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1. Bevezetés

A mult évszazad korai évtizedeiben, a repiildgépipar fellen-
diilésével megndtt az igény a vékonyfalu héjszerkezetek
mechanikajanak pontosabb megismerésére. Viselkedésiik le-
irdsara sz€leskorii analitikus és numerikus modszerek allnak
rendelkezésre. Vékonyfalunak azt a héjat nevezhetjik, mely-
nek gorbiileti sugara husszor nagyobb, mint a falvastagsaga.
Ennek specialis esete a vékonyfalu hengeres héj, melynek
egyik iranyban a gorbiileti sugara végteleniil nagy. Az ilyen
szerkezetek egyik veszélyes tonkremeneteli modja a szerkezeti
stabilitasvesztés, horpadas: a kritikus terhelés elérésekor a hen-
ger mar tobb egyenstlyi helyzetet felvehet, instabilla valik a
viselkedése. A dolgozatom célja egy végeselemes algoritmus
l1étrehozéasa, mely képes horpadasanalizist végrehajtani egy vé-
konyfalu, delaminaciot tartalmazé kompozit hengeren.

1. dbra. Vékonyfalu henger végeselem modellje

2. Alkalmazott modszerek

A mechanikai modellt a klasszikus laminélt lemezelmélet
(CLPT) héjakra valo kiterjesztésével irtam le. Az alakvaltozas-
mez0 ¢és az ¢€lterhelések meghatdrozasa utan felirtam az alak-
valtozasi energiat €s a kiils6 er6k munkajat. Az elemi merev-
ségi matrixokat ezek diszkretizdcjabol szarmaztattam.

Ezekbdl a négycsomopontos linedris elemek létrehozasa
utan 6sszedllitottam a globalis anyagi- €s geometriai merevségi
matrixot. Ezutdn megoldottam az aldbbi sajatérték-sajatvektor
problémat. Kiilon algoritmussal kezeltem a laminalt (,,ép”) és
a delaminéciot tartalmazo hengert.
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3. Eredmenyek

Eldszor a laminalt algoritmus validalasat tiiztem ki célul, a
szakirodalomban taldlhaté analitikus eredmények, illetve ke-
reskedelmi végeselemes szoftver felhasznalasaval. Ezutan ko-
vetkezhetett a delaminéciot leiro algoritmus validalasa, ahol a
delaminécids hosszparamétert zérusként kezelve sikertilt visz-
szaadnom a lamindlt eredményeket. Végiil a szerkezet érzé-
kenységét vizsgaltam a kiilonb6z6 paramétereinek valtozasara.
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2. abra. A delaminacio hosszanak hatasa

— {0°, 0°, 0%, 0°)
{90°, 90°, 90°, 90%}

— {0°, 90°, 0°, 90%)

— {90°, 0¢, 90°, 0%}

{30°, 60°, 60°, 30%)

{-45°, 45°, 45, -45°)

3. abra. A kiilonbozo rétegrendek hatasa a relativ
falvastagsag fényében

4. Osszefoglalas

Osszegezve az eredményeket elmondhatd, hogy a laminalt
hengert leir6 végeselemes algoritmus megfeleléen modellezi a
valosagot, azonban a delaminacio kezelés sz¢lsé peremértéken
problémas a kod jelenlegi formdjaban. Pontositashoz tovabbi
feltételek applikalasa sziikséges. Ezen kiviil nagy fejlesztési
potencidl van a modellben funkciobdvitések szempontjabol.
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Szokdel6 mechanizmusok periodikus mozgasa és
lépésenkénti szabalyozasa
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1. Bevezetés

A bipedalis mozgas dinamikajanak megértése kiemelten fon-
tos a humanoid robotok tervezésénél, az emberi egyenstlyo-
zas vizsgalatanal és a talaj-lab kontaktus okozta sériilések
elkeriilése érdekében. Szakdolgozatomban a bipedalis moz-
gas egy egszeriibb modelljén, a két tomegbdl allo pattogd
modellen vizsgaltam a szakirodalomban kevésbé felderitett
szabalyozast és a periodikus palyak keresését.
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1. dbra. A vizsgalt modell

Az 1. abran lathaté modell alsdé mo tomege minden fol-
detéréskor teljes mozgasi energidjat elvesziti a rugalmatlan
litkozés miatt. Ezt az energiaveszteséget a szabalyozott ne-
gativ dg csillapitas tolti vissza a rendszerbe, igy az periodi-
kus ugraldé mozgast végez. A mozgas soran a talaj kontaktus
miatt szakaszosan fellépd kényszer miatt a rendszer szaka-
szosan holonom, hibrid rendszer, melyben a folytonos leir6
fiiggvényekben a foldetérés pillanataban diszkrét leképezés
van.

2. Alkalmazott moédszerek

Az ugrasi magassagok szabélyozéasa érdekében egy PD kont-
rollert alkalmaztam, ami az el6z6 ugrasok értékei alapjan
szabalyozta a dq csillapitas értékét.

A periodikus palyak keresésére a numerikus anlizisben
gyakran alkalmazott bel6véses modszert (shooting method)
hasznaltam. Ennek lényege, hogy a fézistér azon pontjait
keresi, melyekbd6l a megoldast inditva a rendszer allapot-
valtozoi egy periodus utan ugyanezeket az értékeket veszik
fel. Ehhez a peridodus kezdeti és végpontja kozotti tavolsag-
fiiggvény zérushelyét kerestem Newton-Raphson iteracioval,
illetve egy beépitett MATLAB fiiggvénnyel.
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3. Eredmények

Az alkalmazott PD szabalyozd a stabilitas térkép alapjan
valasztott megfeleld Pyain €5 Dgain €rtéke mellett stabil és
gyors miikodést tett lehetdvé valtozd magassagi ugrald moz-
gas esetén is.
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2. abra. A modell szabalyozott mozgésa

A belovéses modszerhez hasznalt Newton-Raphson ite-
racio és a szimplex keresd algoritmus minden esetben helyes
és azonos eredményt adott a periodikus palyak kezdeti fel-
tételeire.
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3. abra. A modell periodikus palyainak fazisképe

4. Osszefoglalas

Az alkalmazott PD szabalyozas a stabilitasi térkép alapjan
kapott tartomanyon beliil stabil, gyors és pontos miikodést
biztositott, a belovéses modszer pedig meghizhatéan miiko-
dott és minden esetben megtalalta a periodikus palyat. Az
ebben a szakdolgozatban vizsgalt modell alapvets tulajdon-
sagal megegyeznek a bipedalis mozgas bonyolultabb modell-
jeiével, igy a bemutatott modszerek késGbb az emberi jaras
méas modelljeire is alkalmazhatoak lesznek.
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Nonsmooth dynamics of towed wheels
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1. Introduction

The study of wheel dynamics is crucial in mechanical
engineering life in order to be able to decide whether objects
are rolling or slipping. In this document I investigated a wheel,
which was towed with a constant velocity. The system was
given an initial position and slipping velocity after it was left
alone without any excitation. Due to friction, the slipping
velocity was decreased, and after a time it dropped to zero.

1. Figure: Model of the towed wheel

2. Applied methods

Based on the second order Lagrange equations and the
Newton equations, the following equation of motion will apply
for slipping case (where my and my are constants):

v; sin(¥) + u T
: >+ Foymy

v; sin(¥) l
Y v; sin(¥) + u,,
Uy | = |v; cos(¥) l + F,m,,
p .
Y sin(¥) + u,
[

| used two different methods, to solve the differential
equations: the explicit first order Euler, and the explicit fourth
order Runge-Kutta methods.

| tested the equations with two different friction force
models. The first method | used was the well-known Coulomb
model, and afterwards I investigated the effect of friction force
calculated from the creeping model’s equations.
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3. Results

To begin with | examined some limitations of the applied
differential equations solver methods. After it, | observed the
behaviour the two friction force model, and | compared these
with different parameters.
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2. Figure: The phase portrait of the system, with the
attracting and repelling directions, at a given state

Finally, I checked if the system is able to roll permanently,
or if this is just a temporary unstable state, when the slipping
velocity decreases to zero. The simulations were performed
with several different physical parameters, to find the typical
stability states of the wheel.

4. Summary

Based on the developed codes, with given parameters, the
motion of an ideal towed wheel is predictable. If the physical
parameters are defined, it is also predictable, that at which
angle of the rod can the wheel stick permanently. By locating
the attracting directions, the angle of the velocity vector on the
phase plane before rolling can also be determined.

The dynamics of wheels is a rather complex, and important
(for example at vehicle dynamics) topic, so the paper is an
introduction of it. However, | have investigated the problem,
from many different aspects, thus this study is an adequate base
for further inspections of the topic.
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Physical models of slip detection in tactile robotics
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1 Introduction

The sense of touch, or tactile sensing, is essential for physical
interaction with our environment. In robotics, some form of
tactile sensing is therefore indispensable to achieve dexter-
ous manipulation of physical objects or safe human-robot
interaction.

The objective of this thesis was to develop a working
mechanical model of the TacTip sensor (Figure 1), which
is a biologically inspired (biomimetic) sensor developed at
Bristol Robotics Laboratory. This constituted of the con-
struction of a static and a dynamic model. The focus of the
dynamic model was on modelling the frictional slip of the
sensor, more precisely, the onset of frictional slip.
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Figure 1: The TacTip sensor

The TacTip was built based on previous research show-
ing that the Merkel cell complex of sensory receptors work
together with the structure of the intermediate ridges in the
skin to provide edge encoding of the contacted surface. The
sensor mimics this working mechanism by substituting the
intermediate ridges with internal pins on the underside of a
thin, flexible, 3D-printed skin-like rubber membrane. This
membrane forms a half-sphere shape which is filled with a
clear, highly compliant polymer blend that has similar me-
chanical properties to the tissues under the human skin. The
pins deform when an object is contacted and their movement
is tracked by a camera.

Figure 2: The modelling approach
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2 Approach

The mechanical model of the sensor consists of a 2D semi-
circle, connected to a rigid base at its two endpoints. The
shape of the semicircle is approximated with rigid line ele-
ments, which are connected by rotary joints, with torsional
springs and dampers at the connections, as show in Figure
2.

The investigation of the slip of the sensor was carried
out with two different friction models. One friction model
was the simple Coulomb friction law, and the other was the
generalised spinodal law, which is one of the many rate-and-
state friction laws. In general, rate-and-state friction models
are the ones that use the normal force, the sliding velocity
and one or more additional state variables to determine the
friction force. These state variables have their own internal
dynamics in the form of first order differential equations.

3 Results

The detection of the onset of the slip was successfully car-
ried out with the use of the generalised spinodal law. The
model setup for the simulation is shown in Figure 3, the
simulation result is shown in Figure 4.

L

Figure 3: The model setup with the sensor pushed against
a body with mass m = 0.1 kg, and with an external force
Fext = 2t N acting on the body in the horizontal direction.
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Figure 4: The net force acting on the body, with the dashed
line indicating the detected onset of slip.
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A KERESZTIRANYU MEGNYULAS KISERLETI ES
NUMERIKUS VIZSGALATA POLIMER HABOK
HIPERELASZTIKUS MODELLEZESE ESETEN

INOKAI BENCE
Gépészmérnoki BSc, Gépészeti Fejleszté Specializacio, 2018/2019/11.
Témavezetd: Berezval Szabolcs, doktorjeldlt, berezvai@mm.bme.hu

1. Bevezetés

A polimer habok felhasznalhatosaga igen sokrétd. Kivalo
energiaelnyelési képességiik és rugalmassaguk miatt széles
korben elterjedtek a csomagoléstechnikdban, valamint mat-
racok, illetve iilések alapanyagaként szolgalnak. Ezenkiviil,
mivel a hab nagy része valamilyen géz ezért jol hasznélha-
t0 szigetelésként, illetve konnyi szendvics szerkezetek mag-
anyaganak is kivalo, alacsony sirtisége és kis tomege miatt.
Tomeges alkalmazésuk miatt egyre fontosabba valik a me-
chanikai viselkedéstiket jol leir6 anyagmodellek alkotasa, il-
letve a meglévok finomitédsa. Ez a dolgozat azt vizsgalja,
hogy milyen pontosséggal képes leirni az alkalmazott hipe-
relasztikus modell, egy a kereskedelemben kaphato, matra-
cokhoz hasznalt, poliuretan hab anyagi viselkedését abban
az esetben mikor a keresztiranyu nyulasat elhanyagoljuk, il-
letve ha azt figyelembe vessziik. Nyitott cellas habok model-
lezése soran ugyanis a Poisson-tényez6t sok esetben zérussal
kozelitik, tehat a keresztiranyu nyulast elhanyagoljak, ami
ronthatja a hiperelasztikus modell pontossagat.

2. Alkalmazott modszerek

Az anyagmodell illesztéshez a habmintakon egytengelyt
nyomo, az illesztés tovabbi vizsgalatahoz pedig 6t kiilon-
b6z6 geometriaju 3D nyomtatott nyomofejekkel benyomo-
dasi teszteket végeztiink, melyek eredményeit a végeselemes
szimulaciok eredményeivel vetettiink 6ssze. A dolgozat fon-
tosabb lépéseit 1. dbra szemlélteti.
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1. d4bra. A dolgozat f6bb 1épései
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3. Eredmények

A 2. 4bra a végeselemes szimulaciok és a mérések eredmé-
nyeit veti 6ssze. Jol latszik, hogy a henger geometriaji nyo-
mofejet leszamitva a keresztirdnyd nytlast figyelembe vevd
(v # 0) anyagmodellel készitett szimulaciok eredményei job-
ban kozelitik a mérések soran kapott eré-benyomodas (F-h)
gorbéket, mint a v = 0 kozelitéssel kapottak.
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2. dbra. Mérési és VEM eredmények 6sszehasonlitasa

4. Osszefoglalas

Osszességében megallapithato, hogy bar a hiperelasztikus
anyagmodellt egytengelyd mérési eredményekre illesztettiik
a végeselemes szimuléaciok jol kozelitették a kéttengelytd be-
nyomodési mérések eredményeit. Az is megfigyelhets, hogy
a keresztiranyu nyulas figyelembevétele jelentGsen novelhe-
ti a polimer habminta mechanikai viselkedésének leirdsdhoz
hasznalt hiperelasztikus modell pontossigét.
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Application of cohesive zone modeling
for peeltest simulation

NORA MARIA NAGY
Mechanical Engineering Modelling MSc, Major in Solid Mechanics, 2018/2019/11.
Supervisor: Dr. Laszlo Szabd, professor, szabo@mm.bme.hu

1. Introduction

Modeling crack propagation became important in the last
few decades. Most investigations are based on a theory called
Cohesive Zone Modeling. The principle of this model is that
the traction near the crack interface can be prescribed as a func-
tion of separation. There are already commercial FEM soft-
wares, that have implemented a special type of element (called
CZ element) to model crack propagation. The biggest problem
with these simulations is that it is not so easy to define the prop-
erties of the cohesive element. One way to find the parameters
to simulate with is to perform peel tests and run simulations
repetitively with different set of cohesive zone parameters until
the simulation gives the same force-displacement curve as the
peel test. This method is rather time consuming. Therefore, the
aim of this thesis is to give an alternative of FEM peel test sim-
ulation in different levels, to find the right parameters of the
cohesive zone.

4000
Position (in)

1. Figure: Peeltest setup

2. Applied methods

The cohesive zone can be modeled as a Winkler founda-
tion, and the equations for the bending of the Bernoulli beam
established for each segment of the traction-separation curve.
This model assumes small deformation, therefore it is not
widely applicable.

The second method uses the minimum potential energy
method to establish the equations of Peeling. Different poten-
tials are implemented to characterize the traction -separation
relation at the crack tip. The derived boundary value problem
is solved using shooting method in matlab.

The peel test is also modeled using 2 different FEM soft-
ware (Comsol and Leguan). The results of the calculations are
compared to the FEM simulations.
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3. Results

The peeling force is plotted in the function of the end dis-
placement of the peeled film (See Figure 2.). in case of a 90°
peeling. The results of the FEM simulations and the numerical
calculations agree well with each other.
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2. Figure: Force-displacement relation obtained by FEM
and solving the eugations of peeling.

The difference can be caused by the different shapes of the
traction separation curves, and the fact, that the equation
obtained by the theory of energy minimum neglects mode I
peeling (separation caused by shear force).

4. Summary

The calculations described in the thesis can be used as a
starting point to match the simulation parameters to a measure-
ment. However, the obtained values should only be used as an
estimation, smaller modifications need to be done with the help
of FEM to find the exact simulation parameters.

In order to make the presented model more accurate, further
Improvements can be done in three main aspects. First, by tak-
ing the plastic deformation of the peeled film into account. Sec-
ond, by implementing an interaction potential function that
takes mixed mode lamination into account. The model can also
be extended to suit hyperelastic materials using Neo-Hookean
material model.
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Human excitation of a spherical pendulum

BENCE MATE SZAKSZ
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Supervisor: Dr. Gabor Stépan, Professor, stepan@mm.bme.hu

1. Introduction

A known folk game is the pendulum prediction when the
motion of a ring, which is hanging on a thread, is observed
while the end of the thread is held by the diviner for a long
time. After a while, the pendulum starts swinging, and it ei-
ther moves as a planar pendulum or it moves along a circular
path as a conical pendulum. It seems to be random which mo-
tion stabilizes. This phenomenon gave us the idea of creating
a mathematical model that can describe the human position
control while the operator is holding a pendulum at a given
point.

2. Applied methods

The problem is approached from two directions: first the
parametric excitation of the pendulum is examined, when the
feedback from the pendulum to the movement of the hand is
neglected (Fig. 1), and after that the hand-pendulum system is
investigated as a fully coupled system (Fig. 2).
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1. Figure The model of the parametrically excited
pendulum

In the first part of the thesis, the human position control is
examined in the presence of weight compensation, and the
stability charts in the plane of control gains are constructed.
The linear model of human control is extended with the delay
of human reaction time and with the nonlinearities related to
the threshold of the sensitivity of human sensors. After that,
the human control model is connected to the constraint of the
spherical pendulum and the motion of the parametrically ex-
cited pendulum is examined.

In the second part of the paper, the stability of the coupled
hand-pendulum system is examined considering different con-
trollers. First, using an in-plane model, the different types of
controls are compared and then the two simplest ones are se-
lected, where the effect of the human reaction time is taken
into account as well. Finally, the model is extended to de-
scribe spatial motion and numerical simulations are run.
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2. Figure The model of the coupled hand-pendulum
system considering human control (Fy, Fy, F,)

3. Results

In the case of the parametrically excited pendulum, we
could not identify any clear evidence for the existence of ei-
ther a stable planar oscillation or a stable oscillation leading to
a circular path. However, considering collocated PD control
in the case of the coupled hand-pendulum system, the critical
delay time was found in the range of the human reaction time.
Furthermore, the stability boundary is supercritical. When the
control parameters were inside the stable region (point A in
Fig. 3) in one direction and outside (point B) in the other di-
rection then planar motion emerged, while setting the control
parameters of both directions to unstable combinations (point
B) resulted out-of plane motion along a circular path.

7=0.2[s]
25 . — .
| — Hopf
——Saddle-node| |

D1 [Ns/m]

0 1‘0 2l0 3l0 40
P, IN/m]
3. Figure Examined points at the Hopf bifurcation
boundary. Numbers: number of unstable characteristic roots

4. Summary

Therefore, the possible physical explanation of the ring
game is that the diviner will predict a girl or a boy when the
used control is unstable in both horizontal directions or only
in one direction, respectively.
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