ACTA MECHATRONICA

2018 Volume 3 Issue 4

QOO0
@,

O

3
&0
()

A
%é’bv / .

International Scientific Journal about Mechatronics

electronic journal
ISSN 2453-7306



2 Acta Mechatronica - International Scientific Journal
/” CONTENTS

Volume: 3 2018 Issue: 4 ISSN 2453-7306
&.\?QV :

chaty
Xbe' ~To,,

CONTENTS
(DECEMBER 2018)

(pages 1-6)
SELECTION OF THE CRACK DRIVING FORCE CONCEPT IN CONTEXT
OF LINEAR-ELASTIC AND ELASTICPLASTIC FRACTURE MECHANICS
Michal Kracalik

(pages 7-10)
SNAKE-LIKE ROBOTS

Ivan Virgala, Cubica Mikova, Michal Kelemen, Darina Hroncova

(pages 11-14)
DESIGN OF BODY WHEEL SHAPE TO IMPROVE TEETH STIFFNESS
FOR GEARBOX OF MECHATRONIC SYSTEMS
Silvia Medvecka-Benova, Peter Frankovsky

(pages 15-21)

THE ASPECTS OF STRESS ANALYSIS PERFORMED BY DIGITAL IMAGE
CORRELATION METHOD RELATED WITH SMOOTHING AND ITS
INFLUENCE ON THE RESULTS

Martin Hagara, Jozef Bocko

Copyright © Acta Mechatronica, www.actamechatronica.eu


http://www.actamechatronica.eu/
https://actamechatronica.eu/issues/2018/IV_2018_04_Hagara_Bocko.pdf
https://actamechatronica.eu/issues/2018/IV_2018_04_Hagara_Bocko.pdf
https://actamechatronica.eu/issues/2018/IV_2018_04_Hagara_Bocko.pdf
https://actamechatronica.eu/issues/2018/IV_2018_04_Hagara_Bocko.pdf
https://actamechatronica.eu/issues/2018/IV_2018_04_Hagara_Bocko.pdf
https://actamechatronica.eu/issues/2018/IV_2018_03_Medvecka-Benova_Frankovsky.pdf
https://actamechatronica.eu/issues/2018/IV_2018_03_Medvecka-Benova_Frankovsky.pdf
https://actamechatronica.eu/issues/2018/IV_2018_03_Medvecka-Benova_Frankovsky.pdf
https://actamechatronica.eu/issues/2018/IV_2018_03_Medvecka-Benova_Frankovsky.pdf
https://actamechatronica.eu/issues/2018/IV_2018_02_Virgala_Mikova_Kelemen_Hroncova.pdf
https://actamechatronica.eu/issues/2018/IV_2018_02_Virgala_Mikova_Kelemen_Hroncova.pdf
https://actamechatronica.eu/issues/2018/IV_2018_02_Virgala_Mikova_Kelemen_Hroncova.pdf
https://actamechatronica.eu/issues/2018/IV_2018_01_Kracalik.pdf
https://actamechatronica.eu/issues/2018/IV_2018_01_Kracalik.pdf
https://actamechatronica.eu/issues/2018/IV_2018_01_Kracalik.pdf
https://actamechatronica.eu/issues/2018/IV_2018_01_Kracalik.pdf
http://www.actamechatronica.eu/
http://www.actamechatronica.eu/

2
39 Acta Mechatronica - International Scientific Journal about Mechatronics

W Volume: 3 2018 Issue: 4 Pages: 1-6 ISSN 2453-7306

o SELECTION OF THE CRACK DRIVING FORCE CONCEPT IN CONTEXT OF LINEAR-ELASTIC AND ELASTIC-
oy PLASTIC FRACTURE MECHANICS
Michal Kracalik

chat
B0,

doi: 10.22306/am.v3i4.42 Received: 24 Sep. 2018
Accepted: 12 Oct. 2018

SELECTION OF THE CRACK DRIVING FORCE CONCEPT IN CONTEXT
OF LINEAR-ELASTIC AND ELASTIC-PLASTIC FRACTURE MECHANICS
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Abstract: Fracture mechanics is a continuum mechanics approach to describe cracks in materials. There are plenty of
fracture mechanics concepts such as linear elastic fracture mechanics (LEFM), elastic-plastic fracture mechanics (E-
PFM), dynamic, the time-dependent fracture mechanics that are limited to specific loading conditions, crack geometry
(length) and material behaviour. Current paper evaluates applicability of a crack driving force in context of LEFM and
E-PFM for arbitrary (quasi-static) loading and yielding conditions to help engineers choose appropriate fracture
mechanics concept for their applications.

1. Introduction method to asses a crack initiation and crack growth of a

Two fracture mechanics approaches are standardjnall crack are in the development [10], [11], [12].
used in LEFM — The energy release rate and the stress ) . ) )
intensity factor. Both hold their validity for linear-elastic ~According to a literature survey, The configurational
material behaviour or small scale yielding (SSyforce concept is able to describe physically appropriate
conditions. The machine parts are components afEack driving force for arbitrary (quasi-static) loading and
normally designed for linear-elastic behaviour. Hence, théelding conditions but has drawback in some practical
stress intensity factor is widely used concept in thapplications [5].
mechanical engineering. Due to the overloading and local The most work was done as part of the PhD. thesis [13].
stress/strain field around notches are machine paki§less stated other, the figures are taken from [13] without
exposed to local plastic deformations. The E-PFNeference.
concepts are incorporated to describe behaviour of such
cracks. The crack tip opening displacement (CTOD) ardl Crack driving force
the J-integral require additionally lower restriction on the According to [1] the crack with initial length, in a
fracture mechanics tests as the stress intensity factoaded body will be extended if the “generalized crack
approach [1]. The cyclic CTOD can be used fodriving force” D, is equal or larger than a “generalized
characterization of a crack growth under large scale aggack growth resistance”
general yielding condition under cyclic loading [2] but that
approach is limited to fracture Mode [; for Mode Il (or Dyen = Ryen- 1)
Mixed Mode) are currently investigated approaches like

crack fac_e displacement [3]_. _The J-integral does_ Not The crack driving force is generally a loading
characterize the real crack driving force for a crack in gfhrameter for the crack that tries to elongate the crack. The
elastic-plastic material behaviour even for proportionggck driving force comes from the work of the applied
cyclic loading [2], [4]. The physically appropriate crackorces and (or) from the stored strain energy in the body.
driving force for an elastic-plastic material behaviour hagne crack growth resistance is a function of the material
been derived [4]. Based on the configurational forcgnq impedes the crack extension. The fracture toughness is
concept (“modified J-integral’), the integration contouly material property and is measured by a fracture
which encloses the active plastic zone characterizes th@chanics test where a sample with a sharp (pre-fatigued)
physically appropriate crack driving force [4] but it canyyack with the initial lengthz, is loaded. In the test are
lacks in practical applications, where the active plasti,easured the load point displacemerthe loadF and the
zones originates from the crack cannot be separated frap .\ growth extensioma. The crack driving force
other source of plastic deformation in the system [S].  ,.reases with loading andD,, = Ry, crack extension

The .fracture meghamcs des_cnbes as _continuum. .5 The crack growth toughnégs,, (Aa) is obtained
mechanics tool behaviour of physically long cracks. The ™" ™ . S
a similar way from an equilibriu,,,, = Ry, -

physically (or micromechanically) small cracks are oftefl! ; X .
studied experimentally [6], [7], [8]. Here has to be said, that The crack growth resistance is a constant for linear

a threshold value of a small crack is an open issue [9] n&l@Stic material behaviour. Then LEFM can be used. LEFM
can be applied also in the case when the plasticizpie

~1~
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considerably smaller than the crack lengthand the The elastic energy release rate is expressed for a smalll
sample lengthb. That condition is called small-scaleinterior crack of lengti2a. Loaded by the remote stresses
yielding (ssy) [1], see Figure 1: Oappt IN @n infinite plate as [1]:

a,b > Tpi- (2) C = naéplpla’ (4)

E

If large-scale (Isy) or general yielding conditions ) )
prevail (gy) E-PFM must be used. whereE for plane strain is expressedias= E/(1 —v)

and for plane stress = E with E as the Young modulus
F andv as the Poisson number. The critical length for a given
T applied stress can be calculated as:

2y rsE,
_zrr (5)

Ay =
crit T

> .
Oappl

gy Thus, the critical applied stress for a given crack length is:

\‘_ |Sy _ nyrsE, 6
f'". ( SS}" :\‘.— A O-appl,crit - a ( )

7 _ 2.1.2. The stress intensity factor

5 ' The stress intensity factéf is dependent generally on

7 the applied load (stress), the geometry of the body and the
crack lengtha [1]:

a b K = dappi/ma fi (%%) O

'
v
-
W

where a,,,,,, = F/(BW) is the nominal stress is the

w thickness)V is the width andf is the height of the sample,
see Figure 1. The crack starts to grow analogously to
equation (1) if the stress intensity factor (applied stress tip
field) K is equal or higher than the critical stress intensity

] ; o factor K.. Assuming plane strain state condition, the
Figure 1 The loaded body with acrack of Iength a. Theyidlding  thickness of sample must be substantial larger than the

conditions are distinguished by colours: green denotes small- radius of the : ; :
i - plastic zone and is according to [1] expressed
scaleyidding, bluelarge-scale yie ding and red general scale as (see also equation (2)):

yidding.

r I i i

2
2.1.  Crack drivingforcein LEFM a,b,B 2 Z.S:T”, (8)
The two following approaches are strictly restricted to s

LEFM and thg ssy rggime resp. —elastic energy release rm?ereays is the yield strength of the material.
G and stress intensity factf.

) The stress intensity factor rang& can be in many
2.1.1. The elastic energy release rate cases related to the crack extension per load cycle of a

The elastic energy release rate concept is useful for h ﬁgue crackda/dN but again LEFM (ssy) must be
metals, composites with metal and ceramic matrix, ha%aplicable 2].

strength metals and for materials where the plastic zone'is
negligible (LEFM or ssy regime) and is not changin . .
during the crack growth. Then the crack growth resistanée2- ~ Crack driving forcein E-PFM

is equal twice specific surface energy and a specific Z.Zé:ro-lghehcra(:lt( tip Opi:ling ?iSp!?Ce?”'tim (CTOtD) ol
. - _ characterizes the intensity of the near-tip fie
plastic work for building the fracture surfagg [1] also in cases where LEFM is not applicable [1]. The crack

_ _ grows in analogy to equation (1) if CTQDis equal or
Rers = 2¥prs = 20t +¥p)- ®) higher than critical CTOLS,. The§, is taken atAa =
0.2mm. To characterize the intensity of the near-tip field

~2~
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via CTOD the crack and the sample length as well as thiéferent crack lengths, see Figure 2. Following [14],

sample thickness must be much larger hafi]: assumed is a homogeneous body with non-linear elastic
material properties. Plane strain condition and no volume
a,b,B =6.. (9) forces are imposed on the body. The crack lies in x-

direction in the body. For those assumptions the J-integral
The cyclic crack tip opening displacement§, = is [1], [14]:
Ot max — Ormin, CaAN be expressed in form of the stress

intensity factor rangAK according to [2] as: J=1. (dey —T, ?ds) e (11)
x Bda
2
AS, =x (ZA:G) ) (10)  whererl is the curve around the crack tifs, is the element
y

on the curvel', u;, is the displacement vectdF; is the
traction vectorP is the potential energy of the body. The

h i tant and i imatel . 5of
wneree: IS & consiantand 1S approximaiely equ o deformation energy in the body is defined as [1], [14]:

plane stress ar@l5 for plane straing, is the yield stress.
Eij
2.2.2. The J-integral ® = [,V 0;dey;. (12)
The J-integraimeasures the difference of the potential
energy of two identical non-linear elastic bodies with

F 1 AL F iy
F
a da
e SIS
I
b
-
w
L 3 dv v
a) b)
Figure 2 Non-linear dastic body with the crack of two lengths (a). The J-integral is measure of a differencein the potential
energy (b).

Similarly to the previous methods, crack grows occursample size is in order of magnitude smaller than what is
if ] > J.. For the J-concept to be validrequires much less necessary for a correct determinatiorof
strict criteria have to be satisfied to the restrictions of the Hutchinson, Rice and Rosengren showed that
K or the CTOD concept, see equations (8, 9) and compatearacterizes the intensity of the crack tip field for elastic-
with equation (13), [1]: plastic materials (so-called HRR field). Deformation
plasticity and power-law hardening are assumed. Then the
B =1, (13) strain energy density near the crack tip follows the
relationship®~J/r and the stress and strain components
where 1, is the length of the process zonlg, is are given by [1]:
proportional to CTOD,,, ~ (2 + 3)§. Thus this method
. L 1/(N+1)
is useful for a correct determination of the crack growth 0 = 0, (E_fz) .2(N,6), (14)
resistance/, of a low strength material. The required *ROCGINT Y

~3~
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__ @ROO0

N/(N+1) iz
’ 0 ( EJ ) ~(N,0),  (15) proposed as a parameter characterizing the crack growth

rateda/dN of fatigue cracks for cases whek& is not

applicable anymore.

where the stresses and strains are dependent on the polar

coordinateg(r, 8) with respect to the crack tipgo iISa@ 223  The configurational force concept

dimensionless constamt, is a reference stress and is equal  The configurational force concefs based on a

to the yield stre_ngth for a smaﬂw, gisa refgrence strain thermodynamic framework and Eshelby’s energy

(20 = do/E), N is & hardening parameter with value bf  momentum tensor. The concept is able to account for an

for a linear elastic material description andor an ideally  jncremental theory of plasticity. Another concept, the

plastic material description. The parametgrand the previously mentioned J-integral is developed based on

functions,”, .; are tabulated as a function/of deformation theory of plasticity. It has been shown in [2]

[15] [16] that a calculated crack driving force based on the

The conventional J-integral is not appropriate for nordeformation theory leads to incorrect results in cyclic

proportional cyclic loading and does not characterize theading. The principle difference between the two theories

real crack driving force for a crack in an elastic-plastiof plasticity is shown in Figure. 3.

material [4]. The experimental cyclic J-integhdF*? was

aRro O'gINT &ij

£ £
a) b)
Figure 3 The stress-strain behaviour of the material described by deformation theory of plasticity is (a); the behaviour using
incremental theory of plasticity (b).

The plastic strain in the deformation theory of plasticityvritten for the deformation theory of plasticity (non-linear
is described as a function of equivalent strgjn~ o.,,  elastic material description) as:
which is in effect a description for a non-linear elastic
material, see Figure 3a and [1]. The incremental theory of frel = —y(@I — FTS) (16)
plasticity describes an increment of plastic strain as a
function of the equivalent stresés, ~ o,,, see Figure 3b and for the incremental theory of plasticity as:
and [1]. The two descriptions of the plastic strain results in
different energy considerations as can be seen in the area
below the stress-strain curve, see Figure 4 and [15]. The
whole strain energy densi#y below the stress-strain curvewherel is the unit tenso"is the transposed deformation
can be divided into an elastic part, and a plastic part gradient tensog is the first Piola-Kirchhoff stress tensor.

®,,. Then the configurational body force vector can be

fer = —v(&,, I — FTS), (17)

~ 4~
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Figure 5 Sketch of the crack driving force vector which
originates fromthe crack tip. The unit vectors are chosenin
order to plot the crack driving force as function of the crack
modes. Aa represents a virtual crack growth extension only

when the crack driving force related to the crack Mode | /7

tip,
supports crack growth.

Figure 4 The energy consideration bel ow the stress-strain curve.
The whole area below thered curve represents the energy
consideration according to the deformation theory of plagicity.
The blue part representsthe energy consideration of the
incremental theory of pladticity. The plastic part of the strain
energy density (white) is consumed during plastic deformation
and only the dastic part is available for driving the crack.

The th q , < driving f for elasti 3. Evaluation of the crack driving force
e thermodynamic crac riving force for elastic- approaches

plastic materials along an ar.bl_trary Integration confgur The evaluated fracture mechanics (crack driving force)
(here shown for a crack driving force which originates . i

. ep approaches are summarised in Table 1. The energy release
from the crack tip contouf. - 0= J,;, is expressed as

rate and the stress intensity factor are restricted to LEFM
[15]: or SSY, while other approaches can be used in E-PFM. The
configurational force concept is not restricted for
monotonic loading and can be used for arbitrary (quasi-
static) loading and yielding conditions (denotes as cyclic
plastic loading in the Table 1).

]fi?z’)i =g frr(cbell — FTS)mdl, (18)
wheree; is the unit vector related to the chosen directio
of the local coordinate system of the crack, see Figute5;
is the unit normal vector on the integration contguand

dl is the infinitesimal small length on the circumferefice

Table 1 Regime of the validity of various fracture mechanics
approaches

Loading Parameter for the
Crack

Elastic energy release

. rate G (J/m?)
Linear i

elasticity

Regime of Validity

linear elastic fracture
mechanics (LEFM)
small-scale yielding

LEFM

Stress intensity factor K

(Nm32) .

small-scale yielding

Crack tip opening
displacement (CTOD) &
(mm)

small-scale yielding
large-scale yielding
general yielding

J-integral J (J/m2)

LEFM
small-scale yielding

General i
= 3 z large-scale yieldin
usage No cyelic plastic loading gegeral yieléing g
Configurational force + LEFM
concept J (J/m?) + small-scale yielding
5 x ; + large-scale yielding
Cyclicplasticloading | . general yielding
~5~
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Conclusion the cracking behavior in polycrystalline superalloy

Crack driving force concepts are described and evaluated Inconel 718Materials Characterization, Vol. 132, pp.

in regard to LEFM and E-PFM in the paper. The regime of 175-186, 2017.
their validity are summarised in the table. Thd9] ZERBST, U., VORMWALD, M. PIPPAN, R,

configurational force concept is able to handle with GANSER, H.P., SARRAZIN-BAUDOUX, Ch,
arbitrary (quasi-static) loading and yielding conditions. In  MADIA, M.: About the fatigue crack propagation
the introduction is discussed limitation of the concept in the threshold of metals as a design criterion — A review,

practical applications. Engineering Fracture Mechanics, Vol. 153, pp. 190-
243, 2016.
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Abstract: The paper deals with snake-like robots. There are several types of snake-like locomaotions. Biological example
— snake always select the best type of locomotion in accordance with terrain. Big manoeuvrability leads many teams to
develop snake-like robots. These structures have many degree of freedom and it is complicated to control them.

1 Introduction Serpentine locomotion is the locomotion to be seen

Many ground locomotion devices often use endledypically in almost kinds of snake, and is a gliding mode
rotating elements such as wheels or tracks. Endless rotatifgose characteristic is that each part of body makes similar
elements are the fascinating elements in ma-chines. Th&&€ks. From ancient times this has been the mode which
elements have one big disadvantage. They are not suitat®s Propelled snakes like flowing water between rocks, for
for ex-tremely rough terrain. There is no analogy folnstance, and has surprised humans, and of the four modes
wheels and tracks in the nature. In this time, there are a s can be thought of as the most efficient.
of applications with biologically inspired locomotion.  Rectilinear locomotion is the gliding method performed
Place for biologically inspired locomotion is mainly inwith a special configu-ration by large snake such as boas
cases, where we cannot use wheels or tracks. Lividéd vipers when approaching their prey or when gliding
organisms are able to adapt to surround conditions, B&er a smooth surface.
cause of its physiological needs. Consequently, they are Concertina locomotion is gliding method used by
able to change own shape and locomotion type. gnakes confined to a straight path over a narrow straight

Biologically inspired snake robots are able to perforrtine, and by snakes placed on floor surfaces, for ex-ample,
the motion in environ-ments where other types of transpaMhich are extremely slippery. In particular, the gliding
mechanisms fail. Snake robots are usually composed @figuration on such a floor surface uses the phenomenon
many identical Segments_ A snake robot’s body Structuretmt theoretical terms the coefficient Of-the .StQtIC friction .|S
self-enabling, and offers mechanical transport performangéeater than the coefficient of dynamic friction. For this
characteristics that are highly desired. However, snak@a-son, propulsion is possible even in a very slippery
robot body structures are difficult to control. environment, using this gliding mode. However, the

The most famous research of snake like locomotiogfficiency of such propulsion is extremely low.
comes from Hirose & Yoneda Lab. Their results are Sidewinding locomotion is the gliding method used by
summarized in book [1]. snake such as the rattle-snake which live in the desert, and

They have observed four basic types of snakéhich lift part of their body while gliding and propel
locomotion. Using of these lo-comotion types depends dhemselves like a tumbling spiral coil. In this mode of
environment condition and purpose of locomotion. Thedgcomotion, there is no sliding movement between the
locomotion types can be divided into these four modes [§0dy and surface glided over, its dynamic characteristic

1. serpentine locomotion being that the body usually contacts the ground from
2. rectilinear locomotion above. Be-cause of this characteristic, sliding friction
3. concertina locomotion resistance is small, and in locomotions in environments
4. sidewinding locomotion which are not firm, such as sandy ground, the locomotive

effi-ciency is high [1].
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— N . .
W Every article has one degree of freedom in regard to

neighbour robot article. These plane joints are driven with
actuators. As actuator is chosen position servomechanism.

General problem for design of locomotion algorithm is
o ey timing of sequence. Time of every joint rotation is
— dependent on its loading and position. Therefore,
Serpentine Concertina microcontroller needs information about actual angular
position of every joint. Ideal solution is to use information
e k?% from internal potentiometer as feedback for our
‘ microcontroller.
——r % The article of the robot consists of 13 parts. Symmetry
% = and precision of every part has been very important
P requirement. It has been needed for obtaining of stabile
T ., (GRS % locomoation.
.
Rectilinear Sidewinding

Figure 1 Snake-like locomotion modes [1]

2 Concept of the snake-like robot

composed from 1DOF segments

Snake-like robot consist of many joints for obtaining of
many degree of freedom to obtain high level of mobility.
Many joints means many actuators and complicated
controlling. For this reason, it is necessary to make
decision. How many joints is necessary for robot. We have
to select as least as possible.

Our robot “Hadik” consists of eight articles also called
as segments joined with seven plane joints (fig. 2). Every
segment has one degree of freedom (DOF). The base of the
kinematic principle lies on alternating of vertical and
horizontal plane joints. First article (head) and last article
(tail) are designed with vertical plane joint, because of their
possibility to cross any obstacles (fig. 3). Therefore, every
kinematic pair is designed with one degree of freedom.

Figure 3 Article (segment) of the snake-like robot

3D model has been created for verification of
functionality and possible collisions between parts in
locomotion. Realisation of the robot brought several
problems. It has been necessary to solve technology
process, precision of bending, placement of wires etc. (fig.
4).

Figure 2 Structure of snake-like robot “Hadik”
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Figure 4 3D model of the snake-like robot

Realisation of the snake-like robot “Hadik” is shown on
figure 5.

Figure 7 Rotation in segment for snake-like robot “Locosnake”
3 0
® ®
® o ®
| I i
@ ® e

Figure 8 Linear stroke in segment for snake-like robot
“Locosnake”

LocoSnake was constructed from parts made by a 3D
printer. One link of Lo-coSnake weights 250 g and has a
maximum length of 131 mm, width of 80,2 mm, and height
of 47 mm. Figure 9 shows the realisation of snake-like
robot “Locosnake”.

-

Figure 5 Realisation of the snake-like robot “Haik”

3 Concept of the snake-like robot
composed from 2DOF segments
Concept of snake-like robot “Locosnake” consists @
segments with 2 degree of freedom (DOF). Figure 6 sho
the kinematic structure of it.

linear guide

1. DOF

2. DOF H|

Figure 6 Concept of 2DOF segment for snake-like robot

“Locosnake” 4 Conclusion
. . . . Locomotion is basic of the live of living organisms.
LocoSnake is a unique kinematic structure Nofney need locomotion for food finding, for avoiding from
previously utilized. Each segment of the snake robal,amy or another dangerous. Ways of locomotion are very
possesses two degrees of freedom. Along one degree,gb, “55 inspiration for design of various locomotion
freedom, a segment may rotate + 90° (fig. 7). Along thgaices [2-21].
other, a segment may effect a linear translation up to 50mm g,y e robots possess the ability to work within a broad
(fig. 8). Each segment end is equipped with a clutch whig 4o o applications where conventional mechanisms
ena-bles the connection of other parts, signal cables, affective. These robots, inspired by the nature, provide
provides power source cable transportation, see F'gureglotential solutions to designers and researches, and they
. . introduce numerous undetermined questions and problems.
The kinematic structure of the snake robot wagy . inspection is an application snake robots are well

;Jle3|gned Iusmg SolidWorks software, see F'%L."e 2 andsgiteq to, and this area of application has not yet been
or models. It was necessary to specify dimension Hvestgated n detail

requirements to ensure the accuracy of the mode
configuration. The dimen-sions of the model’s action parts
were most important.

Cpl Cp2

Figure 9 Realisation of snake-like robot “Locosnake”
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Abstract: The most important component of your drive systems of mechatronic units are geared systems. Prospective
application of highly accurate transfers it can be examined by the need to adapt to our own design, size and the minimum
weight transfer. It is anticipated construction material so flow density, high stiffness, reliability, positioning, control.
Increasing performance and improving load machines with gear unit leads to increase the technical level of machines.
This process is often at the cost of degradation of the environment. One of the factors that aggravate environmental is a
noise. Periodic changes the stiffness of the tooth during meshing in gear drives mainly affects of the noise in the transfer.
The work is devoted to the analysis of influence of the body wheel shape on the tooth stiffness. The problem is solved for
spur gears. As the basis for calculating the tooth stiffness are results of teeth deformation. The teeth deformation has be
solution problem by finite element method.

1 Introduction is one of the most widely used numerical methods. The

Gear wheels became a symbol of engineering. They 4a9th deformation of spur gears is not constant for all
the basic element, through which transmission arRkamined teeth of gears. The deformation of the teeth
transformation of mechanical power and movement afi€pends on the shape of the teeth, thus the basic parameters
implemented in machines [1-3]. They are one of the mogt the gearing and on the shape and construction of the
complicated mechanical components from the theoreticQ0dy wheel and the wheel load.
construction and production viewpoint. The machines and As has been said, the teeth of the gear wheels are
machineries with gear transmission are very popular aggformed due to load. This is the cause of some negative
draw sufficient attention. The weight reduction of théut also positive consequences. Therefore, the knowledge
construction machines and engine plants as well 8&the deformation properties of the teeth is very important
increasing of their efficiency and productivity' are all par[g]The theoretical determination of the teeth deformation
of the important task in the area of the construction$ difficult due to the complex shape of the gear teeth. In
technology and research workers must accomplish thd@fent years, the question of teeth deformation has been

[4]. solved using modern methods of calculation, for example
by a finite element method. The finite element method is
2 Definition of tooth stiffness used to determine the teeth deformation [11-12]. We will

Deformation of teeth is usually expresseJocus on the value of the total deformation in the direction

guantitatively as a teeth stiffness during by gear mesh | f action forces (E|gure 3).0n the bagls of the teeth
In general, stiffness defined as the ratio of load tdeformation, the stiffness of the teeth is calculated. In

deformation. The stiffness of the tooth is defined as trfeneral the teeth stiffness c is defined by equation (1):

force per unit width, which is necessary for the deformation

about 1pn [6-8]. Theoretical determination of teeth c=Y 1)

deformation of involute gears is difficult, because the tooth o)

profile is consists of involute and smooth filet. Thevhere c — tooth stiffness [N/mpm],

previous experimental procedures were based on the static w — load across the width of the teeth [N/mm],
deformation measurements gearing loaded constant force, d — tooth deformationym].

or seismic measurement deviations as you turn. But it

requires the construction of a suitable model and use of The teeth stiffness values are the basis for assessing the
appropriate  machinery, given the limited value obuitability of design of the wheels of mechatronic system
deformation quality measurement technology. The matter this paper.

in question is thus preferable to solve finite element, which
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3 Design of various types of gear wheels 4 Influence of the shape of body gears
Achieving the smallest weight of the spur gear wheel is  wheel on the tooth stiffness

the designer's effort in designing the shape of a large gear Achieving The impact of the rim thickness (valuéns

wheel body. However, the reduction of the load-bearingigure 2) on the deformation and stiffness of the tooth will

cross-sections is usually limited by the requirement fqfe determined on the spur gear with a number of teeth of

sufficient stiffness of the bodies. In the case of gears it j$61 and a module ma4mm and a tooth width b=80mm.

gear mesh stiffness. Will be examined the tooth stiffness under load F=5000

Large-dimensional gear wheels can be made &g if the if the force is applied to the head of the tooth (the
monolithic one, the most commonly are a forged and cagkgest bend) according to Figure 3.

gear wheels. Spur gears with a diameter of 200 to 500mm
are produce of forged blanks most commonly. Larger spur
gears with a diameter of over 500mm may be produce as a
cast blanks. But striving to improve the design of the gears,
aimed at reducing the dimensions and weight, has be led to
the used of gears with thin-walled gear rim and with thin
gear rim. Figure 1 shows an example of design a forged
and cast body of spur gear wheel.

Figure 3 Deformation of tooth

Will be examined the tooth stiffness under load F=5000
N, if the if the force is applied to the head of the tooth (the
largest bend) according to Figure 3. The thickness of the
wheel rim is changed from the valug=%.75m, (2.5m,
3.5m,, 5m, 8m, and full wheel) to the full body of the

Figure 1 Design of body gear wheel wheel. These results are determined by the finite element
method and are processed in the graph in Figure 4.

The wheel rim thickness{sand wheel web thickness

(bs) (in Figure 2) are important parameters which influenc

. . . 16 -
of weight of gear wheel. In the next section, the paper wi = |, | 5. Smn 0l
focus on the influence of wheel rim and web parameters « ai 51
the tooth stiffness of spur gears. £ 5]
f,—' 12
b £u
Z 10
[ A @
2 91
& g s ; : ‘ ;
rim thickness
bs Figure 4 Influence of wheel rim on the tooth stiffness

As the results show, decreasing the thickness of the rim
wheel is increases the tooth deformation and the tooth
stiffness is decreases. The minimum permissible thickness
of the wheel rim according to [10] is a=s 3.5m, where
mn is @ modul of the gear wheel. Thickness of wheel rim
less than value 3.5 qrhas more affects to the tooth
L — deformation and stiffness. Thickness of wheel rim bigger
than value 3.5 m has smaller affects to the teeth
deformation and stiffness, as show in the Figure 4.

The impact of the rub thickness (valugHigure 2) on
the tooth stiffness will be determined on the spur gear with
a number of teeth of z=61 and a module=4mm and a

Figure 2 Design of gear wheel
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tooth width b=80mm, the value of wheel rim ig82mm. The influence of the wheel web (value-Figure 2)
The web is located at the center of the gear wheel widibcalization on the tooth stiffness will be determined on the
and its thickness will change from 10 mm to the 80 mnspur gear with a number of teeth of z=61 and a module
when it is a full gear wheel without a web. The force imm,=4mm and a tooth width b=80mm, the value of wheel
applied to the head of the tooth (the largest bend) accordinign is %=22mm.
to Figure 3 and the value of load across the width of the The wheel rub thickness is#10mm and its locality
tooth is a w=40N/mm. varies according to Figure 6.

The results of the maximum tooth deformation

E ng ] examined at the loading point, if the for_ce acts on the tip of
g 148 1 the tooth (Figure 3), for wheels web with different station
g }j; 1 /A—‘_‘—‘ locations, according to the models 01 to 04 (Figure 6), are
145 A shown in the Figure 7. The value of the tooth deformation
g 1431 in the place of loading we consider the second highest
E 142 1 value.
= 14,1 A
= 14 . . . . . . . )
g 0 10 20 30 40 50 60 70 80
web thickness [mm] _E_ 14
g133
Figure 5 Influence of wheel web on the tooth stiffness 51:1_3 .
w12
The tooth deformation is reduced and the tooth stiffness & 11.5
is expanded, due to the increase in the thickness of the #  '%
wheel web located at the center of the gearing width, itis & 10 A . .
show in Figure 5. This change in tooth deformation and 1 2 3 4

model

tooth stiffness is more pronounced to the first half of

gearing width. i L
Figure 7 Influence of wheel web localization on the tooth

b b stiffness

stiffness, is for the gear whit two wheel web. These wheel
webs are located at the edges of the wheel width. This is
bs bs due to the supportive effect of wheel web. The wheel web
10 placement in generally is affects the teeth deformation as
well as the teeth stiffness over the width of the spur gear.

/ The minimum tooth deformation, the maximum tooth

5 Conclusions

Development of the modern machinery and means of
production is characterized by steadily increasing
performance factors in decreasing the weight of the device.
Lightening of body wheel gears has affects on the
b b deformation and stiffness of the teeth. Teeth stiffness is
decreases with the decrease in thickness of the wheel rim.
Teeth stiffness is not constant even after the width of tooth.

_/‘_? If the ends of mesh contact line identic of the edge of the
teeth, the teeth stiffness is less on this locality. The teeth
b b bs deformation is reduced and the teeth stiffness is expanded,

20 due to the increase in the thickness of the wheel web
located at the center of the gearing width. The localization

of wheel web has a influence of the teeth stiffness. Gear
teeth are deformed due to the load. Recently, at ever faster
evolving computer technology, the available literature, we

can meet with modern numerical methods, such as finite

e o — - element method (FEM), which can serve as one of the
MODEL 3 MODEL 4 o .
] . methods for the determination of teeth deformation of
Figure 6 The locality of wheel web gearing.
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Abstract: The paper deals with a description of the aspects of stress analysis performed by 2D or 3D digital image
correlation system. It describes the differences between the types of smoothing used in Istra4D that is a software
commercially delivered with correlation systems Dantec Dynamics. The analysis was performed on flat specimen made
from PSM-1 material used in photoelasticity method. By loading of the specimen in form of three-point bending, a proper
dependence between the facet size set for correlation of the images and level of local regression filter (characterized by a
kernel size) was found. The finding for mentioned dependence was realised by comparison of the results with the results
obtained numerically in Ansys Workbench 17.0.

1 Introduction
The full-field deformation/stress analysis performed by In case of spatial deformation analysis, the correlation
digital image correlation method requires the use of one gystem has to contain more cameras (Figure 2). While the
more digital camera(s) with image resolution adequate g@ncurrent between the image plane of single-camera
realized measurement. While the specimens of commég}stem and the analysed specimen surface leads to the
sizes (in range from several mm2 to several m2) are mos@igcurrence of some correlation errors, the use of more-
analysed using standard digital image correlation systei¢@meras system (even in case of 2D analysis) overcomes
consisting CCD cameras with image resolution of severflis drawback [1-3].
Mpx, the analysis of micro-objects are performed by
specially design correlation systems similar to mﬁge plane i
microscopes. Correlation system consisting in one camera ghnetE ’

Image plane

f the camera2

(Figure 1) theoretically suffices for the analysis of plane
deformation [1-3].

Image plane

of the camera.a

Speckle-pattern

Specimen
) surface )
Speckle-pattern Figure 2 The scheme of two-camera (3D) correlation system

y Already two-camera system can be used for analysis of
Facets the specimens with curved surface. For a purpose of high
accuracy and reliability of the results, the four-camera
system is able to realize both-sided deformation analysis of
Specimen flat specimens and the eight-camera system (Figure 3)

surface manages to evaluate the cylindrical shaped object along its
Figure 1 The scheme of single-camera (2D) correlation systemircumference.

~ 15 ~

Copyright © Acta Mechatronica, www.actamechatronica.eu



Acta Mechatronica — International Scientific Journal about Mechatronics
Volume: 3 2018 Issue: 4 Pages: 15-21 ISSN 2453-7306

THE ASPECTS OF STRESS ANALYSIS PERFORMED BY DIGITAL IMAGE CORRELATION METHOD
RELATED WITH SMOOTHING AND ITS INFLUENCE ON THE RESULTS
Martin Hagara; Jozef Bocko

The results of deformation analysis performed by
Dantec Dynamics correlation systems are relatively much
influenced by a level of smoothing chosen by the user of
software Istra4D, which is control and test software of
mentioned correlation systems. The software allows
filtering the data using two functions. The first one, called
Smoothing splineworks globally on the data points and
e serves mainly for investigation of areas with
ystem homogeneously distributed deformation. This function fits

the object surface by the bi-cubic smoothing function,

Digital image correlation method is based on thehereby it uses two boundary conditions for the
correlation of the digital images captured during specimaalculation of the spline functions. The first spline function
loading. It is performed along small picture elements calledinimizes the difference between the data point and the
facets. Commonly, the facet is a group of pixels witlspline function and the second one minimizes the integral
squared shape and size from 15x15 px up to 30x30 mf, curvature of all spline functions. In case of using this
however, the facet size can be adapted (increased tgpe of smoothing, two parameters are set in Istra4dD — the
decreased) due to the type of the analysis. To perfoi@rid Reduction Facto{(GRF) and the&moothness factor
proper correlation of the images, it is necessary to ensf&F). If the GRF is increasing, the amount of measuring
the uniqueness of the facets, i.e. each facet has to confaiints is reduced and thus the obtained data are smoothed.
unique distribution of the pixels with different level of greyThe SF influences the condition of surface smoothing — the
value. The facets can touch or overlay themselves, but thigher this value is, the more filtered the data are. Based on
gap between them is not possible. As the information abdbe analysis performed by manufacturer of Dantec
the displacements of the analysed object are obtainedDgnamics correlation systems, the following enclosures
nodal points of so-called virtual grid (the middles of theand recommendations for smoothing of object contour,
facets), the overlay of the facets (see Figure 4) belongsdisplacements or strains usir§moothing splinewere
the ways how to improve the image resolution, i.e. taccepted [5]:
obtain more data points and thus to copy the surface in « SF has the biggest influence on the filtering of
better way. contour and displacements,

* by the displacement analysis oversized SF causes
the higher level deviations — it smooths the whole
surface and thus the noise or artefacts located in
one part can affect the filtered data in another part,

* by the strain analysis oversized SF causes the
devaluation of the results on the object edges,

* GRF has much lower influence on the results of
displacement and strain analysis as SF.

The default levels of mentioned factors are GRF = 2.0
and SF = -1.0. The recommended range of particular factor
levels for the specimen with big or small gradient of the
contour, displacements and strains is given in Table 1.

(¥ \ ./

igue 3 The figratin of eight-camera s

virtual grid

Figure 4 a) Facets without overlay, b) Facets with overlay

The manufacturer of correlation systems Dantec Table 1 The recommended settings for GRF and SF [5]
Dynamics recommends overlying the facets up to 1/3 of the __GRF S

facet size, because by such overlay the data points are still Big Small Big Small
independent [4, 5]. The bigger overlay causes, that the gradient gradient gradient  gradient
neighboring data points lose independence. The similafontour  2.0-25 <30  -1,0(-05 <00
situation occurs, if the smoothing filter is applied on the Disp!- 2.0 2.0 ca.-05 <00
data. The higher level of overlying, the higher the level of-SIrains 2.0 2.0 ca-05 =00
smoothing as well as the number of data points used for

smoothing. However, the determination of more data, or The second type of filtering used in Istra4DLtcal

even higher image resolution does not occur. The |a%%gressio_mwhich fits th? 2D polynomial obje(_;t surfa_ce_ to
simplest way for the image resolution increasing is the Order in the data. Itis the type of smoothing optimized

decreasing of facet size, however, it is limited by th}%r keeping of local extremes and essentially determined

quality (fineness) of the speckle-pattern created on t ¥ smoo’Fhlng of_non-homogenous fields (the an_al_y_S|s. of
analysed object surface. the specimen with stress concentrators, crack initiation,

etc.). Depending of the kernel size, set by the user, it is
possible to define the level as well as the type of

~ 16 ~
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displacements and strains smoothing. While this filter is to perform correlation of the images with
not activated, the strain is calculated from the deformation sufficient range of chosen facet sizes,

of the facet. On the other hand, the higher the kernel size, « reach sufficient level of deformation in the
the higher the influence of deformation gradient for surrounding of the stress concentrators even in
calculation of strains. Practically, by the set of kernel size laboratory conditions.

bigger than 7x7, the strain is determined just from the

deformation gradient. As can be seen in Figure 5 an ' 160

Figure 6, where the typical differences obtained by the us
of both smoothing filters are depicted, it is necessary to pe ,
attention by the choice of adequate type and level c
smoothing. According to the information available forg
authors, there is no rule, how to set the adequate kernel s |
by the evaluation of the experiments using local regressic_t
filter in Istra4D. e

|30 |
Figure 7 Shape and dimensions of the analysed specimen

The specimen was made from PSM-1 material with
thickness of 10 mm, used in photoelasticity method. It was
put into the loading frame, allowing the realisation of three-
point bending test and loaded in such way that the
displacement of the sphere-shaped spike reached 1.5 mm
in the last loading step. For a purpose to minimize the
potential of errors, the analysis was repeated three-times
using single-camera and two-camera correlation system.

The reference images captured by both mentioned
correlation systems with marked evaluation mask can be
seen in Figure 8. The pixel density for 2D analysis was ca.
14.5 px/mm and for 3D analysis ca. 14.64 px/mm.

Figure 5 Smoothing of strain field with local concentrator
using: a) local regression, b) smoothing spline [5]

P eet -
BAAA. . danunBRA

a) b) .
Figure 6 Smoothing of homogeneous strain field using: a) loce
regression, b) smoothing spline [5]

2 Experimental assessment of proper level

of local regression

From mentioned reasons an analysis was perform
with aim to find a dependence between the facet size g
corresponding kernel size in such way, that the results| , -
the analysis reached towards the expected results as Sika AR NSRS
difference as possible. Although the authors’ workplace g0 g Reference imageb; captured by: a) single-camera
disposes of several full-field experimental techniques system, b) two-camera system
(digital image correlation, electronic speckle-pattern

interferometry as well as photoelasticity) it is not easy to  Numerical model consists in four bodies — the analysed
find such method, which can serve for effectivgpecimen made from PSM-1 material with Young's
comparison of the results of strain/stress analysis on biggepqulus £ =2.5GPa and Poisson ratiqu=0.38, two

surface. Although the results from experimental modellin orts and the hemispheric spike made from stainless
are often used for verification of the numerical models, i PP P P
steel (£=200GPaand x=0.3). The supports were

some cases this process can be inversed. i '
The size and the shape of the analysed specimi@gated in such way that they supported the specimen on

(Figure 7) as well as the boundary conditions of thée areas of size 15x10 mm2 (see Figure 7). The loading
analysis were chosen with a purpose to: was realized by the movement of the spike in the direction

.« use the image resolution of low-speed cCcr®f vertical specimen axis of symmetry. The contact of two

Dynamics as effectively as possible, friction between steel and polycarbonate) were defined

« have possibility to create proper speckle-patterHe,twee” corresponding parts _of the model. The mesh of
on the object surface, for which it will be possiblef'”'te elements, created on particular parts of the numerical

~17 ~
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model, together with defined boundary conditions can be

seen in Figure 9. The height of the areas lower than 10 mm (by which the
areas could touch the bottom or the upper edge of the
specimen) was chosen with a purpose that digital image
correlation allows to obtain data just in the middles of the
facets. This fact leads to the loss of the data on the edges —
the distance of first data point from the edge is minimally
one half of the facet size.

The measurements realized using single-camera and
two-camera system were evaluated in sequence using
no =SpE different facet sizes. In case that the facets touch
Figure 9 The finite elen‘;gnt mesriwwith the boundary conditionghemselves’ t_he facet sizes used for correlation of the
defined at the numerical model images were in the range from 10x10 px up to 25x25 px.

In case of their overlay, the facet sizes were chosen in range

Figure 10 shows the distribution of equivalent vorff@m 10x10 px up to 30x30 px. Subsequently, the various
Mises stress on the analysed specimen surface. The Bg¥gls of smoothing were set to filter the data and to find
way, how to compare the results from both analyses wouke best equahty between the results obtaln_ed numerically
be to export nodal data from FEA and to couple them widnd gxperlmentally._ There were two criterions for best
corresponding experimental nodal data from the middles @fluality. If the functions expressed by eq. (1) and eq. (2)
the facets. Although, Istra4D allows to export data in

B2 Statie Seructural

hierarchical HDF5 file format, it is complicated to couple , max( JMises)
the mentioned data properly, because neither the amounts, > abs 1 _11000
nor the locations of nodal points have to correspond. For = max(o’M’ses)
that reason, the authors decided to compare the values of = " 1)
equivalent stress on two corresponding areas with sizes 3
90x6 mm2 (see Figure 11), which the highest levels of s
stresses were determined on. S mean( i )
> abs -t =1(0100
B: Statie Structural =1 mean(o.;lfllses )
T A, = ; )

LL. where 7/=1,2,3 are three performed measurements,

max(af““) and mean(aim“) are the maximal and the
- -

8035217 Min mean values obtained on the analyzed areas experimentally

10,00 {immj

- — by digital image correlation systerrmax(af"“s) and
Figure 10 Equivalent von Mises stress field obtained on the "
analysed specimen surface mean(aim“) are the maximal and the mean values
(— obtained on the analysed areas experimentally by software
B i e o S Ansys Workbench 17.0, reached minimum the optimal
kernel size was found.
| By Y The bar graphs in Figures 12-15 show the determined
- iam B RS « optimal dependence between the facet size used for
B correlation of the images captured by single- or two-
i:;}:s camera system and the kernel size of the local regression
20015 Min f=2o i s e i used for smoothing of the data. The obtained dependences
o ma  Tmew indicate that the settings of kernel size should be
75 s approximately the same for 2D as well as 3D analysis.

Figure 11 Two areas defined for comparison of equivalent von
Mises stress determined by DIC and FEA
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The differences in the results obtained by theases it is not so easy to reach it that leads to occurring of
correlation of the facets without as well as with overlay ameconstruction errors.
not very significant. By the use of single-camera system, The advantage of the use of facets with overlay accrues
the higher differences from the results obtaineftom the course depicted in Figure 16, which depicts the
numerically can be observed. According to the authors thigpendence of correlated facets amount on the facet size
phenomenon was caused by the decay of parallelisegistered in 3D analysis.
between the camera image plane and object surface during
loading of the specimen. Although the authors tried to
ensure the plane deformation of the specimen, in some
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—weseans | 3 CoNclusions
ol (e el The authors describe the aspects corresponding with
the use of 2D and 3D digital image correlation system in
stress analysis of flat specimen. It can be stated, that the
use of two-camera system allows stress analysis with
smaller risk of reconstruction errors that leads to results
e e with higher accuracy. In the paper, the dependence
womomomom e ey 0 mom o mommox petween the facet size used for correlation of the images
Figure 16 Dependence of percentage of correlated facets on taed the optimal kernel size used in local regresion filter
facet size used for evaluation with and without overlay of thewas found. If it is possible the authors recommend to use
facets overlayed facets, which ensure obtaining data as near to the
) object edges as possible. Moreover, the images has higher
In this case, the 100% value corresponds to the valuejgfage resolution, that increase the quality of the obtained
correlated 22609 facets with size of 10x10 px and overlgygits.
of 33%. As can be seen the image resolution by the use of
facets without overlay is approximately 2x smaller.
Figure 17 and Figure 18 depict the equivalent VORcknowledgement
Mises stress field evaluated by the smallest imagge paper is the result of project implementation VEGA
resolution (the overall amount of evaluated facet with sizgg731/16.
of 30x30 px without facets overlay was 1122) as well as by
the biggest image resolution (the overall amount of
evaluated facet with size of 10x10 px with facets overlapéeferences
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Figure 18 Equivalent von Mises stress obtained on the analysed
specimen surface by the correlation with the facets size equal to

10x10 px with overlay

Although the criterions defined by eq. (1) and eq. (2)
for facet size 30x30 px without overlay reached relatively
favourable values, the distribution of von Mises stress field
(see Fig. 17) is in the central upper part of the specimen
influenced by small number of data points. Compared to
mentioned fact, the von Mises stress field depicted in Fig.
18 shows good equality to the results obtained numerically.
Moreover, it copies the object surface in better way and
thus the maximal values of stress differ less from the
maximal values of finite elements analysis.
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