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Abstract

Automatic assembly system has been continuously drawing attention since the beginning
of the 20th century. Parts feeding system is one of the important subsystems. The parts
feeding system is used for delivering bulk parts into separated individual parts. Flexible parts
feeder gains attention because of the flexibility and the short changeover. However, due to the
random vibration of the tooling plate in this parts feeder, the efficiency is low, especially for
complicated geometry parts.

Studies in this thesis are developments based on an industrial project to solve the problem of
random vibration. The proposed approach is to make use of the standing waves created by
the piezoelectric actuators on the tooling plate. Therefore, the investigation focus mainly on
two aspects: resonance analysis and the mechanical interaction.

With regard to resonance analysis, we firstly investigate the piezoelectric actuator’s dimensions
and the influence on the plate amplitude. We discover that bigger the piezoelectric actuator is,
larger the vibrating amplitude is. We also find that for a piezoelectric actuator with a given
surface, piezoelectric actuator’s shape can be modified to increase the amplitude. The larger
edge of the piezoelectric actuator should be orientated consistency with the bending direction.
The limit of the dimension and shape modification is that the larger edge of the piezoelectric
actuator should be smaller than the half wavelength of the resonant mode. Secondly, we
study the plate geometry influence on the relative nodal lines position between modes. The
length-to-width ratio changes the nodal line positions. We propose a parameter, which relates
the relative distance between the nodal positions of two successive modes and the wavelength
of the second mode, as the first step for plate optimization.

With regard to the mechanical interaction, we firstly study the part’s vertical displacement
under a resonant vibrating plate. Numerical simulations, validated by experiments of the part’s
vertical displacement show that we can obtain a certain vertical displacement by either a high
vibrating frequency with low amplitude or a lower frequency with higher amplitude. We also
study the horizontal movement from anti-nodes to nodes. The established model considers
the amplitude variation from anti-node to node. Part’s vertical displacement is limited to
small value to avoid parts’ random movement. This leads to a slow horizontal movement.
We apply the aforementioned researches to three applications. Firstly, for parts separation,
two desirable standing waves are used to separate the parts. The two modes should satisfy this
condition: the anti-nodes of the first mode are the nodes of the second mode and the nodes of
the first mode are the anti-nodes of the second mode. The predicable positions (nodes) on
the plate could be used to reduce the random vibration in the existing parts feeder. Secondly,
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a series of modes in a rectangular plate is obtained to transport the parts in one direction
continuously. The desirable modes are obtained by adjusting the length-to-width ratio of the
plate. A prototype is manufactured and used to transport the part in one direction. Thirdly,
degenerated modes in the square plate are used to create quasi-travelling wave. Simulations
and corresponding experiments are carried out.

Key words: Automatic assembly, Flexible parts feeding system, Standing waves, Resonance,
Piezoelectric actuator, Bouncing ball system, Mechanical interaction, Quasi-travelling wave
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Résumé

Les systemes d’assemblage automatique sont des sujets d’études depuis le début du 20éme
siecle. Un des composants important de ces derniers est I’élément d’alimentation en pieces.
Sa fonction principale est d’ordonner les pieces stockées "en vrac’ afin qu’elles puissent étre
saisies une par une par le systeme de préhension et ceci pour les manipuler par la suite dans
le but de leur assemblage final. Les systéemes d’alimentation flexibles deviennent intéressants
de par leur versatilité. Cependant, en raison de la vibration stochastique des piéces, leur
rendement est faible, surtout pour des pieces de géométrie complexe.

Les travaux développés dans cette thése sont basés sur un projet industriel dont le but est
de résoudre le probleme de vibration aléatoire. La solution envisagée est d’utiliser des ondes
stationnaires créées par les actionneurs piézoélectriques sur un plateau. Les recherches se
concentreront principalement sur deux aspects : le phénomene de résonance mécanique et
I'interaction mécanique entre une plaque vibrante et une piéce unitaire.

Pour la partie concernant la résonance, nous examinerons tout d’abord I'influence des dimen-
sions de 'actionneur piézoélectrique sur I'amplitude de vibration d'une plaque mécanique.
Nous verrons que plus la surface de I'actionneur est grande, plus I'amplitude de vibration est
importante. Dans le cas d'une surface de I'actionneur donnée, la forme de celui-ci peut étre
modifiée pour en augmenter I'amplitude. Le plus grand coté de 'actionneur piézoélectrique
doit aussi étre orienté dans la méme direction que la flexion. La taille de 'actionneur piézo-
électrique ne doit cependant pas étre plus grande que la demi-longueur d’onde du mode de
résonance. Dans un second temps, nous étudierons I'influence de la géométrie de la plaque
sur la position des lignes nodales relatives entre les modes. Le rapport longueur sur largeur
modifie en effet ces positions. Nous proposerons un parametre qui se rapporte a la distance
relative entre les positions nodales de deux modes successifs et de la longueur d’onde du
deuxiéme mode. Ceci permettra de caractériser le comportement d'une plaque donnée et
pourra étre utile pour une future étape d’optimisation de la plaque-outil.

En ce qui concerne l'interaction mécanique, nous étudierons tout d’abord le déplacement
vertical de la piece créé par une plaque mise en résonance. Des simulations numériques,
validées par des expériences, montreront que nous pouvons obtenir un certain déplacement
vertical soit en combinant une fréquence de vibration élevée avec une faible amplitude
ou alors une fréquence plus basse mais avec une amplitude plus élevée. Nous étudierons
également le mouvement horizontal d'une piéce allant du ventre vers le noeud de vibration.
Le modele établi tiendra compte de la variation d’amplitude entre les ventres et les nceuds.
Le déplacement vertical de la piece sera limité pour éviter tout mouvement stochastique des
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pieces qui engendrerait un mouvement horizontal relativement lent.

Ces différents points de recherche seront illustrés au travers de trois applications. Tout d’abord,
deux ondes stationnaires seront combinées pour séparer les pieces. Ces deux modes doivent
satisfaire la condition suivante : les ventres du premier mode sont les nceuds du second mode,
et les nceuds du premier mode sont les ventres du second mode. Les positions prédéterminées
(nceuds) sur la plaque seront utilisées pour connaitre la position des piéces sans avoir recours
a un systeme de vision. D’autre part, une série de modes sera déterminée et utilisée pour
transporter les pieces d'un point a un autre. Les modes pertinents seront obtenus en réglant le
rapport longueur sur largeur de la plaque. Un prototype viendra valider la partie concernant
le transport de pieces. Enfin, des modes particuliers, qu'on appelle « dégénérés », seront
utilisés pour créer une onde quasi-progressive. Des simulations et des expériences viendront
confirmer cette derniere étude.

Mots clefs :Assemblage automatique, Systeme d’alimentation, Onde stationnaire, Résonance,
Actionneur piézoélectrique, Systeme « bouncing ball », Interaction mécanique, Onde quasi-
progressive
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|8} Introduction

1.1 Background and motivation

For a wide variety of manufacturing industries, assembly accounts for more than 50% of the
manufacturing cost [7]. With the trend of decreasing product life cycles and to be flexible for a
wide variety of parts types, products are more and more manufactured in flexible (automated)
assembly system (FAS). A generic FAS consists of three basic parts: a flexible parts feeder,
one or more flexible assembly stations and a programmable manipulator (Fig. 1.1). The
manipulator will pick the parts from certain known positions, place them on the assembly
station and perform the assembly task. The parts feeder should deliver parts in bulk, separate
them individually and present them into a certain orientation for the pick-up. The design
of the part feeders is responsible for up to 30 % of the cost and 50 % of the work failure of
an assembly single station [32]. Therefore, the parts feeder design is critical for the flexible
assembly system.

__ Parts feeder

_ Manipulator

Assembly station

s Safety barriers

Figure 1.1: Layout of the generic flexible assembly system [53]



Chapter 1. Introduction

The parts feeder can be divided into two groups: traditional part feeding system (vibratory
bowl feeder as a typical example) and flexible part feeding system (“flexible” means adapted
to a wide variety of part shapes). The vibratory bowl feeder (Fig. 1.2) is the most widely used
and the most versatile in mass production for simple parts due to the low cost and high
productivity. In this feeder, there is one track passing around the inside wall of the bowl, the
effect of the bowl vibration causes the parts to climb up the track toward the outlet at the top
of the bowl. The design of the track (wiper blade, slotted track, pressure break ...) works as a
filter that admits the parts having a desirable orientation and rejects other parts for recycling
[7]. However, this parts feeder has limited flexibility. When the parts geometry changes, this
track must be redesigned, this involves experimental trials. This process is time consuming
and thus makes the changeover long. Moreover, if the parts have a complicated shape and
many possible natural resting aspects, only one of these orientations will arrive at the outlet of
the vibratory bowl feeder. The feed rate can be thus very low. When the batch size is reduced,
the vibratory bowl feeder does not become cost efficient any more.

. Parts

. Storage hoppers

. Hopper driver

. Feeder controls
Bowl

. Vibrating base unit
. Level controler

. Track

. Linear power track
0. Part sensor

Figure 1.2: Parts feeding system using vibratory bowl feeder [65]

The flexible parts feeding system is more suitable for small-batch and medium-batch manu-
facturing because of the short changeover. There are typical two variants of parts separation
for this parts feeding system - part separation with conveyors [12, 13, 32] (an example is shown
in Fig. 1.3) or tooling plate part separation [8, 21] (an example is shown Fig. 1.4). It typically
includes five components: (1) a buffer conveyor, (2) a vibrating plate (which is called tooling
plate) or a vision conveyor and a return conveyor, (3) the vibrating actuators or drive for con-
veyors, (4) a vision system, and (5) a robot. The difference is the way to separate parts. With
regard to the flexible parts feeder using vision conveyors for separation, the buffer conveyor
feeds bulk parts towards the conveyors for separation. The vision conveyor moves parts under
the vision system, and the robot picks up the available parts. Parts that are not picked up
fall onto the return conveyor. The control should optimize the conveyors’ speed to avoid
parts starvation (where non parts are visible to the camera on the vision conveyor) and parts

2



1.1. Background and motivation

saturation (where too many parts prevent part pose detection or grasping) [32]. With regard to
the flexible parts feeder with tooling plate, the buffer conveyor feeds parts onto the tooling
plate. The vibrating actuators vibrate the tooling plate to separate the parts and make the parts
isolated [51]. Then, the vision system finds parts in any orientation as long as the parts are
separated from each other. The vision system detects the separated parts and communicates
with the robot so that this latter grasps the available parts. Afterwards, the actuators vibrate
the tooling plate and repeat the previous operation until the number of parts left on the tooling
plate is smaller than the predefined value. Then the buffer conveyor feeds new parts on the
tooling plate. With the help of the vision system and the robot, the flexible feeding system is
able to deal with various parts without track redesign. When the part geometry changes, the
flexible system only needs to change the vibrating condition by reprogramming rather than
hardware changes and therefore allows minimal hardware change cost.

4
buff camera 5
lift uffer conveyor ' obot arm

1 Up
—
v ’ ’
2 o wo
2 . vision conveyor
s e !
/ © e e ®©
— T
a a )
e e [ e e
(o]
‘.—.

vy return conveyor

Figure 1.3: Flexible parts feeding system with conveyor for part separation [32]

Figure 1.4: Flexible parts feeding system with tooling plate for part separation [51]

The flexible parts feeder with separation conveyors generally takes more space than the one
with the tooling plate. Considering the industrial project in cooperation, in this thesis, we
concern the parts feeder with the tooling plate. To improve the efficiency of this flexible
parts feeding system, various studies have been done on the robot [33, 57], the vision system
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[36], the parts pose [46, 37], the vibrating conveyor [67, 49] and the vibrating actuators [51].
Normally, the vision system needs parts well separated from each other on the vibrating plate
to be able to recognize the parts. Therefore, it becomes the key point for the system efficiency
that the vibrating plate could separate the parts well.

There are studies on the vibrating actuators in order to change the parts position and avoid
overlap. For example, Perroud et al. [51] has presented a system which use three vibrating
actuator in x, y and z direction to create plate vibration in these three directions or any
combination of these three directions, specifically for parts smaller than 3 mm?. Thanks to
the five degrees of freedom of the vibrating plate created by the three vibrator actuators, their
system allows effective separation and orientation for small parts where the capillarity and
electrostatics force are no longer negligible compared to gravity. Vorstenbosch et al. [66]
have put forward the approach to use saw-tooth input signal to obtain different acceleration
between parts downward and upward process in order to separate and re-orientate the small
parts between 0.5 - 5.0 mm.

(a) Parts feeder (b) three vibrators

Figure 1.5: Parts feeder with three independent vibrators[51]

The tooling plate is used to change the part state to desirable position. At least, they should
provide sufficient acceleration to separate the parts. Majority of the existing tooling plate
works under low frequencies, typical 50 - 80 Hz. This frequency generally creates rigid-body
vibration on the tooling plate. This rigid-body vibration provides random and uncontrollable
orientation of the parts. Therefore, the parts, especially complicated parts, may vibrate many
times on the plate before being picked up. This makes the efficiency of the entire parts feeder
quite low.

In summary, the flexible feeding system becomes more and more widely used for small-batch
and media-batch production. However, this system has a main problem: random vibration,
which leads to low efficiency. To reduce this randomness, a novel approach is proposed.

4



1.2. Objective and scope of the research

Standing waves created by piezoelectric actuators on the tooling plate will be used. In order to
address this problem, it is necessary to understand the parts behaviour under existing system
condition. Besides, we will investigate the relevant subjects (piezoelectric actuators, standing
waves and part-plate interaction) and then apply them to realize the proposed approach.

1.2 Objective and scope of the research

Based on the background introduction and the addressed problem, the objectives and the
scope of the researches are presented below.

¢ Increase amplitude with piezoelectric actuators
The piezoelectric actuators are chosen as the exciter for the standing waves thanks to its
compactness, wide frequency bandwidth. It is essential to study how the piezoelectric
actuator influences the amplitude and how to obtain desirable amplitude.

¢ Obtain desirable resonant modes of a plate
With regards to the features of a resonant plate, there are two important aspects: the
mode shape and the natural frequencies. The mode shape relates with the anti-nodes
and nodes positions. We will study the mode shape variants with the plate geometry
changes. The natural frequencies of a plate are discrete and are associated with the
mode shapes. Moreover, they play an important role for the interaction between the
plate and a part. Therefore, it is important to keep this point in mind for the research.

o [nvestigate parts-plate interaction

When a part interacts with a vibrating plate, the part behaviour is affected by the vi-
brating frequency, vibrating amplitude and the material of both the part and the plate.
The part behaviours include whether it will stick to the plate or jump on the plate and
the travelling distance in different directions. We will study the vertical displacement
of a part under different vibrating frequencies and amplitudes. This study could help
to control vibrating frequency and vibrating amplitude for close or entangled parts
separation. Besides, we will also study the horizontal movement. This study could help
vibrating frequency and amplitude control for parts transportation.

* Validate the feasibility of the proposed approach
The proposed approach is to create standing waves on the tooling plate and obtain
definite positions in order to reduce the parts vibration randomness. We want to use the
researches in our thesis to validate the feasibility of this proposed approach.

This is a total novel approach for the parts feeder. Further industrial considerations (such
as cost, efficiency, parts of different shapes, system optimization) are out of the scope of our
researches.
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1.3 Outline of the thesis

In chapter 2, concepts and existing researches that are relevant to the proposed solution
will be summarized. Firstly, the working principles and features of piezoelectric actuators
will be introduced. Examples of researches using piezoelectric actuators will be elaborated.
Secondly, the boundary condition as an important factor will be discussed. Existing studies
using standing waves for parts orientation or other wave manipulations will be addressed.
Thirdly, parts behaviour studies will be summarized and a brief illustration for parts behaviour
in full range of vibrating condition (combination of vibrating frequency and amplitude) will
be introduced.

In chapter 3, we will concentrate on resonance analysis. First, the basic theories on resonance
will be presented. Then FEM simulation and experiments on modal analysis and harmonic
responses will be performed to provide the basis. According to these validated FEM models, we
will study the plate geometry influence on the mode shapes. Because the vibrating amplitude
is important for part-plate interaction, researches about piezoelectric actuator influence on
resonant amplitude will be carried out.

In chapter 4, first, the numerical model for mechanical interaction between a part and a
vibrating plate will be established in commercial software (Solidworks). The bouncing ball
system will be used for the model validation by comparing analytical and numerical simula-
tions. Afterwards, this model will be used to investigate the vertical displacement of a ball and
a cylinder under different vibrating frequency and amplitude. Moreover, the model will be
used to study the horizontal movement.

In chapter 5, we will present three applications based on researches developed in this thesis.
Firstly, we will use a pair of modes alternatively to separate parts. Experiments will be carried
out to validate whether it is feasible to obtain the desired pair modes and necessary vibrating
amplitude. Secondly, we will make use of a series of standing waves in the right sequence
to transport parts. A prototype will be manufactured and experiments will be performed to
validate the feasibility of parts transportation. Thirdly, degenerated modes in a square plate
will be used to create quasi-travelling waves.

In chapter 6, we will conclude the work done in this thesis. We will summarize the academic
contribution and industrial applications. At the end, we will put forward the outlook.
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Our studies are based on an industrial project about parts feeder in automatic assembly. A new
approach which uses piezoelectric actuated resonant plate is brought forward. This approach
is different from the traditional approaches for this problem. We will give a brief summary
about the research topics that will be used in our system. The related concepts and existing
pertinent researches are elaborated.

2.1 Piezoelectric actuator

First, we will give the working principles and features of piezoelectric actuators. Then we will
review some existing researches dealing with piezoelectric actuators on the relevant topics.

2.1.1 Working principles and features

Working principle and constitution equations

Piezoelectricity was first demonstrated by the brothers Pierre and Jacques Curie in 1880.
Piezoelectricity includes direct piezoelectric effect (by applying stress on a solid piezoelectric
material, it will exhibit electric charge or voltage) and reverse piezoelectric effect (by imposing
electric voltage to a solid piezoelectric material, it will have strain and deformation) [61].

These effects are associated with non-centrosymmetric structure of crystal. For example, a
typical non-centrosymmetric crystal (such as perovskite structure in Fig. 2.1) has a net non-
zero charge in each unit cell of crystal. A mechanical stress on the crystal further shifts the
position of the titanium ion, changing thus the polarization strength of the crystal. This is
the direct piezoelectric effect. When the crystal is subjected to an electric field, it results in a
relative shift in the position of the titanium ion, leading to the distortion of the unit. This is
the source of the inverse piezoelectric effect.

Piezoelectricity can occur in natural material, such as quartz or be given to engineered ma-
terials, such as lead zirconate titanate (PZT), by the poling process. Equations 2.1 and 2.2
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represent the relationship for inverse piezoelectric effect and direct piezoelectric effect, re-
spectively. Symbols, description and unit are listed in Table 2.1. Details for the matrices of a
poled PZT piezoelectric ceramic are in Eq. (2.3), Eq. (2.4) and Eq. (2.5).

JPb2+ ‘ 02+ ® Ti4+, ZI.4+

Al

A e

L4 \ v =
"#\ )
/J‘ \Ev4
v
O —v
T>T, T<T,
Figure 2.1: Perovskite structure of PZT [52]
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Table 2.1: Piezoelectricity parameters [45]
Symbol Description Element unit
{S} strain vector -
{D} electric displacement vector C-m2
(T} stress vector N-m™2
({E} electric field vector V-m™!
[sE] elastic compliance matrix at constant electric filed ~ m?- N~}
[d] piezoelectric charge coefficient matrix C-N'lorm-v-!
[dt] piezoelectric charge coefficient matrix (transposed) C-N Lorm-v!
[eT] dielectric permittivity matrix at constant stress F-m™!
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0 0 0 0 0 sk




2.1. Piezoelectric actuator

[0 0 dy
0 0 dyp
0 0 d
(d) = % (2.4)
0 dy O
dis 0 0
0 0 0
€11 0 0
[6] = 0 €22 0 (2.5)
0 0 €33

The piezoelectric charge constant d; is the ratio of achievable mechanical stress to electric
field applied (For actuator application). The elastic compliance coefficient s;; is the ratio of
the relative deformation S to the mechanical stress T. Eq. (2.1) and Eq. (2.2) indicate that the
mechanical and electrical energy are mutually dependent in piezoelectric material. These
equations are used both for an analytical approach or finite element method (FEM).

Multilayer piezoelectric actuators

One of the piezoelectric actuator problems is that they need high drive voltage (few thousands
of volts). In order to achieve a low driving voltage (lower than 300 V), Kenji Uchino put forward
the multilayer structure in 1978 for piezoelectric actuators [62, 63].

As shown in Fig. 2.2, a multilayer actuator is composed of several thin layers of piezoelectric
material, alternating with internal electrodes. Internal electrodes are successively positive
and negative. All positive internal electrodes are connected by one external electrode to one
side of the component; negative internal electrodes are connected to the other side of the
component.

Poling direction

PZT ceramic layer Passive ceramic layer

Internal electrode External electrode

Figure 2.2: Structure of a multilayer actuator [47]
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The strain induced in a ceramic is proportional to the applied electric field strength (Eq. (2.1)).
By using a thinner layer of piezoelectric ceramic, the distance between internal electrodes is
reduced, thus the applied electric field strength is increased. For example, the piezoelectric
actuator later used in our system has 25 internal layers of 67 um. This multilayer actuator
structure makes it feasible to use piezoelectric actuator drive voltage under 200 V. In the other
hand, the multilayer structure can also be considered as a bulky piezoelectric actuator that
is supplied by an equivalent voltage. For example, during experiments, the actuator has 25
internal layers and is driven by a voltage of 200 V. In FE method, the piezoelectric actuator
has only one layer and is supplied by an equivalent voltage of 5000 V. The equivalent method
allows reducing the mesh element and nodes quantity in simulation in the subsequent FE
analysis (3.2.2).

Current and power dissipation

Piezoelectric actuator can be driven under three methods: DC drive for static operation; AC
drive for dynamic operation; Pulse drive for switch operation. For resonance or vibration,
the piezoelectric actuator will be supplied by an AC drive. Eq. (2.6) describes the relationship
between sinusoidal peak current I, operating peak-peak voltage Uy, and operating frequency
f- This will help to determine the minimum specifications of a piezoelectric actuator drive.

Ip =71fCpiezoUpp (2.6)
where, Cp;ezo is the piezoelectric actuator capacitance.

Under AC drive, the power dissipated by a piezoelectric actuator can be estimated by Eq. (2.7).
tan(6) is the energy dissipation factor provided by the supplier. The energy dissipation
increases linearly with the capacitance. This energy dissipation is transformed to heat in the
piezoelectric actuator and thus limits the piezoelectric actuator working frequency. According
to Eq. (2.6), if the piezoelectric actuator capacitance is smaller, the drive current can be smaller.
Thus, the energy dissipated in the piezoelectric actuator would be reduced.

T
P= fCpiezotan(®)Us), 2.7)

2.1.2 Relevant researches on piezoelectric actuator

Piezoelectric actuators have already been applied to bowl parts feeder. Choi et al. [15] have
used piezoelectric actuators on the bowl parts feeder in order to design more effective bowl
parts feeder compared to the traditional electromagnetic actuator. This indeed provides
accurate and adjustable feeding speed thanks to the quick response time, wide frequency
bandwidth and accurate control capability of the piezoelectric actuators. Yagi et al. [68] have
used piezoelectric actuators for bowl parts feeder. Here the piezoelectric actuators work as
actuator and sensors at the same time. They detected the “non-vibration current component”
I and “total current” to calculate the “vibration current” (Fig. 2.3). This vibration current
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2.1. Piezoelectric actuator

is linear with the amplitude of the parts feeder. Therefore, they can accurately control the
vibrating amplitude by controlling the vibration current of the piezoelectric actuator without
the traditional photoelectric sensor. However, the system still uses bowl feeders. This cannot
avoid the drawbacks of redesigning the track of the bowl when the geometry of parts to be
dealt with is changed.

Current [mA] —0— Total current
----- Non-vibration current component

—%— Vibration current component acceleration

—— Acceleration
50 12,0
40
30

1.0

20
10
0. 0.1

80 90 100 110

Figure 2.3: Piezoelectric actuator current characteristics using for vibration control [68]

Except in typical parts feeders, piezoelectric actuators have also been investigated for appli-
cations related with particle separation. Ooe et al. [48] have proposed to use piezoelectric
actuators to create standing waves in the a capillary (dimension: out diameter 800 pm, inner
diameter 760 um, length 80 mm) in order to separate the blood cells from the whole blood
(shown in Fig. 2.4). Similarly, we might apply this standing wave separation principle to our
system and the piezoelectric actuators could be the exciter because they are compact and
have wider frequency bandwidth compared to traditional electromagnetic vibrators.

Function Capillar
generator @ priaty
|

Power
amplifier

e
—

L

Oscilliscopg Piezoceramics vibrator

Figure 2.4: Blood cell separation using standing waves created by piezoceramics vibrator [48]

Piezoelectric actuators have also been used to create travelling waves in micropump for
moving a liquid [27]. Hernandez et al. have proposed the structure in Fig. 2.5 to create
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travelling waves in the flexible metal blade (4 in Fig. 2.5) and in the channel that rests on
this latter in order to pump the liquid through the channel from its inlet to its outlet. The
advantage of this invention is that they are able to create travelling using only two linear
piezoelectric transducers (2 and 3 in Fig. 2.5) with a Langevin structure. Moreover, thanks to
the piezoelectric transducer, there is no magnetic field in the system.

Figure 2.5: Ultrasonic travelling wave micropump for moving a liquid [27]

In the other hand, piezoelectric actuators have already been used for the excitation control.
Several studies have focused on how to reduce the vibration using piezoelectric actuators
[22, 64]. Z. Kusculuoglu et al. [34] have presented piezoelectric actuator with an electrical
resistive-inductive shunt circuit to absorb the vibration at resonance. Dimitriadis et al. [17]
have investigated the geometry of the actuators in order to suppress certain modes of vibration.
They have presented that if the piezoelectric actuator covers the whole wave-length, the
corresponding mode is suppressed.

There are studies which investigate the piezoelectric actuator position and dimension effects
on the displacement. Casset et al. [10, 11] have studied the design of a thin-film piezoelectric
actuator for haptic applications and obtained around 1 pm vibration for a silicon rectangular
plate. They have investigated the piezoelectric film length, width, and position influences.
The piezoelectric actuators have a thickness of 2 um (illustrated in Fig. 2.6). Their studies use
an array of piezoelectric actuators for a resonant mode. Moreover, the exciting voltage is low
(lower than 10 V), and the resonant system is small silicon substrate (60 mm x 40 mm x 725
um).

Figure 2.6: Piezoelectric thin-film optimization [10]
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2.2. Resonant modes - standing waves

Barboni et al. [5] have studied the length and the position influence on a beam (Fig. 2.7a). To
obtain maximum displacement of the beam, the actuator with a given length must be located
on the beam with the actuator’s two edges corresponding to the points of equal curvature
(Fig. 2.7¢c). On the other hand, when the position a of the actuator is fixed, the length / should
satisfy the condition that the opposite edges of the actuator must be at the positions with
opposite curvatures (Fig. 2.7b). When the beam is clamped at one end, the position of zero
deflection is not always the position of zero curvature (Fig. 2.7b and Fig. 2.7c). Therefore, the
optimal position of the actuator is not the center of the deflection (For example, the optimal
position in Fig. 2.7cis a=0.711, and the center of the deflection is a = 0.680). However, when
the boundary conditions of the two ends of the beam are the same, the center position of the
deflection is the center position of the curvature. Therefore, the optimal position of a simply
supported is also the center of the deflection (Fig. 2.7d). This study investigates the actuator
optimization in 1D but does not refer to 2D actuators.
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Figure 2.7: Piezoelectric actuator position and length optimization [5]

2.2 Resonant modes - standing waves

2.2.1 Boundary condition

One important point preliminary to the modal analysis is how to consider the boundary
condition. Normally, the structure is tested in a “free” condition or “fixed” condition [19].
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“Free” means that the test structure is not attached to any surrounding environment. There
will be no reaction and constraints for the structure. However, in practice, it is not feasible
to provide a truly free support; the structure must be held in certain way. But it is generally
feasible to provide a system which is closely approximated to the free condition: suspension
system [9] or foam-support system [50] (Fig. 2.8). The suspension system is carried out by
suspending the test-structure in the air with very soft elastic strings which are placed as close
as possible to the nodal points of mode in question [9]. Depending on the studied Eigenmode,
one needs to change the suspension points so that the modes are influenced as little as
possible. The suspension system is suitable when the modes have been already determined
and there are not so many modes to study. The foam-support system is implemented by
putting the structure on very soft foam. “Fixed” means that selected points or surface of the
test structure are fixed to the ground. In practice, it is much more difficult to implement this
“fixed” condition, because it is very difficult to provide a base or foundation which is sufficiently
rigid for the test structure. Besides, in theory, the “free” boundary condition structure has
more degrees of freedom than “fixed” boundary condition structure. Therefore, it includes
more modes [19].

(a) Elastic suspension system [9] (b) Foam-support system [50]

Figure 2.8: Free boundary condition experiment implements

2.2.2 Relevant researches

Bohringer et al. [6] have used standing waves to align planar parts. Depending on the mode
shapes and node positions of the plate, the planar parts can be controlled to specific position
sensor-less (as shown in Fig. 2.9b). Vibrating exciter in their study are the traditional electro-
magnetic ones. The low working frequency limits the numbers of the nodal lines. Moreover,
the traditional exciter is bulky.

Another typical application is that combining two standing waves in the ring-type structure to
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Figure 2.9: Standing wave for parts alignment [6]

create travelling wave for piezoelectric ultrasonic motors [31, 18]. In the ring-type structure,
there are two standing waves (called degenerated modes), which have the same resonant
frequencies but different spatial pattern. However, there are studies which discuss the standing
waves in non-ring-type structures. Setter et al. [55] have tuned the standing waves on a
rectangular plate to obtain different vibration pattern from a single plate. They use 32 voice-
coil actuators and more than 500 sensed locations to tune the force distribution by iteration
in order to obtain the arbitrary vibration patterns. Fig. 2.10 depicts the representation of the
structure (Fig. 2.10a) and the same structure after tuning process (Fig. 2.10b). The working
frequency of the plate is smaller than 100 Hz. In this study, one plate can create different wave
patterns. However, the system was complicated and bulky as well.

actuator  support actuator  support

tuned structure
structure

2

Figure 2.10: (a) Vibrating structure before tuning (b) a travelling wave of the same structure
after tuning [55]

Manceau et al. [42, 43] have made use of piezoelectric actuators to create quasi-travelling
waves in rectangular and square structure which are not ring type structure (Fig. 2.11). How-
ever, the system is quite small, 20 x 30 x 1 mm? for the resonant structure.
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1

d!

Figure 2.11: Quasi-travelling waves created by standing wave in rectangular plate. The quasi-
travelling wave propagates along the curve S and S’, the dash-dot (---) lines and dashed lines (-
-) are the nodal lines for the two modes, respectively [42].

2.3 Parts’ behaviour under vibration

With regards to the parts in automatic industry, previous researches include parts natural
stable pose [24] and parts vibration behaviour under the vibrating plate [16, 25]. A lot of
researches are based on the well-known bouncing ball system [28]. The basic system consists
of a ball and a horizontal plate which vibrates in the vertical direction (Fig. 2.12) [41]. According
to the applications, the variants of this research include: (1) the horizontal plate vibrate in
a direction that has specific angle with the horizontal level [67]; (2) the vibrating plate has a
small angle with the horizontal level and the vibration direction is along a direction which
has an angle with the plate surface [39]; (3) the vibrating plate has a small angle with the
horizontal level with elliptical vibration [29, 3]. Depending on the vibration conditions, the
parts behaviour changes. Parts behaviour in case of standing waves has never been studied
and it will be interesting to investigate it.

When one studies the bouncing ball subject, the key tool is the dimensionless parameter
k defined by Eq. (2.8), which is determined by the plate vibrating frequency and vibrating
amplitude. The ball may stick to the plate, jump periodically or chaotically [60, 29]. When k < 1,
ball is in the sticking region, that means because of the small acceleration, ball always sticks to
the plate and moves together with this latter [30, 29] - there is “no bouncing”. Increasing k,
the ball will have periodic and chaotic vibrations as illustrated in Fig. 2.13. When 1 < k < k1 1,
ball is in the region where the acceleration is big enough and the ball starts jumping, but still
sticks to the plate for some time, with k;,; expressed in (2.9). e is the restitution coefficient
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Zy m @
T Y1) Asin(wt+ @)

Figure 2.12: Schematic of a bouncing ball system [41], where z,, is the plate displacement, A
is the vibrating amplitude, w is the angular frequency, ¢ is the initial phase of the vibration,
zr is the relative distance between the part and the plate in the normal direction to the plate
surface, m is the ball mass and the black dot represents the ball.

(Eq. (2.12)). When k > k; 1, ball is in the jumping region. In this region, the ball can vibrate
periodically or chaotically. “pattern-m, r = n” means that during one period of the ball, the
ball has “m” kinds of pattern and for each pattern, the plate has “n” periods (Fig. 2.13). With
this definition, when k;; < k < kp,;, ball has vibration “pattern-one, r =1". ky; is expressed
in Eq. (2.10). When ky,; < k < k31, ball has “pattern-two, r = 1”. k3,; can be calculated with
Eq. (2.11). When k increases, a new state “pattern 7, r = 1” occurs and so on, until k.,,; where
the chaotic region is reached [59]. When k keeps increasing, the ball will have vibration of
pattern-two, r = 2”, ... and chaotic (Fig. 2.13).

” o«
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“pattern-one, r = 2

A 2
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kr]+2,r - k17+1,r

We give one example of the variety of k in Table 2.2. According to this table, we can calculate
the range k for periodic vibration (r = 1) and the range k for the chaotic vibration (vibration
changes from r = 1 to r = 2), the values are respectively, 0.60 (between 1.57 and 2.17) and
0.97 (between 2.17 and 3.14). The range of periodic vibration is much narrower than that of
chaotic. This means that even with good control, the ball will reach the chaotic vibration easily.
Moreover, the external vibration disturbance in the environment and the load variety (number
of parts) interface bowl’s vibration and thus lead to chaotic vibration.
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Figure 2.13: Bouncing ball behaviour under vibrating plate [29]

Coefficient of restitution

There are two ways to study the impact: coefficient of restitution and impact force (calculated
with assumed penetration and contact stiffness [58]). Coefficient of restitution is normally
used in the research of bouncing ball system. It describes how the kinetic energy varies
after a collision between two parts. Eq. (2.12) gives the relationship between the coefficient
of restitution and the velocities before and after impact. This coefficient depends on the
two materials of the structures involved in the impact. Generally, the collisions are inelastic
meaning the kinetic energy is not conserved but dissipated during the impact. In an inelastic
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Table 2.2: k examples (e = 0.333)

r ki koyr ksr  kayr ksy ke
1 157 2.01 213 216 217 2.17
2 314 338 344 345 345 345
3 472 4.88 492 492 492 492




2.4. Summary and conclusions

collision, the coefficient of restitution is between 0 and 1.

Vb~ VUfa
o= f f

Via—Vib

(2.12)

where vy 4 is the final velocity of object A after impact. vy j is the final velocity of object B after
impact. v; , is the initial velocity of object A before impact. v; j is the initial velocity of object
B before impact.

Actually, the coefficient of restitution is not a constant. It varies with the masses, the impact
velocity of the two bodies and the shape of the impact parts [35]. However, we use a constant
value to simplify the model as long as the research subject’s error is acceptable.

2.4 Summary and conclusions

In this chapter, we have summarized the relevant subjects related with the proposed solution.
Firstly, we have presented the working principles and features of piezoelectric actuators. Some
examples of existing researches using piezoelectric actuators were discussed. Afterwards,
researches using resonant modes for parts manipulator or wave control were addressed. At
the end, parts behaviour studies were summarized and the pertinent subject (bouncing ball
system) was introduced. Reviews on existing studies helped us to understand the parts feeder
system and gave a clue to our researches.
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8] Piezoelectric actuated plate resonance
analysis

In this chapter, firstly, we will first give the theories about equation of motion and damping
and information about the piezoelectric actuator. Then we will use experimental results to
validate the simulation in FE modal analysis and harmonic response. Afterwards, we will
study the piezoelectric actuator’s influence on the plate amplitude in terms of piezoelectric
dimension, shape and orientation, and thickness. At the end, we will study the plate geometry
influence on the mode shapes, specifically, the relative nodal line positions between two
successive modes.

3.1 Conventions and methods

Equation of motion
Equation of motion is the first step in structure vibration analysis. It can be expressed as [1]:

(M]{i} + [CH{a} + [KT{u} = {F} 3.1

where

{u} = displacement vector
{u} = velocity vector

{ii} = acceleration vector
[M] = mass matrix

[C] = damping matrix

[K] = stiffness matrix

{F} = applied load vector

The displacements, velocities and accelerations are unknowns which vary with time. Mass,
damping, stiffness and applied load are known constants and known function which varies
with time. This equation can be used for modal and harmonic response. For modal analysis,
the applied load {F} is zero (we assume that the mass and stiffness are constant with time).
Normally, we do not consider damping (except for damped modal analysis) for modal analysis.
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Chapter 3. Piezoelectric actuated plate resonance analysis

The modal analysis is used to determine the natural frequencies and corresponding mode
shapes. For harmonic response analysis, all the loads {F} vary at the same frequency (we
assume that the structure has constant mass and stiffness; the damping may be constant or
frequency-dependent). The harmonic response analysis is used to determine the displacement
response under harmonic loads. In this thesis, we will use FEM (Finite Element Method,
implemented in ANSYS), which solves the equation of motion numerically, to perform modal
analysis and study the harmonic response for a structure.

Damping

Damping has an influence on the vibrating amplitude of a resonant system. The damping
are generally divided into two types: material damping and system damping. The material
damping represents the energy loss at a molecular level. The system damping represents the
energy dissipated in the structure. It includes the energy dissipation of the structure internal
joints and interfaces between the structure and supports. When certain components in the
entire structure have much higher damping than others, such as a cast iron or rubber compo-
nents in a steel weldment assembly, material damping coefficient needs to be considered as
input separately. If the whole structure has components whose damping are quite close to
each other, an overall system damping coefficient is determined to be applicable for the entire
structure, material damping is not necessary [2]. The target structure in our study is made of
aluminium and its damping can be represented by the overall system damping coefficient.
Damping ratio is a dimensionless measure for the system damping coefficient. It is the ratio
between actual damping coefficient “c” and critical damping c,.

=L (3.2)
Cc

wr =w\/1-{2 (3.3)

For SDoF system (single-degree-of-freedom system), critical damping can be calculated by
Cc = 2mw,. w, is the damped natural frequency for r;;, mode [20], “m” is the mass of the
system.

Most mechanical structures’ damping ratio are usually well below 10% [2]. This induces a
difference between w, and wy of about 0.5% (according to Eq. (3.3)). Therefore, for a modal
analysis, damping is generally not taken into account. With regard to the harmonic response,
the damping affects the vibrating amplitude. It is quite difficult to obtain damping without
measurements. Damping ratio can be measured using logarithmic decrement method [23] in
time domain or the half-power method [20] in frequency domain. Logarithmic decrement
method can be calculated by the data from the free vibration decay caused by a spike input
such as an impact with a hammer. The ideal impact is a perfect impulse, which has an infinitely
small duration, causing a constant amplitude in all the frequency domain. However, in reality,
a hammer strike cannot last for an infinitely small duration, but has a known contact time.
This duration influences the frequency component. A large contact time causes a small range
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of frequency bandwidth. For the logarithmic decrement method, the impact duration should
be well controlled to obtain the desired frequency bandwidth. Half-power method is suitable
for lightly damped system with well-separated modes and good frequency resolution. In the
following, half-power method is applied to ensure that all the modes in question are studied.
Eq. (3.4) gives the equation which allows calculating the damping ratio using the half-power
method which is also illustrated in Fig. 3.1.

Amplitude

A

Xmax — — — — — — —

Xmax

>

w1 Wp W2 Frequency

Figure 3.1: Half-power method for damping measurement [20]

w2 —w
(= 2 1 (3.4)
2wg

Free boundary condition

Based on the discussion in subsection 2.2.1, considering that we want to study several modes
and also the simplicity of implementation, free boundary condition is chosen in our system.
In all the experiments, it will be performed with foam - support system. The foam (shown in
Fig. 3.2) is used in the experiment as support and is assumed to be considered as free boundary
condition (this will be validated in subsection 3.2.2). It is a low density, flexible polyurethane
foam. The surface is convoluted with egg crate. The uniform egg crate shape will provide
evenly distributed support force.

Piezoelectric actuator

In our system, we choose commercial piezoelectric actuator [47], which is familiar to our
laboratory, as the first step of our research. The shape of the existing piezoelectric actuator
is square prism. The piezoelectric actuator is polarized in the direction perpendicular to
the square surface of the square prism (with size of 10 x 10 x 2 mm3 and 5 x 5 x 2 mm?).
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Figure 3.2: Free boundary condition equivalent foam

The piezoelectric actuators have displacement in the direction of their thickness as the solid
red arrow shown in Fig. 3.3. The corresponding piezoelectric charge coefficient is ds3 =
290 x 1072 C- N7L, Due to the Poisson ratio, there are also displacement in the directions
of the piezoelectric actuator’s surface as shown by the dashed black arrows in Fig. 3.3. The
equivalent piezoelectric charge coefficient is d3; = 130 x 10712 C- N~!. The piezoelectric

actuator can be mounted to the resonant structure by gluing its bottom or top surface on the
structure.

L
-
A
1
w |
¥
<---=--- >
T Direction of movement d33
h1 =
External electrode
<------ >

Direction of induced movement ds;

Figure 3.3: Piezoelectric actuator in use [47]

According to the study of Barboni et al. [5], for a piezoelectric actuator with given dimension,
the plate can obtain maximum deflection when the two opposite edges of the piezoelectric
actuator are located to the points of equal curvature. In our system, for free boundary condi-
tions, when the two opposite edges of the piezoelectric actuator are located to the points with
equal curvature, it is exactly at the maximum deflection. This means that the piezoelectric
should be located to the anti-nodes. Considering the surface bonding with plate, we agree
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3.2. Modal analysis and harmonic response

on the piezoelectric actuator’s position choice: If the anti-nodes of the plate’s mode shapes
are on the edges or the corners of the plate, we do not consider them as valid positions for
piezoelectric actuators.

Since negative electric field can induce loss of polarization, DC offset is superposed on the
harmonic excitation to avoid it. In our system, all input voltage for piezoelectric actuator in
experiments will be always a sinusoidal wave of Uy, with a DC offset of % For example, a
typical input voltage is a sinusoidal wave of 100 V},;, with 50 V DC offset.

3.2 Modal analysis and harmonic response

Modal analysis is used to determine the natural frequencies and corresponding mode shapes.
It is the starting point for structure engineering analysis. Harmonic response is used to study
the plate amplitude with piezoelectric actuators under different kinds of voltage and frequency
excitations. In this section, we will use both FE simulations and experimental verifications
interactively to carry out the study.

Fig. 3.4 illustrates the four modules, which include two FE models and two experiments.
Module A is the finite element (FE) modal analysis. We use numerical FE model to firstly predict
the natural frequencies of a specific structure. Module B is the modal analysis experiments
which include the measurement of natural frequencies and mode shape demonstration,
separately. The correlation between these natural frequencies and their corresponding mode
shapes is identified by mode shape demonstration, especially useful for modes whose natural
frequencies are quite close with each other. This module is used to validate the modal analysis
in module A. The validated FE model in module A can be used for modal analysis of other
structures.

Predict f Experiments
FE —_
A ' - Natural frequency B
Modal analysis Validate model Mode shape
Input f Input f
FE Experiments
C Harmonic response | D

Harmonic response <~ )
damping ratio ¢ Damping

Figure 3.4: Structural analysis flow chart
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Module C is the FE model for harmonic response analysis. This simulation needs the damping
ratio from experiments of module D. To well implement harmonic response experiments, it is
necessary to obtain accurate natural frequencies from module B. The experimental amplitude
of the plate will be used to verify the FE harmonic response in module C. And the validated
FE harmonic response can be used to study the harmonic response under different voltages.
Moreover, it can be used to investigate how to improve the harmonic response, such as increase
the vibrating amplitude.

Geometry and material

The structure for modal analysis and harmonic response is a simple square aluminium plate
(180 x 180 x 3 mm3). We have chosen this structure for three reasons. Firstly, the plate size
is similar to the industrial tooling plate on which the thesis work is based. Secondly, the
simple plate is used to reduce the difference between FE model and experimental prototype
which derives from the manufacturing process. Thirdly, the square plate is chosen because it
provides special mode pairs that will be discussed in chapter 5.

The aluminium alloy used for the structure has the following properties:

e Density p =2,770 kg-m™3
e Young’s modulus E = 7.10 x 10'" Pa
* Poisson’s ratio v = 0.33

3.2.1 Modal analysis
FE simulation

To study the structure system and choose the desirable modes, numerical method - FE (finite
element) method, is applied. Actually, for simple structure, analytical method can also solve
the problems [38]. However, the solution needs to be classified according to which kinds of
modes they are. When the modes have symmetry about coordinate axes and both diagonals,
the solution will be different from the solution of modes that have symmetry about the
coordinate axes and antisymmetric about diagonals. Thus it will be difficult to use analytical
method to study a lot of modes of the structure. So we have chosen to use FE method. We
can thus obtain several natural frequencies and mode shapes at one time. The FE model
is implemented in ANSYS workbench [4]. Eq. (3.1) becomes Eq. (3.5), and is the basis of
simulation for modal analysis.

[M]{i} + [KT{u} =0 (3.5)

Mode representation
Fig. 3.5 gives two mode shapes illustration for the square plate with free boundaries. The

26



3.2. Modal analysis and harmonic response

values of the deformation have no physical significance. It is the “shape” of the vibration
modes that are meaningful. The local maximum and local minimum values correspond
to the anti-nodes and nodes, respectively. In the modes shown in Fig. 3.5a and Fig. 3.5b,
the nodal lines (dark blue lines) are parallel to direction x and y. This kind of modes exist
also in rectangular plate. We name this mode as mode (2, 2) (Mode (m, n) means “m” and

“__n

n”are designated numbers attached to the mode shapes, where “m” is the number of half-
wavelength across the x direction and “n” is the number of half-wavelength across the y
direction). We observed that there are one anti-node in the center and eight anti-nodes on the
edges or at the corners of the plates. To excite this mode, according to the convention on the
piezoelectric actuator’s position choice, the piezoelectric actuator should be mounted in the
center of the plate. Fig. 3.5¢ and Fig. 3.5d show an example of special mode in the square plate.
This kind of modes has nodal lines that are parallel to or pass through the diagonals of the
plate. The right position of the excitation is also the center of the plate. In the following of this
thesis, we will use only 2D illustration.

Total deformation
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(a) 3D mode shape 1410 Hz (b) 2D mode shape 1410 Hz

Total deformation

[V

(c) 3D mode shape 556 Hz (d) 2D mode shape 556 Hz

Figure 3.5: Mode shape illustration
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Different mode shapes

A mechanical structure with free boundaries has many natural frequencies and corresponding
mode shapes. To help to choose the desirable modes and possible corresponding exciter
position, Fig. 3.6 presents the FE simulation results in terms of mode shapes and resonant
frequencies. The dark blues are the nodal positions. The red squares indicate the valid
positions for piezoelectric actuators.

In Fig. 3.6a, the anti-node positions are in the four corners of the plate. According to the agree-
ment on the piezoelectric actuator’s position choice, there is no valid position for piezoelectric
actuator. Therefore, this kind of mode is considered as inappropriate modes in this thesis.
Fig. 3.6b shows a typical mode whose nodal lines are parallel to x and y directions but without
the same number of half-wavelength across these two directions.

Fig. 3.6¢c and Fig. 3.6d show two other mode shapes. For each mode shape, their nodal lines
are only parallel to either x direction or y direction. The two modes have exactly the same
natural frequencies but different mode shapes (modes which are called degenerated modes).
Although these two mode shapes have the same natural frequency, we can excite each modes
with different piezoelectric actuators. For example, the mode shown in Fig. 3.6c can be excited
with piezoelectric actuators at positions A; or A without interference from the mode shown
in Fig. 3.6d, because positions A; or A, are nodal positions in the mode shown in Fig. 3.6d. In
the same manner, the mode shown in Fig. 3.6d can be excited with piezoelectric actuators at
positions B; or By.

Fig. 3.6e and Fig. 3.6f present two additional mode shapes. There are respectively four and
five positions that can be used to mount the piezoelectric actuators. These two modes are the
specific modes in square plate, whose nodal lines are parallel to or pass through the diagonals
of the plate (Fig. 3.6f and Fig. 3.6e). Additionally, there is one interesting feature about the
relative position between these two mode shapes. The anti-nodes in Fig. 3.6e are close to
nodes in Fig. 3.6f. Moreover, the nodes in Fig. 3.6e are close to anti-nodes in Fig. 3.6f. This
special feature will be used for parts separation in automatic assembly part feeder (Details are
in section 5.2).

We have also observed some phenomenons: Firstly, one piezoelectric can be used to excite
different mode shapes. For example, a piezoelectric actuator mounted in the center un-
derneath the plate can excite the modes in Fig. 3.5b, Fig. 3.5d and Fig. 3.6f with resonant
frequencies of 1410 Hz, 556 Hz and 2765 Hz, respectively. Secondly, for modes which have
close natural frequencies, appropriate position for piezoelectric actuator can excite expected
modes without interference from other modes. For example, with regard to modes in Fig. 3.5b,
Fig. 3.6c and Fig. 3.6d, they have very close natural frequencies. We can obtain these three
modes by exciting piezoelectric actuators at the positions in the center, A; or Ay, and B; or By,
respectively, without interferences from the other two modes. Because the excited position of
piezoelectric actuator for one mode is the anti-nodes for the other two modes.
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(a) 302 Hz (b) 2338 Hz

(c) 1386 Hz (d) 1386 Hz

(e) 2629 Hz (f) 2765 Hz

Figure 3.6: Different mode shapes
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Experiments for modal analysis

To verify the FE model simulation, experiments for modal analysis have been performed.
These experiments include finding the natural frequencies or resonant frequencies and
visualizing the corresponding mode shapes.

The entire experimental set-up has four parts. The first part is the plate itself - the resonant
structure; the second part is the exciter; the third part is the measurement equipment or
method; and the last part is the analyser to perform the analysis for the data. The structure
support is foam and is supposed to be equivalent to free boundary condition. The exciter is one
or several piezoelectric actuator(s) and is (are) glued underneath the aluminium plate. Thus,
the piezoelectric actuator will induce stress between itself and the plate and work as a surface
contact exciter. The typical measurement of the structure response will be the displacement
or the velocity. Doppler laser vibrometer is used to detect the velocity of specific point. It
has the advantage that there is no interfering with the structure thanks to the non-contact
measurement.

Natural frequencies

The typical way to obtain the structure natural frequencies is to use FRF (frequency response
function) method. The frequency response function is the ratio between the output response
and the input response, typically the ratio between the output displacement and the input
force. This method can provide not only the natural frequencies but also the mode shapes in
the case of complete measurements. This method involves displacement measurements and
force measurements. The force measurements are usually complicated.

For our specific application, a method to detect specific natural frequencies in an easy way - is
to measure the equivalent capacitance-resistance series connection spectrum of the plate and
piezoelectric actuator system and obtain the resonant frequencies according to the resistance
spectrum. The piezoelectric actuator itself can be equivalent to a series connection of a ca-
pacitor and a resistance. The resistance stands for the heat energy dissipated in the actuators.
When the piezoelectric actuator is mounted with a plate and works at plate resonance, the
resistance stands for the heat energy and the energy that is dissipated in the structure because
of damping in order to keep the standing waves. The dissipated heat energy is quite small com-
pared to the energy that is transferred to the structure. Therefore, in the measured resistance
spectrum, the frequencies at which the resistances are maxima in the local frequency range
can be considered as the resonant frequencies. Liu et al. [40] uses the similar method to study
the energy transfer of a simply supported structure. In this thesis, we will use this method
to obtain the resonant frequencies (very close to natural frequencies when the damping is
small). Impedance analyser Agilent 4294A is used to measure the capacitance-resistance
spectrum of the system. The impedance analyser works with an oscillation level of 500 mV.
The frequency increment step is 1 Hz. The system is the above mentioned square aluminium
plate with a piezoelectric actuator glued underneath the plate in the center. With regard to
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3.2. Modal analysis and harmonic response

this piezoelectric actuator and plate configuration, we study the modes that can be excited at
a frequency lower than 8,000 Hz. Fig. 3.7 shows the resistance spectrum of the study system.
There are six local maxima. Their values (marked with “ f; maxima-R”) are listed in Table 3.1.

Resistance [ohm]

A

30 +

20 +

N

0 2000 4000 6000 8000
Frequency [Hz]

\

Figure 3.7: Resistance spectrum of a piezo-plate system

We will verify this method by comparing the resonant frequencies obtained from this method
with resonant frequencies obtained from typical displacement based method. The displace-
ment is measured with a Doppler Laser Vibrometer (Polytec compact laser vibrometer CLV
1000). The input voltage for the piezoelectric actuator is a sinusoidal wave of 100 V},, with
50 V DC offset. For each mode, there is a maximum. We will also measure the amplitude in
each resonant frequency’s vicinity at least larger than the frequency bandwidth (Aw = w> -
w1) in order to obtain the damping ratio ¢ (Details refer to the following part Damping ratio
measurement). For each mode, the frequency increment is 1 Hz or 2 Hz (The minimum
frequency increment step 1 Hz is limited by the piezoelectric actuator’s drive, 2 Hz frequency
increment is applied when the plate amplitude vary slightly with frequency changes. We do not
measure the amplitude that is too far from the resonant modes). Fig. 3.8 shows the amplitude
spectrum in the full range below than 8000 Hz. Corresponding resonant frequencies are listed
in Table 3.1, marked with “f; reference”.

We see that all “ f; maxima-R” are bigger than “f; reference”. However, the absolute value of
“ fa maxima-R” is close to “f; reference” with an error of less than 0.20%. The absolute error of
the resonant frequencies between the two methods are marked “ f; error”. According to the
damping ratio measurement with displacement based method, half frequency bandwidth for
each mode is calculated. All the “f,; error” are smaller than the half frequency bandwidth AT‘”.
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Figure 3.8: Displacement spectrum of piezo-plate system

Table 3.1: Comparison of resonant frequencies

fareference f; maxima-R error fj;error dampingratio{ Az—w
[Hz] Hz % [Hz] [Hz]
558 559 0.18 1.0 0.0018 1.0
1420 1421 0.07 1.0 0.0009 1.3
2797 2798 0.04 1.0 0.0020 5.6
3745 3749 0.11 4.0 0.0016 6.0
6199 6204 0.11 5.0 0.0024 14.9
6788 6795 0.10 7.0 0.0027 18.3

Even if there is error, at frequencies measured with from resistance spectrum method, the
plate can still provide at least \/Li of the maximum amplitude. We will use this method in our

system to obtain the resonant frequencies quickly.

Damping ratio experiments

Vibrating amplitude is influenced by the damping ratio. Since it is difficult to obtain damping
without experiment measurements, half-power method describe in section 3.1 is used to
obtain the damping ratio. Fig. 3.9 shows an example of the plate amplitude changing with
frequency, from where we can extract the damping ratio. Damping ratio of some resonant
modes are listed in Table 3.1. All the damping ratios are small. These small values validate that
the damping ratio can indeed be ignored in modal analysis.
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Figure 3.9: Experimental plate displacement for damping ratio extraction

Mode shape demonstration

It is important to visualize the mode shape. It helps to establish the correlation between
resonant frequencies and mode shapes, especially for modes whose resonant frequencies are
close to each other and may interfere with each other. A way to visualize the mode shape is
the technique called “Chladni figure” [14]. The method is to use small particles, such as sand,
to demonstrate the nodal lines of specific modes on a plate or a membrane structure. In our
case, sugar is used as the small particles.

The center of the plate on the top surface is defined as the origin of the coordinate system. To
obtain the modes in Fig. 3.6e and Fig. 3.6f, two piezoelectric actuators are glued underneath
the plate at the positions (0 mm, -52.50 mm, -3 mm) and (0 mm, 0 mm, -3 mm). Fig. 3.10
represents these two modes, where the sugar lines indicated the nodal lines. The red squares
mark the piezoelectric actuator in the backside of the plate. This “Chladni figure” based mode
shape demonstration has coherence with FE simulation.

All the three piezoelectric actuators are glued onto this plate to find more mode shapes.
Their positions are (0 mm, 0 mm, -3 mm) for piezoelectric actuator 1, (0 mm, 33.75 mm, -3
mm) for piezoelectric actuator 2, and (0 mm, -52.50 mm, -3 mm) for piezoelectric actuator
3. All the modes are verified in terms of resonant frequencies and corresponding mode
shapes. Table 3.2 gives the natural frequencies comparison between FE model and maximum-
resistance measurement. These are all modes that can be excited by the three piezoelectric
actuators, whose resonant frequencies are lower than 9000 Hz. There are still inappropriate
modes, which are similar to mode in Fig. 3.6a. Moreover, there are modes that can not be
created with the actual three piezoelectric actuators, such as mode in Fig. 3.6d.

Firstly, the experimental results show that they are all obtained in practice. This means the
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(a) 2650 Hz (b) 2798 Hz

Figure 3.10: Various mode demonstration

Table 3.2: FE model resonant frequencies verification

fa maxima-R  f; FEmodel error Actuated piezo

Hz Hz %

559 553 -1.07 1
1405 1382 -1.64 2
1421 1410 -0.77 1
2360 2338 -0.93 2
2650 2629 -0.79 3
2798 2765 -1.18 1
3749 3723 -0.69 1
4532 4453 -1.74 2
4801 4766 -0.73 3
5460 5384 -1.39 3
6204 6163 -0.66 1
6637 6569 -1.02 2
6795 6707 -1.30 1
7538 7453 -1.13 2
7694 7622 -0.94 1
8085 7990 -1.18 3
8742 8662 -0.92 2

foam in the experiments is soft enough to be considered as free boundary condition. Secondly,
the error between “ f; maxima-R” and “ f; FE model” is less than 2.00%. This difference may
be associated to the material or the manufacture process or the foam used for free boundaries.
This error is acceptable for justifying that the FE model will be used as numerical model for
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3.2. Modal analysis and harmonic response

similar structure modal analysis.

3.2.2 Harmonic response

Most FE analyses are based on displacement. Analyses on structure stress, strain, and reaction
force can be derived from displacements [2]. The displacement will be used to validate the FE
harmonic analysis.

FE harmonic response

In FE harmonic response, we need firstly, the natural frequencies from FE modal analysis.
Secondly, damping is also an input. We will use the damping ratio obtained from experiments
for each FE harmonic response. The piezoelectric actuator parameter used in the system are
listed in Table 3.3 (Details see NCE 46 in appendix A.4). These are the parameter provided by
the supplier ([47]). They need to be transformed to Ansys form (Details are in appendix A.2).
The equivalent voltage to a sinusoidal wave of 100 V), is applied to the piezoelectric actuator.

Table 3.3: Piezoelectric material parameters [47]

name symbol value unit
density o 7,700 kg -m=3
elastic compliances sh 1.30E-11 m?-N7!
elastic compliances s, -4.35E-12 m?-N7!
elastic compliances sfg -7.05E-12 m?-N~!
elastic compliances sk 1.96E-11 m?-N!
elastic compliances s, 3.32E-11 m?-N7!
elastic compliances st 3.32E-11 m?-N~!
elastic compliances sgﬁ 347E-11 m?-N7!
piezoelectric charge constant  ds; -1.28E-10 C-N7!
piezoelectric charge constant  ds3 3.28E-10 C-N7!
piezoelectric charge constant  d;5 3.27E-10 C-N!
relative dielectric constant €11 1,190

relative dielectric constant €33 1,330

The vibrating z direction amplitude at the plate surface center is shown in Fig. 3.11 for the
Eigenfrequency of 2766 Hz. The maximum amplitude is 20.62 pm. The experimental measured
value is 19.70 um as shown in Fig. 3.9, giving an error of 4.67 %. This error may be induced by
manufacturing tolerance or boundary conditions.

Fig. 3.12 illustrates the z direction deformation distribution of the plate under resonant
frequency response. The response has the same shape as the mode shape shown in Fig. 3.6f.
This means the plate is correctly excited for this resonant mode. Different from modal analysis,
here the deformation values have physical senses. It represents the real amplitude.
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Figure 3.11: Harmonic response simulation result in the vicinity of 2765 Hz
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Figure 3.12: Harmonic response under resonant frequency 2765 Hz

Harmonic response experiments

The piezoelectric actuator is driven with a sinusoidal signal of 100 V},,, with 50 V DC offset. For
each resonant mode, the frequency range includes the resonant frequencies and frequencies
that allow to extract the damping ratio. Table 3.4 gives comparison of the harmonic response.
The damping ratio ¢ is measured by experiments for each mode. “Sim f;” is the simulation
resonant frequency. “Sim max. A” is the simulation maximum vibrating amplitude. “Exp
fa” is the experimental resonant frequency. “Exp max. A” is the experimental maximum
vibrating amplitude. The maximum difference is 10.21 %. We can say that the FEM model for
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3.3. Piezoelectric actuator’s dimension and shape influence on plate’s amplitude

harmonic analysis is verified according to the coherence between simulation and experimental
displacements. This coherence also validates that even if the foam can not provide ideal
boundaries, it is soft enough to provide acceptable equivalent free boundaries.

Table 3.4: Harmonic response amplitude comparison

¢ Exp Current Sim f; Simmax. A Exp fy Expmax. A max. Adif

A Hz um Hz um %
0.0018 0.06 553 90.45 558 91.98 -1.66
0.0009 0.16 1400 55.43 1420 56.04 -1.09
0.0017 0.29 2629 21.16 2646 20.30 4.24
0.0020 0.32 2765 20.62 2797 19.70 4.67
0.0017 0.44 3723 26.37 3740 24.31 8.47
0.0024 0.70 6163 6.85 6199 7.06 -2.97
0.0024 0.75 6569 3.97 6627 4.08 -2.70
0.0027 0.75 6707 4.75 6788 4.31 10.21

3.2.3 Summary

With the modal analysis we have done, we have obtained the natural frequencies and cor-
responding mode shapes. This information is useful for the harmonic response. The FE
harmonic response is validated with experiments. In the following, we will use the validated
FE modal analysis and harmonic response to do our researches.

3.3 Piezoelectric actuator’s dimension and shape influence on plate’s
amplitude

The resonant frequency and the amplitude are the two important features of the structure.
The resonant frequency depends on the plate size, the shape and the material. The vibrating
amplitude changes depending on the resonant modes. In this section, we will investigate the
piezoelectric actuator surface area, shape and orientation influence on plate amplitude for
different modes.

3.3.1 Piezoelectric actuator’s surface area effect

Simulations

First, we have studied the Eigenmode shown in Fig. 3.13c. The mode has the same number of
half-wave length in both x, y directions. The piezoelectric actuator is square and is bonded
underneath the plate in the center. We have analysed the plate displacement on the top
surface in the center (red point).
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(a) Mode 1 (b) Mode 2

Y
1V,
X
(c) Mode 3 (d) Mode 4

Figure 3.13: Four Eigenmodes of the square plate

Fig. 3.14 presents the plate displacement in z direction with piezoelectric actuator length
increment. We can see that, for this mode, when the piezoelectric actuator length increases, the
plate displacement raises. The relationship between the plate displacement and piezoelectric
actuator length is close to quadratic. This indicates that the plate displacement is linked to the
piezoelectric actuator surface area.

Amplitude 4
(um) 8007
600 -
400 +
200 +

0 >

0 10 20 30 40
Square piezo length[mm]

Figure 3.14: Vibrating amplitude according to piezo edge length
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3.3. Piezoelectric actuator’s dimension and shape influence on plate’s amplitude

We have analysed the plate displacement for different modes with two kinds of actuator to
study the surface influence on other modes. Table 3.5 lists the numerical response for the four
modes which are illustrated in Fig. 3.13. They are divided into two groups. The first group
(mode 1, 3 and 4) presents symmetric resonant modes. Whereas the second one (mode 2)
has only bending along Y direction. The piezoelectric actuator is underneath the red point.
Piezo ‘s’ means that the piezoelectric actuator surface is 5.0 x 5.0 mm?. Piezo ‘L’ means the
piezoelectric actuator surface is 10.0 x 10.0 mm?. ‘A’ is the plate displacement on the top
surface at the position of the piezoelectric actuator.

Table 3.5: Plate displacement with two different piezo actuators

Mode Piezo fr A Ratio
No. [Hz] [um] AplAg

1 S 555 17.09
1 L 553  90.90 5.32
2 S 1384 7.06
2 L 1383  40.21 5.70
3 S 1414.5 10.82
3 L 1410.0 56.80 5.48
4 S 2782 3.79
4 L 2767 20.65 545

The amplitudes with ‘L’ piezoelectric actuator are much larger than that with ‘s’ one. The ratio
between the two displacements is around 5. Fig. 3.15 and Fig. 3.16 give the frequency response
for the mode 1 and mode 2.

Amplitude [pm]

A

100 t —o—piezo 10.0x10.0
‘ —6—piez0 5.0x5.0

80

60

40

544 549 554 559 564
Frequency [Hz]

Figure 3.15: Plate displacement for mode 1

According to the above analysis, if we increase the piezoelectric actuator area, we can obtain
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higher plate displacement. However, piezoelectric actuator is equivalent to a capacitance.
When the piezoelectric actuator area increases, the piezoelectric actuator capacitance will
be bigger. According to Eq. (2.6) and Eq. (2.7) [52], piezoelectric actuator drive current will
be higher and energy dissipation in piezoelectric actuator will increase. This energy is trans-
formed to heat in the piezoelectric actuator and thus limits the piezoelectric actuator working
frequency. Thus, for some cases, we cannot increase the piezoelectric actuator surface any

more.
Amplitude [pm]
50% —o— piezo 10.0x 10.0
—6—piez0 5.0x 5.0
40 +
30 ¢
20+
10 ¢
0 O&&M@-@.@ =
1372 1377 1382 1387 1392
Frequency [Hz]
Figure 3.16: Plate displacement for mode 2
Experiments

Experiments on two identical plates with two kinds of piezoelectric actuators have been
carried out to validate the simulation analysis. The two kinds of piezoelectric actuators are:
10 x 10 x 2 mm® and 5 x 5 x 2 mm?®. The plate sketch is in Fig. 3.17. Plate main body has a
size of 160(L) x 120 (W) x 3 (h) mm3. Experimental setup is shown in Fig. 3.18. The plate
displacement measurement is carried out with a Doppler Laser Vibrometer (DLV).

In experiments, both piezoelectric actuators are powered by a sinusoidal wave of 100 V},, with
50 V DC offset. In simulation, both piezoelectric actuators are supplied by an equivalent volt-
age. The response displacement and corresponding mode for plates with both piezoelectric
actuators in simulation and experiments are shown in Fig. 3.19. The damping ratio is obtained
by half-power method [20]. It is used as input in the simulation. The mode shape using for
plate displacement study with both piezoelectric actuator is shown in Fig. 3.19.

From this figure, we can observe obviously that the plate with larger piezoelectric actuator has
much bigger displacement than the other one. Numerical values are listed in Table 3.6. The
difference between simulation and experiments for resonant frequency is less than 2.0 %. For
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plate main body

A

Figure 3.17: Plate sketch

Signal generator

Oscilloscope

Drive

Power supply

Plate and piezo

Foam

Figure 3.18: Experimental setup

the plate displacement, the maximum difference is 25.34% (experimental results are used as
reference for the difference). This could be explained by connection between the main body
of the plate and the bars of the plate (dashed parts shown in Fig. 3.17). Indeed, the difference
is less than 10% considering simple structure such as a square plate.
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Figure 3.19: Experiment validation

Table 3.6: Comparison between simulations and experiments

item piezo 10x10x2 piezo 5x5x2

damping ratio 0.0023 0.0052
Sim f; [HZ] 1504 1512
Exp fr [Hz] 1508 1492
Sim A [um] 41.50 3.53
Exp A [um] 33.11 4.45
fr dif [%] -0.27 1.34

A dif [%] 25.34 -20.75

3.3.2 Piezoelectric actuator’s shape and orientation effect

As discussed above, the piezoelectric actuator area could be limited due to the capacitance.
Thus, we have studied the plate displacement according to the shape and orientation of the
piezoelectric actuator for a fixed area of 100 mm? considering the mode 2 and the mode 3.

Table 3.7 gives the plate displacement (mode 3) in the center ‘P;’ (x = 0.00 mm, y = 0.00 mm).
Even if the areas are the same, the plate displacements are different. From the table, we notice
that the piezoelectric actuators which are bonded in different orientations, but with the same
shape, create almost the same plate displacements. For example, case 2 and case 3 have almost
the same amplitude response even if their piezoelectric actuator orientations are different. We
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define ‘p’ the dimension of the longer edge of the piezoelectric actuator in case of mode where
there are the same numbers of half wave in both x and y directions. Mode 3 is applicable to
this case. For configurations with piezoelectric actuators “15.0 x 6.7” and “6.7 x 15.0”, the
dimension of the longer edge of piezoelectric actuators is p = 15.0 mm. We also observe that
bigger ‘p’ is, higher the plate displacement is at ‘P; .

Table 3.7: Plate displacement for mode 3

case piezo shape p piezo area fr A
No. [mm] [mmx mm] [Hz] [um]
7| H
X
1 L’ 10.0 10.0 x 10.0 1410  56.47

2 1—}’( 15.0 6.7 x 15.0 1411  60.50
p

] ix

15.0 15.0 x 6.7 1411  60.85

Y
B
4 20.0 5.0 x 20.0 1411.5 73.44
p

Y
s L JIX 500 a00x50 1am1s 73

To study the plate displacement distribution, we have investigated the plate displacement
along the line ‘Ly’ (y = 0 mm). Fig. 3.20 presents the plate displacement for the three configu-
rations. The amplitude presented in Table 3.7 is the point ‘P;’ (x =0.00 mm, y = 0.00 mm).
According to this figure, we observed that when ‘P;’ has bigger displacement, all the points
along the line ‘L’ have bigger displacement. Thus, we can deduce that the whole surface of
the plate has higher displacement.

We have also studied the displacement when the resonant mode has not the same half-wave-
length number for x and y direction (for example, mode 2). Mode 2 has only bending along
y direction. Table 3.8 lists the displacement with different piezoelectric actuator shapes
and orientations. Because there is only bending along y direction, ‘p’ is the dimension of
the piezoelectric actuator’s edge which is parallel to y direction. First we observe that the
piezoelectric actuators with the same shape but different orientations do not create the same
displacement. Besides, the plate displacement has positive correlation with parameter ‘p’.
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Figure 3.20: Plate displacement (mode 3) along the line ‘Ly’

Table 3.8: Plate displacement for mode 2

case piezo shape p piezo area fr A
No. [mm] [mmxmm] [Hz] [um]
Y
1 P 50 0050 1380 3073
Y
p
2 I :\ ]—}‘( 6.7 15.0 x 6.7 1381 33.23
p X
3 I—)‘( 10.0 10.0 x 10.0 1383 40.21
4 D‘( 15.0 6.7 x 15.0 1386 54.09
P Y
5 | X 20.0 5.0 x 20.0 1388 65.42

Fig. 3.21 presents the plate displacement distribution along the line ‘L’y (x =0.00 mm) for
mode 2. The amplitude presented in Table 3.8 is the point ‘P,’ (x =0.00 mm, y = 33.75 mm).
When this point ‘P,’ has larger displacement, all the points along the line ‘L’y have bigger

displacement.

Fig. 3.22 illustrates the plate amplitude according to the parameter ‘p’. Both modes have the
same trend. The plate displacement is bigger when the piezoelectric actuator length along the

bending mode direction is longer.
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Figure 3.21: Plate displacement (mode 2) along Y direction
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Figure 3.22: Plate displacement with same area

According to this study, we can increase the plate displacement by adjusting the piezoelectric
actuator shape and orientation when the surface is kept constant. The longest edge of the
piezoelectric actuator should be positioned according to the desired bending mode. One
restriction is that the piezoelectric actuator dimension should be smaller than the half wave-
length [64].
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3.3.3 Piezoelectric actuator’s thickness and number of layers

Besides limiting the piezoelectric actuator area, the total thickness of the piezoelectric actuator
(equivalent piezoelectric actuator layer numbers in multilayer piezoelectric actuator when the
single layer’s thickness is fixed) may be reduced to avoid energy dissipation. This is because
the actuator capacitance of a multi-layer actuator depends on the actuator area, the actuator
thickness and the number of layers (details see A.3). Previously we have investigated the area
influence, here we will study how to design the actuator thickness and the number of layers.

First, let’s consider the role of the deformation of the piezoelectric actuator in the displacement
of the plate. To do that, playing with the piezoelectric coefficient (ds;, d33) of the actuator, we
are able through a FE analysis to investigate individually the x, y, and z deformation. We will
discuss three cases:

 Case 1: considering all the deformation
e Case 2: only x and y deformation
 Case 3: only z deformation

The applied voltage is equivalent to 100 V},;, and the damping ratio is 0.0009. Fig. 3.23 gives the
plate displacement of the three cases. Case 1 and case 2 have almost the same displacement,
respectively 52.56 um and 53.17 um. The difference is only 1.16%. However, the case 3
presents very small displacement compared to case 1 and 2. We can thus consider that the
plate displacement is created mainly by piezoelectric actuator x, y direction deformation.

This result shows that x, y deformations of piezoelectric actuator determine the plate displace-
ment rather than z deformation. This indicates that thinner piezoelectric actuator (few layers)
may be designed for the plate resonator. The advantage is that with smaller capacitance,
according to Eq. (2.6) and Eq. (2.7), piezoelectric actuator drive current and power will be
smaller. This will definitely decrease the drive cost.

Table 3.9 shows the simulation results of plate displacement when using fewer layer. The
piezoelectric actuator thickness changes to be 1 mm, half of the previous one. To obtain the
same electric field, the supply voltage is set equivalent to 50 V.

The maximum difference of plate displacement between ‘piezo of 2 mm’ and ‘piezo of 1 mm’
is 12.38%. This validates that fewer layers of piezoelectric actuator can create the same plate
displacement. This is mainly because the piezoelectric actuator x, y deformations keep the
same. When we decrease the number of the layer, the piezoelectric actuator’s surface on
X, y plane is kept constant. Moreover, we keep the electric field to be the same. Therefore,
piezoelectric actuator x, y deformation keep the same even if the piezoelectric actuator
thickness decreases.

This indicates that the same plate displacement may be obtained by multi-layer piezoelectric
actuator which has less layers, thus decreasing the power supply. Indeed, the capacitance
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Figure 3.23: Plate’s vibrating amplitude according to the piezo deformation

Table 3.9: Maximum plate displacement comparison for the different total thickness of the
piezoelectric actuator

¢ piezo of 2mm piezo of 1 mm Difference
f max.A f max. A
[Hz] um [Hz] um %
0.0018 553 90.45 556  79.25 -12.38
0.0009 1410 55.54 1415 51.85 -6.64
0.0020 2766 20.62 2775 18.48 -10.38

of the piezoelectric actuator Cp;ezo depends on the number of layers n and the thickness of
a single ceramic layer d; (Details in appendix A.3). The piezoelectric actuator drive current
and dissipation power are both linearly proportional to the capacitance of the piezoelectric
actuator (Eq. (2.6) and Eq. (2.7)) [52]. If we assume that d; is constant. The total thickness d;
will be proportional to the number of layers (d; = n - d;). With this premise, the piezoelectric
actuator with a thinner total thickness has a smaller capacitance. Therefore, piezoelectric
actuator drive current and power dissipation will be smaller and thus decrease the drive cost.
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Chapter 3. Piezoelectric actuated plate resonance analysis

3.4 Plate geometry influence on mode shapes

The mode shapes of a mechanical structure are determined by its geometry, material and
boundary conditions. Depending on the boundary condition, plate can have different mode
shapes. However, some rules are applicable for all the conditions. The analytical calculation
for natural frequencies of simply-supported plate is used as to explain the general rules for all
the boundary conditions, because its analytical analysis is easy. The natural frequencies of
four edges simply supported plate can be calculated as follows [69]:

o= (2] (2]

D (3.6)
ph '

where m, n are the number of half wavelength in x, y direction, respectively. L, W are the

length and the width of the plate, respectively. D = E—’fvz) is the flexural rigidity. E is the

1201
Young’s modulus, v is the Poisson’s ratio and w is the transverse displacement.

According to the Eq. (3.6), we obtain: 1, the resonant frequency is proportional to the thickness
of the plate (Examples are shown in [56]); 2, if the plate length-to-width ratio (%) keeps
constant, the mode shape will keep the same; 3, if the plate length-to-width ratio changes, the
modes on the plate change [54]. These rules are applicable for all the boundary conditions.
Therefore, we will study only the length-to-width ratio influence on the plate mode shapes.
In the previous section, we have investigate the modes of a square plate. In this section, we
will investigate how the relative nodal line positions between modes change when the plate
length-to-width ratio changes. Fig. 3.24 illustrates five simulation mode shapes of a plate
whose main body has a size of 160(L) x 120 (W) x 3 (h) mm?3. The nodal lines (the blue lines)
of these modes are parallel to y direction. These five modes are used as mode reference to
investigate the mode shape changes with the influence of plate length-to-width ratio. We fix
the plate’s length to 160 mm and the thickness to 3 mm.

Some mode shapes disappear due to the length-to-width ratio changes. Table 3.10 lists the
results for plate from square plate to the length-to-width ratio equals to 2. Some mode shapes
disappear. For example, plate design “D3” has all the five mode shapes as that of plate design
“D5”. plate design “D8” does not have the mode shape of “M3”. Not only the existence of the
mode shapes changes, but also the nodal line positions. Fig. 3.25 give the illustration of nodal
line positions of plate design “D5”, “D3”, “D8” and “D9”. Because the plate is symmetric, only
half of the plate is considered. Plate design “D5” and “D3” both have five modes, but the nodal
positions are not the same and the relative nodal positions between modes are different in the
two plates. For example, the nodal positions (intersection with dashed line) of mode M2 in
two plates are not the same. The relative nodal position between mode M1 and M4 of the two
plates are different. Plate design “D8” and “D9” do not have all the five modes.

We propose a method to evaluate the relative nodal line positions to represent the nodal line
distribution along x direction of a sequence of standing waves. We expect to have a series of
waves whose nodes move in one direction continuously. k; in Eq. (3.7) is proposed to do this
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Figure 3.24: Tllustration of desired modes

Table 3.10: Modes for different plate

No. W[mm] £ M1 M2 M3 M4 M5

D1 160 100 —¢ Jb —  —
D2 150 107 — v v v —
D3 140 114 v v v v OV
D4 130 123 v v v -
D5 120 133 v v v V
D6 110 145 v — v V=
D7 100 160 v v v Vv oV
D8 90 178 v v - v Y
D9 80 200 v v - =
D10 70 229 V= Vv =
DIl 60 267 v v v

“means the plate does not have the specific mode
bmeans the plate has the specific mode
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Figure 3.25: Illustration of nodal line position along x direction

analysis. Ax; is the distance from one node of the first mode to the node of the second mode.
A; is the wavelength of the second mode (Fig. 3.26). We assume that there is a particle at the
node of a standing wave. If there is a second standing wave, k; for these two modes are smaller
than 1, the particle can move from the node of the first mode to the node of the second mode
in the defined direction. For example, mode switch from mode A to mode B, the assumed
particle can move from the node of mode A to the node of mode B with the direction to right.
We can get a desirable series of waves if the following modes satisfy always the relation as the
previous two modes.

_ Axi

1,74 (3.7)

i
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3.4. Plate geometry influence on mode shapes

Ny mode A

Figure 3.26: Optimization parameters

If k; > 1, in the defined direction, the distance between the two modes are larger than the
wavelength of the second mode. For example, mode switch from mode A to mode C, if the
defined direction is to right, the assumed particle will not move in the defined direction, but
will move to the left (eg. as illustrated in Fig. 3.26). If k; is equal to 1, the assumed particle is in
the anti-node of the second mode. In this case, the assumed particle may move in the same
direction that provided by the previous mode or in the reverse direction. It is indeterminate. If
k; is closer to 1, the stability for each two consecutive modes switch is lower.

For the previous plate design, some plates are not able to move the assumed particle to the
center. Fig. 3.27 gives an example of a plate that fails to transport the assumed particle to the
center of the plate. The plate can only transport the assumed particle from “a" to “s" instead of
“b". Whereas, there are plates that are able to move the assumed particle to the center of the
plate. Fig. 3.28 gives an example for which the plate is able to transport the assumed particle

up to “b" in the correct sequence of mode switch.

For the plate that has a series of standing waves that can move the assumed particle to the
center of the plate, k4 is used to evaluate the stability of the movement. Table 3.11 lists k;
for all the plate designs that are able to move the assumed particle to the center of the plate.
Plate “D3" and “D5" have smaller k,,,, and thus have better transportation stability. Plate
“D3" needs four modes to achieve the assumed transportation. Plate “D5" needs five modes to
achieve this goal. The plate “D3" is the best in terms of transportation stability and number of
modes.
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Normalized amplitude
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Figure 3.27: Tllustration assumed particle with unsuccessful transportation
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Figure 3.28: Tllustration assumed particle with successful transportation
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3.5. Summary and conclusions

Table 3.11: Plate design evaluation

No. w L ky ko ks ks kmax

w
[mm]
D3 140 1.14 043 050 050 —  0.50
D4 130 1.23 0.57 050 050 — 057

D5 120 133 0.33 0.43 0.50 050 0.50
D7 100 1.60 0.20 0.50 0.75 0.63 0.75
D11 60 267 057 033 075 044 0.75

3.5 Summary and conclusions

In this chapter, firstly, we give the theories about equation of motion and damping, justify to
use free boundary condition and also give the information about piezoelectric actuator. The
coherence of the experiments and simulation validates the simulation of FE modal analysis
and harmonic response. These simulation allow us obtaining resonant frequencies, mode
shapes and vibrating amplitude for the following studies.

With this basic analysis, we have investigated the piezoelectric actuator’s dimension and shape
influence on plate amplitude. We found that bigger the piezoelectric actuators is, higher the
plate amplitude is. We also discover that, for a given surface of the piezoelectric actuator, we
can obtain higher amplitude by changing the piezoelectric actuator’s shape and orientating the
longer length to the direction of bending. The limit is that the larger edge of the piezoelectric
actuator should be smaller than the half-wavelength of the mode studied. Moreover, we
also found that it is the deformation in x, y direction that determines the plate vibrating
amplitude rather than deformation in z direction. This results tell us that we can use thinner
multilayer piezoelectric actuator to obtain the same plate displacement meanwhile decreasing
the current and power dissipation of the piezoelectric actuator’s drive.

We have studied the plate geometry influence on relative nodal line positions between modes.
From the simulation results, we found that, the length-to-width ratio of the rectangular plate
changes the modes whose nodal lines are parallel to the short edge of the plate. A parameter
ki, which relates the relative distance between the nodal positions of two successive modes
and the wavelength of the second mode, was proposed as the first step for plate optimization.

Publications related to this chapter:

e D.Shij, Y. Civet and Y. Perriard. "Influence of piezoelectric actuator geometry on resonant
vibrating amplitude", IEEE/ASME International Conference on Advanced Intelligent
Mechatronic (AIM 2016), Banff, Canada, July 12-15, 2016. full paper accepted.
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The dynamics of a bouncing part with
sinusoidally vibrating plate

The parts behaviour under a sinusoidal vibrating plate is a key point to be investigated.
The part vertical displacements under different vibrating conditions (vibrating frequency
and vibrating amplitude) are investigated. The model is created in Solidworks. We will
also choose the widely used method (coefficient of restitution) for the impact between the
part and the plate. In this chapter, first, we use the bouncing ball system to validate this
impact method by comparing it with the analytical analysis. Then this impact method is
chosen to investigate the ball’s vertical displacement under few hundreds of hertz to few
thousands of hertz, which is much higher than the frequency range in the existing studies.
Afterwards, this simulation model is applied to non-point-like part (specifically a cylinder) and
the corresponding experiments will be implemented. We will also study the part’s horizontal
movement from anti-nodes to nodes.

4.1 Part’s vertical displacement

4.1.1 Model and validation

We use the widely studied bouncing ball system to validate the impact in Solidworks. The
chosen method for impact is the one using coefficient of restitution. Fig. 4.1 depicts the model
- a bouncing ball moving freely in the vertical direction on a vibrating plate. It is assumed
that the plate is massive compared to the ball and therefore, the motion of the plate is not
affected by the impacts of the bouncing ball. The plate vibrates sinusoidally. A, w and ¢
are the vibrating amplitude, vibrating frequency and initial phase angle. The spring is to
balance the gravity force of the plate. Plate main body has a size of 40 x 40 x 3 mm?3. The ball
diameter is 3 mm. The plate is made of aluminium and the ball is made of steel. The material
properties determine the restitution coefficient (e = 0.2). The analytical analysis neglects the
friction between the ball and the vibrating plate [41]. To validate and compare the Solidworks
simulation model, we do not consider this friction, either. In chapter 2, we reviewed the full
range of vibrating condition (section 2.3). Here, we will use only the vibration “pattern-one, r
=1” and “pattern-two, r = 1” to validate the numerical simulation in Solidworks.
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Chapter 4. The dynamics of a bouncing part with sinusoidally vibrating plate

Ball

] : .

Asin(wt + @)

Spring

Fixed

Figure 4.1: Impact validation using bouncing ball system

As presented in section 2.3, in the bouncing ball system, when the plate vibrating condition
(vibrating frequency and vibrating amplitude) changes, the ball response is different. If 1 <
k < k1,1, the ball is not able to keep the same bouncing behaviour as that of “pattern-one, r =
1” vibration. When ki ; < k < k1 (k1,1 and k»,; are expressed in equations 2.9 and 2.10), the
ball could keep “pattern-one, r = 1” vibration (Fig. 2.13). If k2,1 < k < k3,1 (k is calculated from
Eq. (2.11)), the ball follows “pattern-two, r = 1” vibration (“pattern-two, r = 1” in Fig. 2.13).
Here, we fix the vibrating frequency to 50 Hz, which is the typical analysis frequency for the
bouncing ball system. By changing the vibrating amplitude, plate relative acceleration k (k
is expressed in Eq. (2.8)) is changing, and thus we can obtain the different ball behaviours.
Fig. 4.2b gives the simulation results of “pattern-one, r = 1” vibration. Fig. 4.2a gives the
simulation results under the critical vibrating amplitude (A = 211 ym) which is not able to
provide stable “pattern-one, r = 1” vibration. Fig. 4.2d gives the simulation results of “pattern-
two, r = 1” vibration. Fig. 4.2c gives the simulation results under the critical amplitude (A = 249
1m) where the vibration switches from “pattern-one, r = 1” to “pattern-two, r = 1”. According
to these simulation results, we can calculate the vibration switches boundaries k;,; and k)
using the vibrating condition in Fig. 4.2a and Fig. 4.2c.

Table 4.1 gives the numerical values for both analytical and simulation results. k;,; and k2,
obtained from the simulation have small difference from the analytical method, less than
2.00% . Therefore, the impact method using restitution coefficient (e) is chosen and will be
used in the following analysis.

Table 4.1: Comparison of analytical and simulation results for ball

Variables  Analytical value Simulation value  Error [%)]
ki1 2.094 (A=208 um) 2.124 (A=211pum) 1.39
ko 2.544 (A=253 um) 2.506 (A =249 um) -1.50

The plate vibrating frequency and amplitude together determine the plate acceleration. The
existing researches study the plate acceleration and compare it with gravity acceleration. How-
ever, even the vibrating acceleration keeps the same, the combination of vibrating frequency
and vibrating amplitude will affect the part’s behaviour control. Corresponding vibrating
amplitudes for ki ; and ky,; at different vibrating frequency are listed in Table 4.2. We observe
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4.1. Part’s vertical displacement
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Figure 4.2: Impact model validation using the bouncing ball system under 50 Hz

that for low frequencies (f =50 Hz, and f = 100 Hz), to keep the “pattern-one, r = 1” vibration,
the vibrating amplitude could vary from few micrometers to few tens of micrometers. When
the vibrating frequency increases to 500 Hz, to keep the ball to “pattern-one, r = 1” vibration,

the vibrating amplitude should keep between 2.08 pm and 2.53 um, with a vibrating amplitude
slot less than one micrometer. This narrow vibrating amplitude range makes it difficult to
have period vibration for ball under high frequency vibration.

Table 4.2: Vibrating amplitude range with frequency change for part’s periodic vibration

Item f=50Hz f=100Hz f=500Hz f=>5000Hz
Aforky; [um]  207.96 51.99 2.08 0.021
Aforky, [um]  252.62 63.16 2.53 0.024
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Chapter 4. The dynamics of a bouncing part with sinusoidally vibrating plate

Mathematical methods used in our analysis

As discussed before, the vibrating frequency of the plate increases, the vibrating amplitude
slot for the parts to keep periodic vibration becomes narrow. The vibrating frequency of the
structure in our system is generally higher than 500 Hz, and the vibrating amplitude slot will
be smaller than 1 um. This induces the part’s vibration chaotic. Due to the chaotic vibration
of the parts, we use statistical method to analysis the impacts. If a group of samples follow
normal distribution, we can use the mean value (noted as p) to represent this group of samples
and compare with other groups of samples. And the standard error is used as a method to
estimate the error of the mean value. We use QQ plot to graphically illustrate whether a group
of samples is normal distributed or not. If the QQ plot of a group of data is strongly linear
pattern (not necessary proportional), the data follow normal distribution. Moreover, the
coefficient of determination (R?) is used to calculate quantitatively how close it is between
a group of data and its QQ plot regressing line. When R? is close to 1, we can say that the
data follow normal distribution. The value of R? defines the percentage of the data that are
regressing the straight line.

4.1.2 Ball’s vertical displacement

Existing studies have two main features. First, the researches include vibrating of low frequency
(less than 100 Hz) [49]. Second, the studies investigate how the plate vibrating condition will
affect the ball behaviour, whether it is periodic or chaotic. Under low frequency vibration,
if the ball vibrate periodically, the ball’s vertical displacement during the impacts can be
deduced easily using free flight analysis. However, when the vibrating frequency increases,
the amplitude range for periodic vibration becomes small and the vibration becomes chaotic.
In this section, we will investigate the parts behaviour under higher frequencies, specifically
few hundreds of hertz to few thousands of hertz. These frequencies are discrete because they
are determined by the resonant frequencies of the resonant structures. Also because the plate
vibration is created by resonance mentioned in the previous chapter, higher the resonant
frequency is, smaller the maximum vibrating amplitude is. The investigated target is the
vertical displacement. After an impact, the initial vertical velocity vy, impact interval t;y7ry
and the maximum vertical displacement i, follow the free flight motion (See Fig. 4.3). They
have the relation expressed in equations 4.1 and 4.2. Therefore, when the ball is repeatedly
jumping on the vibrating plate, these three parameters are equivalent to study the impacts.

2
1v
himax = —h (4.1)
2 g
1
Rmax = gg(tINT}RV)2 4.2)

To constrain the part response in one direction, we have used a cylinder guide, which is called
1D guide in the following (Fig. 4.4). It is made of acrylic. In the simulation, we do not consider
the friction between cylinder guide and the part. The restitution coefficient for the 1D guide
and ball is determined by their material properties, i.e e = 0.4.
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Figure 4.3: The analysis of projectile motion for vertical distance [44]

Figure 4.4: Model constrained to 1D vibration

First, the ball under the plate vibration (f = 558 Hz, A =90 um) is investigated. This frequency
is chosen because it is in the frequency range of high frequency and also it is the resonant
frequency of the prototype’s first bending mode. The amplitude corresponds to the maximum
amplitude obtained in our prototype. When the vibrating frequency is fixed (which are
discussed in the previous chapter), vibrating amplitude is the important factor that influences
the partimpacts. Here we study the ball behaviour under different vibrating amplitude. Fig. 4.5
presents the ball displacement and velocity under repeated impacts. We observe that even if
the ball vibration is chaotic, there are still some patterns - the bounces seem to have certain
time interval (INTVR). Because the repeated impact process is chaotic, as stated before, we use
the statistic method. In simulation, it is easy to obtain directly vertical displacement, initial
velocity and impact interval. Here, we choose impact interval ¢;y7ry as the study parameters.
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Figure 4.5: Ball behaviour under 558 Hz, 90 um

Fig. 4.6 gives the bounce interval and analysis under 90 um vibrating amplitude. Fig. 4.6a
gives the bounce interval t;y7gry and the mean value pyyrry (grinTVR = 0.075 second, red
line in Fig. 4.6a). Fig. 4.6b gives the QQ plot. The data are regressing to the straight line.
The coefficient of determination R? is 0.906. This means 90.6 % of the data are regressing to
the straight line. Therefore, we can use the mean interval (u;ny7vR) to represent the bounce
interval samples and further represent the ball impact behaviour under this

Then, we have investigated the ball behaviour under different vibrating frequencies and
vibrating amplitudes. Fig. 4.7 shows three groups of vibrating frequencies, each group has
different vibrating amplitude. The data are statistical results. Each data point represents
the mean vertical displacement p; to represent the part behaviour under certain vibrating
condition. The error bar is the range of standard error (SE). For each group of frequency,
increasing the vibrating amplitude, ball vertical displacement is higher. To obtain a desired
ball vertical displacement, we can use the higher vibrating frequency with smaller vibrating
amplitude or lower vibrating frequency with larger vibrating amplitude. For example, to
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4.1. Part’s vertical displacement
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Figure 4.6: Bouncing interval for 90 um vibrating amplitude

obtain a ball vertical displacement bigger than 4 mm, we can use the frequency-amplitude
combination above the dashed black line in Fig. 4.7. Numerical values are listed in Table 4.3.
All the coefficients of determination (R?) are close to 1. This assures that that these intervals
are normally distributed.

Vertical displacement [mm]

— 6199 Hz
8 ——2797Hz
——558 Hz

1 1(
Plate vibrating a?mplitude [um] 00

Figure 4.7: Vertical displacement for ball

According to these data, we have proposed the relation between pyn7vg, the vibrating fre-
quency f, the vibrating amplitude A and the restitution coefficient e (Eq. (4.3)). The maximum
difference of mean interval between the simulation and prediction is 20.40%. Fig. 4.8 illustrates
the simulation mean interval and predict mean interval.
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62

Table 4.3: Ball response under different vibrating conditions

f A uiNTvR  MinTrv Predict  R® ug  SEy  pNTVR €rror
Hz um s S mm mm %
558 90.0 0.075 0.077 0.935 6.86 0.391 3.26
558 72.0 0.060 0.062 0.907 4.34 0.232 3.87
558 54.0 0.044 0.046 0915 2.35 0.155 5.83
558 36.0 0.029 0.031 0.868 1.00 0.145 8.40
558 18.0  0.015 0.015 0.953 0.28 0.018 2.36

2797 20.0 0.079 0.086 0918 7.62 0.676 9.16
2797 16.0 0.057 0.069 0.886 4.01 0.372 20.40
2797 12.0 0.048 0.052 0.941 2.85 0.192 7.16
2797 8.0 0.033 0.034 0.940 1.34 0.094 4.13
2797 4.0 0.017 0.017 0972 036 0.013 0.72
6199 7.70 0.067 0.073 0.930 5.42 0.496 10.38
6199 6.16 0.054 0.059 0.875 3.56 0.256 9.06
6199 4.62 0.042 0.044 0936 2.11 0.140 6.15
6199 3.08 0.028 0.029 0.949 099 0.057 3.39
6199 1.54 0.014 0.015 0.950 0.26 0.016 1.39
LINTRY = Ax2nf)x(1+e) <2
4
Interval [s]
0.1
6199 Hz predict
# 6199 Hz sim
0.08 | 2797 Hz predict
* 2797 Hz sim
558 Hz predict
# bL58 Hzsim /#
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Figure 4.8: Mean interval prediction
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4.1. Part’s vertical displacement

4.1.3 Cylinder’s vertical displacement and experiments

The above-mentioned research studied the ball in simulation. It is simple due to the point-like
feature. We are not able to carry out the experiments because the spherical surface of the
ball makes it difficult for the Laser vibrometer to receive the signal. Cylinder part is chosen
to be the research object, because it can provide a flat surface so that we can implement the
experiments much easier. (The experiments use Doppler Laser Vibrometer (Polytec compact
laser vibrometer CLV 1000) to detect the part velocity and thus the cylinder’s flat surface allow
the CLV 1000 to receive the reflected signals). First, we will give the cylinder impact responses
under different vibrating conditions. Afterwards, experiments will be carried out to validate
the simulation model.

Fig. 4.9 presents the simulation vertical displacement of cylinder under 558 Hz. Under vibrat-
ing amplitude of 90 um, the cylinder has a much smaller vertical displacement than the ball.

Vertical displacement [mm]

8 -
—#— Ball
—#— Cylinder
6+
4 +
2t
0
0 20 40 60 80 100

Plate vibrating amplitude [pum]

Figure 4.9: Cylinder vertical displacement under 558 Hz

Prototype and experiment

The experiments are implemented with a plate excited by a piezoelectric actuator. The piezo-
electric actuator excites the resonance of the plate to obtain desired vibrating amplitude. As
said before, the part is a cylinder, which is made of steel and with size of ® 3 mm x 8 mm.
The velocity is measured with a Doppler Laser Vibrometer (Polytec CLV 1000). The cylinder is
chosen, because the CLV needs a flat surface for the laser reflection during the entire impact
duration. To constrain the vibration in one dimension, the plastic 1D guide is used (Fig. 4.10).
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Chapter 4. The dynamics of a bouncing part with sinusoidally vibrating plate

The inner diameter of the 1D guide is 4.60 mm. To decrease the initial horizontal velocity, the
experiments are implemented in the center of the anti-node of a resonant mode.

Figure 4.10: Vibration experiment equipment

Fig. 4.11 gives the experimental and simulation cylinder vertical velocity under 558 Hz, 94.48
wm. The sudden changes of velocity represent the impacts. When the vertical velocity has
positive value, it has the opposite direction of gravity acceleration. We observe three features.
Firstly, at the beginning, the velocity is obviously smaller than later. This is because the plate
has transient response and needs time to achieve the final steady state (Fig. 4.12 illustrates the
plate velocity transient response from start until steady state).The white signal is the velocity
of the position in the center of the plate. From this figure, we can see that the plate needs
around 0.4 second to be steady.

Velocity [mm-s~!]

500 -
250 |
0
-250 |
-500 . . " , X &
0 0.2 0.4 0.6 0.8 1.0
Time [s]

Figure 4.11: Cylinder experimental velocity under 558 Hz, 94.48 um
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4.1. Part’s vertical displacement

Secondly, when the vertical velocity after impact is small, the following velocity curve is more
linear (see red rectangular in Fig. 4.11). Whereas when the vertical velocity after impact is
larger, the following velocity curve is no longer linear (see green rectangular in Fig. 4.11). The
slope is smaller at the latter phase. This is because, even if we put the cylinder initially in the
anti-node to decrease the horizontal velocity, there is still a small horizontal velocity. Due
to this horizontal velocity, the cylinder may impact with the 1D guide. The impact between
cylinder and 1D guide will definitely induce friction and reduce the acceleration. However,
the friction is small. This is confirmed by the final vertical velocity under the influence of
the friction. For example, the velocity curve in the green rectangular, the maximum negative
velocity is -253.90 mm-s~! and the maximum positive vertical velocity is 281.30 mm-s~'. The
vertical velocity is 9.74 % smaller due to the friction. Thirdly, the impact intervals seem to have
a similar pattern to that shown in Fig. 4.5.

0  STOPPED

Figure 4.12: Plate transient response to steady state

Fig. 4.13 shows the QQ plot of experimental interval. The data is distributed around the linear
line. The coefficient of determination (R?) is 0.973. This confirms that we can use the mean
interval to represent the cylinder impacts under vibration.

As discussed before, we neglect the friction for simplification. The simulation vertical velocity
results under 558 Hz, 90 um are shown in Fig. 4.14. The velocity curves are linear after each
impact. In the simulation, there is not transient time due to the simulation condition, the
plate has the predefined vibrating amplitude of 90 um immediately. Thus, the cylinder obtains
large vertical velocity immediately after the beginning of the simulation.

Fig. 4.15 gives the vertical velocity under 558 Hz, 18.9 um. The vertical velocity is much more
linear after each impact. This result confirms the previous hypothesis - the large vertical
velocity increases the horizontal displacement and thus induces the impact between cylinder
and 1D guide. In this figure, we present the data from 0.2 second, because the interval under
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Chapter 4. The dynamics of a bouncing part with sinusoidally vibrating plate
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Figure 4.13: QQ plot for cylinder experimental interval under 558 Hz, 94.48 um
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Figure 4.14: Cylinder simulation velocity under 558 Hz, 90 um
this vibrating condition is smaller. We remove the beginning stage of plate vibration (transient
time) to be much clearer to illustrate the results.

Fig. 4.16 gives the experimental and simulation results comparison for three groups of vibrating
conditions. The numerical comparison is listed in Table 4.4.
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4.1. Part’s vertical displacement
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Figure 4.15: Cylinder experimental velocity under 558 Hz, 18.9 um
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Figure 4.16: Experimental and simulation results comparison

67



Chapter 4. The dynamics of a bouncing part with sinusoidally vibrating plate

Table 4.4: Experimental and simulation results comparison

f A Exp uinrry  Simupnrry - error
Hz um S %
558 90.0 0.076 0.061 -19.47
558 18.0 0.017 0.020 13.79
2797 20.0 0.063 0.075 -16.58
2797 4.0 0.020 0.021 -5.49
6199 7.70 0.056 0.065 -13.46
6199 1.54 0.020 0.015 18.97

4.2 Part’s horizontal movement

If the vibrating plate is inclined or the interaction between the part and the vibrating plate
provides to horizontal force, the parts may have a horizontal displacement such as researches
mentioned in section 2.3. Hongler et al [29] has studied a bouncing ball with a vibrating plate
which has a small angle with the horizontal level and its vibration direction has an angle with
the plate surface. Their studies refer to vibrating condition with low frequency (few tens of
hertz) periodical transportation, we will investigate the parts behaviour under high frequency
vibration of a resonant plate. To transport the part from anti-node to node, we should control
the vibrating amplitude the part’s vertical displacement to be small enough in order to avoid
the part jumping randomly on the plate.

4.2.1 Simulation

Model description

3D simulations are carried out through SolidWorks™. The model includes a plate (Fig. 4.17)
whose one edge is fixed and the opposite edge is driven by a sinusoidal vibration. These two
edges are used to simulate the nodes and anti-nodes of a resonant plate, respectively. The nut
is made of steel, and the plate of aluminium. The dimension of the simulated plate is 40 x 40
x 1 mm?3, and the nut is M 2.5.

Figure 4.17: Interaction model for nut and plate
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4.2. Part’s horizontal movement

Previous studies focus on point-like parts such as ball. For parts with complex geometry, there
is no analytical analysis. We will use the comparison between simulation and experimental
results to validate the model established in Solidworks. The horizontal movements are influ-
enced by the friction, thus will we include friction in the simulation. In Solidworks, we can
model the friction with these parameters: i, Uy, Vs and vg. s is the static friction coefficient
and yy is the dynamic friction coefficient. Supposing there is no relative motion between
two objects which are moving together with the velocity v, due to the static friction. v; is the
static friction transition velocity which specifies the velocity at which the static frictional force
is overcome and the two objects start having a relative motion. vy is the dynamic friction
transition velocity which specifies the velocity at which dynamic friction becomes constant.
Fig. 4.18 illustrates the static and dynamic friction force versus velocity. The corresponding co-
efficients are assigned automatically, based on the materials we define for the contact objects.
They may be set manually if necessary.

Static
Dynamic_|— (\g

i

Friction [N]
|
|
i

Vs Ve Velocity [mm/s]

Figure 4.18: Friction in the contact [58]

Moreover, the geometry of nuts are much more complicated than that of ball, it is difficult to
converge using the coefficient of restitution to calculate the impact normal force. Therefore,
we have used the stiffness k;, to approximate the material stiffness at contact surface between
the nut and the plate. Using this method, the normal contact force F,, can be expressed as
in Eq. (4.4). x, is the penetration of one object into the other during the impact (shown in
Fig. 4.19). v is the parameter used to improve numerical convergence. They are assigned
automatically based on the materials, also. They may be set manually if necessary, as well.

Fp=kpxn+y (4.4)

Figure 4.19: Illustration for impact force and penetration [58]
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Chapter 4. The dynamics of a bouncing part with sinusoidally vibrating plate

Simulation representation
Fig. 4.20 presents the simulation result of the nut under vibration which is equivalent to 4750

Hz, 1.00 um. According to this figure, we can obtained that the horizontal velocity is 1.65

mm-s‘l.
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Figure 4.20: Horizontal displacement for nut

4.2.2 Experiments

Experimental setup and procedure

The experimental setup includes a vibrating plate which is driven by one piezoelectric actuator,
and the nut. The vibrating plate is a 160 x 120 x 3 mm?® aluminium plate. The vibrating plate is
supported by foam. The vibrating amplitude is measured by a laser vibrometer. To determine
the experimental transport rate, high speed camera is used to record the vibration. The high
speed camera was set up to 500 frames per second.

Two vibrating conditions have been investigated:

* f=4750Hz, 1.00 um amplitude
e f=8775Hz, 1.11 um amplitude

Parts are subjected to standing waves created by one piezoelectric actuator and thus move
from anti-nodes to nodes.

Results and discussion
Table 4.5 shows experimental and corresponding simulation results under 4750 Hz and 8775
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4.3. Summary and conclusions

Hz. vy-Exp is the average experimental results for the horizontal transport rate. vg-Sim
is the simulation results for the horizontal transport rate. Experiments have been carried
out six times for each conditions. For 4750 Hz, the average transport rate is 1.44 mm - s
and the standard deviation is 0.27 mm - s~!. For 8775 Hz, the average transport rate is 4.17
mm-s~!, and the standard deviation is 0.64 mm - s~L. There is certain consistency between

experimental and simulation results.

Table 4.5: Transport rate comparison

Frequency Amplitude wvy-Exp vy-Sim  Difference

Hz um mm-s7t mm-s! %
1 4750 1.00 1.44 1.65 14.58
2 8775 1.11 4.17 3.01 27.82

4.3 Summary and conclusions

This chapter has allowed investigating the interaction between a part and a resonant vibrating
plate. At the beginning, the numerical simulation is validated by comparing it to the existing
analytical bouncing ball system. The resonant frequencies of a plate are discrete. Using
the same resonant exciter, resonant frequency and amplitude has the following correlations:
higher the resonant frequency is, lower the vibrating amplitude is; lower the resonant fre-
quency is, higher the vibrating amplitude is. Numerical simulations on the ball’s vertical
displacement has shown that we can obtain a certain displacement by either a high vibrating
frequency with low amplitude or a lower frequency with higher amplitude. Experimental and
numerical results coherence has validated the numerical simulation. Thus, we can predict
the mean interval of the chaotic vibration of the ball according to the vibrating frequency,
amplitude and restitution coefficient. The simulation and experiment results of a cylinder
have shown the numerical simulation using the coefficient of restitution for the impact can
predict the non-point-like object even if there are still some mismatches.

In the second part, we have investigated the nut horizontal movement from anti-nodes to
nodes. The established model has considered the amplitude variations from anti-node to
node (the amplitude changes linearly to the distance between the impact points to the node).
Part’s vertical displacement is limited to small value during the horizontal movement in order
to avoid the parts’ random movement. This has led to a slow part’s horizontal movement.

The simulation and experimental results show that it is possible to use 3D simulations to
model the complex geometry parts. In particular, it seems possible to use this 3D simulation
to predict the vertical displacement and horizontal movement of the parts.

The numerical simulation in this chapter validates only for the impact in which the two objects
could be considered rigid. It is no more consistent if the impact is too flexible. Moreover, the
studies in this chapter are simplified method to give the first step for part’s vibration behaviour
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Chapter 4. The dynamics of a bouncing part with sinusoidally vibrating plate

on a resonant plate with higher frequency than the bouncing ball system.

Publication related to this chapter:

e D. Shi, Y. Civet and Y. Perriard. Modelling and design of complex geometry parts vi-
bratory conveying. The 17th International Conference on Electric Machine and Systems
(ICEMS2014), Hangzhou, China, October 22-25, 2014
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] Applications

5.1 Introduction

In chapter 3, we have investigated the modes (resonant frequency and mode shape) of a
free boundary square plate and how to increase the vibrating amplitude of the resonant
mode by piezoelectric actuator design. These studies provides the basis to choose desirable
mode shapes and obtain necessary vibrating amplitude that are necessary in this chapter. In
chapter 4, we have investigated the parts vertical displacement and impact interval under
different vibrating frequency and vibrating amplitude. These studied will be used in this
chapter to obtain the desirable part behaviour by controlling the vibrating conditions. In this
chapter, we will discuss the feasibility of different applications by integrating the previous
studies, considering free boundary square plate. Firstly, we will discuss the standing wave
switches strategies to separate parts. This includes choosing the right modes, control the
vibrating amplitude and duration. Then, we will make use of a series of standing waves in
the right sequence to transport parts. Afterwards, we will investigate the method to create
quasi-travelling wave using degenerate modes.

The resonant plate will refer to an industrial tooling plate size with slightly modification. The
parts separated in our thesis are confined to simple shape (such as standard mechanical hex
nuts). A commercial piezoelectric actuator, which is familiar to our lab, is chosen for the first
step (See appendix A.4).

5.2 Standing waves for parts separation

5.2.1 Principle

The modes studied in our system are standing waves. In two dimensions, they have nodal
lines and anti-nodal lines patterns. These anti-nodal lines and nodal lines are determined
by the resonant structure’s properties (size, shapes, material and boundary conditions) and
remain stationary in the structure after the structure’s properties are chosen. This predicable
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Chapter 5. Applications

feature can be used to design flexible parts feeding system in order to reduce the random
vibration in the current feeding system.

A typical 1D standing wave is described in Fig. 5.1. The nodes (the solid red points) are
locations where the displacement is always zero. The maximum vibration amplitude position
(the solid black point, as shown in Fig. 5.1) is the anti-node. When the parts are not around
the nodes (e.g. the green hollow balls positions), they move towards nodes after certain time
of vibration. When we extend this principle to 2D standing waves, the parts always come to
nodal lines eventually. Thus, by design, we are able to predict the position of the parts on the
plate after vibration.

node node

anti-node

Figure 5.1: 1D standing wave

According to the study in chapter 4, for a specific resonant mode, the part vertical displace-
ment increases with the vibrating amplitude. Thus, it becomes feasible to separate the parts
which are tangled with each other. The anti-nodes of the plate have the maximum vibrating
amplitude in the vicinity of them. When the plate vibrating amplitude is limited by its design,
we can use anti-nodes as the positions for separating. Normally, the initial parts positions are
indefinite - they are not always in the positions for which the vibrating amplitude is sufficient
to separate tangled parts. One solution is that the parts are pre-positioned where the vibrating
amplitude is large enough in the following vibration. We want to have two resonant modes, the
anti-nodes of the second resonant mode should match the nodes of the first resonant mode.
We will call the first resonant mode “pre-positioning mode” and call the second resonant mode
“separating mode”. This can be achieved by using a pair of “X mode" (in the plate center whose
nodal lines are diagonals of the plate, illustrated as the mode in Fig. 5.2a, named as in [54])
and “Ring mode" (in the plate center whose nodal lines are parallel to the diagonal of the plate
but not go through the center of the plate, the nodal lines may encircle the plate center like a
ring, illustrated as the mode in Fig. 5.2b).

Fig. 5.2 presents an example of this mode pair for separation. The normalized displacement
(red and black curve) is the mode shape profile for each mode along the line which goes
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5.2. Standing waves for parts separation

through the center of the plate and is parallel to the plate edges. The normalized displacement
(normalized with the maximum displacement along the line as the reference for each mode)
is used, as already mentioned in chapter 3 when presenting the mode in Fig. 3.5, because the
values of the deformation in simulation have no physical significance. On the two normalized
displacement curves of the two resonant modes, there are three points: A0, B1 and B3 (we do
not consider the points along the edges of the plate). If we firstly use resonant mode of 2629
Hz as pre-positioning mode, the parts will definitely move to A0 along the red line through
the plate center. Then if we switch to the resonant mode of 2778 Hz for separating mode, the
position A0 becomes anti-node, the parts are able to be separated due to the large vibrating
amplitude. Similarly, because the nodes of resonant mode 2778 Hz are the anti-nodes of 2669
Hz, we can use resonant mode of 2778 Hz as pre-positioning mode, and use resonant mode of
2669 Hz as separating mode.

) Normalized amplitude Normalized amplitude
B1 B3
05} 0.5}
A0
0 ‘ ‘ ‘ ) 0 ‘ : ‘ ‘
0 45 90 135 180 0 45 90 135 180
Distance [mm)] Distance [mm)]
(a) 2629 Hz (b) 2778 Hz

Figure 5.2: Pre-positioning and separating mode choice illustration
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5.2.2 Discussion

2D “Dead position”

When we extend this principle to two dimensions, there are also effective points that could be
used to separate parts from them, such as point groups of A0 - A4 and B1 - B4. Whereas, there
are some particular positions that become “Dead position” (which are nodes in both modes,
red points shown in Fig. 5.2). Thus if the parts move to these position, the method using only
a pair of modes “X mode” and “Ring mode” fails to separate the parts. However, it is possible
to use a third mode to move the parts on these “Dead position” if the vibrating condition of
the third mode is sufficient to move the parts. For this specific case, the mode with resonant
frequency of 12370 Hz exists which is illustrated in Fig. 5.3. The previous “Dead positions” are
close to the anti-nodes of this mode. If the vibrating condition of mode 12370 Hz is able to
move the parts on its anti-nodes, parts on these “Dead positions” are able to be separated.
Otherwise, this method fails to separate parts which are moved to these positions. This means
that the parts are not completely under control.

Figure 5.3: Eigenmode of 12370 Hz

Pair modes’ characteristics of square plate

The pair modes that are illustrated in Fig. 5.2a only exist for square plate. They have special
characteristics and therefore they are suitable for the separation application in terms of
efficiency. Normally, for a rectangular plate, along x, or y, the positive half wave and negative
half wave alternates, as shown in Fig. 5.4b. However, in square plate, the special modes (“X
mode” and “Ring mode”) exist. From Fig. 5.2a, we observe that the mode shape along x does
not alternate between positive half wave and negative half wave any more. But the positive half
wave and negative half wave alternate along line which is parallel to the diagonal, as shown in
Fig. 5.4a. These kind of pair modes has the characteristics that the anti-nodes of the one mode
is the nodes of the other mode. In this case, after pre-positioning, the parts at anti-nodes
has equal possibility to move towards the anti-nodes of the second mode (as illustrated in
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5.2. Standing waves for parts separation

Fig. 5.5a). As for the typical modes that exist in rectangular modes, the anti-nodes of the one
modes is not exact the nodes of the first mode (as illustrated in Fig. 5.5b). Thus, the parts after
pre-positioning are likely to move towards some of the nodes.

Normalized amplitude Normalized amplitude
1, 1.
0 0
-1 ‘ ‘ ‘ ‘ -1 ‘ ‘ ‘ ‘
0 50 100 150 200 0 45 90 135 180
Distance [mm] Distance [mm)]
(a) 2629 Hz (b) 2360 Hz

Figure 5.4: Modes comparison

More effective separating positions

As shown in Fig. 5.2, if we use the resonant mode of 2629 Hz as the separating mode and
the eigenmode of 2778 Hz as the pre-positioning mode, there are four effective separating
positions (B1 - B4), which are the anti-nodes of the separating mode and nodes of the pre-
positioning mode. If we want to increase the number of effective separating positions, we
can choose the resonant modes which have more number of half waves. Fig. 5.6 presents an
example with more effective separating positions for the same plate as before. The wavelength
of these two modes are smaller, it is obvious that they are able to separate the parts that have
smaller size than that could be separated in previous two modes. The number of half waves is
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Figure 5.5: Modes for separation comparison

bigger, the resonant frequency is higher. With same piezoelectric actuator voltage excitation,
normally the vibrating amplitude at anti-nodes is smaller. However, the study in chapter 4 in
Fig. 4.7 shows that it could provide the same parts impact behaviour as that of lower frequency,
higher vibrating amplitude. Therefore, these two eigenmodes can be used as pre-positioning
mode and separating mode, respectively, in order to have more effective separating positions
at one time.

(a) 6585 Hz (b) 6749 Hz

Figure 5.6: Modes with more effective separating points
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5.2. Standing waves for parts separation

Separating process control

Taking these factors into accounts, a basic procedure using this idea to separate parts is
illustrated in Fig. 5.7. We take the 1D separation along center line in Fig. 5.2 for illustration.
f1 and f, are the pre-positioning and separating mode frequency as discussed before. The
half dashed red arrows indicate that the initial part positions are indefinite, but they will go
definitely to AO wherever the initial positions of the parts (neglecting the nodes on edges of
the plate). The solid black arrows indicate that the parts should be separated away from A0
and stop between A0 and B1 or A0 and B3 in order to avoid gathering of parts at points Bl
and B3. The frequencies f] and f, are chosen according to the principle explained before for
pre-positioning and separating mode. In the pre-positioning process, the vibrating amplitude
Aj should be large enough to provide sufficient vibration, and moreover the duration of pre-
positioning mode vibration #; should provide enough time to allow the parts to arrive in A0.
In the separating process, to effectively separate the parts from A0, the vibrating amplitude A,
should be large enough. To avoid the parts gathering to the nodes of the separation mode (B1
or B3), the vibrating duration #, should be short enough. For example, we use the 2797 Hz as
the separating mode for ball separation. If the ball could be separated with impact vertical
displacement of 4 mm (this vertical displacement depends on the parts material, shape, mass
of center and so on), according to the study in chapter 4 for vertical displacement in Fig. 4.7,
the plate should provide vibrating amplitude bigger than 16 pm. To avoid the parts gathering
again at points B1 and B3, the vibration duration #, should be carefully controlled. According
to the experiment results, for nut separation, f, should be between 100 ms to 300 ms.

Pre-position

fl) Alr h
-—- - —-_———— - - -———
Bl A0 B3
— - > -~
Separation
fZJ AZ) t2

Figure 5.7: Tllustration for parts separating process

To effectively separate the parts, there are some general rules that we need to take into account:
1, the parts should be rigid enough, otherwise the vibrating energy which separates the parts
will be damped; 2, parts dimension should be at least smaller than a quarter of the wavelength;
3; the vibrating amplitude should be large enough to provide sufficient vertical displacement.
Here are the general statements, for specific parts feeding applications, these factors should
be adjusted according to the parts shape complexity, parts stiffness, and pair-mode resonant
frequency.
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5.2.3 Experiments

Experiments with eighty nuts are implemented. Plate main body has a size of 180(L) x 180 (W)
x 3 (h) mm?®. The nuts are M 2.5 (as shown in Fig. 5.8). The nominal hole D = 2.5 mm, across
flat A/F =5 mm, height H = 2 mm. Fig. 5.9 shows the experimental results. Corresponding
operations are listed in Table 5.1. To well spread the parts on the whole plate, the plate firstly
starts by vibrating at 558 Hz. Then the mode of 2646 Hz is used to pre-position the parts.
According to the experiments results after operation “O2” in Fig. 5.9, all the parts move around
the anti-nodal lines. Then the mode of 2797 Hz is used to separate parts around the pre-
position positions. Experiments results in red circles after vibrating condition “O3” show
that parts are well separated from anti-nodes. The vibrating duration of mode 2797 Hz is
short, 100 ms. Therefore, we see that majority of the parts are between anti-nodes and nodes
and have not gathered together to the nodes of separating mode yet (parts states in Fig. 5.9
after operation O3). Using pre-positioning mode of 2646 Hz and separating mode of 2797
Hz alternatively, there are “Dead positions”, which are the nuts position after operation “O4”.
This are illustrated as red points in Fig. 5.2. Mode of 12314 Hz can be used to move parts from
“Dead positions” and better prepare the parts for next separation. The detail of this separation
example is shown in appendix B

Figure 5.8: Nut

Table 5.1: Separation experiment condition

Operation frequency Voltage duration goal

[Hz] [V] [ms]
01 558 130 1,500 spread parts
02 2646 130 2,000 pre-position parts
03 2797 130 100 separate parts
04 pick up the separated parts
05 12314 130 1,000 move parts from “Dead positions”

Ten pre-positioning and separating alternative modes are implemented to check the efficiency
of this method. We define that the parts whose the distance between the center is larger than
10 mm are separated and will be picked up by the gripper (Practical clearance is determined
by the resolution of the vision system and the clearance needed for the robot gripper). There
are 100 nuts to be separated. At the beginning, the parts are spread with mode of 558 Hz. Then
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5.2. Standing waves for parts separation

Figure 5.9: Parts separation experiment illustration

the plate vibrates with ten steps. Each step, the plate uses firstly the pre-positioning mode
of 2646 Hz for two seconds with 120 V). And the plate is switched to separating mode of
2797 Hz for 0.1 seconds with 120 V,,,,. After one step, the separated parts are picked up with
grippers (Here is simulated with manually pick up). The step is repeated for tens times which
totally last around thirty seconds considering the mode switch time. Here the mean value of
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this total number is 70. The practical throughput of the parts feeder for separation is highly
dependent on the speed of the vision system and the robot for picking up the parts [12]. This
is out of our researches, and it can be considered in the future for the industrial parts feeder
design.

Table 5.2: Separated parts statistic

Test Vibration Total

No. 1 2 3 4 5 6 7 8 9 10
1 9 8 15 14 5 3 8 3 4 7 76
2 7 9 7 1 1 3 10 7 6 2 73
3 9 7 17 5 5 4 9 7 6 7 76
4 13 12 15 9 4 7 5 2 4 5 76
5 6 14 6 11 6 7 5 4 7 1 67
6 3 10 11 5 9 6 9 3 2 3 61
7 7 12 8 8 5 4 4 5 3 62
8 @ 7 8 8 7 7 11 2 3 4 67
9 5 10 10 12 11 10 6 2 1 6 73
10 6 7 7 7 8 10 5 5 5 5 65

This method is less sensitive to the parts changing. The same method could be used for various
of parts.

5.3 Standing waves for transportation

Fig. 5.10 illustrates the principle to transport workpieces. It consists in using a series of
resonant modes with different node lines. For each resonant mode, the workpiece on the plate
surface will go towards the node lines after few vibrations. Combining correctly these modes,
the workpiece can be continuously transported along one direction as shown in Fig. 5.10. To
achieve these particular features, the plate dimension should be chosen to target the specific
resonant modes.

The main body of the experimental plate is 160 x 120 x 3 mm?3. Fig. 3.24 and Fig. 5.11 illustrate
the simulation results of the resonant modes and the relative node lines along “data line" from
the edge “m" to the center of the plate “b". Since the plate is symmetric, only transportation
on half of the plate is studied. According to the relative node line position, the sequence for
the entire transportation is: 397 Hz — 3459 Hz — 2195 Hz — 4668 Hz — 1136 Hz.

Corresponding prototype is manufactured. The piezoelectric actuators are used to create the
expected resonant modes. Some foams are underneath the plate to provide free equivalent
boundary conditions. Sugar (highlighted in red) is used to demonstrate the modes shape and
the node lines (“Chladni figures" [14]). The workpiece used for the transportation experiment
isnut “M 2.5".
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Figure 5.10: Transport principle using combined standing waves
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Figure 5.11: Different resonant modes along “data line”

Fig. 5.12 displays the experimental results corresponding to the simulations from Fig. 3.24.
Table 5.3 shows the numerical comparison of the resonant frequencies for simulation and
experimental results. The maximum difference is 3% and may come from the manufacturing
tolerance.

For the workpiece transportation experiment, the sequence is: 402 Hz — 3546 Hz — 2242
Hz — 4756 Hz — 1154 Hz. Fig. 5.11 shows the experimental results of each normalized
resonant shape profile (with labels “0”). The experimental and simulation results have certain
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(d) M4 3546 Hz

(b) M2 1154 Hz

(e) M5 4756 Hz

Figure 5.12: Experimental results for different resonant modes

Table 5.3: Resonant frequencies comparison

Mode Simulation f Experimental f Difference
(Hz] [Hz] (%]
M1 397 402 1.26
M2 1136 1154 1.58
M3 2195 2242 2.14
M4 3459 3546 2.52
M5 4668 4756 1.89

Table 5.4: Workpiece transportation vibrating parameters

Frequency Voltage

Duration Distance

[Hz] (V] [s] [mm]
402 100 8.0 23.0
3546 100 8.0 8.0
2242 40 5.0 18.0
4756 100 5.0 4.0
1154 60 8.0 22.0

Table 5.5: Stability evaluation for prototype

Mode switch Simulation Experiments

Difference [%]

k1

k3
ky

M1—M4
M4—M3
M3—M5
M5—M2

0.46 0.36
0.60 0.67
0.24 0.19
0.47 0.61

-21.74
11.67
-20.83
29.79




5.4. Standing waves combination for quasi-travelling wave

consistency. The initial position is 5 mm from the edge. Experiment details for each mode are
listed in Table 5.4. The total transport time is 34.0 seconds. The total transport distance is 75.0
mm. Piezoelectric actuator drive voltages and mode duration depends on experimental data.
The transport speed is slow. Low working voltages (e.g 2242 Hz, 1136 Hz) are used to obtain
stable workpiece vibration especially between the modes switches. This can be improved by
optimizing the plate geometry dimension to adjust the relative nodal positions as explained.
The optimization can help to improve the stability of the vibration so that higher voltage can
be used for specific modes and bigger transport speed can be obtained. The experimental and
simulation results for the stability evaluation are listed in Table 5.5. The maximum k; is 0.67,
this means the transportation for this prototype is stable.

ki < 1is the necessary condition for transporting parts in one direction continuously rather
than the sufficient condition. Besides this, the parts should not have too much vertical
displacement, which will definitely lead to random vibration. Moreover, the range of parameter
k; should be reduced further according to the different geometry parts.

5.4 Standing waves combination for quasi-travelling wave

Mathematically, the basic travelling wave is the one-dimensional sinusoidal wave described by
the equation 5.1. A travelling wave could be created by the superposition of two standing waves
(in Eq. (5.2)) which have the same amplitudes but differ in phase by 7 spatially and temporally.
In circular plate or aring, due to the circular symmetry, resonant modes with identical resonant
frequency but different spatial patterns (called degenerate modes) exist . By superimposing
these degenerate modes, travelling wave can be obtained [26]. In rectangular plate, modes
with same resonant frequency can be obtained by choosing specific plate length/width ratio
[42]. In square plate, due to the symmetry of the plate edges, modes with same resonant
frequency are obtained directly. Manceau et. al [43] have investigated it using degenerate
modes in clamped square plate. Here we will focus on using degenerate modes of a completely
free square plate to create travelling wave.

u(x, ) = Asin(kx—wt) (5.1)
= Asin(kx)cos(wt) — Acos(kx)sin(wt) (5.2)

5.4.1 Simulations

Using the same method as in [43], Fig. 5.13 presents a pair of degenerate modes (mode (0, 3)
and mode (3, 0)) and its principle (Fig. 5.14) to create the travelling wave. First, the resonant
frequencies of mode with different spatial patterns are identical. In Fig. 5.13, the nodal lines
are not ideally parallel to the plate edges because of the coupling between bending motions in
two directions. The red squares are the activated piezoelectric actuators underneath the plate.
Piezoelectric actuator in spatial pattern 2 is activated with 7 temporally delay compared to
the one in spatial pattern 1. Correspondingly in Fig. 5.14, the dash-dot black lines (---) and
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solid red lines are the nodal lines and anti-nodal lines of resonant mode for spatial pattern 1.
The dotted black lines (---) and solid green lines are the nodal lines and anti-nodal lines of
resonant mode for spatial pattern 2. Under these two excitations, the maximum amplitude of
the propagating wave trace is the dark blue dashed line. The dark blue star symbols indicate the
results with phase increment of §. The wave propagating direction is counter clockwise (CCW).
We observe also there are nine vortexes in the quasi-travelling wave (the node intersections of
the two modes). These vortexes will always have small vibrating amplitude. Fig. 5.15 present
the key moments of the plate surface displacement. The red points in each moment is the
maximum displacement inside the plate. They are corresponding to the blue stars. When the
piezoelectric actuator in spatial pattern 2 is activated with 7 temporally leading compared to
the piezoelectric actuator in spatial pattern 1, the wave propagating direction will be clockwise
(CW).

(a) 1382 Hz spatial pattern 1 (b) 1382 Hz spatial pattern 2

Figure 5.13: Degenerate modes 1382 Hz
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Figure 5.14: Quasi-travelling wave using mode (0, 3) and mode (3, 0)
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Figure 5.15: Quasi-travelling wave illustration

Fig. 5.16 and Fig. 5.17 provide the amplitude and phase feature of the quasi-travelling wave.
According to the Eq. (5.1), the typical travelling wave has two features: constant propagating
amplitude A and linear phase change along wave propagation direction. In Fig. 5.16, the
propagating amplitude is not constant but vary around a constant value. In Fig. 5.17, the
phase changes along the propagating trace even it is not exactly linear. Thus, we call this
propagating wave as quasi-travelling wave.

The quasi-travelling wave trace is rectangular rather than a round circle according to the study
from Manceau et al.. Moreover, due to the free boundaries, the plate modes are definitely
different from that of the clamped plate. Thus for the same geometry of plate, this free
boundary quasi-travelling wave provide different wave propagating trace from that of fixed

87



Chapter 5. Applications

boundaries.
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Figure 5.16: Quasi-travelling wave amplitude along wave propagation for 1382 Hz

Phase [degree]

'
180
M — —K
*
90 t /
/
¢ — — ¥
*
o /
/
o — —#
*
90t /
/
ok — — ¥
*
~180 : : S
0 100 200 300

Distance [mm]

Figure 5.17: Quasi-travelling wave phase along wave propagation for 1382 Hz

Using previous degenerated modes (mode (0, 3) and mode (3, 0)), the quasi-travelling wave
has one trace. If we combine the degenerate modes that have more number of half waves, we
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5.4. Standing waves combination for quasi-travelling wave

expect to obtain more quasi-travelling waves. Fig. 5.18 and Fig. 5.19 give the degenerate modes
(mode (0, 5) and mode (5, 0)) and its corresponding quasi-travelling waves. In Fig. 5.18, the
nodal lines are not parallel to the plate edges due to the coupling between bending motion in x,
y directions. In Fig. 5.19, the nodal lines and anti-nodal lines are represented with lines that are
parallel to the plate edges to simplify the analysis. Different from the unique quasi-travelling
created from mode (0, 3) and mode (3, 0), this quasi-travelling wave has nine quasi-travelling
trace(red and black dashed trace in Fig. 5.19). They have both clock wise direction and counter
clockwise directions at the same time. These quasi-travelling waves are the simulation results.
They deviate from the simplified anti-nodes. However, we observe that there is only few of
difference. And the quasi-travelling waves generally follow the anti-nodal lines. Therefore, we
can approximately predict the quasi-travelling waves according to the degenerate modes in

(a) 4472 Hz spatial pattern 1 (b) 4472 Hz spatial pattern 2

study.

Figure 5.18: Degenerate modes 4472 Hz
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Figure 5.19: Quasi-travelling wave using mode (0, 5) and mode (5, 0)
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5.4.2 Experiments

Experiments using a square aluminium plate with two piezoelectric actuators are performed.
The plate size is of 180 x 180 x 3 mm3. The piezoelectric actuators are glued underneath the
plate at the positions P1 (0 mm, 33.75 mm, -3 mm) and P2 (33.75 mm, 0 mm, -3 mm). The
resonant frequencies for the two modes shown in Fig. 5.13a and Fig. 5.13b are 1,398 Hz and
1,407 Hz. The frequency difference between the two modes may come from the manufacture
tolerance. Fig. 5.20 shows the experimental mode shape when exciting the corresponding
piezoelectric actuator separately.

-

(a) Mode shape 1 with 1402 Hz (b) Mode shape 2 with 1402 Hz

Figure 5.20: Experimental degenerated modes

Previous results validate that the degenerate modes exist. To create quasi-standing wave in
the square plate, we will use the frequency of 1,402 Hz, which works for both resonant modes
and provide same amplitudes for the equivalent positions. Fig. 5.21 shows the sugar position
after vibration when the piezoelectric actuator at position P2 is activated with 7 temporally
delay compared to piezoelectric actuators at position P1. Compared to Fig. 5.14, the positions
of sugar are the nine vortexes.

For a standing wave, the phase shift between all the position on the plate and an exciting
actuator voltage should be constant, roughly 90 degrees. If the quasi-travelling exist, the phase
shift between the points along the quasi-travelling wave and a fixed actuated voltage should
change for one period. The phase difference between the plate displacement and the voltage
of the piezoelectric actuator at position P2 along the predict quasi-travelling wave (red square
in Fig. 5.21) in counter clockwise direction are shown in Fig. 5.22b. The amplitude variation
along quasi-travelling wave is shown in Fig. 5.22a.
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Figure 5.21: Quasi-travelling wave with vortexes
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Figure 5.22: Amplitude and phase variation along quasi-travelling wave in CCW direction

5.5 Summary and conclusions

In this chapter, we have applied the aforementioned researches to three applications. Firstly,
for part separation, two desirable standing waves in a square plate have been used to separate
parts. The two modes should satisfy the following condition: the anti-nodes of the first mode
are the nodes of the second mode and the nodes of the first mode are the anti-nodes of the
second mode. Moreover, the time duration and the vibrating amplitude of the plate’s two
standing waves have been well controlled to achieve the separation more efficiently with
reduced random vibrations. Secondly, a series of standing waves in a rectangular plate has
been obtained to transport the parts from one end of the plate to the center of the plate.
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Experiments have been carried out to validate this approach. Thirdly, degenerated modes in
the square plate have been used to create quasi-travelling wave. This has been validated in
simulation and experiments.

Publication related to this chapter:

e D. Shi, Y. Civet and Y. Perriard. “Design and optimization of piezoelectric actuated plate
Eigenmodes for workpiece transportation”, IEEE/ASME International Conference on
Advanced Intelligent Mechatronic (AIM 2015), Busan, Korea, July 7-11, 2015.
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Conclusions

First, we have investigated the resonant modes of a square plate and a rectangular plate.
Among these mode shapes, we have chosen the suitable modes for two objectives. The first
objective was to separate parts. It has been done with special pairs of mode of a square plate.
These kinds of pair of modes have the following features: the anti-nodes of the first resonant
mode are the nodes of the second resonant mode; and the nodes of the first resonant mode
are the anti-nodes of the second resonant mode. The second objective was to transport parts.
We have investigated the length-to-width ratio of a rectangular plate influence on the relative
nodes positions and obtained a plate with a series of standing waves which could be used in
the right sequence in order to transport a part in one direction continuously.

We have investigated the piezoelectric actuator influence on the plate amplitude. With bigger
piezoelectric actuators (length smaller than half wavelength), we have obtained higher ampli-
tude. For a given surface, the studies have shown that we could obtain higher amplitude by
changing the piezoelectric actuator’s shape and orientating the longer length to the direction
of bending mode. This research helped us to obtain the desirable amplitude with the given
piezoelectric actuator’s drive constraints.

We have used numerical simulations to investigate the parts vertical displacement under
different vibrating frequency and amplitude. According to the studies, we have found that
we can obtain a certain vertical displacement of a part by combing of either high vibrating
frequency and low amplitude or a lower vibrating frequency and higher amplitude.

With regards to the parts horizontal movement, we have limited the part’s vertical displace-
ment to avoid random part vibration by controlling the plate amplitude and thus obtained
stable horizontal movement. Using the above-mentioned series of standing waves in the right
sequence, the plate could transport the part in one direction continuously.

Experiments on parts separation and parts transportation have been performed. This includes
the resonance analysis and mechanical interactions. Parts separation experiments do not
only validate the feasibility but also demonstrate the promising improvement for industrial
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applications. Parts transport experiments also validate the feasibility of the strategy. However,
the efficiency and stability needs to be improved in the future.

The limitation of the part-plate interaction is that our numerical simulation is valid only for

the impact that are considered as rigid (for example impact between metal and acrylic). It is

no more consistent if the impact is too flexible (such as impact with the rubber), because the

damping is not considered in our model.

6.1 Original contributions

The contributions drawn for academic and industrial point of view are presented in the

following.

6.1.1 Academic contributions
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* Piezoelectric actuator’s dimension and shape influence on the vibrating plate amplitude

Few researches focused on the plate vibrating amplitude increment. In this thesis,
piezoelectric actuators’ dimension and orientation influence on the plate vibrating
amplitude has been investigated. According to our researches, we discovered that bigger
the piezoelectric actuator is, larger the vibrating amplitude is as long as the piezoelectric
actuators’ maximum length is smaller than half wavelength. Moreover, we have found
that for a piezoelectric actuator with a given surface, shape modifications could increase
the vibrating amplitude. Limiting the piezoelectric actuators’ shape to rectangular,
the large edge of the piezoelectric actuator should be orientated consistency with the
bending modes. The limit of the large edge is the length of the half-wavelength.

Plate geometry influence on relative nodal line position between modes

We have studied the plate geometry influence on relative nodal line positions between
modes. From the simulation results, we found that, the length-to-width ratio of the
rectangular plate changes the modes whose nodal lines are parallel to the short edge
of the plate. A parameter k; (refer to section 5.3), which relates the relative distance
between the nodal positions of two successive modes and the wavelength of the second
mode, was proposed as the first step for plate optimization.

Part’s vertical displacement under a vibrating plate

For the first time, parts’ vertical displacement under a resonant vibrating plate has been
underlined for researches. The resonant frequencies of a plate are discrete. Using the
same resonant exciter, resonant frequency and amplitude of the plate has the following
correlations: higher the resonant frequency of the plate is, lower the vibrating amplitude
is; lower the resonant frequency, higher the vibrating amplitude. Numerical simulations
on the part’s vertical displacement show that we can obtain a certain vertical displace-
ment of the part by either high vibrating frequency and low amplitude of the plate or a
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lower frequency and higher amplitude of the plate (refer to 4.1). This was validated with
experimental results.

e Part’s horizontal movement from anti-nodes to nodes

The horizontal movement considered in this thesis refers to the movement from anti-
node to node. We have implemented numerical simulations to study the horizontal
movement. The amplitude from anti-node to node changes. Our numerical simulation
considered this amplitude changes. To avoid random parts vibration during the hori-
zontal movement, we have limited the plate vibrating amplitude. Even if this strategy
led to slow velocity, it has allowed us to move the parts from anti-node to node stably.

6.1.2 Industrial contributions

o Standing waves used for tooling plate separation

For the first time, standing waves using with a specific sequence (first pre-position
parts standing wave and then separation standing wave) for parts separation have been
proposed. The desirable standing waves of a square plate were chosen. With the research
of increasing the plate vibrating amplitude, corresponding separation experiments were
carried out and demonstrate the separation feasibility for simple parts, such as nuts.

* Standing waves used for transport conveyor in flexible parts feeder

For the first time, a series of standing waves with optimized relative nodal line position
for parts transportation was put forward. We have studied the plate geometry influence
on the relative nodal position and provide the necessary condition for transport parts in
one direction continuously. A prototype was manufactured and used to validate this
idea.

6.2 Outlook

Considering the already done work, suggested work for academic and industrial perspectives
are the following:

6.2.1 Academic outlook

e Piezoelectric actuator dimension and shape design guidance for general plate amplitude
increment

In this thesis, we have investigated the piezoelectric actuator dimension and shape
influences on amplitude of a square plate for two kinds of modes: 1, the modes that
have the same number of half wavelength in x, y directions and 2, the modes that are
parallel to one edge of the plate. It will be interesting to investigate the influence on
general rectangular plate and other kinds of modes (such as modes that do not have the
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same number of half wavelength in x, y directions) and give the piezoelectric actuator
guidance for general plate amplitude increment.

Parts interaction with more complex profile of the resonant mode

In this thesis, with regard to part-plate interaction affected by plate amplitude, we
have considered the amplitude changes from anti-nodes to nodes. In our numerical
simulation, we have simplified the plate to rigid vibration and simulated the amplitude
change from anti-node to nodes using a linear variation. Actually, when the plate
resonates, the plate bends. It will be interesting to consider the bending rather than the
simplified linear variation from anti-node to node for interaction study.

System's chaotic vibration

The part’s behaviour according to the vibrating plate studied in this thesis is chaotic. We
have used the normal distribution statistical method to investigate the chaotic vibration
of one part. Actually, in the entire system, there are multiple parts and also the vibrating
system. It will make sense to investigate the energy state of the entire system by another
statistical measure - entropy, which describe the system as a whole.

6.2.2 Industrial outlook
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* Modifications for industrial part feeder application

After the feasibility validation of this novel approach with simple parts shapes and
simple vibrating tooling plate, more researches can be implemented for designing a
single tooling plate for a series of parts with similar dimension and shapes. Moreover,
the surface of the tooling plate could be expected to be modified (such as with holes) to
orientate the complicated parts.

Noise improvement

The present working frequency is exactly audible frequency, which leads to undesirable
noise. This could be solved by either adding sound insulation room for the system or
increasing the working frequency beyond the audible frequency.



i\ Piezoelectric actuators

A.1 Simulation and experiment DC offset influence

The piezoelectric actuator in this document is supplied by a sinusoidal signal with DC offset
(half of the peak-to-peak voltage). For simulation, we can use harmonic analysis with pre-
stress static analysis to simulate this. This appendix presents the harmonic analysis is sufficient
to model the pre-stressed static analysis.

Fig. A.1 presents simulation results of the plate displacement with or without DC offset.
Without DC offset, the maximum amplitude is 53.99 um. With DC offset, the maximum
amplitude is 54.06 um. The difference is 0.11%. The difference is small. Therefore, we can
use the harmonic analysis without DC offset to continue the other studies for the sake of
implementation simplicity.

Amplitude [um]

60* o without DC offset
with DC offset
50t

40+
o]
Q

30 ¢

jo}

20 ¢

Q

15
10 \ .
1405 1410 1415
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Figure A.1: Simulation plot displacement comparison
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A.2 Piezoelectric actuator parameter transformation

In Ansys, the coupled equations are in the stress/electric field form (Theory reference for
Mechanical APDL and mechanical application in [1]):

{T} = [cF]{S} + [e] {E} A1)
(D} = [e]" (S} + [¢5] {E} (A.2)
where

{T} = stress vector (six components xy, yz, xz)

{S} = strain vector (six components x, y, z, Xy, yz, Xz)

{D} = electric displacement vector (three components x, y, z)

{E} = electric field vector (three components x, y, z)

[cf] = stiffness matrix at constant electric filed

[e] = piezoelectric matrix relating stress/electric field

[e!] = piezoelectric matrix relating stress/electric field (transposed)
[€5] = dielectric matrix evaluated at constant stress

To use the manufacture provided data in Ansys, the strain/electric-field form matrices need to
be transformed to stress/electric-field form. The transformation relations are:

[cF] = [s7]" (A3)
(el = [s5] " 1d] (A.4)
(€8] =[] - [a"] [s*] 1) (A5)

The left part of Eq. (A.3), Eq. (A.4) and Eq. (A.5) are the Ansys input. The right part of these
three equations are the manufacture-supplied data. Moreover, the vector element sequence
in {T} and {S} are different between the supplier and ANSYS.
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A.3. Multi-layer piezoelectric actuator capacitance

A.3 Multi-layer piezoelectric actuator capacitance

When operating below the resonant frequency, a piezoelectric behaves as a capacitor. The
capacitance of the actuator depends on the area, the thickness of the ceramic and material
properties. When the actuator is multilayer, electrically connecting in parallel, the capacitance

also depends on the number of layers.

The capacitances of a multi-layer actuator can be estimated by:

T -1
Cpiezo=N-€33-S-dj

where

n = the number of layers = é—‘l

€3T3 = the dielectric constant [As/V m]

S = electrode surface area of a single layer [m?]

ds = distance between the individual electrodes (layer-thickness) [m]

Iy = actuator length

(A.6)
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A.4 Noliac piezo ceramic parameters

PIEZO CERAMICS

Piezo ceramics specifications

Properties Symbol & unit | NCE40 | NCE41 NCE46* NCE51 | NCE53 | NCE55 | NCE56 NCE574k NCE5‘; NCE80
DIELECTRIC PROPERTIES (tolerances +/-

10%)

Relative Dielectric A pp— 1250 | 1350 | 1300 | 1850 | 1600 | 5000 | 2900 | 1800 | 2900 | 1050
Constant €

Dielectric Loss Factor tgd [104] 25 40 30 190 130 220 140 170 190 20

Dielectric Loss Factor at

-4
400V/mm tgd [10-4] 140 200 100

ELECTROMECHANICAL PROPERTIES (tolerances +/- 5%)

Coupling Factors* K 058 | 057 | 057 | 065 | 056 | 062 | 0.64 | 059 | 0.64 | 0.55
K1 034 | 033 | 033 | 037 | 032 | 039 | 037 | 033 | 037 | 030
ks 070 | 068 | 068 | 072 | 065 | 072 | 074 | 070 | 075 | 0.68
ke 050 | 050 | 047 | 051 | 047 | 050 | 050 | 047 | 052 | 0.48
Ef:;‘:l:ét’ic Charge -d3y [1012 C/N] 140 130 130 195 150 260 250 170 240 100
dy3 [1012 C/N] 320 310 290 460 360 670 580 425 575 240
Ef:;’t?:fsmc Voltage -g34[10°3 Vm/N] 1 1 1 13 9 9 9 11 10 11
33 [10°3 Vm/N] 27 25 28 27 23 19 20 27 23 27
Frequency Constants NE, [m/s] 2160 | 2280 | 2230 | 1940 | 2180 | 1970 | 2000 | 2010 | 1970 | 2270
ND, [m/s] 1980 | 2000 | 2040 | 2010 | 2040 | 1990 | 2030 | 1950 | 1960 | 2050
NE; [m/s] 1470 | 1600 | 1500 | 1400 1530 | 1400 | 1410 | 1610
ND; [m/s] 1340 | 1500 | 1800 | 1390 1400 | 1500 | 1500 | 1500

PHYSICAL PROPERTIES (tolerances +/- 5%)

Mechanical Quality Factor | Qg 700 1400 >1000 80 80 70 80 80 90 1000
Density p [103 kg/m3] 7.75 7.90 7.70 7.80 7.60 8.00 7.65 7.70 7.45 7.80
Elastic Compliances sE41 [1012 m2/N] 13 13 13 16 16 17 18 17 17 11
sE33 [1012 m2/N] 17 16 20 19 18 21 20 23 23 14
Curie Temperature T [°C] 325 290 330 340 340 170 250 350 235 305

*) For multilayer components only.
**) Measured in accordance with standard EN 50324.

The values listed above are for reference purposes only and cannot be applied unconditionally to other shapes and
dimensions. Values vary depending on the components' actual shape, surface finish, shaping process and post-processing.

‘ www.noliac.com ‘ Piezo ceramics ‘Ver1203 ‘ 2
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Parts separation experimental details

In the thesis, for parts separation, we use two standing waves alternatively. In this appendix,
we use also the third standing wave for the “Dead positions” once to improve the separation.
In total, there are 99 nuts are put in the center of the plate at the beginning. Afterwards, the
plate performs the operations successively in Table B.1. The nuts are M 2.5. The clearance for
the distance between the center of the two nuts is 8 mm.

Table B.1: Nuts separation experiments

Separation Frequency [Hz] Voltage [V] Time [s] Parts separated

1 558 120 1.5

2650 120 2.0

2797 120 0.1 13
2 2650 120 2.0

2797 120 0.1 10
3 2650 120 2.0

2797 120 0.1 9
4 2650 120 2.0

2797 120 0.1 3
5 2650 120 2.0

2797 120 0.1 5
6 2650 120 2.0

2797 120 0.1 10
7 2650 120 2.0

2797 120 0.1 7
8 2650 120 2.0

2797 120 0.1 7
9 2650 120 2.0

2797 120 0.1 4
10 12314 120 1.0

2650 120 2.0

2797 120 0.1 13

101



Appendix B. Parts separation experimental details

This experiments is slightly different from the experiments in 5.2. In operation 10, before using
the two standing waves of 2650 Hz and 2797 Hz, we use the standing wave with resonant
frequency of 12314 Hz, which is used to move the nuts from the “Dead positions”. We can
clearly see that with the help of third mode, the parts that can be separated are more afterwards
like shown in operation 10.
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