because it
offers two main advantages. Firstly, the
designer of the software has strong
understanding of ownerships of instances.
Secondly, it is modular, as modifications
made to classes in one hierarchical level do
not affect the whole software. This is
because each level works as an interface to
the next level, which effectively hides all
the modifications from further levels. In
fact, modifications to one level will only
affect the levels next to it.
The main loop that keeps the software
running resides in the State machine –level
of the hierarchy. As the name of the level

implies, it also contains a state machine
that forms the AI of the panda robot. The
transition logic between states is
implemented with hard-coded control
structures.
The mood-level includes the sequences of
actions that create the characteristic
behaviours of each mood. The mood-level
uses
the
high-level
hardware
communication layer (HCL) that is an
abstraction level of the hardware
controllers. This high-level HCL provides
simplified interface to the hardware.
Finally, the low-level HCL communicates
with the hardware, e.g., with motors and
sensors via various communication
protocols.
The software is implemented with C++
programming language, because our
hardware is Arduino-based and there exist
plenty of ready-to-use libraries to control
various devices in C++.

2.5 User Survey
The robot was tested with a user survey to
investigate whether the robot fulfils the set
goal, i.e., whether or not it can keep
company with elderly. The participants of
the survey used the robot for
approximately 5 to 10 minutes each.
Afterwards the participants took a
questionnaire about the robot with 6
questions, which were answered on a three
point scale: “Disagree”, “No opinion” and
“Agree”. The questions asked in the user
poll are described in Table 1.
Number of Question
Question
I understood if the robot was
1
happy or sad.
The robot reacts to my care
2
in a reasonable way.
The robot wanted my
3
attention.
I enjoyed the company of
4
the robot.
The robot was easy to hold
5
in lap.
6
The robot felt alive.
Table 1. User survey questions.
3. RESULTS
The user survey was conducted with
elderly people in a retirement home called
Kustaankartano comprehensive service
centre situated in Helsinki, Finland. A total
of 8 elderly people participated in the
survey and answered to the questionnaire
shown in Table 1. The results of the
questionnaire are presented in Table 2. The
age of the participants varied between 70
and 97, the mean being 85.

Fig. 3. Hierarchical software architecture
used in the panda robot. High-level
computation is executed at the top-side and
low-level computation on the bottom side.
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Number Agree
Disagree No
of
[%]
[%]
opinion
Question
[%]
1
75.00
0.00
25.00
2
37.25
25.00
37.25
3
87.50
0.00
12.50
4
100.00
0.00
0.00
5
100.00
0.00
0.00
6
75.00
12.50
12.50
Number of participants
8
Table 2. User survey results. Question
number is shown in the first column, see
Table 1 for questions. In the second, third
and fourth columns the distribution of
users’ answers is shown.

results new survey with more participants
should be arranged.
While developing the robot, fitting
everything inside the robot was found
challenging. The prototype was built
mostly with separate easy to work sensor
and drive modules. Building a custom PCB
would save plenty of space. Fitting several
motors and the speaker inside the head
module increased the weight of the head,
which forces the head to slouch.
5. FUTURE WORK

4. DISCUSSION
The following four requirements were set
for the robot: it must be able to express its
emotional state; it must contain an artificial
intelligence to allow it to act like a real
animal; it must fit in the user’s lap and be
robust. The results of the user survey
indicate that most of the users were able to
identify the emotional state (Question 1,
Table 2) of the robot and the participants
felt that the robot wanted their attention
(Question 3, Table 2). The robot also fit in
the lap of every user and was easy to hold
(Question 5, Table 2), even though several
of the survey participants had only one
functional hand.
The results also show that although most of
the users felt that the robot was alive
(Question 6, Table 2), only few of the
participants felt that the robot reacted to
nurturing properly (Question 2, Table 2).
This suggests that the AI of the robot does
not meet the set requirement.
No specific experiment was conducted to
determine the robustness of the robot.
Nevertheless, tens of people have handled
the robot using varying force without
breaking it proving that the robot is robust.
The robot fulfils most of the set
requirements and the survey indicates that
the robot evokes nurturance. However, it
must be noted that the sample size for the
user survey was small and for more reliable
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The robot should be designed batterypowered as a cordless robot feels more like
a real animal. Batteries can be fitted inside
the legs of the panda. The robot would
sound less robotic, if the noisy servo
motors used in our prototype would be
changed with silent actuators, e.g. voice
coil actuators as used in Huggable. The
robot would seem more alive if it followed
interesting objects with its eyes and head
using machine vision. The cameras could
be also used for video monitoring the
patients. Speech recognition could be
beneficial as real pets react to their name
and other commands. For active use in
health care, the robot should have an
antimicrobial fur.
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ADAPTIVE SELECTIVE LASER SINTERING TESTING DEVICE FOR
PROCESS RESEARCH IN 3D PRINTING
Pomell, J.; Silvonen, A.; Lagus, N.; Kim, H.; Partanen, J.; Kiviluoma, P. & Kuosmanen, P.
Usually SLS involves the use of a high power
laser, e.g. a carbon dioxide laser, to fuse small
particles of plastic, metal, ceramic, or glass
powders into a mass that has a desired threedimensional shape. The laser selectively fuses
powdered material by scanning cross-sections
generated from a 3D digital description of the
part from a CAD file or scan data on the
surface of a powder bed. After each crosssection is scanned, the powder bed is lowered
by one layer thickness, a new layer of
material is applied on top, and the process is
repeated until the part is completed.[1]
Because finished part density depends on
peak laser power rather than laser duration, a
SLS machine typically uses a pulsed laser [2].
The SLS machine preheats the bulk powder
material in the powder bed somewhat below
its melting point to make it easier for the laser
to raise the temperature of the selected
regions the rest of the way to the melting
point.
Unlike
some
other
additive
manufacturing
processes,
such
as
stereolithography (SLA) and fused deposition
modeling (FDM), SLS does not require
support structures due to the fact that the part
being constructed is surrounded by unsintered
powder at all times, this allows for the
construction of previously impossible
geometries.
The concept for process of selective laser
sintering (SLS) was invented in mid-eighties
and patented in 1986[3]. Over the last decades
3D printing has been a popular field of study
and the scientific field of 3D printing is truly
widespread because there are multiple
different 3D printing technologies available.
When considering SLS technique, remarkable
work has been done especially in studies of

Abstract:
Selective Laser Sintering (SLS) has been one
of the most promising fields of study among
different 3D printing techniques. The purpose
of this study is to increase the knowledge of
SLS printing and to give better understanding
about the factors which affect the quality of
printed parts. The article introduces a testing
device which is designed especially for
experimenting the capabilities of SLS. As a
result, a device that enables high
modifications from the user was built. The
device includes an easily-replaceable and
adjustable powder distributor mechanism, a
large printing volume, powerful laser-scanner
combination and durable building materials.
With the construction, user is able to research
various parameter effects, such as laser
scanning speed, laser power, effect of
preheating, printing material, layer thickness
and layer building speed.
Keywords: Selective Laser Sintering, plastic,
powder, parameter
INTRODUCTION
Rapid prototyping methods and additive
manufacturing methods are technologies,
which have been developing intensively
during past decades. Most commonly these
technologies concern 3D printing using
polymers and plastics. Selective laser
sintering
(SLS)
is
among
additive
manufacturing methods enabling building
components from powdered materials.
Technique uses a laser as the power source to
sinter powdered material layer by layer to
form 3-dimensional objects.
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binding mechanisms of powder particles,
mechanical and material properties of printed
parts [4][5][6][7]. Kruth et al [4] give a
comprehensive overview on different binding
mechanisms in selective laser sintering (SLS)
and selective laser melting (SLM). The paper
classified SLS and SLM processes into four
main binding mechanics categories: “solid
state
sintering”,
“chemically
induced
binding”, “liquid phase sintering – partial
melting” and “full melting”. Most commercial
applications can be classified into the latter
two categories. The understanding of binding
mechanism is a prerequisite for developing
SLS materials with better mechanical
properties. The most relevant mechanical
properties studied are yield strength,
elongation, Young’s modulus, hardness,
surface roughness, linewidth, layer thickness,
shrinkage, porosity, wear rate, density, tensile
strength and sintering depth [2]. Nowadays the
range of printable materials is wide, ranging
from metals to polymer and even on some
ceramics, from single compound materials to
powders that consist from multiple
ingredients. [6]
The studies have also focused on other factors
which affect the quality of final part. Studies
discuss about the ways to spread the powder
layer [8][9], importance of powder bed heating
[10][11] and the effect of laser properties.
When considering the laser used for SLS
printing, the relevant factors have been laser
power [6], scanning speed and spot size
[12][5]. Relevant work has also be done in
simulating the printing process and defining
optimal parameter values with simulated
models [13].
There have been only few companies that
manufacture SLS machines and prices of
these machines have been quite high, but
more and more companies are moving in
business. A recent development on
commercial field has aimed to produce more
available SLS printers for consumer and small
business use. [1] The aim of this research is to
develop an adaptive testing device to research
process in SLS 3D printing method.

METHODS
In order to research the 3D-printing process in
laser sintering method, the system needs to be
highly adaptive. Three main functions and
factors effecting to these functions in SLS
printing process with polymers were
recognized (Table 1). These were sintering
with laser, layer building and material
heating. To be able to research the process,
the construction has to be adaptive in sense of
sintering parameters, methods of building the
layers and printing chamber heating system.
Sintering
parameters
concern
the
characteristics of the laser and the laser
controlling system used. To discover optimal
sintering parameters, research has to be done
among
the
possible
laser
power,
scanning/marking speed and laser spot
size/focal length. Methods of building the
layers are studied by implementing an easily
replaceable powder distribution mechanism.
This makes it possible to discover the most
efficient way (roller, blade etc.) to spread a
layer. The speed of the distribution
mechanism has to be adjustable in order to
research the impacts of spreading speed on
layer quality. Due to the fact, that the
sintering parameters also affect the depth of
the sintered layer, the mechanism that defines
the layer thickness has to be adjustable.
Sintering

Layer
Building

Heating

heat capacity

layer area

heat capacity

laser wavelength

layer
thickness

heat conduction

laser power

material flow

heater wavelength

layer thickness

particle size

layer volume

material
absorption
scanning speed

IR

material
absorption
material
point

IR
melting

spot distance
spot size

Table. 1. Main functions and effecting factors
The laser sintering system shall be
constructed of robust materials to achieve
high heat resistance. With the system, it is
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variable (between 0 and 10 mm) in order to
find out the optimal value for different
printing materials used. The minimum value
to achieve the required material flow to
produce good layer quality for nylon powder
PA12, which was used in the first tests, was
around 5 mm. The construction also enables
the moving container to be replaced with
different mechanisms so the most efficient
spreading mechanism can be discovered.

conceivable that printing material is changed
and the influence of preheating the material is
discovered.
RESULTS
As a result, a testing device was built. The
device is a combination of a high power laser,
adaptive powder distribution mechanism and
spacious and durable design (Fig. 1). The
laser used is a 100 W CO 2 laser combined
with a scanning head. With the controlling
software provided by the manufacturer, laser
power and speed are controllable. The spot
size of the laser depends on the lens that is
used and laser’s raw beam diameter. In our
configuration, the lens has a focal length of
591 mm and a spot size of 614 μm.

Fig. 2. Moving powder container
The layer thickness is defined as the distance
of the building platform travelled in one
cycle. The building platform is lowered with a
stepper motor via a ball screw. With the
combination selected, the layer thickness can
be 100 μm or more.
Laser sintering of plastic materials requires
preheating due to the strong heat expansion.
Every layer is preheated somewhat below the
sintering point with four 375 W infrared
lamps. With the controlling system of the
lamps the optimal value of preheating can be
examined for different materials.
The control system of SLS printer can be
implemented in many different ways. In this
testing device (Fig. 3), the slicing of 3D
models is executed with free slicing tools.
The slicing tools were not in the scope of this
study and the properties or functioning of
these tools were not closely evaluated. Used
slicing software can import 3D models in stl
file format, export layers of the model in png
format and let user to define the layer
thickness. These images are moved to a
specific directory, which works as a source
directory for another software that was
programmed for purposes of testing device.
This program reads the image files from

Fig. 1. The test construction
The powder distribution mechanism was
constructed to be easily replaced if found out
inoperative. Whereas commercial SLS
stations usually spread the new layer by
swiping with a blade or a roller, our
construction implements a moving container
(Fig. 2) that simultaneously provides the
needed amount of powder and sweeps the
layer. The gap between the two smoothing
blades on the bottom of the construction is
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source directory and converts them to
drawing files, which can be operated by the
scanning head. The software can be
manipulated with Visual Basic code using the
ready-made functions of the scanner head, so
it is easily adjustable for different needs of
SLS research.
After the software convert the images and
user starts a printing process, the software
sends the first layer drawing to the scanning
head, which generates the scanning track.
Before the first scanning starts, the scanning
head sends a signal to external control unit,
which set the piston to the starting position
and sweeps the first starting layer. The unit
controls stepper motors though stepper motor
controllers. Control unit also regulates IR
heating, which raises the temperature of
powder layer. When the first layer is built and
heated, the scanning head turns the laser on
and melts the powder according to the layer
drawing. In the next phase the software sends
the following layer to the scanner head and
the cycle repeats until the part is finished.

DISCUSSION
The design and building process of SLS
printer pointed out extremely well the main
challenges in SLS printers. Even though the
SLS process is studied a lot and there are
commercial solutions available, there are still
many open design questions concerning laser
type, laser positioning, beam sizes, powder
distribution, heating and so on. Generally SLS
devices are complex because of the
challenging fine powder material and precise
control and heating requirements.
The design process especially underlined the
challenges arising from the heating. When
sintering PA12 material without heating, the
shapes experience significant deformation due
to heat expansion, which leads to curved
layers. The deformation happens after the
laser has swept particular area and when the
heated particles start to cool down to the room
temperature. This deformation is especially
problematic with SLS printers, where the new
layer is swept above the previous layer. If the
piston moves downwards one layer thickness,
100μm, there cannot be much curving
upwards or the container will hit the printed
layer and sweep it away. In this study too
little attention was focused on heating. It can
be stated that the main observation and
outcome of this SLS project was that when
designing a SLS device, considerable efforts
has to be allocated to the design of the heating
system.
IR-heaters should be chosen so that printing
material is absorbent to their wavelength;
hence required temperatures can be achieved
with smaller power consumption. Heaters
should also be fast, meaning that they achieve
their maximum output in short time and that
their power output can be changed quickly.
This should make heating process faster and
more refined. In our case IR lamp bulbs were
chosen because they have short ramp up time,
they were easy to use and install for
prototyping purposes and they were
accessible. Since the material is absorbent for
wide range of IR wavelength, this wasn’t
considered as main constraint with heater
selection.

Fig. 3. Process block diagram
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value for lens's focal length, which made it
difficult to operate scanning in the right scale.

The heating requirements lead also to other
design challenges. When the temperature of
the device should be around 180°C, also the
structure, linear rails, electronics and other
mechanical parts has to be designed so that
they can withstand the heat without changing
their properties. The temperature is especially
difficult when considering moving parts like
linear rails, motors and ball screws where
proper lubrication is needed. Additionally, 3D
printers have long operating cycles, which
affects heat generation and wearing of the
components.
Powder is a challenging material in 3D
printers. Small grain size and good flowing
properties are highly valued in SLS materials,
but these properties also create design
problems. The insulation of the piston is
difficult to manufacture in a way that it keeps
powder inside in high temperatures without
leaking. Another problem was that the
container can easily start to plow powder in
front of it. Assumed reasons for plowing are
the fact that the container is never perfectly
aligned and that the powder bed is flexible.
The powder bed compresses under the
container and expands after the container has
swept over it. Because of the plowing the
powder piles up on the edges of containers
operating range. The solution to this problem
could be overflow bins, as presented in
EOSINT P700 LS commercial device [14].
The design task was greatly simplified by
using commercial laser and scanning head
system. The scanning head has built-in tools
and interface to change many properties, eg.
laser power, scanning speed and area filling
patterns. These functions are relatively
difficult to implement in a testing system with
reliable accuracy and this is why using
commercial solutions is highly recommended.
It was also possible to acquire extra
accessories to the system, like in this study a
new lens with a longer focal length. However,
when using commercial devices it is
extremely important to get familiar with all
the properties, functions and restrictions of
the device. For example in this study, the
scanning head had a hard coded maximum
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THE EFFECT OF FILTERS ON THE ACCURACY OF
STEREOLITHOGRAPHY
Syvänen, J.; Karlén, N.; Salminen, P.; Kivekäs, K.; Kiviluoma, P.; Kuosmanen, P. &
Partanen, J.

Abstract: Stereolithography is a 3D
printing technology in which photoreactive resin is cured one layer at a time
using a light source. The purpose of this
study was to examine the effects of filtering
of the exposuring light on the accuracy of
stereolithography. Filtering only allows a
certain bandwidth of wavelength to pass
through, thus reducing undesired printthrough errors caused by different
wavelengths penetrating the resin at
different depths.
In this study, a 3D SLA
(stereolithographic apparatus) printer was
developed using a DLP projector in order
to test different filters. Parts were printed
with and without a filter and with blue light
and the accuracy of their dimensions was
compared. The results do not consistently
show that accuracy is increased when
projecting a narrow range of wavelengths.
Filtering
could
be
beneficial
in
stereolithographic applications in which
there is a demand for a high degree of
accuracy but the manufacturing time of
parts is not critical.
Keywords: SLA, photopolymer, 3D
printing, wavelength, print-through, DLP

industrial product development as a
method of creating prototypes due to rapid
fabrication speed. [1] In recent years, the
capabilities of AM technologies have
significantly improved. As a result, they
are being increasingly employed for the
production of end-use products or their
parts, mainly for geometrically complex
products. [2]
Stereolithography is an additive
manufacturing process in which threedimensional parts are created by curing a
resin (liquid photopolymer) one layer at a
time on a platform. The layers are stacked
on top of one another by moving the
platform. [3] The basic operating principle
of a stereolithographic apparatus (SLA) is
presented in Figure 1. The process, which
takes advantage of photopolymerization,
was invented and patented in 1986 by
Charles W. Hull [4]. Polymerization is the
process of linking small molecules
(monomers)
into
larger
molecules
(polymers)
comprised
of
multiple
monomer units [5].

1. INTRODUCTION
Computer-aided design (CAD) models can
be fabricated directly using layer-based
additive manufacturing (AM) processes.
These processes create the models layer by
layer making it possible to fabricate
complex three-dimensional shapes that
would otherwise be challenging. AM
processes have been widely adopted in
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Fig. 1. Operating principle of an SLA
device [6]

In
stereolithography,
cross-sectional
patterns of the object are created at a
selected surface of a resin capable of
altering its physical state in response to
appropriate synergistic stimulation [4]. The
resin is usually cured with light rays of the
ultraviolet region or by a high power laser
[7]. Stereolithography has various uses
ranging from biomedical engineering
applications to producing architectural
scale models for design evaluation and
demonstration purposes [8] [9].
Projection
stereolithography
(PSLA) is a variation of the SL process. In
PSLA, a projector is used as the source of
light and the layers are formed on a
platform one at a time by projecting a
cross-sectional image of the model for that
particular layer. Layer thickness is usually
under 300 µm. [7]
The purpose of this study was to
build a small and portable PSLA device
and to test the effect of filters and color
adjustment on the accuracy of the device.
By default the projector produces white
light which contains various wavelengths.
The benefit of adjusting the output color
according to the requirements of the resin
is that the wavelength bandwidth output of
the projector becomes narrower. A filter
has the same effect. A narrower bandwidth
of light should reduce unwanted curing of
the resin as different wavelengths achieve
different curing thicknesses. Thus, these
print-through errors could be drastically
reduced by limiting the bandwidth of light
used to cure the resin, improving the
accuracy of the created parts.
2. METHODS
The PSLA was aimed to be as compact as
possible. The device was constructed with
a bottom-up configuration (Fig. 2), which
means that the light is projected from
below and up through the transparent vat
before radiating the resin. Two mirrors
were included in the device in order to
limit the size and to increase the length of
the path which the light travels from the
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projector to the bottom of the resin tank.
The light path length was 11.5 cm. The vat
was coated with a silicone elastomer in
order to prevent the cured layers from
sticking to the vat.

Fig. 2. Configuration of the device
The printing procedure is done in the
following manner: first a 3D CAD model is
brought in to a slicer software (Creation
Workshop). This software slices the 3D
model into layers and creates pictures, or
slides, for each layer. Prior to curing of the
first layer, resin is placed into the resin
tank and the platform is lowered to a
position where there is a gap between the
silicone layer and the platform. The gap is
equal to the set layer thickness, for
example 100 µm. As the platform is
lowered the resin is displaced leaving only
a resin layer that fills the gap between the
silicone layer and the platform. Next the
first slide is projected on the resin layer
which leads to curing of the first layer.
After a layer is cured, the platform is lifted
up in order to detach the cured layer from
the coated vat and to let new resin flow in
under the platform. Finally the platform is
again lowered to the position where the
appropriate gap between the previous layer
and the platform is again created. This
procedure is repeated until the complete

height of the model is reached with the
individual layers.
The projector used was a LEDbased digital light processing (DLP) pocket
projector with a native resolution of 640 x
480 Pixel (VGA) 4:3. DLP projectors
utilize a digital micromirror device (DMD)
that contains hundreds of thousands
microscopic mirrors arranged in a
rectangular array which correspond to the
pixels in the projected image [10]. The
output Peak Lumen of the projector was 50
Lumen. A band-pass filter was used to
selectively transmit a portion of the
projector spectrum in order to inspect the
effect of light filtering on print accuracy.
The filter had a center wavelength of 450
nm and a bandwidth of 10 nm. In addition
to filtering, tests were also done by
projecting blue light instead of white light.
The mirrors were commercial grade first
surface mirrors, coated with enhanced
aluminum. They had a minimum reflection
percentage of 90 % for wavelengths
between 400 and 650 nm. The resin was
Envision TEC® RCP30.
Spectrum
measurements
were
conducted with a spectrometer. Tests were
done with the following setups:
1. Projector, white light (R:255,
G:255, B:255)
2. Projector + filter
3. Projector, blue light (R:0, G:0,
B:255)
Layer thickness was set to 100 µm and the
minimum curing for each setup was found
through trial and error. Curing time was
increased until successful prints were
produced. For comparing the lateral
accuracy between the different setups, a
chessboard shape (Figure 3) was printed.
For comparing the vertical accuracy a part
with an overhanging roof (Figure 4) was
printed with each setup. The results were
visually inspected and compared with a
microscope.

Fig. 3. Chessboard shaped test part

Fig. 4. Test part with overhanging roof
A summary of the test areas, their research
questions and the methods and tools used
can be seen in Table 1.
Test area

Research questions

Methods/tools

Curing time

What is the suitable
radiation time for
certain thicknesses?

Trial and
error/PSLA device

Projector

Emitted wavelengths

Filter

Transmitted
wavelengths

Accuracy

Which setup
produces parts that
represent the slide
shapes best?

Spectrum
measurement/
spectrometer
Spectrum
measurement/
spectrometer
Visual inspection/
microscope

Table 1. Test areas
3. RESULTS
The
results
of
the
spectrometer
measurements can be seen in Figures 5-7.
Figure 5 shows the results for the projector
when white light was projected. Figure 6
displays the results for the transmitted
wavelengths when the filter was used.
Figure 7 contains the results for the
projector when blue light was projected.

Fig. 5. Spectrometer results, white light.
Peak 453 nm
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Fig. 9. Part created with white light on the
left, with blue light on the right
Fig. 6. Spectrometer results, with filter.
Peak 450 nm

Fig. 7. Spectrometer results, blue light.
Peak 453 nm
Attempts to cure the resin using the filter
failed. Curing times up to 180 seconds
were tried, but only very small amounts of
the resin was cured. Therefore no printed
parts were produced with the filter
attached. The minimum curing time when
projecting white light was 45 seconds.
When blue light was projected the
minimum curing time for producing
successful parts was 90 seconds.
Figure 8 shows how the chessboard
shape should have been printed, the width
and height was 10 mm x 10 mm and the
thickness was 1 mm. In Figure 9, the
printed chessboard shaped parts can be
seen.

The chessboards looked fairly similar but
the print produced with blue light does
have sharper edges than the print produced
with white light. This can be seen when
looking at the two squares pointed at in
Figure 8. These squares are slightly bigger
in the part produced by blue light, which
indicates that unwanted curing occurred
more with the white light.
Figure 10 shows the part with
overhanging roof printed with white light
(upper part) and blue light (lower part).
The height of the parts was 3.0 mm and the
sides were 9.5 mm x 9.5 mm. With this
part, more unwanted curing can be seen in
the part printed with blue light. In the part
produced with white light, the layers are
more visible. These results might indicate
that the curing time was slightly too low
for the upper part and slightly too high for
the lower part.

Fig. 10. Test part with overhanging roof.
Upper part printed with white light, lower
part printed with blue light
4. DISCUSSION
As the images show, there is not much
perceivable difference between the parts
created using white light compared to those
created using blue light. The printed

Fig. 8. Chessboard slide
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rectangular shapes of the chessboard
patterns appear to be larger than intended
and their edges are rounder than in the
CAD model when cured with either white
or blue light. These errors are, however,
less pronounced on the part that was
created using blue light. Even so, the
inaccuracies are still clearly visible. This
could be at least partly due to cross-talk
effect which causes polymers near the light
to also get cured [7]. Another explanation
for why the part cured with white light is
less accurate could be chromatic aberration
which causes different wavelengths to
reflect in slightly different angles from the
mirrors used in the PSLA device [11].
Another difference between the
usage of the two different colors of light in
the printed parts is that the layers are more
difficult to separate from each other in the
overhanging part that was created using
blue light than they are in the part created
with white light (Fig. 11). The layers of the
part created with white light have
consistent protruding sections which could
be indicative of print-through errors. They
are not visible in the part that was cured
with blue light as the layers of that part
appear smoother and more consistent. It is
possible, however, that the curing time was
not high enough for white light. This
would also explain why there is more
unwanted cured mass visible on the
overhanging roof of the part that was cured
with blue light despite the layers being
seemingly smoother.
White light proved to cure the
layers faster, which was expected. This is
due to the higher luminous flux. When
limiting the wavelength bandwidth to the
spectrum of blue light the luminous flux is
also limited. Blue light required
approximately 50% higher curing times per
layer than white light. As mentioned
earlier, applying the filter caused the curing
to become very slow. Curing times were
increased up to threefold for the filter in
comparison to white light but even that was
not enough. It appears that the filter
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reduces the luminous flux far more than
simply changing the output color does.
The results have proven moderately
inconclusive. This is a consequence of the
inaccuracy of the created PSLA device.
The device uses two mirrors to guide the
light into the tank which can cause the
image to get distorted unless the mirrors
are lined up accurately. The mirrors were
also not attached strongly enough to the
base of the device, which may have
allowed them to move slightly while the
parts were being printed. The platform
mechanism of the device also proved to be
a source of inaccuracy as it was not strong
enough and easily changed its orientation
as its edges got stuck in the silicone of the
tank when creating the first few layers of a
part. These issues demonstrate that in order
to have a great degree of accuracy when
creating parts with a PSLA device, the
device itself must also be constructed with
great precision and of strong materials. The
3D-printed parts used in the construction of
the device proved to be too weak and
inaccurate. The next logical step of this
research would be to build a more rigid
device and to conduct more tests in order
to obtain more reliable results.
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CALCULATION OF PLATE PLANE MOTION PARAMETERS
USING INERTIAL MEASUREMENT SYSTEM
Zhigailov, S.; Verchenko, A.; Musalimov, V.; Aryassov, G.
Abstract: This article is a logical
continuation of the work [1], which deals
with aspects of simulating the movement of
the pelvis person in the vertical plane
prototype design. More detailed attention
has the measurement system used to obtain
experimental data. The main elements of
the proposed inertial measuring system are
two accelerometers with gyroscopes and
controller. An algorithm for processing the
experimental data to calculate the
parameters of motion of the plate
simulating the pelvis is introduced in this
article too. As a result the comparison of
the found parameters of plate plane motion
is done. Also the overall effectiveness of
the proposed method of processing the
experimental signals is evaluated.
Key words: pelvic motion, IMU, signal
processing, data filtering.
1. INTRODUCTION
In recent years for successful treatment
diseases of musculoskeletal system (MSS)
there have been many modifications of
medical rehabilitation facilities and
trainers, some of them have proved
successful in practice. The most successful
models of such systems make it possible to
provide feedback to the patient, as well as
take into account individual physiological
and anthropometric characteristics of a
particular patient in the preparation of the
course of restoration programs [3].
However, talking about the possibility of
using these trainers at each facility is
inappropriate. It's primarily because of
their high cost.
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One of the main ways to reduce the high
cost of medical rehabilitation systems is
using of lower-cost measurement tools inertial sensors (accelerometers primarily)
for the study of personal human
movements [2]. Nowadays there is no
single model and complete description of
human MSS using inertial sensors. It
means that this area of biomechanics
requires further study. The main task of
this work is to show one of the ways how
to process inertial sensors signals
describing pelvis prototype motion and
evaluate obtained results.
2. UNFILTERED DATA AND DIRECT
INTEGRATION
After the design, assembly and test of a
prototype, there were made experimental
measurements of plane motion of the plate
simulating the pelvis.
As a result, for the experiments 3 different
angle of rotation of the support bearing, 3
combinations of load plate, simulating the
pelvis and 3 modes of duration of discrete
steps were selected. So, the total number of
held experiments is 27 (3 angles x 3 loads
x 3 durations of steps).
Figure 1 shows the data obtained with one
of accelerometers for one of experiments.

Fig.
1.
Unprocessed
accelerometers.

data

from

After the initial data was obtained, it was
attempted to integrate the acceleration and
angular velocities data along the axes Y
and Z two times to get displacements along
axes named axes.
As we can see in Figure 2 (axis Z, different
colors mean different accelerometers),
direct integration of unfiltered data can`t be
used to get sufficient displacements.

Fig. 2. Displacement along axis Z obtained
from unfiltered data.

Fig. 3. Acceleration without Gravity Force.
In order to make the acceleration
corresponding to planned work of
prototype, it was decided to align the
acceleration along the horizontal axis. To
do this, all the elements of acceleration
arrays were summed and the overall rate of
displacement shifted from the horizontal
axis was obtained. Then, the overall rate
was divided on the number of
measurements (elements of acceleration
array) and the resulting quotient of the
division is subtracted from all elements of
the array. As a result, after the filtering
operations were held, we got data shown in
Figure 4.

The main conclusions can be made from
the visual analysis of experimental results:
1) The initial results obtained by Y axis are
cyclical. It is possible to distinguish the
individual steps of them.
2) There are too big noises on plots, which
obliges us to filter obtained signals.
3) Some additional operations for signal
processing for accelerometers data are
necessary.
3.
EXPERIMENTAL
PROCESSING

DATA

After the elimination of noise with lowfrequency Butterworth filter, we got the
following graphics accelerations for axes Y
and Z in time (Figure 3).
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Fig. 4. Acceleration with Gravity Force.
After compilation and testing of various
kinds of filters, the choice fell on the lowpass filter Butterworth, created in the DSP
System Toolbox.

Butterworth filter designed so that its
amplitude-frequency characteristic was as
smooth as possible on the frequency
bandwidth. At frequency suppression band,
the frequency response in Butterworth
filter reduces to zero.
As for frequency characteristics, the low
pass filter we use for processing signals,
passes the frequency spectrum efficiently
below the cutoff frequency and suppresses
signal frequencies above cutoff frequency.
This option allows us to get rid of the noise
appearing when we use instant discrete
accelerations
recorded
by
the
accelerometer.
The order of the filter is equal to two,
infinite impulse response.
After accelerations were aligned on an
axis, it was necessary to calculate how
good mechanical prototype has been
assemblied and tested.
Since discrete accelerations were obtained
it was difficult to evaluate accelerometers
data. So it made sense to evaluate the
curves of filtered data. Furthermore, as a
comparative standard, was obtained
additional middle curve whose coordinates
received from adding the filtered first and
second signals for the corresponding sensor
axis for each mode. The result is shown in
Figure 5.

the second accelerometer, the red solid line
- the average curve of the filtered
accelerations, yellow color - area referring
to
the
difference
between
the
measurements of the first and second
accelerometers.
Since data of accelerations for both sensors
should be identical, there are defects in the
design and assembly of the prototype.
What are some of these defects:
-Possible errors in the installation
accelerometer on the plate,
-Incomplete relevant parts of the
mechanical design of the prototype,
-Gaps in the joints,
-Incomplete fixation of plate in vertical
plane. Full fixation of plate in vertical
plane with bearings is not possible due to
the occurrence of friction forces between
the plate and bearings.
Analyzing it can be noticed that the biggest
difference between the filtered acceleration
sensors and the curve of averaged filtered
acceleration is in those places where the
angle between the filtered data and the
horizontal axis (absolute zero) is the least.
For greater consistency and to reduce the
amount of data to be processed we
continue to process signals only for the
curve of average values of the filtered
acceleration.
After the average curve of the filtered
accelerations was found, the values of
gravitational constant g were subtracted of
it (Figure 6).

Fig. 5. Comparison of filtered data of both
accelerometers with average acceleration.
Blue dotted line marks filtered acceleration
curve for the first accelerometer, black
solid line - filtered acceleration curve of
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Fig. 6. Averaged acceleration without
gravity forces.

Red color on the graph represents the
original signal, black color means the
signal after passing through the filter.
It is worth noting that coefficient of gravity
would be impossible to find with only
accelerometers. It is necessary to combine
the accelerometers and gyroscopes for
matching
measured
angles
with
accelerations to determine the tilt of the
plate and see how gravity coefficient is
distributed along the axes Y (horizontal
axis) and Z (vertical axis). At a strainght
plate position when the rails are on the
same level the gravitational component
affects only the axis Z. The figure 7 shows
distribution of gravity forces depending on
the time and position of the plate by axes Y
and Z.

To compensate drifts in the corners
complementary filter is used. It plays a role
of a compromise between the data
collected from the accelerometer and
gyroscope. The fact is that the
accelerometer is under the influence of
external forces that do not affect the
gyroscope. Oppositely the gyro drift has no
influence
to
accelerometer.
Complementary filter eliminates the drift
angle of up to 10 degrees as we can see
from Figure 8.
Next we find the linear velocities by axes
Y and Z (Figure 9).
The integration process used in the signal
processing is always the same in essence.
For example, if we want to integrate the
acceleration to find a linear velocity, we
use the expression:
𝑉(𝑖 + 1) = 𝐴(𝑖) ∗ (𝑇(𝑖 + 1) − 𝑇(𝑖))

(1)

where 𝑉 – value of linear velocity , 𝐴 –
value of acceleration, 𝑇 – time, 𝑖 – number
of elements in matrixes of accelerations,
velocities, displacements of time.

Fig. 7. Gravity Force by Y and Z axes.
The angular velocity obtained from
gyroscopes is represented in Figure 8.

Fig. 9. Obtained linear velocity from
filtered average acceleration curve
After we have found values of linear
velocities, we integrate velocities to get
real displacements by axes Y and Z (Figure
10).

Fig. 8. Angular velocity and angles
obtained from gyroscopes
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Fig. 10. Measured displacements by axes Y
and Z.
In addition to the plots of the plate
movements in the measured points by axes
Y and Z, some interest has movement in
vertical plane (Figure 11).

a1w2s3
0,016897 0,239517
a1w3s1
0,018125 0,303382
a1w3s2
0,016271 0,272152
a1w3s3
0,015088 0,272789
a2w1s1
0,019467 0,269273
a2w1s2
0,017848 0,232846
a2w1s3
0,017139 0,262471
a2w2s1
0,016673 0,239904
a2w2s2
0,017796 0,255086
a2w2s3
0,020343 0,268898
a2w3s1
0,020731 0,325544
a2w3s2
0,019718 0,267148
a2w3s3
0,020979 0,266753
a3w1s1
0,020191 0,273343
a3w1s2
0,018971 0,280425
a3w1s3
0,019566 0,284237
a3w2s1
0,02154 0,293620
a3w2s2
0,023211 0,287130
a3w2s3
0,021504 0,299449
a3w3s1
0,020242 0,310109
a3w3s2
0,021004 0,290831
a3w3s3
0,021305 0,294809
Table 1. Displacements by Y and Z axes
Letter “a” means the angle value, ranging
from 4,8 to 8°, letter “w” – the value of
loads from 0,926 to 1,686 kg and letter “s”
means duration of each step for stepper
motors from 21 to 35 ms.

Fig. 11. Displacements of measured data in
vertical plane
As we can see, the graph of movements
looks pretty closely-grouped. The only
loop standing out from the accuracy
appears when we launch the prototype to
make the first experiment.
Then we make the same operations for all
27 experiments and get displacements
shown in Table 1.
Experiment
a1w1s1
a1w1s2
a1w1s3
a1w2s1
a1w2s2

Axis Y
0,016970
0,016627
0,015646
0,016136
0,016858

4.
EXPERIMENTAL
EVALUATION

There are many different ways for statistic
evaluations of experimental results. Let we
use in this work Dixon`s Q-test, helping us
to find possible outliers. The main idea of
such Dixon`s Q-test is finding relations
between gap and range, as well as:
𝑥 −𝑥

𝑄 = 𝑥 2 −𝑥1

(2)

𝑥1 ≤ 𝑥2 … ≤ 𝑥𝑛−1 ≤ 𝑥𝑛

(3)

𝑛

Axis Z
0,260571
0,254571
0,230385
0,273472
0,254695

RESULTS

1

The numbers 𝑥1 … 𝑥𝑛 are ordered from
smallest to largest, so that
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After calculation of coefficient Q, this
coefficient needs to compare with
theoretical coefficient given in [4]. If Q is
larger
than
theoretical
coefficient,
experimental value is not outlier, if not –
experimental value is outlier.
Analyzing visually displacements got in
Table 1, the best way is to divide all 27
experiments on 3 parts: experiments 1-9
(angle 1), experiments 10-18 (angle 2),
experiments 19-27 (angle 3).
As confidence level we choose 95%.
Experiment
a1w1s1
a1w1s2
a1w1s3
a1w2s1
a1w2s2
a1w2s3
a1w3s1
a1w3s2
a1w3s3
a2w1s1
a2w1s2
a2w1s3
a2w2s1
a2w2s2
a2w2s3
a2w3s1
a2w3s2
a2w3s3
a3w1s1
a3w1s2
a3w1s3
a3w2s1
a3w2s2
a3w2s3
a3w3s1
a3w3s2
a3w3s3

Axis Y
0,017
0,017
0,016
0,016
0,017
0,017
0,018
0,016
0,015
0,019
0,018
0,017
0,017
0,018
0,020
0,021
0,020
0,021
0,020
0,019
0,020
0,022
0,023
0,022
0,020
0,021
0,021

Z-scores (Y)
0,53
0,13
-1,00
-0,43
0,40
0,44
1,85
-0,28
-1,64
0,31
-0,69
-1,13
-1,41
-0,72
0,85
1,09
0,46
1,24
-0,51
-1,48
-1,01
0,56
1,88
0,53
-0,47
0,13
0,37

Axis Z
0,261
0,255
0,230
0,273
0,255
0,240
0,303
0,272
0,273
0,269
0,233
0,262
0,240
0,255
0,269
0,326
0,267
0,267
0,273
0,280
0,284
0,294
0,287
0,299
0,310
0,291
0,295

Z-scores (Z)
-0,52
-0,77
-1,80
0,03
-0,77
-1,41
1,30
-0,02
0,00
-0,15
-1,70
-0,44
-1,40
-0,75
-0,16
2,25
-0,24
-0,25
0,03
0,33
0,49
0,89
0,61
1,14
1,59
0,77
0,94

Table 2. Results of Dixon`s Q-test for axes
Y and Z.
As result, we can see that the only
coefficient Q for experiment a2w3s1
exceed possible limits. The most reason of
this is strong vibrations on springs of
experimental prototype appeared during
this mode of experiment.
All remain result are tending to be normal.
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5. CONCLUSION
Two ways of finding displacements of
pelvis prototype during motion were
analyzed. Direct integration did not have
good results, so the need to use filters
appeared. Low-pass filter was used to
avoid noises. Moreover it allowed to obtain
averaged accelerations from accelerometer
and angular velocities from gyroscopes. To
compensate floating angle complimentary
filter was used. Finally, integrated
displacements correspond to distances in
real experiments.
As statistical basis for experiment result
evaluation Dixon`s Q-test was chosen. One
outlier was found.
To sum up, processed data corresponds
with real motion of plate and can be used
as the way for processing of inertial
measurement units (ex. Accelerometers)
signals.
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USE OF EXCELLENCE MODELS AS A TOOL FOR BENCHLEARNING AND
KNOWLEDGE MANAGEMENT
Tammaru, T. & Kiitam, A.

Abstract: In this paper some issues of
using Excellence models as an efficient and
innovative knowledge management and
benchlearning tool, also an integrated
approach to total quality management
(TQM), knowledge management and
benchmarking are discussed. The potential
synergy resulting from the diversity of
knowledge and experience of crossfunctional self-assessment teams as well as
external assessors of recognition schemes
is outlined. Some results and conclusions
based on the experience of recognition
schemes in Estonia during past decades
are presented. Need for supporting
infrastructure for the promotion of
performance excellence thinking and
application, benchmarking and sharing
best practices as well as alignment of
different schemes is discussed.
Key words: Excellence models, total
quality
management,
benchmarking,
benchlearning, knowledge management,
self-assessment, recognition schemes
1. INTRODUCTION
Excellence models (EM) as management
frameworks have been known and in use
for a few decades. There have been several
attempts to analyse the possible positive
impact on organizational and financial
performance with somehow contradictory
results, depending on the research scope,
focus and methodology [1]. Although
benchmarking and knowledge management
(KM) are intrinsic ideas embedded in EMs,
there has been very limited research in the
potential benefits of using the assessment
processes based on the EMs as a tool for
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benchlearning and KM purposes. Firms,
which are able to acquire and disseminate
new knowledge and transform it quickly
into processes, products and services, have
a competitive advantage. It is discussed
further whether and how EMs could be
suitable instruments for gaining this goal.
2. ORIGINS AND LINKAGES
2.1 Total Quality Management (TQM)
and Benchmarking
TQM and benchmarking concepts emerged
and developed as approaches to continuous
improvement (CI) in the 1980ies, gaining
popularity in relation to the establishment
of Malcolm Baldrige National Quality
Award in the US [2]. The word benchmark
originally means measurement against a
reference point. In CI it is a ‘best-in-class’
achievement, which becomes a reference
point against which similar results or
process performance are measured.
Benchmarking (BM) is a process of
measuring and analysis that compares
internal practices and processes with other
organizations. The purpose is to identify
best practices, which can be adapted and
adopted and as a result increase business
performance. Although BM has become a
popular management tools and is not only
related to TQM anymore, there is often
limited understanding and application of
BM, using it as a measurement instrument
and neglecting the improvement aspect.
This is the reason why sometimes
benchlearning (BL) is being used instead,
to
emphasize
the
learning
and
improvement aspects. The term was
already introduced in the early 2000ies [3].

TQM has been a well-known management
concept for more than 30 years, but there is
still a lot of ambiguity around it. There are
different approaches, defining the main
principles and/or critical success factors of
TQM. One of the reasons behind the
fuzziness and difficulties of implementing
is that TQM is a culture change program,
requiring transformation in organizational
value system [4].
2.2 Knowledge Management
Knowledge management (KM) became a
discipline later, in the 1990ies and has been
gaining more popularity in this century [5].
The theory of organizational knowledge
creation proposes that new knowledge is
created through processes of conversion
between tacit and explicit knowledge:
socialization, externalization, combination,
and internalization [6]. KM aims at creating
sustainable competitive advantages by
means of continuous organizational
learning through internal formalization of
diverse types of knowledge [7].
2.3 Links between TQM, BM and KM
There is no common understanding about
the nature of relationship between TQM
and KM. Some authors look at KM and
TQM as completely different paradigms
and independent systems of management
practice [8], there are others claiming that
KM is about to replace TQM as a quality
management tool [9].
The majority of authors treat quality and
knowledge management as close concepts
that can be organically integrated [11-14].
Both have also Japanese origin – widespread quality circles were part of broader
knowledge acquisition programs.
In 1997 EFQM and APQC carried out the
first BM study project to search for good
practice in KM, which was defined as ‘all
the necessary activities to orchestrate an
environment in which people are invited
and facilitated to apply, develop, share,
combine
and
consolidate
relevant
knowledge in order to achieve their
individual and collective needs.’ [15]. The
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ultimate goal of KM was defined as to
improve an organisation’s effectiveness
by three core-learning processes:
• Learning from success and failures, on
individual, team or company level;
• Learning from each other, both from
co-located colleagues as well as
colleagues at further distance (geographical as well as disciplinary-wise);
• Learning from ‘outside-in’, from
partners, suppliers, customers and even
competitors.
TQM, benchlearning and KM are closely
related as they are based on common idea
of organizational development. Learning
involves accumulating of knowledge and
it helps organizations to create new
dynamic knowledge-related capabilities.
3. KM AND BENCHLEARNING AS
AN INTRINSIC PART OF EM
Excellence models (EM) have been created
to offer operational frameworks for TQM
implementation as an integrated and
holistic management tool. There are
several variations of business excellence
models (BEM) identified in the world, the
basic three models being Deming Prize,
Baldrige
Performance
Excellence
Framework and EFQM EM [16].
Besides defining a set of core values or
fundamental concepts they provide
structured criteria frameworks and
measurement instruments to enable scoring
and benchmarking during assessment.
BEMs can also be seen as frameworks
within which KM principles can be
adopted as good management practices.
Baldrige Model [17], EFQM EM 2013 [18]
and CAF 2013 [19] are used as reference
models in this article. The latter is an
adaptation of the EFQM EM developed for
introducing TQM and self-assessment in
European public sector organizations.
Baldrige model has a separate category
dedicated to KM – Category 4
Measurement, Analysis and Knowledge
Management. In EFQM and CAF models
there is no specific criteria for KM, but the

topic has been embedded in different
subcriteria of all enablers (criteria 1-5).
Learning, creativity and innovation in the
EFQM EM and Innovation and learning in
CAF are the principles that are taken into
account in all criteria, both enablers and
results (criteria 6-9) when applying the
dynamic RADAR (Results, Approach,
Assess and Refine) in EFQM and PDCA
(Plan, Do, Check, Act) assessment
frameworks.
The following interrelated concepts have
been defined in the three BEMs –
knowledge (EFQM), KM and knowledge
transfer (Baldrige), benchmarks and BM
(Baldrige, EFQM, CAF), good/best
practice (EFQM, CAF), learning (Baldrige,
CAF), organizational learning (Baldrige,
CAF), learning networks (EFQM) and
benchlearning (CAF). In CAF the learning
aspect of becnchmarking is emphasized by
’bench learning’ - how to improve through
sharing knowledge, information, and
sometimes resources, as an effective way
of introducing organizational change,
reducing risks, increasing efficiency and
saving time.
4. OPPORTUNTITIES FOR
LEARNING AND KNOWLEDGE
TRANSFER USING ASSESSMENTS
There are multiple ways how an
organization can benefit from using BEMs.
They
are
powerful
future-oriented
diagnostic tools, that can be used both
internally (self-assessment - SA) and
externally (recognition schemes, award
processes). Combination of both gives the
best results, providing valuable insights
from different angles, helping to prioritize
and focus improvement efforts.
The RADAR is a tool used to score
organisations applying for the EFQM
Excellence Award and most national
awards in Europe [18]. It can be also used
for SA and enabling internal and external
benchmarking. SA is a comprehensive,
systematic and regular assessment of
organizational results against the criteria
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and fundamental concepts of a BEM,
enabling to identify strengths and
areas/opportunities for improvement. It is a
process of organizational self-reflection.
SA is a knowledge-generating and
knowledge transmission process that
ideally involves all the people in the
organization through forming SA and
improvement teams [20]. By discussions and
consensus processes information becomes
knowledge, which is transformed into
improvements and innovations; the
organization learns and improves its
performance and capabilities. SA is also
the first step and preliminary condition for
external benchmarking with competitors.
While SA tools as well as external
assessment methodologies have been quite
thoroughly developed over the decades,
relatively little attention has been given to
the potential of using the knowledge and
learning experience of assessor/examiner/
auditor team members in a more
comprehensive way for organizational
learning and KM purposes [21-22].
Knowledge creation cannot be separated
from the context in which it is created.
New tacit knowledge is socially
constructed through the interactions
amongst individuals or between individuals
and their groups, rather than by an
individual operating in isolation [23].
5. ROLE OF RECOGNITION
SCHEMES
Different award and recognition schemes
have been established around the world in
parallel with the development of EMs to
motivate organizations to use modern
methods to improve management quality
and raise overall quality awareness. Wellperforming organizations are recognized,
taking into account their specific features,
eg size, sector, maturity level of
management quality etc. [24].
Main benefits of recognition are increased
reliability and improved image of
organizations, enabling benchmarking,
identification and sharing knowledge and

best practices, encouraging learning
(benchlearning). Long-term effect of such
activities is better competitiveness of
products and services, organizations and
the society as a whole [25].
5. CASE OF ESTONIA
Recommendations for establishing a
national quality award in Estonia as a
quality promotion and awareness tool and
means for raising competitiveness was
made by experts in the document Quality
Policy of Estonia already in 1996 [26]. The
Estonian Quality Award was established in
2000, followed by the development of a
series of sectorial recognition schemes and
model adaptations (mostly in educational,
also in tourism and public sector). Most of
the initiatives were project based and
partially or fully supported by ESF
funding. A Strategy of Management
Quality 2005-2008 was established by the
Ministry of Economic Affairs, which was
implemented mostly by Enterprise Estonia,
using the expertise of Estonian Association
for Quality (EAQ). Promotion of BEMs
and development of recognition schemes
was part of the strategy. As a result quite a
remarkable a few hundred organizations
and individuals attended different trainings
(SA and external assessment), participated
in SA and external assessment teams,
acquiring practical knowledge and learning
experience in the use of BEMs [27].
Based on the individuals’ feedback from
these projects during 2000-2012 the main
value was found in profound learning
experience, acquiring practical skills in
using a systematic assessment tool (mostly
RADAR-based), participating in crossfunctional and cross-sectorial teamwork
and opportunity to look at organizations
(both their own and others) from a different
perspective.
On organizational level the main value of
participating in these programs was
discovering a systematic diagnostic tool for
organizational development and valueadded feedback about improvement
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opportunities,
also
possibility
to
benchmark their maturity level of
management quality.
As the project funding from ESF resources
stopped, most of the projects also were
finished (with the exception of Tallinn
Quality Award for Educational Institutions,
which is funded by the City Government).
Although positive impact on business
performance was identified among
participating organizations during this
period, it was too short time and limited
number of organizations that were involved
in these initiatives to have a bigger impact
in society and economy [28].
A relatively low awareness about modern
management techniques has been identified
by different studies [28-30]. According to
some studies the awareness about TQM is
rather high [30] and the need for some TQM
elements
(customer
focus,
people
involvement etal) is relatively well
recognized, at the same time the awareness
and level of implementation of TQM tools
and BEMs is marginal [28,29].
Although the target groups of 2005 [28] (all
sectors and sizes were represented, 540
respondents) and 2015 [29] studies where
not the same (there were no public sector
organizations in 2015, only companies that
were older than 5 years, 111 respondents),
some comparisons may still be made. In
2005 29% of respondents were not aware
about BEMs; 51% were aware, but did not
intend to use; 15% intended to use; 2% had
started using and 3% were using. A major
difference based on the size of
organizations was identified in favor of
larger organizations.
In 2015 58% of respondents were not
aware of any BEMs; 30% do not intend to
use BEMs, 3% were users. At the same
time 60% of respondents expressed need to
compare their current state with ideal,
assessing the maturity level of different
areas in realtions to full potential. 18% of
respondents were not interested on this
kind of approach and they are not aware of
it.

4. CONCLUSION
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IMPLEMENTATION OF A TORSION TESTING DEVICE FOR 3DPRINTED PLASTIC TUBES
Vainikka, O.; Halinen, J.; Pajula, M.; Sarhaluoma, A.; Kiviluoma, P. &
Kuosmanen, P.

Abstract: Usage and popularity of 3dprinted parts is increasing but printed
parts usually have different qualities
compared to plastic parts made with
traditional methods.
This article describes the development and
construction of a device for torsion testing
of 3d-printed hollow plastic tubes. The
device should measure the torque and
twisting angle of the test specimen until it
breaks. Strength values of ABS plastic tube
with outer diameter of maximum 30 mm
and wall thickness of maximum 5 mm were
used.
A mechanically simple and robust testing
device using incremental encoder and
strain gages for measurement, was
constructed. The device is calibrated to
measure torque from 0 to 150 Nm while
twisting angle can be infinite. The device
uses four-jaw chucks for mounting the test
specimen, which proved not to be an
optimal mounting method for cylindrical
items due to slippage.
Key words: shear strength, torque
measuring, plastic tube, ABS plastic,
cylindrical 3D-printing.
1. INTRODUCTION
The purpose of this study is to build a
torsion testing device which can measure
torque in function of twisting angle. The
final use of the device will be the testing of
the shear strength of plastic tubes 3D
printed with a new cylindrical printing
method. [1] Assumption is that cylindrical
3D-printing improves the shear strength
behavior of the tube. The requirements for
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the geometry and forces of the device are
defined so, that a tube made of ABS plastic
which has an outer diameter of 30 mm, can
be twisted until it breaks. Inner diameter of
the 30 mm tube is defined to be no less
than 20 mm so the thickness of the wall
will be maximum 5 mm.
Testing speed of the device should be so
slow that it will not interfere normal
behavior of the material [2, 3, 4]. In this case
maximum testing speed will be 0.22 rpm.
Due to slow testing speed and fairly high
torque required, high gear ratio is needed
in power transmission. Device is built so
that only shear stress is applied to the test
specimen, meaning that the specimen is
able to move without restrictions in axial
direction. The fixing method of the
specimen is designed so that the specimen
should not slip during the test procedure.
The fixing should be done so that the
specimen measured is not damaged during
the fixing process.
The torque-twist response of 3D-printed
tubes is very important for determining the
quality of the printed test specimen and
also in testing the quality of the new
cylindrical printing method. This device
enables comparing the qualifications
between traditionally manufactured tubes
and 3D-printed tubes.
Torque produces shear stress into the
material. Every material has specific
amount of stress they can tolerate before
breaking. Shear stress is used in measuring
because 3D-printed objects usually cannot
tolerate twisting. [5]
There are torsion testing devices on the
markets, but they are mainly designed for

thin metallic materials and very expensive.
They are usually made for testing solid
specimens and do not cope well with
hollow specimens such as tubes. The
problem is that tubes tend to collapse under
tension. Therefore fixing needs special
attention so that only torque affects the
specimens. [2]
2. METHODS
Several motors and drive systems were
considered based on the required torque
and specimen geometry. A single phase
induction AC motor having an integral
gear reduction was selected based on
performance, size and cost. Because of the
single phase supply voltage the motor was
easy to get functional just plugging it to the
wall socket. Nominal speed of the motor is
1200 rpm and with the integral gear box it
is reduced to 7 rpm developing output
torque of 7,8 Nm.
A second gearbox was selected to reduce
the speed even more and increase
developed torque. Based on initial test
specimen geometry it was estimated that
approximately 150 Nm of torque would be
needed to overcome test specimens
ultimate shear strength of 147 Nm. A
worm gearbox with gear ratio of 30:1 was
selected to provide sufficient nominal
torque and high enough maximum output
torque.
The torque developed by the machine was
transferred to the specimen using selfcentering four-jaw spindle chucks with
outer diameter of 80 mm. Aluminum plugs
were machined to eliminate a possible
yielding of the plastic tubes while
compressing with the chucks.
The torsion testing device was designed to
test 3D-printed plastic tubes made from
ABS. The shear strength of the tube can be
calculated by using von Mises equation. [5]
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While twisting, the length of specimen will
decrease and this would cause unwanted
tension to the specimen. The frame of the
device was implemented so that the only
stress that loads the specimen during
measurement, is the stress from the torque.
This was done by using linear slide in the
other end of the test specimen. Since the
device is designed so that the axial stresses
are prevented, the von Mises equation can
now be written as [5]
𝜏=

𝜎𝑦

√3

(1)

Where 𝜏 is the shearing stress and 𝜎𝑦 is the
tensile strenght of the material.
The tensile strength of the ABS plastic is
approximately 50 MPa [6]. The torque
needed from the device can be calculated
by using equation 2 [5]
𝑇=

𝜏𝐼𝑝
𝑟

(2)

Where T is the needed torque, I p is the
torsion constant and r is the radius of the
tube. Equation 2 gives torque that is
needed to break tube made from ABS
plastic. By assuming that the printed tube
will not be able to take as much load as
traditional ABS tube, a low safety factor
can be used. In this experiment safety
factor of 1,3 was used and therefore the
torque needed from the apparatus is
approximately 150 Nm. [5]The schematic
of the device is shown in Figure 1. The
device consists of AC-motor, two gears,
two fixing chucks and a linear slide. The
AC-motor produces the needed movement
and torque which are modified with the
two gears to match requirements. The test
specimen is attached to the chucks and the
linear slide is used to prevent the axial
stresses.

Fig. 1. The Schematic of the device.
The torque was measured with a custom
made load cell and the actual measurement
was done by using strain gages. Strain
gages were attached to the neutral axis of
load cell so that the bending stress is
compensated. The gages were also aligned
with main stress components. The
measurement was conducted by using full
Wheatstone bridge connection. In order to
get precise results from the strain gages the
dimensions of the load cell were designed
so that relative strain in the load cell was
between 0,0005 and 0,001. The relative
strain applied to the load cell can be
calculated by using equation 3. [5, 7, 8]
𝑇𝑇

𝜀 = 2𝐺𝐼

𝑝

(3)

Where G is the Young’s modulus. The load
cell was attached between the linear slide
and the fixing chuck as shown in Figure 1.
The calibration of the load cell was
conducted by using calibration circuit that
was built in to the amplifier. The output
signal was adjusted to zero when no load
was applied to the device. After zero
regulation the calibration equivalent load
was applied and the output voltage was set
with reference to the calibration equivalent
load.The angle of twist was measured with
an incremental encoder. The incremental
encoder was placed on the rotating axle.
The principal of the measurement system is
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shown in Figure 2. For data acquisition
USB-powered data acquisition box was
used. It can power the incremental encoder
and the amplifier of the strain gage. The
resolution of the encoder was 2000 pulses
per revolution. The incremental encoder
was connected to the digital input of the
data acquisition. The measured data was
analyzed by using LabView software.The
temperature of the test specimen cannot
change too much during the measurement,
because properties of the ABS vary a lot
depending on the temperature. The
temperature changes of the test specimen
can be prevented by using very low angular
velocity during the measurement. As result
the device will plot the torque as the
function of the angle of twist. [1]
3. RESULTS
The accuracy of the device was determined
by using 50 cm bar attached to the chuck
that is attached to the load cell and
calibration weights that were attached to
the end of the bar. Due to installation of the
chuck jaws and a square shaped fixing part
of the calibration bar, the bar was not
horizontal in the measurements. Due to that
the angle of the bar was measured before
each measurement with angle rule and a
water level. Calibration arrangement is
shown in Figure 3.

Fig. 2. The principle of the measurement system.

Fig. 3. Calibration arrangement.
Torque caused by calibration weight
(G=mg) was calculated with formula 4:
M=mgcos(α)Lx

Calibration weights, measured angles and
calculated and measured torques are shown
in the table 1. Difference in measured
torque and calculated torque is shown
Figure 4.
As a result of previous measurement, the
measuring accuracy of the device between
0 and 90 Nm can be determined.
Average error between measured and
calculated value was 1,3 % and largest
individual error was 2,7 %.

(4)

Torque [Nm]

100
80
60
40

Calculated values

20

Measured values

0
0

2

4

6

8

10

12

14

Calibration weight [kg]

Fig. 4. Difference in measured torque and calculated torque.
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16

18

20

measurement
1
2
3
4
5

m (kg)
0,0
4,2
10,0
14,2
18,5

angle (deg)
0,0
6,0
6,5
4,0
2,0

calculated torque measured torque
0,0
0,0
20,5
21,1
48,7
48,9
69,3
68,6
90,4
89,5

Table 1. Measurements.
Reason for the error might be the slight
inaccuracy in the angle measurement,
which might cause error to the calculated
values. By observing the values from
Figure 4 and table 1 it can be seen that the
error remains quite similar throughout the
whole range.
A critical part of the torsion measurement
is the fixing of test specimen. On our
device the greatest concern was that does
the fixing made by chucks create enough
friction to prevent the slipping. It was
investigated that by tightening the jaws
against round surface and using a sleeve
made of aluminium inside the tube, only
about 65 Nm torque could be applied to the
test specimen without slipping. Due to that
it is recommended that all test specimen
should have rectangular mounting surfaces
on them.
Another concern was that will the machine
be able to provide the required 150 Nm and
will the structure be able to stand the stress
caused by that. While testing specimen
with rectangular mounting faces, we were
able to achieve 95 Nm. In Figure 5 is the
data plotted from that test. Y-axis is the
torque and x-axis is the angle of twist in
degrees.

4. DISCUSSION
This torque testing device is able to twist
and break the tubes up to a certain torque.
The device is also able to measure the
torque and angle accurately. Moreover this
device was done with a low budget
compared to commercial testing devices.
Based on the first tests the cylindrically
printed tubes broke in a 45 degree angle,
parallel to the main shear stress.
Traditionally, layer-by-layer printed tubes
ruptured between the printing layers. This
supports the idea that the new method
provides tubes that can endure bigger shear
strengths [1]. More tests should be made to
determine which method is better. The
fixing points of the testing device should
be upgraded before new tests. Also the
quality of the new tubes is not yet constant
enough to draw real conclusions.
The next step should be upgrading the
fixing mechanism of the test device. The
spindle chucks do not provide enough
friction to create more than 40 Nm of
torque. The current mechanism works well
with tubes with square ends, but the
cylindrical printer cannot produce these.
Thus a new fixing mechanism has to be
developed. Other improvements could
include speed control for the rotation and a
proper kill switch for the device.
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EFFECTS OF THE ANGULAR VELOCITY OF A FLYWHEEL ON
THE GYROSCOPIC STABILIZATION OF A BICYCLE
Vepsäläinen, J.; Peltola, M.; Nygren, T.; Mälkönen, J.; Heikkilä, E.; Kiviluoma, P.;
Kuosmanen, P.; Socie, D.; Teerihalme, S.

Abstract: Learning to ride a bicycle
requires simultaneous development of
various
motoric
and
perceptual
capabilities. During the learning process,
training wheels are often used both as a
training device and as a safety measure.
Gyroscopic
stabilization
offers
an
alternative way for balancing the bicycle,
enabling the possibility to control the
amount of the assistive balancing force for
more efficient learning. In this study, the
effects of a gyroscope’s flywheel velocity
were observed on a small-sized bicycle. To
measure the stabilizing effect, a bicycle
was fitted with a control moment
gyroscope and an inertial measurement
unit. The resulting stabilizing forces were
measured to show the correspondence
between the stabilizing effect and the
flywheel velocity.
Key words: gyroscope, stability, learning,
training
1. INTRODUCTION
Cycling is a great way to get daily exercise
and an environmentally friendly way of
transport. In many cities cycling is one of
the fastest ways to get around. Cycling is
also a very competitive sport. The main
thing needed for cycling is the skill to
balance the bike even at low speeds.
Children are often taught how to ride a
bicycle when they are between ages of 3
and 8 years old, averaging just over 5 [1, 2].
Some children take to it naturally, others
do not. Every child has a different physical
and mental development. This can easily
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lead to frustration if siblings or other
children learn faster. While learning how to
ride a bicycle, kids are a risk to themselves
and others in traffic.
The earliest sketches of a bicycle are said
to be from 1493 by Leonardo da Vinci’s
pupil, Gian Giacomo Caprotti. The bicycle
was later invented in the early 19th
century. The first vehicle that was powered
by a human and had only two wheels was
the German Draisine dating back to 1817
by Karl von Drais. The bicycle has evolved
quite a lot over the years. There were also
trends of multiple wheels, big wheel on the
front or no pedals at all. Nowadays the
basic structure of a bike has been
standardized. [3]
The goal of this study is to help children to
learn how to ride a bicycle by designing a
device that can be attached to a bicycle and
self-stabilizes it. In this study the
optimization of the balancing control
system in the bicycle is peripheral to
measuring the forces generated with the
device. The main focus is on the selfstabilization and the training aspect is
secondary.
There’s a saying, “It’s as easy as riding a
bike”. In the mathematical world, it
definitely is not so. A bicycle has an
intricate geometry and it has many degrees
of freedom. Thus creating a comprehensive
and accurate model of a bicycle is
complicated. This is definitely a particular
challenge when trying to design the
stability control for a bicycle. This study
simplified the situation by focusing only on
the torque needed for stabilizing the
bicycle in an upright position.

This article is structured as follows. First
we introduce the methods that are used for
stabilizing a bike. In this section the
calculations, simulations and prototyping
are showed and explained. The next part
relates the results from the tests. The last
part of the article is discussion concerning
the project’s success and thoughts about
future plans.
2. METHODS
Lam, Yetkin and Ozguner have
successfully constructed small bicycles that
can autonomously stabilize themselves so
that they stand upright [4, 5]. These bicycles
were based on a control moment gyroscope
(CMG) which consists of a flywheel
spinning at an even speed and a gimbal that
is used for rotating the spinning flywheel
around the vertical axis. Rotating the
spinning flywheel moderately around the
vertical axis causes a moment that can be
utilized for balancing the vehicle.
In this study a CMG was used for
stabilizing a bicycle. The gimbal was
attached to a child-size bicycle as show in
Figure 1. The original frame was
marginally lengthened to fit the CMG.

Fig. 1. Representation of the CMG
attached to the bicycle.
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The flywheel was driven using a pneumatic
motor attached to the gimbal of the CMG.
At first a DC-motor was used instead but
the small pneumatic motor was more
suitable for frequent testing. Accelerating
the flywheel using the pneumatic motor
was more practical and there was no risk of
overloading the motor. The shaft of the
flywheel was connected to the output shaft
of the motor via a belt drive. The rotation
around the vertical axis was achieved using
a servomotor via a belt drive. The gear
ratio in both belt drives was 1:1.
The mass and the inertial moment of the
flywheel were optimized to the need. On
the one hand the structure was to be as
light as possible. At the same time the
shape of the flywheel had to be designed
for maximal inertial moment. Thus the
mass of the flywheel concentrates on the
perimeter.
As a safety measure the frame of the CMG
was constructed using flat bar iron. The
result was a sturdy casing that would hold
the flywheel inside even if something
would go wrong. Bearings were fitted to
both ends of the shaft of the flywheel. The
frame was supported by a bearing from the
top and from the bottom so that it could be
rotated around the vertical axis.
The tilt angle of the bicycle was measured
using an inertial measurement unit (IMU)
which is capable of measuring 6 degrees of
freedom. The whole system was controlled
using a microcontroller. When stabilizing
the bicycle the angle of the flywheel was
controlled based on the tilt angle of the
bicycle. The system was powered by a
lithium polymer battery.
The principle of using a CMG was first
tested using Adams and Simulink
simulations. The Adams simulations
verified that both the system and the
stabilizing phenomenon worked as
expected. The simulations gave some
advice for the magnitude of the parameters
in the actual structure.
Simulink simulations were made to verify
the results from Adams simulations. These

simulations are based on the basic physics
formula for torque. The formula is
𝛕= 𝐈×𝛂

(1)

𝛕= 𝐈×𝛂+ 𝛚𝗑𝐈×𝛚

(2)

𝛕 = 𝐈(𝛂 + 𝛚𝟐 )

(3)

where 𝐈 is the inertia of the object, 𝛂 is the
acceleration and 𝛕 is the torque produced.
This formula can be used to calculate the
torque generated by a gyroscope. The
formula is then added with the speed 𝛚 and
the inertia 𝐈 of the flywheel.
The formula is simplified because the
speed of the flywheel is perpendicular to
the acceleration off the gimbal motor. Then
the formula takes the following form:

This formula is then used to run the
simulations to estimate the final technical
specifications. In addition to the
simulations, the 3D-models created with
Creo 2.0 were relevant for adjusting the
dimensions of the structure. The final
technical properties (Table 1) were based
on the computer models.

executed by running the servomotor from
one side to the other in the same way in
each test. As mentioned later in the Results
chapter the servo was not able to rotate the
CMG at a similar rate at all flywheel
speeds.
In the test setup the bicycle was virtually in
an upright position though just leaning to
one side. The bicycle was held in place by
a force gauge attached to a wall from the
other end. The initial situation was set as
the neutral point where the force value was
tared to zero. As the CMG was rotated
around the vertical axis, the generated
torque made the bicycle pull the force
gauge. The bicycle staid in the initial
position as the force gauge did not allow it
to tilt. The force reading from the gauge
was stored. The generated torque was
calculated by multiplying the force with
the vertical distance of the force gauge
compared to ground. Measurements were
carried out with the setup presented in
Figure 2.

Rotational speed of the
flywheel
Mass of the flywheel

7,000 rpm
(max)
7 kg
0.059
Flywheel’s moment of inertia
kg*m2
Material of the flywheel
steel
±16g and
Range of the IMU
±2000°/s
Table 1. The technical specifications.
The purpose of the study was to measure
the useful torque created with the CMG. In
order to remove one degree of freedom the
rotation of the handle bars and the front
wheel was prevented.
The torque generated with the CMG was
measured at different angular speeds of the
flywheel. The speed of the flywheel was
monitored with a laser tachometer. The
rotation around the vertical axis was
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Fig. 2. Experimental setup where the CMG
is attached to the frame of a bicycle. The
generated force (F) at height (h) is
measured as the CMG is rotated around the
vertical axis. The force gauge is attached to
the bicycle from one end and to the wall
from the other.

3. RESULTS
Figure 3 presents the measured dependency
between the rotational speed of the
flywheel and the torque generated with the
CMG.

Fig. 3. Experimental results of the
gyroscopic torque generated as a function
of the rotational speed of the flywheel.
During the tests it was clearly visible that
the servo motor was not able to perform
the rotation around the vertical axle equally
fast at all flywheel speeds. As the speed of
the flywheel was increased the rate at
which the CMG turned was reduced. The
servo motor did not have the capability to
maintain the same rotational speed as the
torque of the flywheel increased with the
speed.
Since the servo was not capable of rotating
the flywheel at a similar rate at all speeds
the ascending speed-torque curve in figure
3 gradually becomes less steep. The torque
should grow exponentially because the
angular speed vector is to the power of two
in the presented formula (3).
The maximum torque was generated at the
highest used flywheel speed. As the
flywheel was run at the speed of 6600 rpm
the generated torque was 41 Nm. The
torque needed for bringing a bicycle with a
rider back up from a given tilt angle can be
calculated using formula (4).
𝛕 = 𝐡 × 𝐦 × 𝐠 × 𝐬𝐬𝐬(𝛃)

(4)
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where 𝛕 is the torque needed, h is the
combined centre of gravity, m is the
combined weight of the rider and the
bicycle, g is the standard gravity, and β is
the tilt angle.
If the combination of a rider and a bicycle
ways 35 kg and the combined centre of
gravity is located at the height of 0.45
meters 41 Nm is enough to bring the
bicycle back to an upright position from
the tilt angle of 15 degrees. This would be
quite an extreme situation and even not
desirable. According to Yetkin [6] it is
possible to keep the tilt angle at a
maximum of 1 degree with well-tuned
control. The same control system can also
bring the bicycle back from a tilt angle
higher than 1 degree [6]. Taking this is into
consideration gives a good perspective to
the practical capabilities of the system. 41
Nm is enough to bring back up a combined
mass of 100 kg at the height of 0.8 metres
from a tilt angle of 3 degrees. Based on this
the system could stabilize even adults
riding a bicycle.
4. DISCUSSION
For now the study focused on confirming
the torque that can be drawn from the
CMG. The torque generated is easily
enough for stabilizing the combination of a
bicycle and a rider. The torque generated
can be utilized for stabilizing or assisting
riders and bicycles of various sizes. A
CMG stabilization system could be used
for teaching children to ride a bicycle but
also for assisting adults who have
difficulties is balancing a bicycle. The
group of adults requiring assistance could
consist of elderly people and persons who
have difficulties because of medical issues.
Within the framework of this study the
control system of the CMG was not
developed so far that the bicycle would
self-stabilize itself for a time span of much
more than ten seconds. The bicycle would
quickly get unstable and tip to either side.
Based on the study it is quite challenging
to fit a control moment gyroscope to a

bicycle. Through decades of testing a
bicycle is a highly refined vehicle which
does not essentially have room for a CMG.
In this study the small bicycle frame had to
be extended from the middle to fit the
CMG. Thus the bicycle was no longer
driveable for a child. To power the motor
of the flywheel a CMG system requires
either a very high capacity battery or a
pneumatic compressor which both are
difficult to implement to a mobile and light
system. The support structure of the CMG
was also slightly in the way of pedalling. In
addition the CMG system weighs over 20
kg. The weight of the CMG is an enormous
problem for the user and especially for a
children’s bicycle. If the CMG technology
is used in the future for learning or other
assisting purposes it almost inevitably
requires a new frame design for the bicycle
and better solutions for storing energy.
5. CONCLUSION
The test system demonstrates how torque
can be generated with a CMG for
stabilizing a bicycle. A clear dependency
between the rotational speed of the
flywheel and the torque can be seen in the
results. However, the torque attained is not
dependent only on the rotational speed of
the flywheel. The non-linearity of the
angular servomotor was one of the
parameters affecting the results.
The test system can next be further
developed so that the CMG makes the
bicycle truly self-stabilizing even with a
rider as a load. Then, gradually decreasing
the amount of applied stabilizing assistance
according to the improved skills of the
cyclist could be beneficial. The system
proved to generate enough torque for
stabilization purposes. Thus making the
system self-stabilizing even when manned
is most of all down to refining the control
system of the CMG.
The test system cannot be properly used in
a bicycle in its present configuration as the
bicycle is nearly undrivable. The control
system does not yet take intentional tilting
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during cornering into consideration. The
CMG could be made more feasible by
reducing the weight of the flywheel and the
whole system. The reduced weight of the
flywheel could be then compensated by
increasing the rotational speed of the
flywheel.
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THE IMPACT OF TAXATION ON THE SUSTAINABILITY OF
MACHINE-BUILDING ENTERPRISES: A CASE STUDY
Vlasova, M.; Laskina, L.; Musalimov V., Musalimova L.

is maximizing its value, including
through performance management and
optimization of taxation in order to
promote and expand business activity.
This is due to the well-known fact that
one of the conditions for improving
performance is cost reduction (or
increase, if it is slower than the growth of
production), while taxes as one of the
types of costs have a significant impact
on the company’s activity and can
destabilize the economic status of the
corporation. Given the fact that, as a
function of the combination of factors
operating both in the external and internal
environment, performance is constantly
changing due to their dynamic effect, the
authors propose to focus on the
identification and assessment of tax risks
when analyzing such effect.
Within the existing approaches to risk
classification, many researchers never
assign a separate category to tax risk,
considering the latter to be part of other
types of risk. Tax risks are typically
identified with tax risks and losses, as
taxes are part of the financial system.
We believe that this approach fails to
reflect the actual current opinion in risk
assessment, since tax risk is indirectly
present within the regulatory framework.
Specifically, it is "recognized" by tax
legislation. For example, Article 64 of the
Tax Code of the Russian Federation
regulates the terms of granting a deferred
payment of income tax in the event of a
threat of insolvency (bankruptcy) to the
taxpayer resulting from a one-off tax
payment (paragraph 3, Clause 2, Article

Abstract: In the current context,
stabilizing the growth of enterprise
development indicators is becoming
urgent. However, there is still a problem
of value maximizing, including through
the optimization of taxation in order to
promote and expand business activity.The
study is aimed at investigating the impact
of taxation on sustainability indicators.
To assess this factor, the authors propose
to pay attention to the identification and
assessment of tax risks using specific
indicators such as fiscal leverage tax and
tax sustainability.This case study of
machine-building enterprises assesses the
relationship between tax leverage and tax
sustainability. The study demonstrated
the inverse relationship between tax
leverage and tax sustainability of
enterprises, where the correlation
coefficient was -0.77. We discussed the
practical application of this index for
predicting the growth of productivity.
Thus, tax leverage associated with the
company’s sustainability and determining
the acceptable level of tax risk will
further allow the authors to consider the
company’s performance in relation to
taxes as one of the types of costs.
Key words: risk, tax burden, tax leverage,
tax sustainability.
INTRODUCTION
Stabilizing the growth of enterprise
development indicators is currently
becoming urgent. In this context, it is
important that owners and top managers
of the company pursue the same goal that
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Thus, we have two polar approaches to
the concept of "tax risk": for the taxpayer,
as an opportunity to eliminate losses
incurred as a result of poor decisionmaking by the company's management
and changes in state tax policy; for the
state, as possible financial losses due to
insufficient and untimely payment of
taxes by taxpayers.
There is no concept of tax risk in the
current tax system, since its meaning has
not yet been defined. At the same time,
the question of defining the concept of
"tax risk" is raised in the scientific
literature, but mainly in terms of
discussion.
Tax risk diagnosis is based on the
analysis of tax burden, which provides
the economic and financial security of the
economic entity. To cover the entire
spectrum of the company’s operational
and financial activity, the authors
recommend discussing tax risks in terms
of fiscal leverage. This approach is more
than evident if we remember that taxes
collected on the territory of the Russian
Federation may be included in the cost of
production (resource payments, payments
to extra-budgetary funds), and charged to
profit or loss and profit before tax.
The concept of "tax leverage" is
practically nonexistent in the domestic
and foreign literature. We can mention
only a few researchers who addressed the
issue:
M.A.
Limitovsky,
L.Yu.
Filobokova, L.V. Samkhanova, so the
study of the latter seems quite interesting.
For the purposes of tax risk management,
we propose to use " tax leverage” (DNL)
indicator which is defined as "a lever to
manage net profit through the variability
of tax burden"[2,3]:
NP + T EBT
,
(1)
DNL =
=
NP
NP
where EBT – earnings before tax,
NP – net profit.
This is the total amount of corporate
profit tax. Given the high degree of tax
burden-dependence of "net profit", the
level of tax leverage is a coefficient that

64 of the Tax Code of the Russian
Federation). In this case, tax risk appears
in the presence of any signs of
bankruptcy after tax payment.
Tax regulations thereunder also specify
the concept of "financial and economic
activity associated with high tax risks". In
accordance with Order of the Federal Tax
Service of Russia of May 30, 2007 No.
MM-3-06/33 @ "Concerning the
Approval of the Conceptual Framework
for
the On-Site
Tax
Audit
Planning System" (hereinafter – the
Conceptual Framework), taxpayers are
recommended to make a systematic
independent assessment of tax risks. The
Conceptual Framework lists publicly
available assessment criteria the most
interesting of which is Clause12
"Conducting financial and economic
activity associated with a high tax risk".
Pursuant to Letter of the Federal Tax
Service of Russia of December 28, 2012
No. AS-4-2/22619@ "On methods of
conducting financial and economic
activity associated with high tax risk", an
unjustified tax benefit may be enjoyed:
•
by
using
fly-by-night
companies;
•
when selling real property;
•
when
producing
alcohol
products;
•
through the employment of
disabled people.
As is evident, the presence of any signs
of tax risk results in the increased focus
of tax authorities on the taxpayer.
However, the very concept of tax risk is
not available. Therefore there is a need
for the establishment of institutional risk
identification [1]. The institution shall be
set for paying its funds to multilevel
budgets and extra-budgetary funds for
taxes and obligatory payments in case of
delayed payment of the goods sold, and
the works and services rendered.
In the economic literature, the concept of
tax risk has appeared relatively recently,
but it is currently described in many ways
(Table 1, Appendix A).
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reflects the degree of the tax risk
determined by income tax exemption,
including the low optimality of tax policy
[3].
Whereas, tax risks and tax burden
indicate the tax sustainability of the
company, which characterizes the level of
tax burden in the company’s own sources
of working capital required to fulfill its
tax obligations.
Tax sustainability is based on the
retrospective analysis of tax burden and
ensures:
• timely mandatory payments to the
budget and extra-budgetary funds;
• calculation and monitoring of the
accuracy of assessment of payments
in order to prevent excessive or
insufficient payments;
• identification and assessment of the
level of tax risk;
• development of measures to reduce
the tax burden in order to achieve a
given
level
of
economic
sustainability.
To define tax sustainability, we
recommend using the formula proposed
by the authors, which shows how many
tax liabilities are covered by the
company’s working capital[4]:
∆T
,
(2)
TSI =
WC
where FSI – tax sustainability index;
∆T – the amount of tax
deductions per year;
WС – the company’s working
capital.
The calculation is based on the
company's budget drawn up for the
planning period. Since the index implies
that mandatory payments should be
covered by the company’s working
capital, ie, TSI is 1.0, the estimated
amount of the company’s working capital
will be equal to its tax obligations.
If TSI is less than 1.0, the company can
be considered sustainable in terms of
taxation. If TSI is more than 1.0, the
company is directly dependent on the
amount of taxes paid. However, to

diagnose the company, provided TSI is
less than 1.0, it is necessary to extend the
economic boundaries so as to recognize
that the amount of working capital or
mandatory payments is near a critical
level. The calculation takes into account
the method of determining the burden of
taxation, proposed by the Department of
tax reforms of the Ministry of Finance of
the Russian Federation.
On this basis, the estimated limits of tax
sustainability are summarized in Table 2.
This calculation takes into account the
share of working capital in the planned
revenue from sales, which is different
among
companies
with
different
production technology and different
production and economic conditions.
Level of tax burden
Relevant
(TB)
limit of TSI
TB less than 15%
TSI < 0.5
TB 20-35%
TSI = 0.5-0.8
TB 35-60%
TSI = 0.8-1.1
TB more than 60%
TSI > 1.1
Table 2. Relationship between tax burden
and tax sustainability index
• If TSI <0.5, there are two possible
situations: either mandatory payments are
not paid in full, or there is an excess of
the company’s working capital, which
may adversely affect the economic
stability.
• If TSI is from 0.5 to 0.8, the company
is sustainable in terms of taxation.
• If TSI is between 0.8-1.1, the company
is not sustainable in terms of taxation.
• If TSI is more than 1.1, the company
is directly dependent on the amount of
taxes paid.
This index is calculated for each tax
period and is adjustable for individual
companies on the basis of the production
cycle and need for working capital, as
well as for other sectors of the economy.
The advantage of tax sustainability index
(TSI) over the indices calculated on
another basis can be explained by the fact
that by using this index one can manage
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efficiency. It is investment that not only
provides the long-term maintenance of
economic sustainability, but also makes it
possible to work out a sustainable
development strategy. This investment
property is based on the determination of
capital renewal trends, where capital
assets present a material basis for the
long-term quality characteristics of the
product. This approach is based on
understanding
the
meaning
of
performance management as a process
taking into account the variable
parameters (taxes, in particular input
legal and regulatory compliance and
output optimization of taxation) of its
targeted impact.
This investment property is based on the
determination of capital renewal trends,
where capital assets represent a material
basis for the long-term quality
characteristics of the product.
This case study of machine-building
enterprises assesses the relationship
between
tax
leverage
and
tax
sustainability. The study confirmed the
assumed inverse relationship between tax
leverage and tax sustainability of the
enterprises, where the correlation
coefficient was -0.77. We discussed the
practical application of this index for
predicting the growth of industrial
production
for
machine-building
enterprises.
It was found that tax leverage helps to
assess both financial risks and production
risks and can reduce the risks of
production activity in general. Thus, tax
leverage related to the company’s
sustainability and determining the
acceptable level of risk will further allow
the authors to consider the company’s
performance in relation to taxes as one of
the types of costs.

mandatory payments and regulate the
amount of the company’s working
capital. Further, this makes it possible to
use tax sustainability index to calculate
economic sustainability by adjusting the
coefficients and determining the type of
the company’s tax sustainability. It is also
important to increase productivity, since
it remains the most important indicator of
economic activity and must take into
account the interrelation of production
efficiency criteria.
Nowadays, the stable development of
machine-building enterprises as leaders
in boosting the entire Russian industry
and providing food security is the most
important condition of overcoming the
challenging business environment by the
Russian economy and is a strategic
objective for the nearest future. Only
through this will the machine-building
enterprises be able to update worn-out
and obsolescent equipment, introduce
new technology, and improve their
competitiveness, since according to
statistics, 70% of domestic engineering
equipment has an average life of 20 or
more years, with a share in GDP of only
6.3% (while tax revenues of the
consolidated budget of the Russian
Federation are merely 4.4%). In the
industrial structure of the country, the
share of machine building is less than 1520%, whereas in developed countries this
share is near 35-50% (the share of
engineering production in the USSR in
1990 was 40%). In terms of economic
security, the threshold share of machine
building in GDP is 30%.
The economic sustainability of the
company
means
continuous
and
sustainable development during a specific
calendar period of time. In this case,
important is how to evaluate the
development characteristics and their
dynamic change. The most important
factors of the economic sustainability of
the company include not only taxation,
but
also
investment,
particularly
investment in productive capacity and

REFERENCES
1. Viktorova, N. The Analysis of Tax
Risks at the Macro- and Micro-Level: A

220

Scientific Publication. SPbTEI, Saint
Petersburg, 2010.
2. Vlasova, M., Laskina L. Operational,
Financial
and
Tax
Leverage:
Interpretation
and
interrelation.
Financial Analytics: Problems and
Solutions, Moscow, 2014, 40 (226), 3544.
3. Filobokova, L., Samkhanova, L. Tax
policy, Tax Risk and Overall Business

Risk of Small Enterprises. The Economic
Analysis, (25) UEkS, 1/2011
4. Vlasova M. The Development of a
Mechanism to Manage the Economic
Sustainability of a Mining Enterprise in
Monitoring its Compulsory Payments:
Abstract of a PhD Thesis in Economics.
Moscow, 2003, 22p.

APPENDIX 1
Author
N.A. Pavlenko
D.N. Tikhonov
L.G. Lipnik
A.G. Ivanyan
A.Yu. Che
E.V. Berezhnaya
T.A. Porokhnya
S.I. Kukota
V.G. Panskov
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Interpretation
Monetary valuation of irrational actions of a particular officer
responsible for tax liabilities of the company
Possible losses associated with the process of tax payment and
optimization, as expressed in monetary equivalent
Risk of unforeseen disposal of the taxpayer’s funds due to the
action (inaction) of state and (or) local authorities
Possible financial losses as a result of changes in tax policy and
tax rates
Possible financial losses incurred by all participants of tax
relations
Risks to the taxpayer, for example, in the form of reclassification of economic transactions by tax authorities
Risk of increased tax burden due to the fact that a tax authority
may invalidate the transaction concerned (declare it fraudulent or
sham), declare illegal the tax charge regarded as legal by the
taxpayer
Risk to the tax subject of incurring taxation-associated financial
losses; therefore, for the taxpayer, increased tax costs involve
reduced property potential and less opportunities to solve future
problems
Possible financial losses of the company as a result of a change
in accounting policy for tax purposes and loss of tax
sustainability

Table 1. Scientific approaches to the interpretation of the concept of "tax risk" [3]
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PNEUMATIC FOOTBALL KICKING DEVICE BASED ON HUMAN
ANATOMY IMITATION
Väisänen, J.; Hasu, O.; Hevonoja, T.; Mielonen, M.; Kiviluoma, P. & Kuosmanen, P.

Abstract: Nature has developed several
complicated and functional mechanical
solutions during evolution of human body.
The purpose of this project is to examine
whether human anatomy can be imitated
accurately and effectively by utilizing
pneumatic muscles.
The research platform is a football penalty
kick training device, able to perform a
penalty kick with adjustable force and
direction. The device consists of steel pipeand beam-based frame, industrial-grade
pneumatic actuators and electrically
controlled valves. Two fluidic muscles
work as a quadriceps and a peroneus
muscles, whereas opposing muscular force
is created by springs. Raspberry Pi 2
computer is used for controlling and
computational operations.
Our study proves that the highly efficient
imitation of human anatomy can be
achieved by pneumatics.
Keywords: fluidic muscle, sport training
device
1. INTRODUCTION
Artificial imitation of human anatomy by
robots is often considered to be difficult
since human dynamics are very fine and
complicated. It is an interesting to study
and test, whether human anatomy can be
imitated by utilizing modern mechatronic
components, such as pneumatic muscles
which closely resemble mechanical
behavior of human muscle. Until now,
human anatomy has been already studied,
modelled and mechanically imitated in
experimental projects. [1] Although devices
have been structurally complicated and
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accurate, yet very high forces have not
been applied in them. For instance,
imitating human hand and fingers
movement by pneumatic muscles is
complicated task, but does not necessarily
require high forces or speed. This raises a
research problem: can human anatomy
imitation be done effectively and
accurately by utilizing pneumatic muscles?
Football kick event was selected as a
context for artificial imitation since it is a
good example of high performance human
anatomy execution. Yet it is not reasonable
to build a human-like robot with all limbs
and similar functional muscles, the
construction can be simplified at feasible
level. Robots with limbs are developed, but
they are far too complex to be used on a
field. [2] In this study an experimental
robot which is able to perform precise
performance footballs penalty kicks in
acceptable level of human anatomy is built.
Several football shooting machines have
been built already, but most of them are
based on two spinning wheels which are
used to shoot the ball. [3] Adidas has
developed the machine where the real shoe
is used to shoot the ball as in our machine.
[4] Possible outcomes of developing human
anatomy artificially may encourage
research community to apply human
anatomy-alike construction in more
demanding applications, such as in field of
medical
research
(i.e.
complicated
prostheses
or
body
replacements).
2 METHODS
2.1 Mechanical structure
Minimum technical requirements for the
device are adjustable and firm mechanical

structure
and
football
launching
mechanism which has enough force to
deliver a kick similar to human players. [2]
Mechanical structure will consist of
pneumatically operated beam mechanism,
where pneumatic muscles can be applied
for generating necessary amount of force
and precision. A thigh and ankle
mechanisms are operated with pneumatic
muscles. Return force in both mechanisms
is simply implemented by pull springs,
providing opposing force and returning
movement. For executing strong and rapid
impulse for football, pneumatic circuits
and valves of high airflow capabilities are
required. Robot must be able to be
parametrically adjusted for a precise
football shot, which requires adjustable
mechanisms at least for a shooting
direction and height parameters.
Mechanical design was carried out using
PTC Creo 2.0. Several concepts were
analyzed before the final design. The
structure is based on steel beams and pipes
which are attached together with bolted
joints. All movements are implemented by
pneumatic actuators. CAD model of the
device is shown in Figure 1. For the
bearings Y-bearing plummer block units
and polyethylene plates were used. The
most important parts of the device are
shown in Figure 2 and parts are listed in
Table 1.

Fig. 2. Main components and structures
Pos Description
1 40 mm pneumatic muscle for kicking
action
2 20 mm pneumatic muscle for ankle angle
3 Rodless cylinder for alignment
mechanism
4 Main frame assembly (solid steel beam
structure)
5 Upper frame assembly (steel pipe
structure)
6 Leg and ankle assembly
7 Proportional valve for 40 mm pneumatic
muscle
8 5/3 valves (2 pcs.) for 20 mm pneumatic
muscle and rodless cylinder
9 Linear sensor for rodless cylinder
10 Air pressure sensor for 20 mm muscle
11 Air tank
12 Power source (for 10 V and 24 V
outputs)
13 Electronics
14 Returning springs

Table 1. List of main components
ADAMS multibody dynamics simulation
software was used to analyze the most
essential dynamics of the machine and
define all critical values for the pneumatic
components. A screen capture example of
the analysis is shown in Figure 3. Required
forces were also defined by dynamic
analysis.

Fig. 1. CAD model of the device
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and thus allowing adjustable direction
settings. Directional valves do control the
kicking direction and proportional valve
does control the speed of the kick. A
pneumatic diagram is shown in Figure 5.

Fig. 3. Effect of ankle muscle pressure on
ankle position
Final version of the device is shown in
Figure 4. During the manufacturing
process several changes were made. For
example, some solid beams were replaced
by pipes due to lighter weight. Also,
placement of thigh and 40 mm muscle joint
was moved closer to the axle to gain more
speed for the kicking movement.

Fig. 4. Final device
2.2 Pneumatic system
All movements of the device are
implemented by pneumatic actuators.
Fluidic muscles are used for the kicking
movements (kicking action and ankle
adjustment). A rodless cylinder turns the
upper frame where foot is mounted. This
enables the foot to circle around the ball
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Fig. 5. Pneumatic system diagram
To maximize the airflow pulse to the main
muscle, an air tank was used before the
proportional valve. Feeding air directly
from the air network is not enough to
generate a rapid muscle movement
essential for proper operation.
2.3. Control system
Raspberry Pi 2 computer is used for the
overall control of the device. Arduino
Nano microcontroller receives data from
the pressure transmitter and linear drive
potentiometer which measure the angle and
direction of the foot. Received data is
transmitted to the Raspberry Pi over serial
connection. Raspberry Pi controls all the
valves by its GPIO pins. For the
proportional valve, PWM signal defines
the control voltage. Control system
diagram is shown in Figure 6. All
programming was made by C and C++
languages and user can control the device
by using command line or GUI. The device
also has a front-mounted camera which can
be used for defining the direction of the
kick.

the kick which reduces the horizontal
component of speed vector. Horizontal
speed can be perceived quite static in
general.

Figure 6. Control system diagram
3. RESULTS
In results section, two main performance
values, accuracy and horizontal speed are
evaluated. Tests were performed by
maintaining air pressure at nominal 6 bar
level. For the main pneumatic muscle
(paired with a proportional valve) a
separate air tank was used to store enough
air to be delivered rapidly into the 40 mm
muscle.
Speed performance was measured by
utilizing Photron high-speed camera to
record kick events with various ankle angle
settings. Even though the proportional
valve for main muscle was adjustable with
different airflow values, it was always
operated at maximum speed since lack of
kick performance was apparent all the
time. The speed test setup was configured
by placing a one meter long ruler in front
of the robot, and the high-speed camera on
left side of the robot. Figure 7 shows the
view captured by the camera. The kick
event video clips were captured two times
with six different ankle angle positions.
As seen in the result diagram, the overall
speed varies between 41 - 45 km/h (shown
in Figure 8), which is less than half of the
goal value set in the beginning (100 km/h),
and thus does not reach human
performance. The results also indicate that
the higher pressure applied in the ankle
muscle, the lower is the horizontal speed.
This is the result of higher vertical angle of
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Fig. 7. High-speed camera analysis

Fig 8. Speed data from the video analysis
Visual inspection also indicates that ankle
muscle is flexible and thus works like a
shock absorber absorbing kinetic energy.
This phenomenon is clearly supported by
high speed video recordings. Especially
when the ankle muscle is operated with
lower pressures (lower kick angles), the
muscle is softer and more elastic.
Moreover, every time the foot hits the ball,
the ankle is suspended a little bit
backwards followed by a second major
impact which delivers the most of the
energy to the ball. This two-phased impact
results in unclean kick and thus differs
from human kick.

The accuracy test was carried out by
performing subsequent football penalty
kicks from 10 m distance into a football
goal measuring 4 m of width and 2 m of
height. Kicks were performed several times
into same specific coordinates allowing
evaluating mechanical accuracy of the
device (maintaining direction and ankle
angle adjustments unchanged). Scatter of
impact points settled roughly inside a circle
with radius of one meter, regardless of
ankle angle and direction.
In addition to mechanical accuracy, also
accuracy of control systems was evaluated.
A laser pointer was mounted in front of the
upper frame to help visual evaluation of
directional accuracy. Although mechanical
tolerances of the device were good (no
significant gaps), parametric positioning of
measurable pneumatic components (rodless
cylinder and ankle muscle) was rather
inaccurate and slow. When directional
parameters were sent to the robot, the
upper frame started oscillating around
given location, sometimes for several
seconds before setting in position. This was
mainly caused by worn and stiff rodless
cylinder with high friction. Inaccuracy of
directional positioning was slightly
compensated by creating smaller and more
frequent air pulses to the cylinder when
targeted location were close (inside 50 mm
range). Rarely did the cylinder reach its
dedicated coordinates accurately enough.
Occasionally oscillating effect was also
present when adjusting the ankle muscle,
while ending setting was always precise
enough to maintain static angular position.
4. DISCUSSION
Our research problem was to examine if
human anatomy can be imitated precisely
enough by pneumatic systems to perform a
high performance football kick in terms of
measurable speed and accuracy. First, it
can be noted that human anatomy-based
football kicking dynamics were able to be
achieved at some level, yet the biggest
issue is overall performance and lack of
speed. The outcome reflects our hypothesis
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in a way that human anatomy was able to
be reached at least at principle level, such
artificially imitated and working dynamics,
but did not meet performance goals.
The football kicking device does operate
mechanically as expected. For example,
dynamics did match our simulation and
design of CAD-model, and the robot is
able to perform adjustable kicks in
different directions with controlled speed.
Construction is also very firm with no
significant mechanical gaps. Although
mechanical accuracy can be considered to
be at acceptable level, lack of kicking
performance was very evident at all the
time. Due to limited airflow into the
muscle, or even probably limitations of the
muscle performance itself, the device was
not able to deliver the ball but only with
half of the initial speed as planned.
Another
important
issue
in
low
performance is elastic behavior of
pneumatic ankle muscle during the event
of impact, where significant amount of
kinetic energy is absorbed. High-speed
video captures also shows that the impact
occurs in two-phased event, dissociating it
from human-performed football kick. The
placement of the football on artificial grass
was also inaccurate at some level, since
there was no precise joint point or any kind
of tee to support the ball exactly in one
permanent location. It was also analyzed
whether the profile of shoe could improve
the kicking accuracy. In other words, our
current foot solution, a 30 mm wide steel
pipe does not exactly equal the interaction
compared to human foot and shoe, being
more narrow, blocky and thus less
accurate.
Even though our research goals were not
entirely reached, the study does still show
that the efficient imitation of human
anatomy will be possible to achieve by
utilizing
pneumatics
muscles.
By
developing and redesigning mechanics,
pneumatic and control systems, more
optimal result is expected to be achieved
with same basic concept.

The football kicking device does operate
acceptably enough at principle level.
However, achieving human performance
needs considerably further refinement and
testing. In mechanical point of view the
construction of the robot can be considered
to be firm and reliable enough to be
equipped with more advanced designs and
components.
During the project, several new questions
were raised and left open to be solved in
future; could robot perform considerably
better if leg profile or the whole kicking
mechanism is built from different design
perspective to deliver more energy to the
ball? Since our goal of reaching 100 km/h
initial speed was not reached, what
modifications or equipment is needed to
increase the force? One of the key answers
might be finding solution to increase
pressure and airflow, as well as to study if
pneumatic muscles were the bottleneck in
performance. Since pneumatic muscles are
very strong, could there be any mechanical
solutions to increase transmission ratio?
How to prevent pneumatic muscle in the
ankle mechanism from suspending and
absorbing significant amount of kinetic
energy, which should be delivered to the
ball? One possible option might be revising
the ankle mechanism so that the muscle
reaches its positions with higher pressure
levels. Finally, could the robot or the whole
concept of human anatomy imitation be
productized for real sport training purposes
by equipping it with machine vision and
decision making capabilities?
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VALUE STREAM MAPPING AS A TOOL IN OPTIMISING
PRODUCTION LOGISTICS. CASE: HE TELETECHNICS
Hurt, U.; Tomba, A. & Koppel, O.

Abstract:
Contemporary
production
logistics might involve newest IT-solutions,
wireless communication and technological
supplies for running the automation, but it
still needs surveillance of process speed
and productivity. Value stream mapping
(VSM) among other LEAN methods
becomes even more necessary, but also
more productive as a tool in Industry 4.0.
conditions. The current paper explains the
usage of VSM in production logistics
optimisation. Based on an example case,
the paper also analyses the strengths and
weaknesses of the method. Finally, it
suggests methods of better time cycle and
performance analysis for production
logistics.
Key words: automation, Industry 4.0.,
optimisation, production logistics, value
chain, value stream mapping.
1. INTRODUCTION
The paper focuses on the specifics and
perks of using value stream mapping
(VSM)
in
production
logistics
optimisation. Since Toyota first introduced
methods of LEAN in production
management, the aim of the sustainable
production is to diminish the waste of
resources through better planning and
timing of production as well as reducing
the amount of stock (both material, semifinished and finished products) [1].
All tools of applying sustainable
production such as 5S, just-in-time, VSM
derive from the principles of sustainability
and the company's interest of minimising
the waste of resources.
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It has been a recent trend and a practice at
the department of Logistics and Transport
at Tallinn University of Technology to
provide the companies of the sector a
service of optimisation calculations often
using value stream mapping as a method.
HE Teletechnics Ltd [2] requested such an
analysis of their production logistics and
material flow. The problem of the current
Estonian production sector is that LEAN
and other optimisation methods (incl.
VSM) are relatively new tools in
development processes. Miina [3] states
that even though LEAN ideas have been
known and studied extensively, there is
still yet much to be studied for
development of better imple-mentation
methods.
The systematic methods of optimisation
such as VSM are applicable and even more
effective in Industry 4.0. conditions as the
data is available online in real time.
2. VALUE STREAM MAPPING (VSM)
2.1. VSM and LEAN
Optimisation is a concept in need of tools
and methods in order to be prepared and
implemented. LEAN thinking is a wider
structure that has supported new emerging
methods and tools for analysing and
suggesting improvement actions/changes
in production process in order to gain
savings or higher rate of meeting
deadlines.
LEAN thinking has been the driver of
systematic elimination of waste in the
supply chain. It has first been introduced in

Toyota's production system and discussed
and studied by many researchers.
LEAN as well as its methods (incl. VSM)
aim at elimination of waste and non-valueadding activities [4]. But Bicheno [5]
stresses on the process of avoiding rather
than eliminating non-value-adding activities and waste.
The target of the implementation of better
lean tools is the reduction problems of lead
time in every stage of production.
According to Womack et al [6] it leads to
lower costs and higher quality as well as
improvement of safety and morale.
According to Ohno [7] the wastes can be
structured into eight groups and explained
as following.
• Overproduction: excess production to
storage leads to excess inventory as well
as waste of resources in production
process.
• Waiting: all time the production process
meets waiting is considered waste.
• Excess transport: transport of raw
materials, components or final products
in between the process cycles or
territory.
• Ineffective production methods or
technologies: tools or product design
specialties leading to excess movements
or actions during the production process.
• Unnecessary or excess inventory: raw
materials, components, products in
production, completed products in
storage.
• Unnecessary movements: all excess
movements that the employees have to
make to reach material, tools or their
materials.
• Fault management: system of defining
and managing faulty products.
• Low use of knowledge and experience of
employees: system allowing improvements suggested by members of the
process.
2.2. VSM in production logistics
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Originating from Toyota's production
management optimisation, VSM is a tool
that allows visualisation of transport,
material and information flow throughout
all processes in the supply chain or a part
of it. Mapping the current situation, the
total time of production and total value
adding time can be assessed [1] as well as
attention to hidden problems or waste of
time/resources can be discovered.
Following the mapping of current value
stream and defining of the bottlenecks, the
suggestions for avoiding waste can be
suggested. Eliminating the sources of
waste is a process following the defining of
the structure and details on selected types
of wastes [8].
3.
METHODS
IMPLEMENTATION

OF

The methods of implementing VSM as an
optimisation tool involve modeling the
movement/flow of activities, information
and material [8].
Among the mapping, assessment of
processes involves measuring time use of
the activities as well as stating whether the
process is a value adding or non-valueadding process [9]; the first involving
material unpacking or delivery of materials
and the latter involving mainly assembling,
folding, painting [10]. The results are in
addition to calculations,
presented it
visually.
The method involves mapping the current
value stream and suggesting a future value
stream. The map of the future value stream
can be compiled through consultations
with all stakeholders, such as production
participants, operations managers and
company's management [1].
Goals to be achieved with the future map
are [1, 9-10]:
• information on the cycle time and
rhythm of the production;
• information
on
planning
and
management of production;

• one process decided to be the pacemaker (speed setter);
• if possible, constant flow of material
must be achieved, if not possible, the

The flow was analysed separately on all the
products aiming at the effectiveness onepiece flow analysis [12].
The future value stream was composed
based on the research performed. A

Fig. 1. Visual tools and key icons for VSM
pulling principle must be implemented;
• the productivity of the production flow
must increase and all methods of
diminishing time-waste must be counted
in;
• data on information flow for the
production management.
Indicating the wastes and suggesting ways
of eliminating or minimizing the causes of
wastes is the main goal to be achieved
within the method.
The mapping has visual tools and key
icons for the visualised map are shown in
Fig.1.
4. RESEARCH RESULTS
4.1. The current value stream.
On-site measurements and production
information system data analysis combined
led to mapping the current value stream
and observations, calculations, interviews
and consultations led to mapping the future
value stream. During the research, four
different high-runner products were
thoroughly analysed.

233

simulation as also suggested by McDonald
et al [13] of the lead time was calculated
and alternatives suggested.
The map stated bottlenecks and wastes in
the processes for four different products.
The current value stream as an example of
one product is visualised on Fig. 2.
The material for the selected products are
delivered in two patches - one to the
storage of raw materials in the beginning
of the process flow, the other to the buffer
storage
before
final
assembling.
Unpredictability extends the amount of
time materials "wait" in the buffer. Even
though "safety stock" is a concept often
used to explain the over-production of
components [14], in current case, the level
of safety stock was not unified for similar
products as well as safety stock level was
not set.
In addition, the production in some cases
tends to over-produce some details "just in
case" as the setting times of machines for
detail-cutting are relatively long.
There are no shortages in details, rather
than raw material as it has been produced

into details waiting in storage for products
that are not yet ordered by customers.
The main task was to define the pacemaker of the material flow and production
logistics for the selected products and its
components throughout the production
process. Painting was defined as the most
inflexible process as well as concluded to
be the pace-maker.
4.2. Defined wastes
The following wastes were indicated and
prioritized for actions of minimization (see
also in Table 1).

needs.
• Excess waiting time derives from
overproduction of semi-finished products
in the first workstations bringing the
waiting time of products even up to 60100 minutes in the process.
• Excess transport does exist between the
workstations, but as they are overly close
and structured in a following layout, the
factor is not maximum-critical.
• As for unnecessary/unsuitable arrangement of work the factors' impact was not
significant on the material flow analysis.

Fig. 2. Current value stream

Factor

Importance/
impact

overproduction

***

waiting time

***

transport

*

work arrangement

*

inventory

• Excess inventory is in of the key
indicators in the case researched as due
to overproduction, excess inventory is
gathered before every process/workstation.
• Unnecessary movements, could be
considered low in amount separate from
the excess movements made due to
overproduction.
• Defects are well handled and stopped
before reaching the next workstation.
• Use of human capital is at a good level in
the case researched and well communicated.

***

unnecessary movements

*

defects

*

employee knowledge

*

Table 1. Wastes and their importance
• Overproduction: during the analysis
period, it could be stated that the focus of
the stamping work-station is to use one
sheet of metal fully, not according to the
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4.3. The future value stream
The future value stream was composed and
accompanied with calculation methods.
The future value stream is visualised on
Fig. 3.
The future value stream shows eliminating
buffers and overproduction of semifinished products.
Mainly, the focus is on lowering excess

inventory in every stage of production and
eliminating the current overproduction
leading to components waiting between
processes.
Three main suggestions and changes were
underlined for HE Teletechnics in
optimising their production process using
tools of VSM. First, together with the
setting time, the "pulling" principle needs
to be implemented to avoid excess waiting
time. For that, the "pulling" principle best
discussed by Jonsson et al [15] was
suggested.
Second, the material usage structure was
suggested to be rearranged to avoid
overproducing details not needed in
production yet.
Thirdly, deriving from lower amount of
details overproduced the number of buffers
and amount of semi-finished products in
buffers and buffer storage is lowered. The
minimising of the inventory was suggested
to be fully observed and re-calculated with
the help of the production information
system.

Fig. 3. Future value stream
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5. CONCLUSION
The methods of VSM find extensive use as
a tool of optimisation in production
process. It still needs discussion as the
university has also contributed in
promoting the method.
In Estonia and in the case of HE
Teletechnics, both LEAN and VSM have
become useful tools that have proven its
applicability.
Based on the research, the company
acknowledged the real pace-maker in the
production process and re-arranged (at
least got suggestions of doing so) the
production flow based on the tact time of
the painting unit.
Today, as not all the companies are up to
date, the visualisation as well as data
gathering and comparison, unfortunately is
still time-consuming.
In progress of more and more automation
as well as computerized and networkmanaged Industry 4.0. production systems,
the optimisation methods such as VSM can
be used in a perfected way as precise data
availability is higher.
Finally, the methods are components of
teaching methodologies in the Tallinn
University of Technology Department of
Logistics and Transport as well as a
hands-on learning case at the Laboratory of

Logistics and Supply Chain Engineering in
the TUT Mektory Centre.
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DECISION-MAKING FRAMEWORK
FOR INDUSTRIAL-SIZE DATACENTERS
Leppiman, A.; Kotka, T.; Kõrbe Kaare, K. & Koppel, O.

Abstract: Daily life in modern society
creates data, with predicted exponential
growth rate in coming years. Three aspects
of the business environment have captured
considerable attention in recent years:
information technology, globalization, and
the service economy. Hosting industrial
scale datacenters in its territory could be
appealing to countries due to economic
benefits. Many countries are researching
economic and technological synergies to
attract industrial-size datacenter projects.
In this paper, the authors compare
classical foreign direct investment decision
determinants with key factors in choosing
locations for datacenters. The purpose of
this paper is to relate theories from the
field of international economics and
logistics, to give a roadmap of related
measures and to pose several research
questions as challenges to compose models
to support the strategic planning process of
datacenters.
This decision framework and research
helps managers allocate investments and
assess alternative locations for industrialsize datacenters.
Key words: decision framework, industrialsize datacenters, location decisions, power
consumption.
1. INTRODUCTION
The IT industry in general and datacenters
in particular are subject to a very dynamic
development. Datacenters are the information warehouses and distribution centers
of most private and public institutions.
Several converging trends, such as
increased number of users, more devices
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and a lot more data (Big Data, Data Lakes)
have pushed the storage environment to a
new level.
Now, these new technologies are not only
driving the cloud – they are pushing
forward all of the technologies that support
cloud computing. Datacenter is the central
point where all information is gathered,
and then distributed to other datacenters or
to the end-user.
Because cloud computing will only continue to advance, there will be new demands
placed around storage. Storing data has
created the need for additional datacenters
and warehouses and the demand is
predicted to be exponential [1].
Global enterprises developing new datacenter strategies throughout the next years
will require a holistic approach and a new
type of analyzes. The demand for new,
high-quality facilities, geopolitical and
socio-economic factors, rapid changes in
technologies and new financial models will
come together forcing users to think
differently about the future of their
enterprise datacenters.
In September 2012, the European
Commission adopted a strategy for
“Unleashing the Potential of Cloud
Computing in Europe”. The strategy
outlines actions to deliver “a net gain of 2,5
million new European jobs, and an annual
boost of 160 billion euros to the European
Union GDP (around 1%), by 2020” [2].
The strategy is designed to speed up and
increase the use of cloud computing across
all economic sectors. Although it is too
early to evaluate the actual size of those
numbers, the cost savings, scalability and
high availability achievable with virtuali-

zation, it is clear that there is a huge
potential to benefit from using cloud
computing [3]. According to the IDC, the
amount of data that will need to be stored
in 2020 will be 50 times larger than in
2010 [4]. This underpins the need to build
new datacenters.
The purpose of current paper is to relate
theories from the field of international
logistics to pose several research questions
as challenges to compose models to
support the strategic (especially location)
planning process of datacenters.
2. INDUSTRIAL-SIZE
DATACENTERS
Datacenters do not create a lot of jobs. The
servicing of a 20 000…40 000 square
meter datacenter does not require more
than 50 to 100 employees. Jobs will,
however, be primarily created in the
software industry which will have to
update and amend existing solutions to
make them cloud compatible. Therefore,
the interested government show in
attracting new datacenters to their
territories is based on other arguments than
just job creation.
High demand for new datacenters creates
additional burden and challenges to other
sectors. In addition to the economic
benefits and sectorial synergies, investors
for datacenters have requirements on site,
namely sufficient size in tens of hectares,
no high restrictions, zoning, requirements
on ICT infrastructure as dark fiber links as
well as requirements on business
environment.
Still, as the datacenters profitability relies
on the highest input in the business model
– energy price – industrial datacenters
competitiveness will be influenced on the
proper location in terms of stabile and low
price power supply.
However, the explosion of digital content,
big data, e-commerce, and Internet traffic
is also making datacenters one of the
fastest-growing consumers of electricity in
other developed countries, and one of the
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key drivers in the construction of new
power plants [5].
Data centers are approximately 50 times
more energy-intensive than conventional
office buildings, where ICT equipment
consumes about 50% of total electricity
and cooling energy is roughly 35% of total
energy use [6].
Normally developers of industrial scale
datacenters require dual feed, high voltage
power connection up to 100 MW. Electricity cost for large consumer should be in
competitive level, but more often higher
renewables breakdown of countries energy
portfolio has influence attracting investments.
On site selection process depends on also
re-use of energy, to use excess heat from
servers in a datacenter in nearby industries
or feeding it into the district heating
networks. Especially energy use and re-use
optimization has high impact on business
model.
To ensure constant power supply, a variety
of back-up power systems to help protect
the client may require extra investments, so
that lack of power does not cause service
slowdown or failure. Cooling is accomplished by letting cold air or liquid flow
between the racks of servers [6].
Therefore, the key term which is important
to understand the energy balance in
datacenters are Power Usage Effectiveness
(PUE) value, free air cooling and forced air
cooling. PUE value is a measure of datacenters efficiency of energy use and the
calculating power achieved.
In ideal case PUE = 1,0, so all incoming
energy feeds the processor only to produce
calculating power, which would ecologically also be the most sustainable outcome.
Traditionally, PUE values in datacenters
depending on the age of facility vary from
1,2 to 3,0, whereas the newest data centers
can achieve values as low as 1,1 [7].
As datacenters have constant energy needs
such clients are expected customers for
energy traders. Still with escalating
demand and rising energy prices, it is
essential for the owners and operators of

these mission-critical facilities to assess
and improve datacenter performance using
energy efficiency and greenhouse gas
emission metrics [8].
3. DECISION FRAMEWORK FOR
DATACENTERS
The international data storage market is
largely dominated by corporations based in
the United States (Amazon, Google,
Microsoft, etc). These companies do not
only establish datacenters in the United
States, but choose locations globally, with
consideration given to climate, the speed
and distance of data transfers, as well as
the price and cleanliness of electricity [9].
For industrial-size datacenters it is rare to
be storing one single clients data, most
business models are created for the datacenter to function as a warehouse where all
interested parties can store their data.
When in-house datacenters reach their
capacity or become financially not
competitive with large-scale datacenters
decide whether to outsource date
warehousing [10].
As outsourcing becomes more widespread,
customers, the general public and politicians have increasingly questioned and
criticized firms’ outsourcing decisions to
foreign locations. After the decision for
outsource the next question is where to
outsource.
The strategic supply chain design problem
describes the numbers, locations, and
capacities of manufacturing, assembly, and
distribution facilities and then the flow of
the materials from suppliers to customers.
Global supply chain design involves
international trade rules and financial
issues and allows suppliers and facilities to
be located in multiple countries [11].
„Location theory addresses several
important questions: who produces what
goods or services in which locations and
why.“ [11]. Therefore, one of the most
important decision making process of
administrators is the location decision of
the distribution center [12].
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Richardson and Marshall [13] identified
eight major location considerations in
modern industries: availability of advanced
telecommunications; telecommunication
costs; labor pool of sufficient quality; labor
costs; government financial incentives;
attractive living environment; low occupancy costs, and access to good transporttation. Pennington [14] describes several
barriers to international location decisions
(especially in IT-industry), including
competitive pressure, hacking and other
criminal risks, and cultural differences.
Location-specific advantages are based on
resources, networks or institutional structures that are specific to a geographic
entity. Internalization advantages accrue to
a firm when it eliminates the transaction
costs associated with market interaction
[10].
Dunning [15] identified three determinants
of location. These include infrastructure,
country risk and government policy.
Several authors [10-12, 16-18] have found
empirical support for this theoretical
framework for foreign direct investments
decisions, especially regarding manufacturing investment.

Fig. 1. Datacenters decisions hierarchy and
key determinants
Datacenters can also explored as a type of
distribution centers. Datacenters investments differ from traditional manu-

facturing investments in the importance of
security risk in assessing country risk.
When in most cases price (overall cost,
operating cost) something money related is
the key determinant – in case of
datacenters it is security [10].
Taking into account all the above
mentioned, the location criteria of datacenters can be interpreted as depicted on
Fig. 1 on previous page.
Schniederjans et al. [18], Kumar [19],
Kaisler et al. [20] and others have brought
out and categorized the critical factors that
influence business, quality and architecttural decisions in establishing industrialsize datacenters.
 Processor/system design/power (e.g.
the use of utility and grid architecttures);
 Architectural topology and real-time
infrastructure (e.g. the need to manage
a heterogeneous hardware environment);
 Operational processes and tools (e.g.
the use of monitoring and measuring
tools);
 Disaster recovery and business
continuity (e.g. dealing with social
threats that disrupt technology use);
 Capacity growth (e.g. growth of new

datacenters);
 Operating system and application
changes (e.g. effects of business
process optimization on application
development);
 Consolidation and rationalization (e.g.
managing physical datacenter consolidation projects);
 Facilities modification (e.g. environmental and energy designs for new
hardware and datacenters).
Combining decision hierarchy of Fig. 1
with the critical factors that have been
brought out the authors propose a modified
decision
framework
for
choosing
datacenters location (see Fig. 2).
4. CONCLUSION
In this paper, author’s present a modified
decision chain for choosing locations for
industrial-size datacenters. Results of the
research are presented below.
 Based on literature the datacenter
location decision making process can
be divided in four stages: business
decisions
(especially return
on
investment),
quality
decisions,
architectural decisions and location
decisions).

Fig. 2. Modified decision chain for industrial-size datacenters
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The theoretical bases of datacenter
location decision is a combination of
classical investment decision principles
and distribution center decision principles known from logistics theory.
 The major differences in the abovementioned principles are caused by
extreme security and geopolitical
stability requirements and also the large
energy consumption of data centers. In
international dimensions it can be said
that the main criteria in the location
decision process are: geopolitical
stability, security of supply of energy
and energy efficiency.
 However, the challenges to meet the
expectations of all interested parties
and society as a whole will continue to
be a major concern for decision-makers
of datacenters.
 The effects of global socioeconomic
changes on disaster recovery should not
be underestimated. Enterprise datacenter strategies have come down to a
balancing act between managing the
costs of a defined level of IT service
delivery and managing risks of the
failure of that delivery.
In conclusion, further research involves
testing the presented model on countries
starting with a case study on Estonia.
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THE IMPACT OF TECHNOLOGY TRENDS ON SKILLS OF
LOGISTICS ENGINEERS – A NOVEL COMPETENCE APPROACH
Niine, T. & Koppel, O.

Abstract: Logistics is heavily influenced
by technologies and engineered solutions.
Identification, tracking, process control,
automation and sustainability-oriented
technologies are advancing rapidly. These
areas should be studied in classroom by all
future logisticians and in-depth by
logisticians with engineering focus.
The
paper
summarizes
relevant
technologies in modern-day and nearfuture logistics and analyses the presence
of these elements in current competence
models in logistics (by APICS, AST&L,
ELA and SOLE). A novel competence
model titled “logistics systems engineer” is
presented as research outcome. The paper
explains model structure and promotes it
as significantly modernized way to
integrate crucial technological viewpoints
into logistics engineer’s competence
profile to overcome gaps present in current
models. The model can be used as
curriculum development guideline.
Key words: logistics technologies, logistics
engineering, logistics skill areas, logistics
competence models.

professionals today [1, 2, 3]. Logistics
education has to be interdisciplinary, as
society needs broad knowledge and knowhow to manage interrelated functions of
logistics systems [4, 5].
This paper argues that the technological
element is not represented to sufficient
extent and depth in some renowned
competence
models
of
logistics
professionals. It has been suggested that
logistics has over time turned more
business management focused [6] and that
there is a lack of engineering students in
logistics because of it [7].
Firstly, the paper reviews literature on
major technology trends in logistics and
identifies ten key technology areas. In the
next section, five international models of
logistics competence, which are often used
as standards for curriculum development,
are reviewed in terms of references to these
technologies. As gaps are notable, the
authors present a novel competence model
titled „logistics systems engineer“ designed
in Tallinn University of Technology as a
modern interdisciplinary and systemic
view to logistics engineering education.

1. INTRODUCTION
The environment of logistics education is
swiftly evolving due to technological
progress and economic advancement. In
many areas, capability of rapid innovation
and technological modernization is a key
success factor. Often this is coupled by
emphasised role of logistics in the mix of
competitive advantages to ensure agile and
reliable global deliveries.
Universities need to thoroughly understand
essential competences of future logistics
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2. TECHNOLOGY TRENDS IN
LOGISTICS
Three major studies of technology
advancements with biggest impact for
future logistics systems, all from 2014, are
summarized in table 1 [8-10].
Notable driving force of logistics
technologies are “green” sustainability
oriented solutions, pushing towards lower
environmental impact, improved services,
lower costs and greater efficiency and also

resulting in increased reliability, service
innovation and increases in revenue and
reputation [11]. A study on the evolution of
supply chains by SMI [12] has concluded
that cutting carbon emissions will be the
greatest challenge, followed by fuel supply
in the future of oil scarcity.
Logistics
Trends 2020
[8]
application of
telematics
deeper penetration
of logistics systems
with ICT
implementation of
GPS systems
traffic information,
real time routing
e-marketplaces for
logistics services
networking and
integration in IT
real time transport
information systems
application of
mobile computing
traffic information
systems
logistics simulation
models

Logistics
Material handTrend radar ling and logistics:
[9]
US roadmap [10]
big open data

e-commerce

cloud logistics

mass personalisation

autonomous
logistics
3D printing

mobile, wearable
computing
robotics, automation
and driverless vehicles
robotics and
sensors and the internet
automation
of things
internet of things big data and predictive
analysis
localization and new methods of
local intelligence distribution
wearable
tracking integration
technology
augmented reality cloud-based visibility
low-cost sensor sensor data standards
technology
crypto-currencies process optimisation
and -payment
tools

Table 1. Notable technology trends in logistics

Innovative tools make logistics operations
cleaner and resource-efficient through
advances in vehicle emissions, energy
efficiency and technologies for smart cities
[13]. The smart city concept includes
vehicle sensors and intelligent transport
systems (ITS) for controlled traffic, but
indirectly also integrated information
solutions for businesses and online
marketplaces. Promising trends in ITS are
collision avoiding systems, lane keeping
systems,
RFID
tracking,
driving
monitoring systems and real time travel
data analysis [14].
As an underlying trend, the SMI study [12]
foresees that the customers of the future
“continue to demand greater control over
the logistics process, and will more
actively intervene in the delivery process of
the goods they do order. This will increase
the complexity of logistics processes,
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making necessary a highly sophisticated
technical infrastructure.” To provide
control, advances in both information as
well as physical delivery capabilities are
required, which are the main pillars of
progress in logistics.
McKinnon et al [15] have treated the impact
of modern vehicle technologies through
three pillars: carrying capacity, energy
efficiency and externalities. Improving
truck aerodynamics can notably improve
fuel efficiency [16]. Another efficiency gain
comes from lightweight materials, which
reduce fuel consumption, increase capacity
and as a result requires less road space.
In another study, the fields of smart cities,
e-mobility and zero emission technologies
belong to the top of global economic megatrends [17]. Wide-scale implementation of
automatic technologies in cargo handling,
packaging and robotic transport in industry
applications is also forecasted. Similarly,
the SMI study [12] proposes considerable
growth in autonomous systems and
increases in capacities across modes, ultralarge container vessels, aircraft and LHVs.
Driverless transportation systems can
provide cognitivity, safe navigation and
notably altered cost patterns, which may
become a reality by 2030: “Autonomous
vehicles with radar, navigation and ultrasonic sensors can steer themselves and
enable dynamic real-time traffic-dependent
routing” [9]. Another area of autonomous
logistics is UAVs (unmanned aerial
vehicles, drones), which is in first phases
of testing commercial applications across
courier express parcel sector.
Advanced cognitivity is also impacting
warehouse systems where processes can be
facilitated by magnetic or optical guidance.
The solutions are supported by advances in
software, such as swarm intelligence
platforms. Intermec [18] has listed voice
recognition, RFID, digital imaging and
resulting remote management among their
top technology trends.
In a Delphi study of logistics realities in
2050 [19], one possible scenario, “megaefficiency in megacities”, is described as

“transition to the automation age” and
embraces green paradigm shift, smart
urban logistics to deal with externalities,
high efficiency traffic concepts, roboticsbased logistics, underground networks,
global grid of large-scale transport,
information logistics, open trade, and
global governance.
Another scenario, “customized lifestyles”,
predicts the emergence of 3D printing and
localized production – only raw materials
and data would flow globally and
managing “last mile” transport would
become critical, while global flows decline.
The study identified 14 key trends, of
which three are technological: ICT and
robotics, materials and urban development
solutions.
The potential of RFID-tracking is also
strong in retail, improving efficiency and
saving costs. Four key impacts of RFID are
meeting demand, sharing real-time data,
creating delivery value and error reduction
[20]. Additional outcomes are transparency,
improved availability and labour savings.
Logistics is innovative application industry
for IT. Cloud computing has been
promoted as a means for fundamental
redesign of logistics systems [21]. As the
real-time aspect of logistics information
grows, the future constraint is not obtaining
the data but rather distributing data along
supply chain, which requires intercompany integration and efforts in
analysing the data.
In another vision for next decade supply
chain advances [22], improved supply chain
infrastructure and affordable technologies
and big data are prominent. The key
elements of infrastructure relate to faster
deliveries across modes, unitization
technologies, continuing modal shift to
intermodal solutions and semi-automatic
handling. The report suggests “information
explosion is a certainty” with widespread
internet and mobile coverage and huge
increases in data generation and storage.
The report foresees internal data from ERP
systems complemented with external such
as geospatial data and point-of-sale
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terminals. As data storage costs dropping,
partly due to cloud computing, more data
fuels growth in flexible, reliable and
affordable data analytics architectures [22].
The authors of this paper have consolidated
a list of ten major technology areas, which
should be essential for future logistics
engineering specialists:
1. Electric vehicles, alternative fuels and
clean technologies;
2. Telematics, real-time tracking and
intelligent transport systems;
3. Auto-pilot and autonomous vehicles:
UAV, self-driving cars, ships etc.;
4. Vehicle design, materials and systems
of safety, costs and performance;
5. Robotics, sensors and ID-solutions in
cargo handling and security;
6. Mobile
and
cloud
computing
applications, wireless communication;
7. Logistics
process
and
network
simulation and optimisation software;
8. Electronic marketplaces, e-commerce
and smart networking;
9. Big data, augmented reality, automatic
data analysis and integration;
10. Additive manufacturing (3D printing)
applications.
In conclusion, the authors agree with
Zelewski et al [8] who remarked that no
particular trend stand out, which suggests
the fields synergize to realize the concept
of continuous shipment tracking including
corresponding added value services.
3. TECHNOLOGIES IN LOGISTICS
COMPETENCE MODELS
The authors have carried out a comparison
of four internationally recognised models
of logistics professional competences in an
ongoing curriculum development process:
• Distribution and logistics managers’
competency model by APICS [23];
• Certified in transport and logistics
(CTL) by AST&L [24];
• Certified master logistician (CML) by
SOLE[25];
• Logistics professional by European
Logistics Association ELA [26].

All the models are aimed at describing
logistician competences on the level of
higher education and suggest a relatively
broad scope in their title. The study goal
was to identify to what extent are the
models in line with the envisioned ten
technology areas and would these models
then prove suitable for logistics
engineering curriculum benchmarking. The
results, however, demonstrated notable
gaps and mismatches across board.
APICS model assumes students to
“demonstrate an understanding of the
factors that are considered important to
the branch of knowledge or technology”
and “to implement new technology” [23]
with no ad hoc list of technologies.
However in various sections, the following
technology elements are mentioned:
materials and distribution requirements
planning, ERP-systems, advanced planning
systems, renewable materials, energy
reduction, warehouse management systems
and electronic data interchange (EDI).
AST&L model [24] is approaching logistics,
and more specifically transport, more in
terms of exploitation and management
rather than design and development, by
requiring the competence of “how the
operating and service characteristics of
each mode affect cost, performance, and
the products moved”. The only time
innovation is mentioned in the model is
under “creative component”.
SOLE [25] lists some educational areas
connected to technologies and to related
design and implementation life-cycle
aspects: conceptual system design, civil
engineering,
safety
and
reliability
engineering and user tests. However, no
technology area is treated in detail.
ELA model [26] states: “Due to the constant
progress in ICT, specific technologies are
not defined in the modules. It is a
prerequisite,
though,
that
current
technologies must be applied in all
relevant fields. ICT competences are
implicit in every module.” The model
mentions vendor managed inventory, eprocurement, APS, WMS, transport
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management system, customer relationship
management (CRM) systems and software
testing. No reference is made to other
technologies, except: “Understands the
impact of technological innovation on
supply chain design”.
In summary it appears that while the
models are mostly capable of describing
soft skills and business workplace processoriented competences, the models are poor
guidelines in terms of developing a
logistics curriculum that would be founded
on natural sciences and technologies.
AST&L perspective to logistics is mostly
that of transport management. ELA and
APICS are more interdisciplinary but not
in terms of technologies. Even SOLE,
originally named Society of Logistics
Engineers, does not draw dedicated focus
to the building blocks of modern logistics
engineering.
4. LOGISTICS SYSTEMS ENGINEER
COMPETENCE MODEL
To reinforce technology element in
logistics competences, the authors have
created a novel competency approach titled
“logistics systems engineer”. The guiding
idea has been to infuse the modern
understanding of logistics with dedicated
focus to technologies and to the design and
implementation process (the focus of
systems engineering).
The model structure is shown on Figure 1.
It consists of six layers, starting from
foundational engineering competences. In
this view, systems engineering treatments
form the conceptual basis. This is followed
by a layer for specific technologies that
need to be engineered and maintained in
logistics, and a core layer of more
conventional logistics topic areas. The
technology layer is essentially an
abbreviated version of the ten technology
areas. However, all business information
system related topics are intentionally not
included on this layer – rather they form a
separate segment on the next layer, as they
integrate all logistics data aspects.

Fig. 1. Competency areas and structure in
“logistics systems engineer” training profile

The core layer views logistics as a system
with inventory and information as key
variables. All technology solutions in
logistics essentially imbue information and
physical inventory handling and related
operations. The top two layers add logistics
management elements to the technology
foundation and point out that all applied
solutions should be viewed as parts in a
value creation system of an enterprise.
In brief, the key technological competences
in the model are the following.
1. Understands the characteristic, design,
applications and limitations of
technology solutions in transport,
warehousing, tracking and handling.
2. Analyses modern technologies and
application environments in terms of
capabilities, costs, implementation
requirements, constraints and risks.
3. Analyses
current
organisation
processes and workflow and identifies
suitable technology solutions.
4. Analyses the impact of various
material flow technologies to logistics
system and supply chain performance.
5. Understands synergetic relations of
material flow technologies, IS and
information flow configurations and
utilises it in systems development.
6. Plans, manages and controls new
technology implementation projects
throughout the life cycle.
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7. Defines human, IS and technology
interfaces and integrates physical
technologies with information systems
and workflow in an optimal way.
8. Initiates and carries out feasibility, risk
and impact studies and cost-benefit
analysis, including aspects of safety,
security and environmental impact.
9. Cooperates with specialists in partner
companies to create systems reaching
across organizational boundaries.
10. Analysis technological competencies
in company and assists in defining
training, serves as a technological
expert and supports innovation.
11. Is aware of the boundary of human and
machine-based operations and the
conditions when human labour can be
replaced with machines.
12. Understands delicate relation between
lengthy implementation projects and
changing environments which can
impose risks regardless of initial plans.
The entire competence model includes over
250 defined competency elements and is
far too extensive to present here. The
details are available from corresponding
author on contact.
5. CONCLUSIONS
In conclusion, some competence models in
logistics do not emphasise technologies
from modern logistics frontier. The authors
have designed a new competency approach
more fitting for future logistics engineers.
The new model serves as a curriculum
development guideline for all universities
wanting to develop logistics programs with
technology orientation. The entirety of the
model is suitable for 5-year integrated
masters’ studies, but it can be partially
applied also on bachelor level.
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