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ABSTRACT

This thesis is a framework for evaluating fixture performance in a virtual
environment addressing the need for precise prediction of final from errors. By doing so,
the aim is to provide a solution where shortcomings in fixture designs can be identified
and rectified upfront, ultimately saving valuable resources that would otherwise be spent
on physical fixture production. A major challenge in machining is chatter vibration,
influenced by the vibrational characteristics of a system and outside stimuli. Bolted joints
are difficult to simulate due to micro slip and nonlinearities but at the same time they
contribute with the 90 % of the damping of the whole system. For validating the FEM
models, an experimental set up has been build up with a hammer as exciter and an
accelerometer including two main configurations, mounted on table and on foam, with
metal and plastic tips, and 100 g and 150 g hammer masses. Furthermore, some other
tests have been made to determine precisely the material characteristics of every part (for
instance, the density of the sheet is 7.75 g/m? and its Young’s Modulus 213 GPa). The
similar behaviour of hammer masses and material types was found to allow rationalisation
of future tests. Three level dynamic models have been developed, increasing in
complexity from simple boundary conditions, to a non-linear hole model with sliding
interactions and a bolt connection. Although the more complex the model the more
accurate results are obtained for stiffness, natural frequencies and damped period within
an error of 20 %, the damping behaviour of the sheet is not captured accurately enough.
Because of that, this is not a sufficient model, although it is enough to settle the bases for
amore accurate model with the goal of eventually obtaining a perfectly matching one that

can be compared with reality.

Key words: fixture, vibrations, experimental set up, FEM model, bolted joints,

damping
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1. INTRODUCTION

In todays ever-evolving landscape, the necessity for precise prediction of final form
errors resulting from in-process deformations has become increasingly apparent. This challenge
serves as the driving force behind the project undertaken by the Virtual Production Modelling
group at the University of Skdvde. The current scenario underscores the critical need for a
comprehensive understanding of the complete dynamic response during cutting processes.
Achieving this level of accuracy entails modelling the dynamic responses of various
components such as the workpiece, tool, fixture, and accounting for micro-movements in
contact surfaces. Unfortunately, a modelling framework that adequately addresses these
complexities is currently absent for process planners. Consequently, fixture designers are
compelled to resort to costly and time-consuming experiments and trial-and-error campaigns to
address these challenges. Compounding this issue is the rapidly increasing pace of re-designs
and the introduction of new components in industrial settings. To remain competitive,
companies must find ways to shorten lead times for projects. In response to these pressing
needs, the Virtual Production Modelling group has embarked on a project aimed at pioneering
a framework for evaluating the performance of designed fixtures in a virtual environment. By
doing so, they aim to provide a solution where shortcomings in fixture designs can be identified
and rectified upfront, ultimately saving valuable resources that would otherwise be spent on

physical fixture production.

1.1 BACKGROUND

In the field of structural engineering, finite element analysis (FEA) has emerged as a
powerful tool for predicting the behaviour of complex systems under various loading
conditions. Finite element models (FEM) enable engineers to emulate and analyse the response
of structures, providing valuable insights into their performance and helping in design
optimization. However, accurate prediction of structural behaviour is based on the precision of
the finite element model, particularly in capturing the nonlinearities and complexities inherent
in real-world systems. Interfaces such as bolted joints, riveted connections, and press-fits
introduce challenges due to their nonlinear behaviour, often causing discrepancies between

predicted and measured responses.

To address these challenges, previous research has explored various methodologies for

modelling and simulating joint behaviour within finite element models. These include
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simplified joint representations, harmonic balance methods, and the use of specialized elements

like lwan models or Bouc-Wen models to capture microslip behaviour.

Experimental validation plays a crucial role in ensuring the accuracy and reliability of
finite element models. By comparing predicted parameters with experimental measurements,
the validity of the models can be assessed and areas for improvement can also be identified.
Experimental setups involving accelerometers and impact testing provide valuable data for

model validation.

By leveraging the insights gained from previous research and utilizing advanced finite
element analysis techniques, this project aims to develop a comprehensive model in ABAQUS
that accurately predicts the vibrational behaviour of the clamping system, laying the

groundwork for enhanced structural design and analysis capabilities.

1.1 PROBLEM STATEMENT

While there are contact modelling possibilities in Finite Element packages such as
ABAQUS, an evaluation is needed of how well these models work in predicting dynamics
properties such as natural frequencies and stiffness properties of a part mounted on a fixture in

a machine tool.

Therefore, the aim is to design an experimental setup, model, and extract its dynamic
properties in ABAQUS, and compare it with the results of impact tests. It is also wanted to
study the impact of factors such as preload of assembly bolts, the orientation of the fixture on

the CNC machine’s table, and possibly surface roughness of the contact surfaces on results.

The coupling that has been working with is the following one (Figure 1.1):

2-Movable jaw 1-Body

|

6-Insertpin  S-Rotary pin

3-Bolt

4-Spherical
ring

Figure 1.1: Insights of the vice
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o DEThe system consists of six elements. The largest part is the body (1), which basically
serves as the base of the coupling. One side is much higher than the other and serves to support
the part on one side. The movable jaw (2) moves on it, which pushes the workpiece towards the
aforementioned overhang. The second part has a screw (3), which includes a spherical washer
(4), which fixes it. The screw has a rotating pin as a nut (5). This nut is inserted by means of a

bolt (6) into the holes in the base.

1.2 AIM AND OBJECTIVES

To tackle that problem, a main objective and some sub-objectives have been addressed

to have a clear focus on what the project is for,

e Predict vibrational real values such as natural frequencies, damping ratio, stiffness and
damped period, with a commercial code (ABAQUS Standard), with the aim of using
that software to see beforehand the vibrational behaviour of the clamping system before
its assembled.

o In order to set up the bases for the research, survey, analyse and summarize
previous relevant literature.

o Select/design experimental setup for free-free and attached configurations by
using and accelerometer and two hammer masses.

o Model the experimental set ups to predict theoretically the response of the model
by using FEM.

o Compare experimental and numerical data obtained by FEM models to verify

their validity.

In todays interconnected world, the pursuit of sustainable development [1] has become
imperative to address global challenges and create a better future for all. Aligning the project
with sustainable development goals (SDGs) ensures that the project contributes positively to
global efforts aimed at addressing pressing social, economic, and environmental challenges.
Such alignment not only enhances the project's long-term viability and impact but also fosters
collaboration and partnerships with stakeholders who share similar values, amplifying its reach

and effectiveness in achieving the SDG main goal.

The Sustainable Development Goal (SDG) most closely aligned with the objectives of
this project is SDG 9: Industry, Innovation, and Infrastructure. SDG 9 aims to build resilient

infrastructure, promote sustainable industrialization, and foster innovation. Specifically, this
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project aims to target two sub-goals: 9.4 and 9.5. The first one refers to the upgrade the
infrastructures need in order to make them more sustainable: in this case, the lead time is
decreased with the use of less material. The second sub-goal enhances the need of scientific
research and upgrade of the technological capabilities to, in this case, promote innovation
within the manufacturing sector. It enables companies to enhance their production processes,
reduce waste, and improve efficiency, ultimately contributing to more sustainable industrial
practices. As this project also reduces the need of prototyping, the material and resources need
are reduced a lot, meets in this way the goal number twelve, which focuses on ensuring
sustainable consumption and production patterns. Considering that this is a research project,
aligns the most with 12.9 which reassures the need to strength the scientific and technological

capability to become more sustainable. [1]

As every project, this also has some limitations. Regarding the modelling, it is restricted
to commercial FE code, the code that is available in Abaqus Standard/Explicit. On the other
hand, regarding contact analysis, it can only directly give the contact stiffness and the contact
forces, so the other parameters must be obtained though the other type of analysis or have to be
calculated. Finally, regarding the experimental side, an impact hammer maybe not the best
option to obtain vibrational parameter, there are better options such as the use of an
electromagnetic or electrohydraulic shaker, due to their versatility, control, and ability to

provide more accurate and consistent results. [1]

So once both the objective and limitations are addressed, it can be said that the project
is finished when a commercial code has been created which resembles the real vibrational
behaviour, inside the limitations. Then, other companies can use the software to know before

machining which results are expected to obtain.
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2. OVERVIEW (OF THE THESIS)

In the reminder of this thesis, first, a frame of reference is presented which gives an
important theoretical vision of the current situation regarding the topic of it within the scientific
and technical world. This chapter is followed by the methodology where is discussed how the
project has been done, what steps have been followed to obtain some results. The main idea of
it, is to divide the thesis in two key areas: the experimental and the numerical study. For the
experimental part, you might expect to find four general experimental set ups, and three
important FEM models, starting for a basic one to the most complex. In the discussion,
experimental and numerical results are compared to determine whereas the models are valid or
not and if the model resemblance with the reality must continue to improve. Finally, with it, the
foundations for future work are laid. In the last pages of the work, some extra information is
exposed, with several graphs and tables that might be interesting to the entire understanding of
the thesis.
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3. FRAME OF REFERENCES

3.1 VIBRATIONS IN MACHINING

Vibrations play a significant role in machining processes, stemming from various
sources such as the flexibility inherent in the workpiece, machine tool, fixture, or even the
tooling system. These vibrations can lead to detrimental effects on surface finish and
substantially elevate cutting forces. Assessing the vibration risk involves determining the
transfer functions of the system, typically achieved through methods like utilizing an impact

hammer and force transducer. [2]

The dynamics of metal cutting processes introduce three primary types of mechanical
vibration: free vibration, forced vibration, and self-excited vibration. Free vibration originates
from impact, while forced vibration arises from regularly repeating forces, such as imbalances
within machine components, usually straightforward to mitigate. In contrast, self-excited
vibration, triggered by the alternating forces between the tool and workpiece, amplifies system

instability and unpredictability. [3]

Chatter, a prevalent form of cutting vibration, emerges from the continuous influence of
aperiodic external forces on the machining system. [3] Regenerative chatter, specifically,
evolves from phase differences between successive cuts, often due to surface waviness. It
initiates as a self-excited phenomenon within the dynamic structure of the machining system,
wherein vibrations modify cutting forces, generating oscillations between tool and workpiece,

as it can be seen in the following figure (Figure 3.1). [2]

Figure 3.1: Modified cutting forces due to vibrations [2]
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Chatter frequencies, typically close to but not precisely matching dominant natural
frequencies, indicate significant relative vibrations between the tool and workpiece. It manifests
in various forms, including frictional chatter, mode coupling chatter, and regenerative chatter.
Frictional chatter results from friction between tool and workpiece, while mode coupling chatter
stems from the coupling of different natural vibration modes. Regenerative chatter, influenced
by chip thickness variations and phase disparities in vibration patterns, poses challenges in

stability and requires experimental modelling and analysis for mitigation. [3]

3.2 NUMERICAL MODELS

One of the most recent studies [4] focuses on the application of quasi-static modal
analysis (QSMA) to predict the stiffness and damping ratio of structures, particularly near
joints. This computational method analyses the behaviour of structures under slowly varying
loads (changing vibration amplitudes) by incorporating the modal properties of the structure to
accurately predict its response while neglecting dynamic effects and recognizing nonlinearity
near joints as well as the need for iterative equilibrium until domains stabilize. The joints are
represented by discrete Iwan elements. These elements discretize the joint regions into smaller
segments and represents that non-linear behaviour through a series of discrete elements. Each
element is compound by a backbone spring and a slip element. The first one represents the
elastic behaviour by a linear spring constant, whereas the second one represents the nonlinear,
typically due to different damping forces and it has a nonlinear force-displacement relationship
constituted by a multilinear function. Coulomb friction (type of dry friction that occurs between
two solid surfaces in contact), also known as frictional force, is assumed between the normally

flat surfaces.

For maintaining two pieces together bolts impose a clamping force and due to the
Poisson effect deformation of the surface happens [4]. External forces induce microslips,
contributing significantly to damping, necessitating a quasi-static approach to simulate
microslip and nonlinearity by imposing varying load levels on models to predict energy

dissipation.
The quasi-static model implemented is the following [4]:

Equation of motion (3.1):

M5 + CX + KX + f, (x,0) =, (t) (3.1
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However, C is a null matrix because to obtain the slip-induced damping of the joint there

Is not externally impulse damping. At low amplitudes, the joints are replaced with springs
equivalent to the zero-load equilibrium stiffness of the joints (3.2): [4]

o _df

=1 3.2
il (3.2)

0

Solving an eigenvalue problem yields the mass-normalized mode shapes, @, of the
structure: [4]

([K+K;]-24M)g =0 (3.3)

A force f,, =M, is applied to distribute the load over the entire structure, allowing

only mode r of the system to respond if it were linear. This force, applied to the nonlinear
model, leads to the following quasi-static problem: [4]

Kx+; (x,0)=Mf o (3.4)

The finite element package provides the response X((l), enabling estimation of the ri
modal amplitude 0, (@) . Analysis extends to estimating amplitudes of other modes to discern

modal coupling relevance at varying load amplitudes. [4]

The modal force £, (o) = 4" Mg o = o and Masing's rules [5], [6] facilitate identification

of forward and reverse loading curves. The secant of the hysteresis curve estimates the
instantaneous natural frequency of the mode in question:

(24

3.5
q, () G-

a)r (a) =

Energy dissipation per vibration cycle is then calculated from the hysteresis curve area,

facilitating determination of the effective damping ratio {r (@) analogous to a linear system: [4]

D@
)= G @a @) G-:6)

Typically, damping is minimal, resulting in faint hysteresis. When plotting hysteresis
curves, it is beneficial to display only the nonlinear part: [4]
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f1((qr)NL :fl(qr)_qra)rz (37)
Further details can be found in references [7] and [8].

In FEM, there are two types of contact behaviour can be used for tangential and normal
directions: Penalty and Lagrange. The penalty method allows members to penetrate; but
imposes a force proportional to the penetration to drive them apart. The force is governed by

linear stiffness. The penalty method allows some slip between the master and slave surfaces up

until a critical shear force, 7. .This is done by introducing a linear contact stiffness, kC , and

maximum allowable tangential displacement ¥, (3.8). Surfaced are stuck if |7|<7,, . [4]

T= kc(um —US)

3.8
TCF = kcj/CI’ ( )

On the other side Lagrange method satisfies contact precisely by introducing non-linear

contact forces to account for the unknown forces between the surfaces. [4]
7, =uN slip=0 7 <z, (u,-u,)=0 (3.9)

Each one of the methods have downsides and advantages. The penalty method is
assigned in almost all the industrial FE software packages because it captures precise
transmission of the force and the strain energy between interacting components and the
analysing time is much shorter. Whereas the Lagrange method seems appropriate but has a high
probability to create rigid body motion and the pressure and oscillations can appear more
prominently. So, seeing all that it has decided that using penalty method is more efficient and

can obtain better results. [9]

Some authors, Segelman and Brink [10] [11] for example suggest using Lagrange for
tangential behaviour and penalty for the normal. However, recent studies [9] show that penalty

method is the most adequate one.

For improving the stability of the system and speed up the convergence, most of the
codes such ABAQUS treat quasi-static problems as slow dynamic scenarios, considering the

state change as a pseudo velocity. Usually a linear viscous force is used (Fivisc;j). [4]
X, —X

F ~=CcZin_“ind 3.10
ivisc; j At ( )
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ABAQUS suggests two stabilization methods: one that uses a constant damping factor
and another with an adaptive algorithm controlled by tolerance (gv). Sometimes it is necessary

to adjust this parameter to 0 not to contaminate the damping predictions. Using large viscous
stabilization factors is not recommended in many cases since this can affect joint damping
predictions, needing to check viscous forces magnitudes relative to overall forces in the
model.[4]

As mentioned before, all the damping comes from the Coulomb friction, so the material
is defined as elastic. For maintaining the stability of the analysis all nodes are made to align
between the master and slave surface in contact regions and nonlinear geometries are used. In
3D models bolt are physically represented and modelled. Applying a preload is essential, and
this is made with “Bolt load”. Nominal preload calculated by Motosh equation (3.11) [12].

Tq:F(zp_;tﬁ#(rtﬂ)W”r”j (3.11)

Friction coefficients depend on presence of lubrication but a value of 0.1 is suggested
[12]. Different study results show that the strain in the bolt must maintain constant. To minimize
shear locking away from contact regions, reduced-integration linear hexahedral elements are
used in that regions and linear hexahedral elements around the contact interface. It is important
to highlight that the washer and beam surfaces must be tied together, omitting the energy

dissipation there.

In quasi-static analysis, it is necessary to ensure that inertial forces are minimized,
otherwise, the procedures static nature may veer towards a more dynamic behaviour. The
simplest method to verify this is by comparing the kinetic energy to the internal energy and
ensuring that the kinetic energy does not exceed 5% of the internal energy. This measurement

must be conducted for the workpiece [12].

A substitution for Iwan elements in a quasi-static analysis has been proposed in the
thesis “Adapting a contact-mechanics algorithm to predict damping in bolted joints using quasi-
static modal analysis” [13]. The work adapts a contact-mechanics algorithm to predict damping
in bolted joints using quasi-static modal analysis. It employs a combination of techniques to
effectively model the behaviour of bolted joints. The kay components for the work are using a
static reduction and the combination of Block-Gauss-Seidel method and Newton-Raphson

method in a unique hybrid numerical method. The first point is employed to simplify complex

10
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dynamic problems by focusing on the static equilibrium state of the system. Static reduction
involves simplifying the dynamic analysis of the bolted joint by considering its behaviour under
quasi-static loading conditions to reduce computational complexity. Performing a standard
Guyan reduction [14] on (3.4) the system is reduced to only the nodes at the interface, with
displacements u® and to obtain the reduced stiffness matrix K€ as below (3.12) [13]. In essence,
this approach simplifies the system by neglecting the inertial terms in the equilibrium equations

and representing the unloaded degrees of freedom using the loaded ones [14].

fC=f"+ K u®
where

f = [Kf [KST |T +(f1W +[Kf][K§]‘lf1W) (3.12)

KC :[Kf[Kg]lHTKf

A contact problem involving two bodies is reduced to a form equivalent to contact
between one body and a rigid surface, and the same algorithm can be used for both. Therefore,

from this point forward the focus is on an algorithm to solve (3.12).

Secondly, Block-Gauss-Seidal method [15] is an iterative numerical technique used for
solving systems of equations. It divides the system into blocks of equations and iteratively
updates the solution until convergence is achieved. Each block of equations is solved
sequentially, with updated values from previous blocks being used in subsequent iterations. On
the other hand, Newton-Raphson method [16], which is also an iterative numerical technique,
finds the roots of nonlinear equations. It linearizes the equations around an initial guess and

iteratively refines the solution until convergence is reached.
In this case three main baskets are defined [13]:

The basket of nodes which are fully stuck (B-ST) (3.13): As the two-body contact
problem is simplified to the contact between one surface and a rigid one, nodes that are stuck
possess zero displacements in all directions. Additionally, according to the Coulomb friction
law, the total forces parallel to the surface must not exceed the critical shear force, denoted as

FH or, while the normal force must remain greater than zero.

11
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u=v=w=0
JR2 +Q? <FRo=4P (3.13)
P>0

The basket of separate nodes (B-SEP): This basket encompasses the nodes currently not
engaged in contact. At these nodes, the reaction force must be zero, and they must be displaced
from the contact surface by a distance greater than zero.

P=Q=R=0

(3.14)
w>0

The basket of slipping nodes (B-SL) (3.15): They are the nodes that might slip belong
their basket. These nodes have zero displacement to the contact in the normal direction and the
critical force is lower than the sum of the forces in the contact plane.

w=0

JRZ+Q*>FN" =4 P (3.15)

P>0

Additionally, there are two versions of the same basket in the algorithm: candidate “C”
and final “F”. The nodes in the final basket cannot move from there. Thus, as the algorithm
only needs to check the status of the nodes in candidate baskets, the cost is reduced. At the
beginning, the algorithm checks all the nodes, as they are in the candidates basket, and after
each iteration, some of them are moved to the final baskets, making the next iteration faster.
The process is finished when all the nodes are at the final baskets. At this point, the solutions
could be check whether they meet or not the desired tolerances [13].

In short, this method, as well as using Iwan elements, is combined with QSMA.
However, although it is not widely studied yet, combining static reduction and a hybrid
numerical method, may offer certain advantages over using Iwan elements for modelling

damping in bolted joints [13]:

e Accuracy: Iwan elements are simplified models that represent the hysteretic behaviour
of materials, but they may not capture the full complexity of damping in bolted joints
under various loading conditions.

e Flexibility: By incorporating contact mechanics principles and using a hybrid numerical
method, the algorithm can adapt to different joint geometries, materials, and loading

conditions more effectively than relying solely on Iwan elements.

12
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Regarding the anchoring to the machining table, many studies suggest to model as a
free-free model, using a translational spring-damper actuator (TSDA) element [17] (see Figure
3.2). This is due to the fact, that the bolts, and in general, the results of this small coupling are
not interesting at all, but they are necessary for the correct model of the whole system. In a
general fixturing system, the stiffness of a clamp is larger than that of a locator. The force-
displacement relationship of the anchoring has been found to be linear, i.e., the spring stiffness
of TSDA element is linear. TSDA elements, can be reduced as in only to a spring (two springs
in series) with a value of 9.794-10° N/mm (See Figure 3.3) [18].

Workpiece Dummy- Damper
FEA model T" body 1 »

] }l J P % Ground /
|[ ; dum g Fixture
"Bracket 7T ] \ Actuator é Body

’Z"Joint -+ Position 7
s e Constraint N A Y
——
Dummy- Planar TSDA element ﬁ
body2  Joint (locator/clamp) z e=pX

Figure 3.2: Anchoring, TSDA elements [17]

(a)

Ot Workpiece
FEA model _

b
]

|
Locator Tip _— x Modeling of
FEA model Surface-based Contact

Locator
Stiffness £,

Fixture Base and
Machine Table Stiffness
. K 1= (1/Kpser = 1/Kmaci) !
Rigid I
Machine Base

Figure 3.3: Anchoring, two springs elements [18]

In this simplification, some dummy bodies must be inserted. This is used to model every
part of the clamping in a simple manner as the elements are not interesting but still necessary
for the proper functioning of the simulation [17].

3.3 SOLVING CONTACT PROBLEMS BY FEM

Instead of solving computational challenges with FEA, it is also possible to conduct a

contact analysis on simplified models as other researches [9] have done. This predicts chatter

13
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diagrams with the help of an equivalent finite element representation and mapping method. The
FE software expresses the contact behaviour as an optimization problem composed of Hertz-
Signorini-Moreau conditions (HSM) and the minimization of elastic energy. This is mainly
used to calculate the contact stiffness and contact forces. Incorporating contact constraints into
the optimization problem involves following a hybrid approach that combines the
computational contact problem framework with a contact stiffness function. In this paper [9]
two methods of contact are proposed which are investigated using Solid Isotropic Material with
Penalisation model (SIMP) algorithm in the optimization: Pure Computational Method (PCM)

and Reflected Contact Force Method (RCFM).

The first one uses gap elements: the initial distance between a contact node and its
support in the normal direction before deformation. To do the simulation it has to be considered
that the hitter is a linear elastic body and the foundation a rigid body. Once that is clear some
calculous have to be made. This calculous can be excessively challenging in terms of
computational complexity and solution accuracy, so the reaction forces can be obtained with
the previously mentioned penalty method. Analysing that, it obvious that small penalty numbers
can result in material penetration. Once all that is obtained, Newton-Raphson iterations are used

to obtain the solutions [9].

The other method (RCFM) uses a nodal force distribution method established on a
contact stiffness function in the FE model. To achieve stability, the contact behaviour is
integrated into the finite element (FE) model using modal spring elements. This is accomplished
by applying the nonlinear characteristics of contacts to the spring stiffness, thereby enabling
structural optimization. It has to be mentioned that the number of springs model have to be
equal to the number of nodes in contact. In this case the contact areas of the component are
assumed to be in contact, so that O contact forces are defined. Another method to obtain those
reactions are the Hertz contact theory, empirical data from experiments or the penalty method

from computational contact mechanics [9].

3.4 EXPERIMENTAL SET UP

In order to be able to test the simulation model, it is necessary to measure the actual
parameters. For this purpose, these are the necessary elements, information, methods,

background and formulas [19].

14
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The necessary hardware used in performing a vibration test are the following (see Figure
3.4):

Exciter Structure

|

Power Recorder

supply

Signal Signal analysis T = transducer

»igna SC = signal conditioning
gencrator Modal analysis

Figure 3.4: A schematic of hardware used in performing a vibration test [19]

The exciters are the elements used to make controlled input force. One of the available
options is a hammer. The impact hammer configuration circumvents mass loading concerns by
employing a combination of a hammer and a force transducer, normally an accelerometer (see
Figure 3.5). In this experiment [20] as the analysing object is the cutting tool, both devices are

connected to that.

Figure 3.5: Impact testing setup to measure tool vibrations [20]

The hammer is utilized to impart an object on the test structure, causing vibrations across
various frequencies. Consequently, the impulse response generated encompasses excitations
corresponding to each of the inherent natural frequencies of the system. The inclusion of a load
cell, situated within the hammer's head, facilitates the quantification of the impact force. In the

following figure the time and frequency response of one of those impact is shown [19].
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act (dB)

Magnitude of imp.

Frequency

(b)

Figure 3.6: Time (a) and frequency response (b) of a hammer hit, indicating the useful
range of excitation and its dependence on the pulse duration T [19]

The time history has a finite time duration, T, hence the frequency response is periodic.
The duration of the pulse as well as the shape of the frequency response is controlled by the

mass and stiffness of the hammer and the structure [19].

The cut off frequency ( @, ), marked in the frequency graph (Figure 3.6), is the largest

value of frequency reasonably well excited by the hummer hit. The cutoff frequency @,

corresponds roughly to the point where the magnitude of the frequency response falls more than
10 to 20 dB from its maximum value. It determines the useful range of frequency excitation
[19].

Other important elements are the transducers. They convert mechanical motion of the
structure into electrical signals. One of the most used ones are the accelerometers which are
two masses, one of which is attached to the structure, separated by a piezoelectric material (act

as a very stiff spring) and they have a resonant frequency.

Signal conditioners, functioning as amplifiers, play a crucial role in augmenting signals
to a level suitable for processing by an analyser. One prevalent type of analyser is the Fourier
analyser, specifically employing the Discrete Fourier Transform (DFT). This instrument is
equipped to accept analogue voltage signals denoting various physical parameters such as
acceleration, force, velocity, displacement, or strain, facilitated through signal conditioning
amplifiers. The primary function of the analyser is to translate analogue time-domain signals
into digital frequency-domain data, compatible with digital computing systems, and

subsequently conduct necessary computations with these signals [19].

The input signal for this device, denoted as x(t), undergoes analysis to determine its
spectral coefficients. Initially, the analyser converts analogue signals into digital records. To

achieve this, a suitable sampling time (At) is selected, ensuring that at least two samples per
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cycle of the highest frequency to be analysed are obtained. Empirical evidence, as presented by

W

y
L

Otnes and Encochson in 1972, suggests that employing 2.5 samples per cycle offers improved

accuracy, aligning with Shannon's sampling theorem [19].

Digital versions of the Fourier Series of a Periodic signal equation are the following
[19]:

n/2

X, = X, (tk):%-i-Z(ai cosz_7lf—t"+bi sin 2
i=1

= j k=12,..n (3.16)

Where the digital spectral coefficients are given by [19]:

1 n
8 == %, (3.17)
nK:l
13 2mit
a, =HZxk CoS 7_T|_k (3.18)
K=l
1 . 2mit
bi:HZxksm T;" (3.19)
K=1

These equations can be written in matrix form [19]:
x=C,a (3.20)

In order to facilitate digital analysis, the sampled data must be limited to a finite
duration, which can lead to a phenomenon known as leakage. A straightforward approach to
limiting the signal involves truncating it at any integral multiple of its period. However, this
truncation introduces spurious frequencies in the digital representation due to the assumption
made by the digital Fourier transform that the signal is periodic within the sample record length.
Consequently, the actual frequency content "leaks™ into several fictitious frequencies. To
mitigate this issue, a window function can be employed. This technique entails multiplying the
original analogue signal by a weighting function that confines the signal to zero outside the

sampling period: [19]

To have good quality answers, more than one measurement must be done, that is way,
it is important to consider the random vibration response. The power spectral density (PSD) of
the input force can be related to the PSD of the response and the frequency response function
of the system: [19]
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Sy (@) =|H ()] S (@) (3.21)
S (@) = H (@)S () (322)
S (@) = H( j@)S,, () (3.23)

H(w) refers to the frequency response function, whose average of various
measurements is used. The common approach to measuring the frequency response function is
to average several matched sets of input force time histories and output response time histories.

Whereas Sg; , Sy, and S, all represent cross spectral densities. [19]

Can be calculated in either way ((3.21)(3.22) (3.23)). If the measurements are well done
the answers must be the same, but this is not always the case. To validate or not the coherence

function is used. If the value obtained is smaller than 0.75 it is not considered as good. [19]

2 Sxf (a))‘z
S (@S, (@)

Y (3.24)
Another problem could be the mass of the accelerometer effects on the frequency

response function of the system structure. Systematic errors can appear in the measured

frequency response function, straying from their correct values. For that some researches [3]

have concluded that Sherman-Morrison formula must be used.

Once at this point, as a means to obtain the modal data, three main methods are
considered: modal data extraction, by circle fitting, and measurement. In the former method,
frequency and damping ratios are primarily identified through visual inspection of the
frequency response function. Conversely, the latter method offers a more systematic approach,
which can be automated through programming, enabling the analyser to calculate frequencies
and damping ratios. This method operates under the assumption that a predominant mode
governs the behaviour of the mobility transfer function within a specified frequency range
around the natural frequency. Lastly, extracting mode shapes from experimentally measured
transfer functions is slightly more intricate, necessitating the measurement of multiple transfer
functions. [19]
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4. METHOD

The project follows the Waterfall project management structure to ensure the correct
execution of the project and effectiveness of the work done. Following a work breakdown
structure (WBS) by identifying the major deliverables and the work required to carry out the
project (what actions are done), the project begins with an initial planning phase where
objectives are defined, and an overview of the project steps, akin to the "Requirements” phase

in Waterfall, is established.

Although this type of model does not mention explicitly risk management strategies,
validation and verification are key aspect of Waterfall, involve comparing simulation results
with experimental data to ensure accuracy and reliability. Comprehensive documentation, akin
to the Waterfall model's emphasis on documentation, is prepared to communicate the project's
progress and outcomes effectively. The aim of this structured approach is to reach the defined

objectives of the project by using a systematic and disciplined execution.

Once all the initial planning phase is done, which course the project takes must
determine. For that an overview of what steps are followed as well as how they are made is
addressed.

On the one hand, regarding modelling in ABAQUS, it is ought to analyse either the
hammer impact or the tool impact due to cut or both. With both analysis the damping ratio,
frequency, peak values, stiffness of the machining part, and the reaction forces can be achieved.
The best approach would be to, after obtaining all those values, compared them to see if the
results are coherent and then, can be seek if they are similar to the ones obtained from the

experiment.

To model the force different ideas have come up. For the hammer, with a punctual force
should be enough, but to model the cut there are either putting a random force with an amplitude
similar to the one of the cutting forces or simulate the whole tool that changes the force
constantly. The first one can be suitable because there are two types of forces to take care about.
One is created because of stick-slip friction, and segmentation; and the other because of the
cutting tool, especially from the phase mismatch between instantaneous machine vibration and
vibration waves left from previous tool pass. With the second one, can be easily possible to
predict cutting forces for a specific tool and also can take care about the cutting tool force that
has been explained beforehand.
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Relating to the modelling of the clamp, first two clamping sheets are drawn to have a
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guide mark of how the analysis is done (see Figure 5.1). It is known that the result may not be
precise but can be very valuable to internalize the different commands and how the interaction
between the different parts work. After having all clear the real model is drawn. It consists of
the two parts of the clamp: one is static while the other one can be move backward and forward
with the help of a screw (see Figure 5.1). This is attached to the machining table.

Once having all that clear, a proper comparison and some logic conclusions have to be

written.

To have a broad idea of all explained previously a flow chart (Figure 4.1) has been made

with the key ideas and the steps that are followed.

‘ i—{ FIRST PART | IMPLEMENTATION |
|

ANALYTICAL/ ABAQUS |

MODEL
MODEL THE MODEL THE EXPERIMENT
CLAMP EORCE ALSET UP
[ HAMMER IMPACT | | HAMMEFI{IMPACT |
|
-{__IMPACT FORCE | l ACCELEROMETER I
CONTACT [ SHELL WITH BOUNDARY CONDITIONS | |
; ANALYSIS &
ANALSES | EEhEE | RESULTS
1
[ mopeLaBOLT |
| —{ 1) ANALYSIS & REsULTS H 2) COMPARISSON
QSMA [ MODEL THE CLAMPING WITH THE BOLT ]
1

|
| bIscussion ——— coNCLUSION FUTURE WORK

Figure 4.1: Methodology flow chart
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5. IMPLEMENTATION

In this section the method that has been used to solve the problem is presented. But
before that, is interesting to show the analysed clamping in a more visual way (Figure 5.1). As
mentioned in the previous section, the picture shows that the fastening system has several parts
and cannot be described as simple. For this reason, this section describes how the system is

modelled little by little, adding complexity to it. To validate the models, several experiments
have been carried out with different configurations.

2-Movable jaw

4-Spherical
ring

1-Body

Figure 5.1: Real clamping system modelled in SolidWorks
5.1 EXPERIMENTAL SET UP

For the experimental part different set-ups have been made for different purposes. The
main set-ups, the ones that are deeply analyse are two: the plate clamped by the vice placed on

the foam (see Figure 5.2) and mounted on the machining table with two bolts (see Figure 5.3).

Figure 5.2: Vice placed on foam
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Figure 5.3: Vice mounted on machine bed with two bolts

But before reaching to analyse those, some pre-calculous have to be made to obtain the
needed parameters and for that only the plate, the vice without the moving jaw and the whole

vice also has to be tested, all placed on the foam.

To obtain the experimental results of the impact hammer test, a proper set up for that
has been arranged. As a base, the set-up previously mentioned is used (in section 3.4). To be
more specific, a cross has been drawn to know where to hit and the accelerometer has been
located behind that point, 20 mm away from one of the sides, in the middle of the width (this
can be seen in the Figure 5.2). To do the test the software takes 5 hits and portraits the average
result of it, so that is more accurate. After that, with the help of a 4-channel acquisition hardware
the information is transported to the computer: the force of the hammer, the acceleration of the
workpiece, the real part, the imaginary part and the natural frequencies.

The workpiece that it is analysed is a sheet of 300 x 61 x 22 (mm?®), made of steel. To
measure the vibration of the sheet an accelerometer is used and for the impact, an impact

hammer, which has incorporated an accelerometer to measure the force it does.

The purpose of analysing the simple set-ups is to know exactly what materials are made
from, to know exactly their Density and their Young's Modulus, so that later on can be use those
values in the numerical part. To obtain that, their natural frequencies must be compared. It has

to make sure that the software’s values match the experimental ones.

5.1.1 Mass convergence
After analysing some results of the different experiments, it has been encountered some
initial noise at the beginning of the real and imaginary part graphs. This can be cause due to

various factors such as electrical interference or slight movements of the setup. To eradicate
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that effects and get a smoother curve, an equivalent mass has been calculated. This is basically

N
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to obtain a mass that could create that displacement if it were applied to the structure. It is a
theoretical concept that do not represent an actual physical mass, it is just a mathematical
construct that works as a mitigator of the unwanted noise. This helps to obtain a cleaner and

more reliable data for analysis. [21]

In order to obtain that mass a curve fitting have to be made. The initial curve of the real
part resembles the curve obtain from the formula of the damping ratio. [19]

1
g=- (5.1)

a)n . Tc 2.
((ZnJ[HZ] 2 ] m,,

And using the sheet on foam data, the meq can be obtained. Once that is know the

collected data have to be post-processed: it is mathematically subtracted from the displacement
signal. [21]

5.2 MATERIAL DEFINITION

At first, the densities are calculated. For that, the total volume of each part and the real
mass of them is needed. Moreover, for the Young’s Modulus a standard value of 190 GPa has
been used and a Poisson’s Ratio of 0.33. After analysing it once, if all the values match or not
is checked. As the part is analysed as a free-free model, so that no other parts or interactions
can interfere with the analysis, no boundary conditions are needed. When there is more than
one part to analyse, a tie constrain has been added in the contact surfaces so that ABAQUS
takes that as an only part. To try to resemble the free-free condition in reality, under the analysed
parts a foam has been put. Regarding the step, a frequency step is used: this allows to extract
the mode shapes and natural frequencies. In this case, the only modes needed are the bending
ones (or a combination between bending and other behaviour), so that other modes must be

discarded.

So, after the first analysis is made, the results are thought to not be the same values as
the experimental ones due to the error in the young modulus. To fix that, some calculations
have to be done. The starting point is the equation to obtain the natural frequencies. The division

between the stiffness coefficient and mass is proportional to the Young’s Modulus, i.e.
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and diving them with the real values, this expression is obtained.

®? E.
L =1 5.3
a)expz Ef ( )

So, if this is rearranged, it gets the formula used:
2

a%xp
E, =E, ( ] (54)

a)i

With that, the error of the Young’s Modulus can be corrected.

Apart from that, a mesh convergence is also conducted. For that, various global sizes
have been analysed and after seeing where the values of the natural frequency get stable, the
bigger size of them has been selected (see Figure 5.4). For the case of the plate a global mesh
size of 4 mm, being this the biggest value in the stabilized zone. Specifically, the mesh is made
up by C3D8R, a 8-node linear brick element with reduced integration, hourglass control, with

a global size of 4 mm.

Global mesh size (Mode 4)

nnnnn
3380

3360

Natural frec

3300
3280
& 5 4 3 25
Mesh zize

(=]

Figure 5.4: Mesh convergence of the plate

In the case of the base of the vice a global size of 5 mm has been chosen mainly because

of the same reason as the plate. And lastly it can be seen that for the moving part of the base

24



—

2 2N

1522
S
=
UNIVERSITY
OF SKOVDE

(movable jaw) varying the mesh size does not really affect the outcome so one that does not

Vi
=

4

W

5. IMPLEMENTATION

{

disturb much the analysis time has been addressed: in this case a global size of 7 mm.

When those parameters are identified the two more complex set-ups can be analysed.
The results obtained from this experiment and the numerical ones are compared. The
frequencies contained in the applied energy is not only dependant on the impacted surface, but
also on contacting hammer material (stiffness) and on the hammer mass. The form of the force
pulse, which is affected by the stiffness of both surfaces, determines the frequencies [22]. These
models have been analysed with different material tips (metal and plastic), different hammer
weights (100 g and 150 g) and different torques (from 12 Nm to 20 Nm) as it can be seen in the
Figure 5.5).

1 Onfoam
{ 100g hammer |
— | Mounted on
] | machine bed
| Metal tip ‘
' { On foam [ 12Nm
| 1509 hammer -
— Mounted on
| machine bed | | | 14Nm
| Onfoam -~ 16Nm
\ Test : { 18Nm
- { 20Nm
{ 100g hammer | '
[ 12Nm
[ 14Nm
| Plastic tip — '
— ounted on
| machine bed || 1ONM
[ On foam [ 18Nm
| 1509 hammer . |
— Mounted on
| machinebed || 20NM.

Figure 5.5: The different experiments that have been made
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5.3 CALCULATION OF MODAL AND VIBRATIONAL PARAMETERS
5.3.1 Calculation of modal parameters

In the first method to obtain modal parameters, previously mentioned in the last
paragraph of section 3.4, obtaining the natural frequencies and damping ratios is possible with
mobility transfer function (5.5). This is a frequency response function relating the input motion

at one point on a structure to the resulting motion at another point.

L(S):SH(S)— >

F(s) " ms?+cs+k (55)

The mobility transfer function can also be divided into two parts: the real and the

imaginary: (5.6)

Re(a) = 2 (022(3 2
(k—®"m)° +(wC)
, (5.6)
Im(a) = o(k —om)

(kK —’m)® +(wc)®

It is assumed that a single mode dominates the behaviour of the mobility transfer
function. Considering this premise, all the modal parameters of the different modes of the
structure can be gather, by doing separate calculations as independent single degree of freedom
systems (SDOF method). In this approach, the frequency response function of the compliance
1s divided into sections corresponding to frequency ranges around each successive peak. Each
peak is individually examined, treating it as the frequency response of a single-degree-of-
freedom system. This assumption is based on the idea that near resonance, the frequency

response function is primarily influenced by a single mode.

For that, first of all, the peak must be identified. These are the resonant frequencies of
the structure, which are the natural frequencies of the vibrational modes. Hence, these
frequencies are the first modal parameter. On the other hand, modal damping, for example, it
can be calculated using the half-power bandwidth method, where damping can be estimated
based on the width of the frequency response curve at half of its peak amplitude.

H(,)|=|H(®,)|= |Hj§d)| (5.7)

by ®,— o, = 2{®,, so that

a
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=" % (5.8)

2 0y
In the previous equations w, represents the damped natural frequency at resonance,
while ®, and o, fulfil condition (5.7). This condition is also referred to as the “3-dB down

H(w,)

point” because \/E corresponds to H(w,)at 3 dB below its peak value when plotted on a

logarithmic scale. This method is well illustrated at Figure 5.6.

Compliance
magnitude
H(w)

H(wg)l  |-===—=—~, (9.60,2.5515)

40

Driving frequency

Figure 5.6: The magnitude of the compliance frequency response function of a single-
degree-of-freedom system [19]

5.3.2 Calculation of vibrational parameters

With both the experimental and numerical parts, the accelerations curves can be drawn,
and with that, by doing some calculous, the vibrational parameters can be obtained. But before
going with that, some things have to be understood. On an acceleration curve three ranges may
appear. As the damping ratio is not constant during the free vibration response, three different
ranges appear, all with different natural frequency and damping period: non-linear range,
transitional range, and linear range. The first one approximates the energy dissipation during a
short initial part of the response. The third one corresponds to another damping ratio and the
transitional can be considered as a part of transition between the nonlinear and the linear
response [23]. This is mainly because in the initial part the damping force is greater than the
restoring force (this forces the model to reach equilibrium), as the first one is proportional to
the velocity of the system and opposes the motion, it decelerate the system. Later on, the system
goes approaching equilibrium and the restoring force begins to dominate the damping one. And

finally, when the system reaches equilibrium or almost equilibrium, the dominant force is the
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and it behaves like a simple harmonic oscillator. To identify those ranges an optimization
problem has to be solved, but as only an approximation is needed, these has been divided
visually. In a bast majority of graphs can be seen that the decrease in the wavelength is different

in any range (see Figure 5.7).

Acceleration and damping: MetalTip100gHamO01

1000

Acceleration curve
| Z=0.1375

Z=0.0177

Finish Non lineal range
- — —— Start linearl range

500 ||

Acceleration (mls2)

o

-500

0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 5.7: Distinction of the different ranges

Having that in mind, it is time to calculate the vibrational parameters. One approach is

to use the decay form of the undamped system ( Ae*“"). A known measured point can be curve

fitted to that form. This yields a value for the coefficient {®,. If m and k are known, ¢ and ¢

can be determined from {®,. This can be done with the displacement, the velocity or

acceleration. As the data that obtained with the experiments is acceleration against time, this

variable is used for the explanation.

This approach also leads to the concept of logarithmic decrement, denoted by ¢ and

defined by (5.9) and (5.10):

s Lnat) Aol sing,t+)
n af(t,) A-LPw,” e sin(o,t+o,T +¢)

(5.9)

Since 041 =27,
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For that, some points from the acceleration graph are needed. In each range (non-linear

N (5.10)

and linear) two peak point have to be chosen and count who many waves are between them.

So, that relation is enough to calculate the damping ratio. Considering this, applying the
well-known formulas of vibrational curve is sufficient to obtain, the damped time period,
natural frequency, damped natural frequency, stiffness, damping constant and critical damping

constants.

5.4 NUMERICAL STUDY

5.4.1 Model 1: Plate with boundary conditions

To start analysing the dynamic response of the system, the first model includes the plate
with boundary conditions resembling the clamping. This suppresses all translational degrees of
freedom at the indicated nodes (see Figure 5.8). In this case the energy dissipation created by

the interaction between the vice and the plate is not considered.

In this case, the force of the hammer is applied. Two ways of simulating the hammer
impact have been found. The first one is to model the hammer as a 3D analytical rigid shell and
apply an initial velocity to it. In order to compare the results with the experimental ones, the
conditions must be the same. As the velocity of the hammer is not given directly by the
accelerometer, this method is not the most adequate one. Other option is to just model the
hammer as a punctual force in the plate. As the accelerometer of the hammer gives the force

that this applies, is easy to implement this variant.

Regarding the steps, two of them have been applied: two dynamic, implicit steps. There
are two main types of numerical methods for solving dynamic problems: implicit and explicit.
The main difference regards about the way they handle the time integration of the equations of
motion. In implicit analysis, the equations of motion (3.1) are integrated using a backward Euler
method or similar implicit time integration schemes. With them the unknowns are solved
(displacements, velocities, accelerations) at the next time step by considering the equilibrium

of forces at that time step. [24]
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On the other hand, in explicit analysis, the equations of motion (3.1) are integrated using
explicit time integration schemes such as the central difference method or the Newmark
method. The displacement and velocity at the next time step are calculated based on the current

values of displacement, velocity, and acceleration. [24]

Selecting between implicit and explicit methods for simulations needs careful
consideration of various factors. Implicit methods offer unconditional stability, enabling larger
time steps. This advantage is very useful for impact simulations since there is a need to capture
the loading changes. They also incorporate energy dissipation and damping, crucial for
accurately depicting structural behaviour during impacts and specially in vibrational analysis.
Furthermore, is the best option to handle with the nonlinearities the bolt can cause in the
material behaviour. [24]

On the other hand, it is also necessary to think beyond the simulation of the impact. The
main objective of the project is to be able to simulate the complete coupling, which has a screw.
As explained in section 3.2, one of the recent methods that has given the best results in the
simulation of bolts and the related phenomena is the quasi-static modal analysis. Implicit
methods are suitable for quasi-static analysis because they solve the equilibrium equations at
each time step, ensuring that the structure remains in static equilibrium throughout the analysis.

[7]

For all of the above, it has been decided to use the implicit method in preference to the
explicit method for these models. So, continuing with the model, the first step represents the hit
of the hammer. Its duration is different depending on which experimental force have been
applied. As the hit is manually done and with different materials and weights, the force curve
is always different, so the time is also be different. To compare the results of the software with
the experimental ones the force must be the same for each case and the same length. The time
step is dependent on the duration of the force, and the increment size has been settled in a way
all the simulations do have 100 increments in this step. That punctual force is located 20 mm
away from the opposite side where the clamp is, in the middle of the plate.

For the next step, where the vibration is portrait, the duration can be infinite, but in order
to lighten the process 0.1 seconds have been put, a maximum increment of 1000 and an
increment size of 1.6-10*. Here the force is deactivated. And once all that is addressed, the last
step is to define the boundary conditions. The measurements of the clamping needs to be the
same as the set-up of the experiment: 140 mm away from the side where the load is applied and
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with dimensions of 63 x 32 mm in the low part of the part as the Figure 5.8 shows. That area as

in reality is clamped, for hence, it so not be able to move in any direction nor rotate in any
direction.

Figure 5.8: Location of the boundary condition and the force
5.4.2 Model 2: Simple Clamping

In this model the boundary conditions are taken out and the movable jaw, body and bolt

are added. First of all, some of the uninteresting parts have been simplified (see Figure 5.9).
The most important changes and their justification are as follows:

-Simplify base geometry: Transform rounded corners into straight ones, eliminating
unused holes where pins and chamfers can rest. Although the round recesses have been

eliminated, the weight of the part has been maintained. These round parts are difficult to mesh,
and they increase a lot the computational time.

-Joining the spherical ring and the jaw (see Figure 5.9): In this way there are two less

solids and less interactions. This is possible because there is no interest in the functioning of
the contact.

Figure 5.9: Geometrical simplification for model 2 and 3
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This model counts with three steps: the ones that had the model 1 (see section 5.4.1)
plus a clamping one at the beginning where the clamping force is applied. The three steps are

linear as the nonlinearities of the bolt are still not applied.

The material characteristics of all parts are the ones calculated in section 6.2.1. For the
bolt, a common commercial material has been chosen that is in concordance with the density
of it (Density (p = 7-10% kg/m?), Young’s Modulus (E = 190 GPa) and Poisson’s ratio (v = 0.3)).
In the same way, the mesh types and sizes of all elements are the ones calculated in section 5.2,
For the bolt itself, a small mesh size has been chosen, since in following models must work as
slave surface for the movable jaw. Elements are of 8-node linear brick with reduced integration
and hourglass control (C3D8R). This is a point to emphasise since they induce damping, that
in other studies show results is practically equal to the material damping of their model [23]. It
is true that here the bolt is not yet working as a real bot, but as a piece tie to the jaw. However,

is interesting to include useful concepts for the last model during the process.

In this model, as it is still a simple one, the lower surface of the jaw and the upper surface
of the vice have been tied together. With this, as in the model 3 this constraint is not applied,
whereas the relative movement between both pieces has an impact on the vibration of the sheet
can be tested. In the same way, as mentioned before, the bolt head is tie together with the
movable jaw, working as one piece. The unique piece that is not tie together either with the vice
or the jaw is the sheet itself. The contact between the tested piece and the rest of the assembly
is governed by an interaction with normal and tangential behaviour definition. For the last one,
the penalty method is used with a friction of p = 0.155, the reason it is explained in [23]. The
normal behaviour is defined with “Hard” contact. The boundary conditions are another factor
to consider. There is only one, which encastres the body from the sides where it mounted with

two bolts to the table. See Figure 5.10 to have a more visual idea.
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Sinplified

Figure 5.10: Model 2: Interactions, simplifications and boundary conditions

Although the model has three steps, only two different forces are applied: the bolt
tightening and the force to induce vibration. The first one is created in the first step and
propagated during the hole simulation. It is applied in the head of the bolt. The value of the
force (7.47 kN) has been calculated considering the torque magnitude (12 Nm) and the bolt size

(M8-12.9). The other force is only applied during the second step (see section 5.4.1).

5.4.3 Model 3: Complex clamping

This model is the most complex of them all and the one that most resembles reality.
Firstly, this is the only non-linear model out of three. The simulation needs to be non-linear
since the bolt no longer has only a symbolic status, but also a functional one. The bolts induce
in some cases, due to their non-linear behaviour, up until the 90% of a system damping. [4] It
counts with all the parts the clamping has in exception of the spherical ring and the insert, that
have maintained joined to the movable jaw and to the rotary pin respectively. The concepts
assessed in the previous proposals have been applied. First of all, as in the previous model,
some of the uninteresting parts have been simplified, transforming as many as possible rounded
corners to straight ones (see Figure 5.9). The new part added to the assembly has been changed

as can be seen in the following picture (see Figure 5.11):
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Figure 5.11: Additional geometry simplifications for model 3

The most complex part to simulate is arguably the bolted joint. This has been done by
following the steps of the simple bolt model developed in 10.APPENDIX B:, and applying the
force to a connector constructed from two reference points located on the bolt and nut which
are connected by a coupling to the respective contact surfaces. Here, as it is suggested in [23] a
friction 0.155 has been added. If a similitude wants to be found between the two models, the
movable jaw works as the bracket of the other model and the contact of the nut and bracket is
change with the contact between the insert pin of the rotary pin and the hole of the body. The
value of the force is the same as for model 2, P = 7.4 kN.

The contact between parts is a factor that also strongly influences the simulation. They
are necessary for the simulation to capture the reality as it is. For example, if the interactions
between parts are not well captured the overall deformation pattern can change. On the other
side, the contact formulation is also a fact to consider. Different contact formulations (penalty
method, hard contact...) can generate unalike stress distribution and contact pressures. Only
one type of contact has been defined for all the surfaces interacting (Surface to Surface
(Standard)). A general contact has not been included as all the parts that can be in contact
through the simulation have their own surface-surface contact. The interaction is sliding with a
friction property of 0.155 [23]. The tangential behaviour is governed by the penalty method.
[23] The normal behaviour is hard contact. To ensure that no node of a part enters into the mesh
of the part it is in contact with, slave adjustment is used to remove overclosure. The parts with
the interactions are shown in Figure 5.12. It must be noted that the jaw and the body are in

contact with three planes, one horizontal and two verticals.
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Figure 5.12: Model 3: Interactions, simplifications, boundary conditions and connector

The boundary conditions are another factor to consider. There is only one boundary
condition, which encastres, the body, not allowing any movement, from the sides where it is

mounted with two bolts to the table (see Figure 5.12).

The mesh of the parts are the ones chosen with mesh convergence in the previous models
(see section 5.4.1). One point to emphasise on is on the type of mesh of the bolt, that must be
C3D8R with numerical integration to induce damping, that in other studies show results is
practically equal to the material damping of our model. [23] For the rotary pin a 10 node
quadratic tetrahedron have been selected since the geometry is complex, with various spherical
parts. The size of the elements must be smaller than the elements of the body, since the circular
surfaces of the rotary pin in contact with the holes of the body work as slave surface, and the
body as master. For clarification, the slave surface is usually the more deformable, smaller part
in the contact interaction. The nodes of this surfaces are checked for penetration against the
master surface elements and the position of them is adjusted to satisfy the contact constraints
imposed by the master surface.

The simulation is made up by four steps, including the initial one. The first step is the
one that applies the bolt tightening (10.APPENDIX B:), and the next two are the ones explained

in (5.4.2) the previous model.
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6. ANALYSIS AND RESULTS

6.1 EXPERIMENTAL ANALYSIS AND RESULTS

6.1.1 Set up 1: Foam model

Analysis of the modal data

In the Table 6.1 can be seen the results obtained from the experiment done with only
the plate in the foam. As it has free-free boundary condition is expected to have more than one
mode because at least it has a mode for bending and another one for torsion. But, in this case,

this test only takes into account the bending modes.

In the graph of the acceleration can be clearly see that is a damped system, it can be see
how little by little the oscillations fade, although is only for 0.6 seconds approximately. The
exact peak values are not mentionable because the force of the hammer is not constant in all
experiments, as it is made by hand, so is not worth comparing it with other tests. Analysing the
other two graphs (Table 6.1) it can be clearly seen that there are two peaks, those corresponds
to the natural frequencies of the system. This is equivalent to having two modes, both bending
modes, one being more dominant than the other. It also can be seen that in the initial part of the
graphs it appears some unwanted noise that later on is eradicated. Regarding the noise that
appear in all graphs, after doing the mass convergence it has been eradicated with an equivalent

mass of 0.83 kg. In Figure 6.1 can be clearly seen the smoothness of the curve.

%1 0'6 Curve adjustment

Numerical data
Adjusted Curve |

x real (N/m)

0 200 400 600 800 1000
wn (Hz)

Figure 6.1: Comparison of curve with and without the meqy
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And lastly, to highlight some extra information it can be seen that the stiffness is a lot
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higher in the second mode and that makes sense because generally the larger the frequency, the

larger the modal stiffness is.
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Table 6.1: Different data for bar on the foam experimental set up configuration

Configuration

Acceleration/Modal parameters

Real/ Imaginary

Bar On Foam Metal Tip
Extra Hammer

1500

Acceleration:Bar On Foam Metal Tip extraHammer

5 «10¢ Real part:Bar On Foam Metal Tip extr.&, " @& @, {3
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Calculation of the damping parameters

Rayleigh damping material mode intrinsic to ABAQUS makes possible introducing
damping into the model to obtain a realistic transient response of the part. This model considers
the premise that the damping ratio depends on the frequency, governed by two constants
typically selected to align the system’s damping with experimental values at two of its natural

frequencies (see equation (6.1)). [25]
fi=g—+— (6.1)

where ¢; and @ are, respectively the damping ratio and frequency of the known

mode, & is the mass proportional damping constant and ﬂ is the stiffness proportional

damping constant.

In this case, the values are calculated with the measurement of the beam in the foam, to
have the less influence of the clamping as possible, an only to be dependent on the material,

form... being in this way representative for any other clamping system.

Theoretically, these parameters can be calculated with any pair of modes, and do not
necessarily have to be consecutive. However, it is important to note that specifying damping
ratios for adjacent modes may not always provide physically realistic damping characteristics,
especially if the modes are closely spaced or if there are modes with significantly different
natural frequencies. Furthermore, to accurately describe the bending and characteristics of a
beam, especially in practical engineering applications, it is necessary to consider higher-order
vibrational modes and their corresponding effects on the beam's behaviour. Meanwhile, higher-
order modes have higher natural frequencies, being less likely to coincide with excitation
frequencies during dynamic loading. As a result, using them to estimate damping parameters
can help avoid resonance conditions, where the system's response amplifies excessively due to

energy being stored and released cyclically. [26]

Accordingly, the damping parameters have been calculated (see Table 6.2) using the
second and third mode, which are less affected by resonance than the first mode, to obtain more

robust and reliable results for characterizing the system's damping behaviour.
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Table 6.2: Damping coefficients

¢, 0.072 %

s 0.15 %

@, (rad/s) 8021.1

@ (rad/s) 21450

a (1/s) 3.2117
B (s) 0.1294-10°

Calculation of the modal parameters

With the help of different computer programs, it is possible to obtain this data directly,
as well as the mass and stiffness of the system modes. However, to verify that the answers are
consistent with the explained method (see section 3.4), it was decided to use it with the simplest
system (the bar on the foam).

Firstly, the mobility (6.2) against frequency plot has been obtained, using the real and
imaginary parts (APPENDIX C.2) from the existing data.

H(0)=Re(a)+Im(a) (6.2)

In the graph, it can be seen at a glance that there are two main modes, as there are two
very marked peaks (Figure 6.2). For a better comprehension of the peak horizontal and vertical
lines have been drawn at their altitude. Therefore, the frequencies to which they are equivalent

are 1276.7 and 3413.9 Hz.
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Figure 6.2: The magnitude of the CFR response function for bar on foam 150 g metal tip
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In the calculation of the damping ratio the “3-dB down points” have been determined,
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which are two for each frequency, one on each side of the curve. The enlargement of the
previous graph to the height of the second natural frequency allows a better view of these points

of the second mode (Figure 6.3).
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Figure 6.3: Amplification of the second mode of the magnitude of the compliance
frequency response function of for bar on foam 150 g metal tip

The comparison of the results obtained both calculating as explained above (by hand)
and with the software are summarize in the following Table 6.3. Comment that the error refers

to the error between both values, by dividing one with the other.

Table 6.3: Numerical and computer base obtained modal data for bar on foam 150g metal tip

Modal data By hand From the software Error (%)
o, | 27 (Hz) 1276.7 1276.2 0.0373
¢ 0.09 % 0.11 % 14.2134

@, | 27 (Hz) 3413.9 3413.9 0.000234
¢, 0.13 % 0.14 % 0.9241

In all cases, except for the damping ratio of the first mode, the data obtained by the two
methods are very similar, with an error of less than 1%. This large error is mainly due to the
fact that the curve is very sharply sloped and is formed with only a few points. In addition, the

percentage error is almost 15% because the numbers involved are very low. Therefore, the data
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obtained by the computer are validated and no numerical calculations are made for the other
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models. In any case, the mode of operation is the same as in this one, where there are two

modes.

6.1.2 Vibration curves and modal parameters of all models

Vibrational modes and modal parameters

In the table above (Table 6.4), all the modal parameter values obtained in the
experiments are shown. The table is divided into four different sections, depending on the type
of hammer head. Each section is divided into two subsections, for each type of mounting.
However, for the 100g plastic type, more subsections are created to analyse the effect of the
torque force of the clamping bolt. It is clear that the number of modes is very different
depending on the set-up, with foam set-up having only one or two modes in the majority of the
cases and between three and nine in the other. These modes are the natural modes of vibration
shown by the bar. Each one mode stands for a pattern of motion at a specific frequency at which
the bar tends to vibrate when excited. Less modes implies less degrees of freedom. [27]

Table 6.4: Experimental modal parameters

Set up Modes
Torquing | Data
Hammer Where force 1 2 3 4 5 6 7 8 9
(Nm)
(%) 0.5
On foam 12 o (Hz) | 969.3
Metal Tip k(GN/m)| 0.038
100g
Hammer |Mounted on ¢(%) | 0012 | 021 | 011 | 012 |0.0052| 3 0.96 25 1.6
megibisbae g oHz) | 117 | 1474 | 1706 | 196 | 2202 | 544.9 | 886 | 1574.1 | 3420.9
with two
bolts Konmy| 21 5.6 81 -36 233 [6.5:103| 1.8 | 039 13
c(w) | 078
On foam 12 o (Hz) | 963.6
Metal Tip k(GN/m)| 0.39
150g
Hammer |Mounted on (%) | 0034 | 0045 (23-10%| 3.1 1.1 24 1.7
machinebed) ) (Hz) | 1073 | 1361 | 176 | 543.1 | 883.9 | 15714 | 34232
with two
bolts k(GN/m)| 4.1 1.5 -19 [55:107] 2.1 42 1.4
(%) | 051
12 o (Hz) | 968
k(GN/m)| 0.038
0.4 0.44
Plastic Tip ¢(%) ?
100g On foam 14 o (Hz) | 963.2 | 3687.6
H
ammer k(GN/m)| 0.038 | 1.68
c(w) | 031 | 025
16 o (Hz) | 967.8 | 3688.2
k(GN/m)| 0.039 | 2.9
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¢(%) | 033 | 025
18 o (Hz) | 967.5 | 3671.8
k(GN/m)| 0.039 | 5.5
c(%) | 041 | 0.029
20 o (Hz) | 9689 | 3661
k(GN/m)| 0.039 12
(%) 0053 | 015 | 034 | 014 | 012 | 2.1 0.17 1.4 1
12 o (Hz) | 1147 | 1309 | 160.7 | 181.1 | 206.9 | 549.3 | 902.9 | 1599.4 | 3459
k(GN/m)| 6.7 4.1 5.3 26 27 16.6:10%| 23 0.61 2.7
c(w) | 28 12 3.1 12
14 o (Hz) | 524.9 | 837.1 | 1520.6 | 3412.9
k(GN/m)|6.5:10%| 3.5 0.31 22
Mounted on (%) 3.2 1.7 7.9
mjvci}t‘}iln;v'ffd 16 | @(HzZ) | 5294 | 847.8 | 1620.5
bolts k(GN/m)|6.5-103| 1.5 438
c(w) | 24 1.5 0.83
18 o(Hz) | 536 | 859.2 | 16415
k(GN/m)|6.7-103| -1.5 12
(%) 2.8 2.56 3.1 0.42
20 o (Hz) | 533.1 | 856 | 1558 |34328
k(GN/m)|6.6:103| -4.1 8.2 8.1
(%) | 0048 | 0.11 | 049
On foam 12 o (Hz) | 968.5 | 3360.4 | 3853
Plastic Tip k(GN/m)| 0.037 | 68 25
H;;Omger Mounted on c(%) | 025 | 0.092 | 0.11 0.12 3 0.34 1.8 13
mivci}t‘lil“tivl:fd 12 | oMz | 1042 | 1286 | 1537 | 1833 | 5423 | 8857 | 15742 | 34293
bolts k(GN/m)| -10 20 -15 23 |6.6:10%| 3.4 0.48 1.6

With the results in front, seems that the foam support offers more consistent and
homogeneous boundary conditions in comparison to the bolted connection. With only one
attachment point, the foam creates a more equally distributed constraint, which leads to a more
predictable dynamic behaviour of the system, i.e. simpler. This implies less modes and higher
natural dynamic response frequencies for them (see explanation in section 6.2.1). For example,
for the 100 g metal tip hammer the configuration on the foam has a 56.21% higher frequency.
Moreover, the clamping to the table gives rigidity to the hole system, increasing the damping

as it does not let vibrate as free as with the foam.

In theory, the hammer material and mass have a huge impact on the vibrational modes
of the piece. Firstly, higher stiffness led to better higher natural frequencies, indicating a greater
contribution to the overall stiffness on the system. This is the concordance with reality with the
metal tip is better since the force that induces is more sharped. Consequently, the damping ratio
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is also lower. Softer materials, usually lead to more energy dissipation and reduced resonance

amplitude. [27]

In this case, the rule does not match with the reality every time. In most of the cases
either the relation with the mass or the material is true, but not always. However, the differences
in all the cases are minimum, this is; the results obtained for the different materials and hammer
are pretty similar, with no significant variation between them. It is true that the force curves are
very similar between all the cases (see APPENDIX D), being only a lit more sharpener for the
metal tip. Because of that, in the future if a kindred study wants to be conducted for the
validation of a simulation, is enough testing just a configuration, or instead with more different
materials (example: rubber) and mases. Regarding the torquing force of the bolt, the results are
also quite similar. There is not a clear patron of increase or decrease as the torquing force
increases. Only considering the modal parameters, it is not necessary to test so many different

torque forces, at least not so similar ones.

Looking for another perspective, it is clear that for the predominate mode the damping
is higher and the stiffness lower than for the rest of the modes. This happens because damping
mechanisms dissipate more energy when the displacement is higher. Precisely, when the modes
are more dominant the displacement this create are higher. This result in higher effective

damping. This also reduces the stiffness. [19]

Damping mechanisms (like friction, air resistance, or material hysteresis) tend to
dissipate more energy from modes that involve larger displacements. Since the predominant
mode often has the largest displacement, it typically experiences greater energy dissipation,
resulting in higher effective damping.

To conclude with this analysis, it is worth noting that some values that cannot be
compared are the negative values of the stiffness. These negative values are obtained in every
case, with an exception, in modes lower than the peak value mode. This might be because the
system attempts to do a linear fit to a nonlinear behaviour. In this case, the non-linearities tends
to emerge at low frequencies, as it can be seen in the FRF curves, where there are more peaks

and valleys. This low frequency modes can be derived from the coupling to the machining table.
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The initial acceleration of the system is influenced by both the force applied and the
mass of the hammer. Heavier hammers, such as the metal 150 g variant, require more force to
achieve the same acceleration as lighter hammers, such as the metal 100 g and plastic 100 g and
150 g hammers. This is seen with the two different plastic tips and 12 Nm torque. With almost
the same force (170-171 N), the lighter hammer induces a, = 272 m/s? on the contrary to the an
= 253 m/s? of the 1509 tip. The acceleration curves can be found in APPENDIX C.1 and an

example can be seen on Figure 6.4.

250 Acceleration: PlasticTip100gHam01//14 Nm

200

150

100

50

Acceleration (m/s?)

-50

-100

-150

200 . . .
01 0.15 02 0.25

Time (s)

[=]
o
=+
o

Figure 6.4: Example of an acceleration curve

The transient response of the system at the loading phase is affected by the material of
the hammer. Metal tips, with higher stiffness, exhibits quicker initial response than plastic tips.
Meanwhile, the plastic tip hammers display smoother and more gradual transition, specially at

the start of the curve.

Observations show faster oscillations for metal-tipped hammers compared to plastic-
tipped ones. This is likely due to the higher stiffness of metal hammers, facilitating faster energy

transfer and dissipation, resulting in quicker damping of oscillations.

When varying the torque for the clamping, differences in the foam-supported
configuration are insignificant, with slightly longer transient times observed. Nevertheless, in
the clamped configuration, changes in torque gradually alter the curve. The damping coefficient
is higher as the torque increases, enabling the curve to decrease faster, however, near t = 0.035s

another small different curve appears. This may be attributed to altered contact mechanics
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between the clamped surface and the system due to varying clamping forces, affecting frictional
effects and energy dissipation. Consequently, the interaction between the clamped surface and
the system may become more rigid and less compliant, thereby influencing overall damping

characteristics.
All the other acceleration graph can be found on APPENDIX C.1.
Frequency Response Function real part curves

If the real part of the mobility frequency response function is compared in the same way
as for the accelerations, the difference between different material types is also noticeable. The
peak is more pronounced for the tests made with the plastic tip, i.e. the maximum and minimum
values at the natural frequencies deviate more from zero. This suggests that the system shows
a more defined response at its natural frequency when excited by the plastic tip. If the clamping
moment is compared, the difference is not very noticeable, and the exact values cannot be
compared because the applied force is different. However, it is important to mention the
difference between clamping and not clamping the workpiece. The curve for clamped
measurements is much steeper and dirtier at the beginning, it does not look much like a single
degree of freedom system. It is true that for the measurements that have been made on the
padded surface, the curve has been “cleaned up” with the mass convergence, but this could not
be done for the clamped ones as many modes would be lost, trying to mould a non-linear curve

to a linear one.

After these analyses it has been concluded the following: given how little the data
change, it is only necessary to make two different measurements for each material, which can

be more than two, one clamped and the other on foam.

On Figure 6.5 you can see an example of an FRF curve but the other ones can be found
on APPENDIX C.2.
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_ %10% Real part: PlasticTip100gHam01//16 Nm (Foam)
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Figure 6.5: Example of an FRF curve

6.1.3 Vibrational parameters obtained with logarithmic decrement method

Table 6.5: Vibrational parameters on sheet with vice mounted on table

Metal tip Plastic tip
12 Nm 12 Nm 14 Nm | 16 Nm | 18 Nm | 20 Nm
1009 1509 100g | 150 g | 100g | 100g | 100g | 100 g
1E 2E 1E 2E 2E 2E 2E 2E 2E 2E
£ (%) 138 | 247 | 1197 | 213 | 188 | 237 | 201 | 245 | 328 | 294
on/2m (Hz) | 5698 | 3363.7 | 5684.7 | 3430.4 | 3410.8 | 3536.1 | 3323.3 | 3330.2 | 3374.5 | 3407.2
Tq (ms) 1.1 1.9 1.1 1.8 1.9 1.8 189 | 189 | 186 | 1.84
k(MN/m) | 909 | 317 | 905 33 326 35 309 | 311 | 319 | 325

Table 6.6: Vibrational parameters on sheet with vice on foam

Metal tip (12 Nm) Plastic tip (12 Nm)
100g 150g 100g 150g
1E 2E 1E 2E 2E 2E
¢ (%) 10.88 0.34 14.2 0.49 0.48 0.34
On /2T | 5500 6110 2210 6060 6570 7300
(Hz2)
Ta (MS) 2.9 1 2.9 1 0.957 0.861

Here can be clearly seen that in some of the tests the non-linear and linear part can be
easily separated, especially in the metal tip ones. As there is a lot of noise in the experimental
acceleration although some values of the non-linear range have been taken, they are not
analysed in depth. And for the plastic tip ones there is not much of a different so, only the linear

part is analysed.
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The natural frequencies are higher for the cases that are mounted on foam. If that is
modelled as a beam, it resembles a cantilever beam and on the foam, it resembles a simply
supported beam. Referring to the second mode, the clamped beam should be the half of the
simply supported, so the natural frequency of the foam configuration should be a little bit lower

than the double of fixed to the table and in this case, this is true in all second mode cases (see
Table 6.7 and Table 6.8). [28]

Table 6.7: Numerical values of (fal)? [28]

Beam (Bul)? (Bal)? (Bal)®
configuration Fundamental | Second Mode Third Mode

Simply supported 9.87 39.5 88.9

Cantilever 3.52 22 61.7

Table 6.8: Equivalence of the set-up with beams

Model Beam Conf. (Ba1)? Illustration

On foam | Simply supported 39.5 fv%
»
On table Cantilever 22 %%

For that, it has been compared the numerical proportion of the natural frequency with
the ones obtained experimentally (see Table 6.9) and have been seen that for the metal tip one

is more exact than for the plastic, but have been concluded that they do not differ a lot so this
equivalence can be taken as valid.

Table 6.9: Comparison of the proportions of wy

Metal tip (12 Nm) Plastic tip (12 Nm)
Numerical 100g 1509 100g 1509

Proportion of wn

(on foam/on table) 18 1.82 Lt 1.93 2.1

For the damping ratio can be said that in the fixed to the table set up, once a force is
applied, the system needs more torque to reach equilibrium, so that can be why the damping is
higher: the foam one can slowly and with small movements reach equilibrium without using lot
of torque. And the same can be said with the damped period: the fixed one wants to return to
its natural position the fastest as possible.
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6.2 NUMERICAL MODEL RESULTS

6.2.1 Validation of the numerical model

In order to see the exact properties of the material, the methodology explained in section
5.2 is used. Starting with the density, with just the mass obtained from a scale and the volume
calculated by ABAQUS, the density can be obtained. For the plate is 7.75 g/m?®, for the base
7.5 g/m? and for the movable jaw 8.9 g/m3. When doing the experimental test, it was thought
that both parts of the vice would have the same material properties, but they do not have. But
as this is very strange to believe and the jaws value is not very coherent, it has been stated that
both parts have the bases density.

Once the densities are identified, the next step is to obtain the Young’s Modulus of each
part. Starting with the plate, first the natural frequencies of the ABAQUS models have been
extracted (see Table 6.10, as a reference of how many modes are, not consider for the moment
the values). There are 4 modes whereas on the experiment only two of them appear, this is
because ABAQUS is taking all the behaviour that this plate can have, but for the experiment as
a force is an exact direction is applied, it narrows to have less modes. The next step is to identify
the modes that are needed. In this case are the 1 and the 4 and this makes sense because of how
the force is applied is more likely to have a bending behaviour than a torsion one and the third
mode although has a bending behaviour it is not in the direction of the force applied. After that,
an iteration needs to be made to know the Young’s Modulus of the plate. In this case is 213.3
GPa. Once that changed, these are the results obtained (see Table 6.10).

Table 6.10: Modal shapes of the sheet with its right material properties

Mode Modal value on/2mt (Hz) | Mode shape
1 6.54-10° 1276.2 Bending
2 4.012-108 3188 Torsion
3 4.09 -108 3220 Bending
4 4.60 -108 3412.4 Bending

The natural frequencies obtained from the experimental part can be seen on Table 6.1:
for the first mode 1276.2 Hz and for the second (forth in the Table 6.10) one 3413.9 Hz, the
main one being the first one and as the other mode only varies in a 0.04 %, can be said that the
density calculated is the same of the real plate. In the Figure 6.6 the shape the plate has in the

first mode can be seen.
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Figure 6.6: /st mode shape of the plate

For the vice material, the assumption that both parts (the base and movable jaw) are
made of same material has been made. Because of that, the analysis has only been made with
the base using the analysis of both parts (base and jaw) to check it. So, for the base, the same
steps of the plate have been followed. For the natural frequencies to be the same a E=166 GPa

is needed. Once that obtained the modes of the part are the following ones:

Table 6.11: Modal shapes of the base with its right material properties

Mode | Modal values | ®n/2m (Hz) | Mode shape
1 2.21-108 2365.7 Torsion
2 4.16-10® 3245.5 Bending
3 5.17-108 3618.6 Bending
4 5.34-108 3675.6 Bending
5 8.32-108 4587.6 Bending
6 1.21-10° 5539 Torsion

Bending
7 1.83-10° 6803.3 | DBending+

Torsion
8 1.94-10° 7002.6 Bending

In the case of experimental values, the following ones were obtained (Table 6.12), the

most likely to occur being the 2" mode:
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Table 6.12: Experimental modes of the base

Mode | wn/2r (Hz) Wﬁgfgg“g{j‘gr(li |
1 3245.5 0
2 3632.2 0.37
3 6698.3 1.55

As the important mode, let’s say, is the first one, the iteration has been done with that
value. This value on Abaqus is equivalent to a bending mode and as it has been talked about is
totally possible (see Figure 6.7), the other ones are more of a combination of torsion and

bending.

Figure 6.7: 2nd mode shape of the base of the vice

To prove that the movable jaw also has the same density and Young’s Modulus a test
with both has been done. The results for the experimental test where 2 modes: the first one has
a value of 2995 Hz and the other, the most likely to happen, 3649 Hz. If these values are
compared with ABAQUS results (see Table 6.13), there is a little error of 4.53 % with the first
one and 1.81 % with the second. This little error could be due to some minor errors in modelling

the part: there are not as simple as a plate.

Table 6.13: Numerical modes of the whole vice

Mode Modal value on /2w (Hz) | Mode shape

1 3.23-10% 2859.2 Torsion

2 5.07-108 3583.1 Bending

To summarize all that have been spoken above a little table has been made with the

properties of each part (see Table 6.14).
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Table 6.14: Material properties of different parts

Density (g/cm?) Young’s Modulus (GPa)

Plate 7.75 2133

Vice 7.5 165.8

6.2.2 Model 1: Boundary conditions

After modelling the plate with only boundary conditions simulating the clamping action
with different forces, the time response of the acceleration have been obtained. With that and
using the theory of Section 5.3.2., the different vibrational parameters have been obtained (see
Table 6.15).

Table 6.15: Vibrational parameters for Model 2

Metal tip Plastic tip
100g 150g 100g 150g
1E 2E 1E 2E 2E 2E
€ (%) 6.85 0.36 5.47 0.36 0.36 0.36
on/27 (Hz) 9609.26 5306.78 4829.29 5298.36 5306.78 | 5313.02
Ta (Ms) 0.7 1.2 1.3 1.2 1.2 1.2
k (GN/m) 0.26 0.079 0.065 0.079 0.079 0.079

In the metal tip results it can be clearly seen that the two different ranges have totally
different results. For instance, in the 100 g all parameters except for the damped period are
much higher in the first range than the second one: the damping ratio and damped frequency
make sense as at first the amplitude is very big and needs to reach to equilibrium. Something
similar happens with the metal 150 g, but in this case the natural frequency and stiffness are
smaller at first. As it has been said, this first range values are not very reliable as the points of
the acceleration graphs have been taken visually, so this must be analysed more deeply. But in

general, can be said that for the second ranges, the values do not excessively vary.

6.2.3 Model 2: Simple clamping

Once the model is done in ABAQUS four different simulations have been run, with the
values obtained with 12 Nm torque for each type of hammer tip. As for the acceleration curve
in experiments, it can be separated in two range, the non-linear and the linear one. In one of the

graphs obtained (Figure 6.8), with the metal tip 100 g in this case, it can be seen that the non-
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linear and linear zones are well defined. It must also clarify that this difference might also be
because this first part is when the force is applied and as the form of this is sharpened, very
small increment size is needed for the step (even smaller than possible with the ABAQUS
version used for it). On the former, though, it is difficult to define values, as there are ups and
downs with no fixed pattern. Moreover, the non-linear range is so-so low in the simulation for
the plastic with one and a half cycles as much, is not even worth trying to get the vibrational
parameter for such a time. This difference may be because, or the non-linearities of the bolt are
not well simulated or because the zones are not necessarily so marked in this model compared
to the experimental ones. It is true that this is much more marked for metal tips, as the type of
force curve generated by the plastic creates a much smoother start (for more information see
section 6.1.2). This must be consider before analysing any value. At least, the simulation shows

different patters depending on the material.

1500 Model 2: Acceleration with Metal tip 100 g, torque of 12 Nm

1000
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Figure 6.8: Model 2: Acceleration with metal tip 100 g, torque of 12 Nm

Table 6.16: Vibrational parameters for Model 2

Model 2: simple clamping
Metal Plastic
Parameters

100 g 150 ¢ 100 g 150 ¢

€ (%) 0.8428 0.8391 0.8227 0.8353
on/2n (Hz) 3676.462 3696.121 3696.116 3679.471

Ta (Ms) 2.164 1.7 1.7 1.708
k (GN/m) 3.78-107 3.83-107 3.83-107 3.79-107
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values is that there are very-very similar between them. It does no matter if it is a hammer or a
plastic tip. The differences came from the different force that is apply, from the amplitude of
the curve applied. It can be concluded that the force is very similar for all forces. Because of
that, it would be interesting to prove the differences between opposite materials in the
simulation itself, for example with a rubber tip.

Regarding the values itself, in general, it can be said that, without comparing with any
real data that the damping is a bit low, usually the values are around 0.01-0.02 [19].
Nevertheless, the natural frequencies and stiffnesses seems to have some coherent values [19].
Regarding the damped time period is very small but is logical as it is a vibration of a thick still
plate.

6.2.4 Model 3: Complex clamping
Firstly, it is important to check whereas the micro slip behaviour of the bolt is captured.
For that, the displacement and velocity magnitude of two contact nodes between the bolt head

and the movable jaw has been plotted (see Figure 6.9 and Figure 6.10) for P100.

P100: Dsiplecement of jaw and bolt to prove micro slip

8 r Jaw P
Bolt
7 P
6 //
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////
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t(s)
Figure 6.9: Comparison of displacement between bolt and jaw to prove micro slip
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& P100: Velocity of jaw and bolt to prove micro slip
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Figure 6.10: Comparison of velocity bettizlzaen bolt and jaw to prove micro slip

The graphs shows that the displacement is not equal for both parts. The difference
increases until reaching to a maximum once the complete tightening force and the punctual
force is applied. For example, for plastic tip 100 g, the maximum displacement is 0.001249
mm. It is worth mentioning that it is not only the plate which vibrates, also the other parts of
the clamping. If the focus is changes into the velocity graph, the micro slip can also be seen at
the same time period. At the beginning the velocities are equal to zero, but once the vibrational
force is applied, the absolute relative velocity has a positive value until the hole system stops
to vibrate. The peak of this difference between the velocities of both parts happens when the
impact force is applied, at the very end of the forces curve, and is about 5.6 mm/s. With both

graphs the micro slip is proved.

Regarding the vibration of the plate, the observations and conclusions that can be
obtained with this solution curves are similar to the ones obtained for the previous model.
Looking firstly to the graphs (see Figure 6.11), which is shown for one of the plastic tips,
specifically for the 150 g tip it can be seen again that the non-linear zone is not very well defined
either, but in this case, it is much smoother and gradual. Once again, the difference in materials
is visible. Without looking at the exact values, it can be said that the damping is still very low,

as the curve has a hard time dissipating.

55



VR
Ll 6. ANALYSIS AND RESULTS
UNIVERSITY
OF SROVDE 300 Moc‘iel 3: A‘cceler‘ation V\{ith Plalstic tipl 150 g,l torquels of 12 INm
200 | N ‘ﬁ i
Il by
VNN s
O
o~ 100} RIRIRIRIR L e
€ ‘\“\‘\w"\\““l““'”‘H\"‘“c“ AR
= |‘ ‘||‘ HHI| \“\"‘I\'HM
N AR
5 | IR
W
< 100 ‘H\'\-IM“\“J\#’U‘|J‘H‘Mvv
| \”\H'\\H‘M e
\\‘I‘\H\"“‘
-200 | | ‘|‘| ‘V -
| !
000 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
t(s)
Figure 6.11: Model 3: Acceleration with Plastic tip 150 g, torque of 12 Nm
Table 6.17: Vibrational parameters for model 3
Model 3, complex clamping
Steel Plastic
Parameters
100 g 150 g 100 g 150 g
€ (%) 0.9613 0.8633 0.868 0.9731
on/21t (Hz) 3141.738 3141.71 3141.711 3107.217
Ta (Ms) 2 2 2 2.022
k (GN/m) 27.6 27.6 27.6 27

The numerical values are very similar between them (see Table 6.17). It is not clear that
the damping ratio, for example, is higher for the softest material (plastic) or the lowest mass
material, because that is true for only one of each two cases. The frequency, stiffness, and
damped time period are almost the same for all the cases. So, it cannot be said that heavier

materials and masses causes higher deformation.

For the values also, as in the other case, without any comparison with experimental data,
they seem coherent in exception of the damping ratio, that is looks as very low, dissipating very

little energy per circle. This value should be around 0.01-0.02 [19].

This low coefficient suggests that one or more parts of the system do not give sufficient
stiffness to the assembly. For example, the relative movement between one of the corners of
the jaw and the contact node of the body is of 4.415 um. This high sliding suggests that the
clamp does not hold the part to be machined very properly. To see if this could be a problem or
not, the friction between all the surfaces has been increased exponentially to an almost

unrealistic value. Similarly, a higher friction at the connection itself and a damping coefficient

56



E X,

)

—
g
s

T

f
|

1
€
W

=
UNIVERSITY
OF SKOVDE

6. ANALYSIS AND RESULTS

have been tested. The following table demonstrates these iterations for the 100 g pistic tip (see

Table 6.18).
Table 6.18: Vibrational parameters for Model 3, modified
},lc:O].SS, He 208, e :06, e :08,
(=0.0247; (=0.155; =0; {=0.155;
ug=0.5 },lg:O.8 ],lg:0155 Hg:0.6
£ (%) 1.14 1.26 0.82 1.23
on/271t (Hz) 3217.3 3256.5 3162.7 3241.3
Ta (MS) 1.93 1.93 1.99 1.94
k (GN/m) 29 29.7 28 29.4

This demonstrates that neither the coefficient of friction of the connection nor the
damping coefficient generates much change. On the other hand, the overall friction does. In
many cases, friction is often a problem for characterisation, but a value of 0.8 is very unrealistic.
Before comparing the experimental and numerical values on a large scale, it should be noted
that the damping value still differs by more than 32 % from the experimental value. To have a
number to compare with the previous sliding value, for the maximum damping coefficient
calculated the relative movement is of 3.7 um, 12.4 % less. If the values were closer, e.g. with
a friction of 0.6, it could be argued that this parameter includes other causes of damping. This
means that either it is not capturing the characteristics of the bolted joint correctly or there is
some physical effect that has not been considered. It could be, for example, that the air creates

some kind of resistance that slows down the vibration.

So, it can be concluded at a quick guess, that the model captures the cycle time and
frequencies well, but not the damping of the system. This may be because the non-linearity of
the screw is not captured one hundred percent as this stopped range is not created in the

acceleration curve.
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7. DISCUSSION

Once all the needed data is obtained a proper comparison can be made. First, the
acceleration of model 2 with the experimental values are compared, as model 1 is clearly not
comparable at all.

Ex%%.ﬁmental vs Model 2: Acceleration with Plastic tip 100 g, torque of 12 Nm

Experimental
150 d Model 2

100 1

o
o

Acceleration (m/sz)
o

so fll i {HH 1

-100 H

_200 - . A s A J
0 0.01 0.02 0.03 0.04 0.05
t(s)

Figure 7.1: Comparison of accelerations between model 2 and experimental for Plastic tip
100 g

In the graph (Figure 7.1), the comparison between the acceleration obtained
experimentally and the second model in ABAQUS can be seen. It is worth mentioning that
neither of the FEM models have the non-linear range very marked. Continuing with the
analysis, overall, the curves are similar although the periods are not the same. In addition, it can
be seen that at first the oscillations of the experimental are bigger, but as the damping is bigger,
after second 0.015 the oscillations started to be smaller than the model one. That is, the damping

for the numerical is lower, dissipating in this way less energy for the same period of time.

For the third model, with a slightly better results than for the second model, the same
happens: at first the amplitude of the experimental is bigger, but as it has more damping rapidly
it reaches to a point where the experimental is smaller. The experimental curves of velocity and

displacement have been obtained by integrating the acceleration curve once and twice,
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respectively. As the velocity curve does not oscillate about 0, when these values are integrated,

the displacement curve at the later stage is strange, coming down as it dissipates.

For metal tip 150 g (see Figure 7.2), for example, that overtaking happens around second
0.01. However, that difference is not an obstacle to compare both curves, experimental and
numerical, as frequencies, hence, periods, are almost the same. This can be seen clearly in the
zoom of the displacement curve, where in exception of the amplitude, the curves are almost the
same. The very first part of the acceleration curve is different as the non-linear zone of the
numerical one is not so well express as the following range. This might be because on the
working condition of the bolt. It must be highlighted that the damped ratio could not be higher
in the numerical than in experimental, as in the first one only Coulomb friction is considered,

so the results are coherent.
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Figure 7.2: Comparison curves between experimental and model 3, M150 g

For the plastic tip (see Figure 7.3), similar conclusions can be obtained, as both curves

are very similar in period. Nevertheless, the differences for the non-linear range are less
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noticeable, being at this range the values for both cases almost the same. This is due to the less
sharp form of the force curve for this softer material. Despite this fact, the curve is less similar

since the difference between the damping ratio is higher.
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Figure 7.3: Comparison curves between experimental and model 3, P150 g

From this and before comparing the vibrational parameters, it can be said that the

damping ratio is larger in the experiment.

Taking a look to the Table 7.1, starting with the metal 100 g, the model 3 is the one
which is closest to reality with errors of: for damping ratio 61%, for the natural frequency 6.6%,
for the damped frequency 5% and for the stiffness 12.9%. It is commendable that the stiffness
of the model 2 is also similar with an error of 16.1%. So here it can be clearly seen that as the

model gets more complex, better results are obtained.

For the metal 150 g, the damping also differs quite a lot (around 59.5%). In the case of
the natural frequency the model 2 is closest to the experimental (errors of 7.4 % vs 8.4 %), the

difference is quite small. The same happens with the damped period and the stiffness, but the
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difference of the first one is almost imperceptible, and the second one is 14 % of error against
16%. So here can be said that although model 2 gets better results in almost all aspects, the

damping ratio of model 3 is closer and the differences are not that big.

In the case of plastic 100 g, something similar happens: damping ratio and damped
period are more accurate in model 3, and the other two more accurate in model 2, but the
differences are minimum. The damping ratio error of model 3 is 54%, the errors of model 2 and
three defers between them only 0.2%, for the damped period the model 3 states an error of 5 %

and for the stiffness the error of model 2 is 14.9 % whereas of the model 3 is 20 %.

Lastly, analysing the plastic tip 150 g it can be stated that apart from the damping ratio,
the model 2 differs more from reality than model 2. The damping ratio of model 3 has an error
of 59%, which is quite big. Regarding the natural frequency the model two does not look alike
in a 3.4% versus a 12.1% on the model 3. For the damping period model two is 1.7 ms whereas
in the model 3 is 2 ms, that is less comparable with the experimental result which is 1.8 ms.

And to finish with this, the stiffness is much more alike with model 2, differing ina 7.7 %.

Overall, some conclusions can be obtained. The most complex model can be said that is
the best, because although in the last three experiments some parameters are more accurate in
the model 2, the stiffness differs quite more. It must be analysed why the more complex model
gives more inaccurate results. Although model 3 is the best one is not neither correct because
of the ¢, that the minimum error is 54 %. This could be because the non-linearity and damping
that the bolt generates is not well portrait in either of the simulations. It can be seen that there
is a micro-slip but as experimentally has not been measured, it cannot be said that it is correct.
Lastly, regarding the model 1, can be seen that its values cannot be used in any way, but it has

taken as a step to obtain the models that come after that.

Another worth mentioning link is that although the model one’s results are not very
comparable with the vice mounted on the table, can be comparable with the ones of the vice on
foam (Table 6.15). This is something that need more in-depth analysis, but it is thought to be

mainly because the foam and the vice could have similar modal shapes.

With the presented results and analysis is possible to determine whereas the objectives
have been met or not. Firstly, to have these results an experimental set-up has been arranged.
Indeed, a lot of experiments have been made with different inputs to have an extensive

comparison: different forces, tips, hammer mass, pre-load of the bolt and more. To compare

61



E X,

)

7. DISCUSSION
o

UNIVERSITY
OF SKOVDE

these results an experimental set-up has also been made. Starting with a very simple model,
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little by little increasing complexity until reaching the real set-up. But there is still room for
improvement. Once having that, a proper comparison has been made to state that the numerical
values can be compared with the experimental ones. To reach that point research have been

made, how all this can be done has been searched and thoughtfully read, considering that this
is a bachelor's degree project.

Table 7.1: Comparison of different hammer tips with different models

Metal tip 100 g Metal tip 150 g
Model Exp 1 2 3 Exp 1 2 3
€ (%) 2.47 0.36 0.84 0.961 2.13 0.362 | 0.839 | 0.863
on/2n (Hz) | 3363.7 | 5306.8 | 3676.5 | 3141.7 | 3430.4 | 5298.3 | 3696.1 | 3141.7
Tq (Ms) 1.9 1.2 1.7 2 1.8 1.2 1.7 2
k (MN/m) | 317 78.9 37.8 27.6 32.9 78.6 38.3 27.6
Plastic tip 100 g Plastic 150 g
Model Exp 1 2 3 Exp 1 2 3
€ (%) 1.88 0.364 | 0.823 | 0.868 2.37 0.36 0.84 0.97
on/21t (Hz) | 3410.8 | 5306.8 | 3696.1 | 3141.7 | 3536.1 | 5313 | 3679.5 | 3107.2
Ta (ms) 1.9 1.2 1.7 2 1.8 1.2 1.7 2
k (MN/m) | 32.6 78.9 38.3 26 35 79 37.9 27

*The colours of the table indicate the following:

Table 7.2: Legend of the previous table

Error (%)
<10 | 10-20 | 20-25 | 25-50 | >50
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8. METHOD

One of the first steps of the degree project was to define a methodology. Generally, the
methodology was followed closely except two aspects. After simulating the shell with boundary
conditions, the next step should have been to simulate it with a very simple clamping. But
instead of that, as the results obtained from the boundary conditions where far from reality, a
more complex model incorporating a bolt was made. Additionally, neither contact analysis nor
QSMA was used to analyse the model of the vice. Instead, a dynamic analysis has been made

due to the complexity of the other methods.

8.1 PROJECT CONTENT, DEVELOPMENT, AND RESULTS

During the project, some problems and setbacks arose. It was known that the lack of
knowledge regarding ABAQUS was going to be a drawback, but not to that
extent. This led to weeks of effort to get results from a simple model due to
unfamiliarity with commands and error fixes. But it is remarkable the help of the
examinator. At first, a student licence of ABAQUS limited our capabilities. Then,
a computer for that was lend but it was really slow and furthermore it had Linux
as operational system, which we did not working with it properly. Finally, we
obtain a better working condition. Ending with ABAQUS, an inevitable problem
is that some simulations take very long to be completed, causing delays and

forcing us to start other tasks prematurely to manage workload.

Regarding the experimental part, the only problem we had was with the scale, that we
did not bring it to equilibrium correctly, so some values were wrong, so we had to measure
them again twice. But it is mentionable that this job was made by the supervisor, as well as

some measurements, so we could make the most of our time.

The next idea should not be called a problem but some advice for the future. It is well
known that when entering to a new project information about that have to be search, but we
think that we spend way too much on that, because at the end of the day a lot of information

that we thought was relevant, at the end of the day was not.
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8.2 SUSTAINABLE DEVELOPMENT

In the past, developing a new product was costly for companies as it required a lot of
testing. Nowadays, the companies aim to reduce to save time and money. While having their
own test bench is unfeasible, this project offers a solution by eliminating trial-and-error
experiments. With the proposed method, it would be safer for the workers, as there is nothing
physical that can injury them (consist of working with irreal, digital parts) and also, they do not
waste material in trying different set-ups. But, as the goal is not reached yet, with more

advanced software and more knowledge future success is assured.
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9. CONCLUSIONS

This project contains the bases for future research and development in virtual production
modelling. It has been determined that commercial codes of ABAQUS Standard are not capable
to capture the vibrational behaviour of systems containing a bolt joint. The damped period,
natural frequencies and stiffness are well achieved inside an error of 20-25 %. However, error
for the damping ratio are not within that error range. The curves obtained for the acceleration,
velocity and displacement of the workpiece is not damped as much as in the experiments. The
damping ratio, although it is an important parameter in the vibrational signal of a system, it is
not an easy parameter to determine either experimentally or numerically. It has been proved

that with a more developed model, the results are more similar to the reality.

Model 3, is the most complex mode out of the three developed, is build up with
commercial ABAQUS Standard tools. The reviewed literature (see section 3) explains that there
are more complex solutions that include C+ programs communicated with ABAQUS itself,
especially for the issue of meshing and capturing areas with high impact on the overall damping
ratios (bolted joints), which give good quality predictions. The overall conclusion made is that,
likely, a higher level of modelling, more subject knowledge with experts in the field and larger
number of researchers, the project could meet the main objective. Thus, companies that need
parts in non-industrial quantities but with excellent surface characteristics and quality in short
lead times could analyse the tooling and machining conditions without having to do continues

trials and errors.
So finally, the conclusions obtained are the following:

e The most complex model is valid to capture the stiffness and frequencies of the
vibrational behaviour of the workpiece, but inaccuracies remained in damping.
e The non-linear behaviour of the models’ joints must be continued to be studied.

e More advanced are required to obtain more accurate results.

Small and medium sized companies will remain competitive as the lead times for project

re-designs and the problems for the introduction of new companies will be reduced drastically.
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To sum up, it is proved that the thesis has been carried out in an organized and clear
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way, with promising result. The curves, especially the displacement curves, resemble reality
with periods and frequencies almost equal to the real ones and give an accurate general idea of
the behaviour of the part. Even though the simulated models dissipate less energy, as is logical

since they only characterize Coulomb friction, they can be used for fixture optimization.
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10. FUTURE WORK

With the discussion and conclusion is clear that the model gives a good approach of the
behaviour of the plate although it does not reflect the exact reality. Is thought that the problem
is specially coming from the not correct or not accurate enough model of the bolt. In the
literature review different methods have been captured. One of the most successful methods is
the QSMA with the implementation of lwan elements. The simulations carried out in this thesis
are dynamic, however this method proposed the static one. This is possible precisely because
of those mesh elements. These elements are not available in commercial ABAQUS. A code in
C+ language is written to then connect with ABAQUS. This is the main reason why it is not
implemented in this project since it has been tried to model the reality as simply as possible.
This would have enabled future users of the application to have an easier task to adapt it to their
specific model. However, this have been proved not to be possible. Because of that, it is
proposed to, in a second phase of the project, to try this approach. On the other side, the kinetic
energy levels are correct (less than 1.12 % of the internal energy for 100 g Metal type in the

last model) to implement this model, so a big step is already done for this new analysis.

Another possible option to try in the future for capturing the non-linear behaviour and
the damping that bolts generate is to implement static reduction, and combination of Block-
Gauss-Seidel method and Newton-Rampson method in a unique hybrid numerical method. For
ether of the last two methods, is recommended to align all nodes that are in contact to maintain
the stability of the simulation. Nevertheless, this is not an easy task as a pre-processor software,
such as Ansa or Hypermesh, must be used, making it trickier to adapt the model to another

piece.

All over the project it has been mentioned that the micro-slip is one of the most difficult
aspects of the bolt to capture. Although the model 3 shows that micro-slip between the bolts
head and the movable jaw it can be known if the values are correct or not as there is not a real
measurement of this. Thus, for the future will be interesting to check the existent technology to

measure that for being able to check the model answers.

Finally, after this work is done and capturing the damping of the system well, it would
obviously be interesting to check the same model with a real force cycle that could be find
during a machining process. This implies to repeat the measurements, but in this case mounted

in a CNC machine while it is working and then translating that force to ABAQUS. Two main
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ideas could be identified quickly to do so: introducing one amplitude and movement to a
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punctual force, or to model de hole cutting tool. This will be the last step to create the last model

before the companies be able to modify it to their own pieces and tooling’s.
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APPENDIX A: WORK BREAKDOWN AND TIME PLAN

The initial project schedule, represented in the Gantt chart, has undergone some
deviations due to unexpected factors and technical limitations. The main points are detailed

below:

e Initial phase: It has proceeded as planned and was completed mostly, within the
established timeframe. This initial achievement laid a solid foundation for the rest of
the project.

e Experimental part: This phase underwent delays because the hammer, accelerometer
and software were not available until much later than planned. In addition, the software
was only available at one computer, and the access of it was dependant of the workload
of the tutor. However, the necessary time for the experiments was much less than
expected, once the partially offsetting the initial delay.

e Numerical part: Several problems were faced during this phase. For example, we did
not have access to a reliable computer and ABAQUS licence until well into the project.
Despite this, model 3 was completed, not an easy task due to time constraints.

e Date Reset: Spare dates from the 21% of May on have been used to re-submit simulations
for obtaining displacement and velocity data, which were initially not captured. These
adjustments were suggested by the examiner in the presentation to obtain the best thesis
as possible.

e Discussion, Poster and Presentation: The submission dates were reorganized some days
and we were forced to move this activities forward.

e Continuous Documentation: it must be highlighted that a continue documentation has
been made during the hole project, as it was planned. This allowed us to have a detailed

report and to reduce the workload at the end of the project.

To sum up, despite the fact that the Gantt dates have not been followed strictly, because
technical and availability difficulties, the project has been finished properly. Flexibility and

consistency have been key for the success of the thesis.
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APPENDIX B: EXTRA MODEL, SINGLE BOLT

APPENDIX B.1: IMPLEMENTATION

This model, unlike the others, is not created to match experimental results, but serves as
practice, or as a training for the next model. A small joint has been designed, consisting of a
screw, a nut and a bracket, which can be found for example in the shock dampers of vehicles
(Figure B.1). The material of them is ASTM A36 with 200 GPa of module of elasticity and a

Poison’s ratio of 0.3.

Therefore, the aim of this section is to model a bolted joint (see Figure B.1) and then
apply the knowledge and results it provides for the correct modelling of the entire coupling to

be carried out in the next section.

Figure B.1: Bolt model design

The natural movement tendency of this assembly, due to the pretension applied to the
bolt, is bending. Therefore, it has been decided to use translation connector method that makes
possible to model translational movement between two reference points along a specified
direction, in this case representing the axial motion of a bolt. Essentially, the translator
connector works as a virtual link connecting two points in the model, allowing movement
similar to the physical behaviour of bolts. As it is possible to represent the essential translational
motion of a joint assembly simplifying the models (without threads and more simple
geometries), the method can keep the modelling process simple without compromising

accuracy. [29]
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The three parts are 3D, deformable and solid. However, the mesh type differs between
the three of them. For the bolt and the nut hexahedral linear elements with reduced integration
have been used to mitigate potential shear issues. These elements do have an easy geometry;
therefore, it is not necessary to use more complex elements, reducing in this way the compliance
time. It is necessary to mention that for creating the mesh of the bolt, a partition must be made
before the head of it since the connection between the body and the head creates a singularity.
Furthermore, this means we cannot take into consideration the stress in the line region. If this
region is interesting a radius must be created. This is not the case. For choosing the element
size is usually interesting to do a mesh convergence study, however, in this case as the results

are not interesting at all, only if the overall model is correct, this is not done.

However, the bracket has a more complex geometry, with various holes. Because of
that, a tetrahedron second order mesh has been chosen. The size of the elements have been

determines by a mesh convergence study. [29]

This part is supposed to be coupled, without any relative movement, to a bar. To
simulate that, as this part is not interesting, the hole has been fixed by a kinematic coupling
made up between the RP1 located in the middle of the upper hole and the surface of it. With all
the degrees of freedom constrained, the mode motion of the entire assemble is prevented.

Apart from this coupling there are two more specific for this method, the nut and bolt
coupling respectively. The first one includes all the nodes from the internal nut surface, as
illustrated below (Figure B.2). RP2 is located at the end of the nut from the bracket side in the
middle of the circle. It is possible to use a kinematic coupling because it is a simplification of
the nut without threads and the original geometry.

Figure B.2: Nut coupling in bolt model
The bolt coupling includes the nodes situated along the exterior surface of region where

the nut interacts with the bolt. To achieve this, two partitions are created. These partitions are

strategically placed: one at the commencement of the nut and another at its termination. The
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type of coupling is the same as the previous one but respect to the RP3. The location of this
point is very important. Both reference points (RP2 and RP3) must be positioned along the bolt
axis, with a separation around 2 mm (Figure B.3), this would be the maximum deformation
they could have. They must be arranged in a way that increasing the distance between them in

the axial direction resulting in the nut being shifted closer to the bolt head.

Figure B.3: References point in bolt model

After this it is possible to create the coupling that gives the name to the method, the
translator connector. A wire is created from RP2 to RP3. The chosen connection category is
assembly/complex and the available degree of freedom is U1, in the new local coordinate
system automatically set up. There is no need a tie coupling between the nut and the bolt

because the movement is controlled by this connector.

On the other side, as there are two surfaces of the bracket in contact with either the bolt
or the nut some surface-to-surface standard interaction must be stablished. For the one with the
bolt the bolts head is the master surface and the bracket the slave and for the other one the
brackets surface is the master. For both of them the interaction is sliding with a friction property

of 0.155. The tangential behaviour is governed by the penalty method (NUMERICAL
MODEL).

All the interactions mentioned above are created in the initial step and propagated in the
first step. This is a static, general step that with the equilibrium equations defines properly the
stiffness matrix of each element. As there is a bolt (NUMERICAL MODEL), the step is a non-

linear step. However, in this step a load of 7001N is applied.

The direction of the load must extend from RF2 to RF3. It is important to note that a

positive charge on the connector produces tension, pulling the nodes apart. On the contrary, a
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negative force compresses the nodes, pulling them closer together. Hence, in this assembly
model, the application of a positive load on the connector causes the nodes to move away from

each other, causing the nut to move towards the bolt head.
APPENDIX B.2: ANALYSIS AND RESULTS

On the one side this model is interesting to see if it is possible to capture the relative
motive motion between the bolt, nut and the bracket. In general, three types of relative motions
can be distinguished: macro slip, stick and micro slip. The first one refers to a relative
displacement similar for all the contact pairs. In the stick state the relative motion is null or
almost zero. Finally, the micro slip is the transition between the previous two states, combining

sticky and slippery areas at the same time. [23]

For checking that, firstly the motion of the hole system must be considered. The Figure
B.4 shows that the lower part of the system is the one that supports more absolute deformation,
as it was intended from the beginning, due to the way the system works. Considering this, the

lower parts of the screw and the nut are the ones that separate the most from the main part.

Figure B.4: Model 3, deformation

The graph (Figure B.5) and the (Table B.1) show the movement of two adjacent node
pairs of two parts in contact, in this case of the screw and the large part. The upper nodes are
marked with a U and the lower nodes with a D. The difference between the pair members is the
relative movement, which is very low, being at most 0,1075 mm. It is clearly seen that in the

upper part it is smaller, which shows that there is micro slip and that the model captures it.
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Table B.1: Bolt model, micro-slip

APPENDIX B: EXTRA MODEL, SINGLE BOLT

Side Element Down Up
Bolt 0.312446 mm | 0.18911 mm
Left Bracket 0.418813 mm | 0.190401 mm
Difference 0,106367 mm | 0,001291mm
Nut 0.307358 mm | 0.161716 mm
Right Bracket 0.414772 mm | 0.158999 mm
Difference 0,107414 mm | 0,002717 mm

e
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Figure B.6: Bolt model, Von Mises stress

Finally, the Von Mises stress of the bolted joint has been plotted (Figure B.6), as it

reports the distribution of loads along the bolt and nut interface. This is of relevance in this and

the next model to understand how the joint behaves under different loading conditions and how
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this impacts on the vibrations of the joint system. In the figure the upper part has been omitted
as it is of no interest for the analysis. It can be seen that the parts that suffer most from the bolt
are those that are compressed or tractioned. Other areas that undergo a lot of stress are the upper
parts of the bolt head and the nut. But curiously, the large part experiences the most stress on
the upper parts parallel to these contacts, not on the contacts themselves. As mentioned above,
these and previous factors are interesting for understanding the functioning of a bolted joint and

how can be simulated.
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ACCELERATION GRAPHS

Table C.1: Comparison of accelerations with different experimental set up configurations

Hammer Foam Mounted on machine bed with two bolts
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Acceleration: PlasticTip100gHamO01//16 Nm (Foam)
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PREDICTION OF VIBRATIONAL PARAMETERS OF A MACHINE FIXTURE BY FEM
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APPENDIX C: COMPARISON OF DIFFERENT PARAMETERS

Table C.2: Comparison of FRF real parts with different experimental set up configurations

Hammer Foam Mounted on machine bed with two bolts
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= I @ ‘ ‘
@ -1 | 1 @ -1 | | 1
“ | = \ \
-2 | 1 -2 | | 1
| | I | Real Part
-3 | | 1 -3 | | I — — —Wn1=5349Hz |
| Real Part | I | — — —Wn2=837.1 Hz
4 | — — —Wn1=963.2 Hz | { 4 | | | — — —Wn3=1520.6 Hz | |
| — — —Wn2=3687.6 Hz | | | Wnd=3412.9Hz
5 . Ly . . . ‘ 1 5 | L | . : ‘
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz) Frequency (Hz)
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5 x10%  Real part: PlasticTip100gHamO01//16 Nm (Foam) 5 x10% Real part: PlasticTip100gHam01//16 Nm
T T T T T : —T T — — T T .
| | |
4 | 1 4 | | 1
| | |
3 [ 3 I \ i
| | |
| J | | J
2 2
. | . | |
= b Z | ‘ i
£ , | £ | \
= | = | |
© P = S —
g 0 — | [ g 0 e T
© | © | |
@ -1 | 1 @ -1 | | 1
= | = | \
-2 | 1 -2 | | 1
| | |
3 | 1 -3 | | Real Part 1
Real Part | | — — —Wn1=529.4 Hz
4 — — —Wn1=967 9 Hz | 4 | | — — —Wn2=847.75 Hz |
— — —Wn2=3688.2 Hz | | — — —Wn3=1620.5 Hz
5 . . . . . ‘ 1 5 . L. | . . ‘
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz) Frequency (Hz)
16 Nm 16 Nm
5 %10 Real part: PlasticTip100gHam01//18 Nm (Foam) 5 x108 Real part: PlasticTip100gHam01//18 Nm
T T T T T : — - — — T T .
| | [ I
4 I 1 4 | [ I 1
| | [ I
3 I 3 I I I i
| | [ I
| 1 | [ I 1
2 2
. | . | |
Z b pd I I |
g’ . | g’ | |
£ o S o £ o | | ]
2 | | = -1 T
= | w | I
@ -1 | 1 @ -1 | | 1
“ \ = o |
-2 | 1 -2 | | | 1
| | | |
-3 | 1 -3 | | | Real Part 1
Real Part | | I — — —Wn1=536 Hz
4 — — —Wn1=967.5Hz | { -4 | [ I — — —Wn2=859.2 Hz |
— — —Wn2=3671.8 Hz | [ I — — —Wn3=1641.5Hz
5 . . . . . ‘ | 5 A L L . : ‘
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz) Frequency (Hz)
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5 x10%  Real part: PlasticTip100gHam01//20 Nm (Foam) 5 x10% Real part: PlasticTip100gHam01//20 Nm
. = " : . . — . A - ; : : .
| | | |
4 | | 1 4 | | 1
| | | |
3 I [ 3 I I i
| | | |
| | J | | J
2 2
_ [ | . [ [
z | 1 d | | |
£ ! £ | |
= B | = | |
g 0 — — I g 0 B
© | © | |
& -1 | 1 & -1 | | 1
I | |
2 I 1 -2 | | 1
| | | Real Part
-3 | | 1 -3 | | — — —Wn1=5331Hz |1
| Real Part | | — — — Wn2=856 Hz
4 | — — —Wn1=9689 Hz | 4 | | — — —Wn3=1558 Hz |
| — — —Wn2=3660.9 Hz | | Wn4=3432.8 Hz
5 , L , , , ‘ 1 5 , L N ‘ , X ‘
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz) Frequency (Hz)
20 Nm 20 Nm
5 x10°% Real part: PlasticTip150gHam01 (Foam) 5 x108 Real part: PlasticTip150gHam01
. . : . " ; — - — - — . . : .
I Real Part Il \ |
4 | — — —Wn1=968 529 Hz | | 4 | | 1
| — — — Wn2=3360.398 Hz I | |
3 | — — —Wn3=3852 981 Hz | | af | | ]
| l T I | |
| | I I | | ]
2 2
. | | | . Il | |
z | I Z 4 | ]
£ | | £ Il |
S = | | puy |
= — S = - _ [
Plastic Tip g 0 - — T T T O -
150g T | ] T I | Real Part ]
Hammer 2 - I I - Bl | — — —Wn1=104.2228 Hz
| | Il | — — —Wn2128.5073 Hz
-2 | I 1 2g \ | — — —Wn3=153 6577 Hz | ]
| | | Il | | Wn4=183 3493 Hz
-3 | | I A B Nl | | — — —Wn5=542 2524 Hz | |
| | | I | | — — —Wn6=885.6762 Hz
4 | | I 4 | | Wn7=1574.232 Hz |
| | | I | | Wn8=3429 282 Hz
5 . L . . . ‘ [ | ey il A L. . . . ‘
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz) Frequency (Hz)
12 Nm 12 Nm
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APPENDIX D: ADDITIONAL VIBRATIONAL MODAL INFORMATION FOR ALL EXPERIMENTAL SET UPS

Table D.1: Interesting graphs and modal data for clamping on the foam experimental set up configuration

Configuration Acceleration/Modal parameters Real/ Imaginary
200 A?celeration: Metal'l’lp100ngam01 {Foalln) s x10°% i Real paﬂ: Metglﬁp1oongam01 (Ifoam] i
4 Wn=969.2603 HzZ | |
3 ]
& 2
; Z
= £
7 [ N
e 1
¢ , (
a
On foam: 4
Metal Tlp o 008 o1 015 02 0.25 s 00 1000 1800 2000 2500 3000 3500
T F H
100g ime (s) requency (Hz)

Hammer (12 x10°¢ Imaginary part:Metal Tip100gHam01 (Foam)

sk 4 &=
Number of modes: 1 ’ '
Modes 1 ;
¢ 5.10° %n,kﬁ_m.._\ S
wl 27 (Hz) 969.263 }(
k (N/m) 3.824-10° )

Frequency (Hz)
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On foam:
Metal Tip
150g
Hammer (12
Nm of torque
force)

Acceleration (m/is?)

-1000

1500 Acceleration: MetalTip150gHam01 (Foam)

1000

500

-600

0 0.05 01 015 02
Time (s)

0.25

5 x10°% Real part: Metal Tip150gHam01 (Foam)

Real part [m/N)

Real Part
— — —Wn=963.648 Hz |

7 0 500 1000 1500 2000 2500 3000 3500

Frequency (Hz)

Number of modes: 1

Modes 1
4 7.76-10°
ol 27 (Hz) 963.648
k (N/m) 3.893-10’

5 10 Imaginary part:Metal Tip150gHam01 (Foam)

Imaginary part {m/MN)

Imaginary Part:
— — —Wn=963.645 Hz |

00 1500 2000 2500 3000 3500
Frequency (Hz)
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300 Aclceleralion: Pllastichp100g||Ham01 (Fogm] 5 108 ‘ Real plart: Plastlic'l'|p1 00gHam01 (IFoam) .
4 — — — Wn=967 9568 Hz | 1
200
3
— 2
‘}_,, 100 -
< < 4
- E |
;c% 0 E 0 d____-—~-}| S e
£ -100 5
-200 A
-4
On foam: 200 , , , ‘ ; ‘ . . ‘ . .
Plastic Tlp ) 0 0.05 01 015 02 025 i 0 500 1000 1500 2000 2500 3000 3500
100g Time (s) Frequency (Hz)

Hammer (12
Nm of torque

Imaginary Part
force) 4r — — —Wn=967.9568 Hz |

5 %10 Imaginary part: PlasticTip100gHam01 (Foam)

Number of modes: 1

_ 2}

Modes 1 g 1t
g 5.13-10° % o—r-w—m- _ e

wl2x (Hz) 967.957 é«
k(N/m) 3.753-107 =2
3 H
-4 H

@ 0 560 1 OIOO 1 SIOO 2060 25I00 GUIOO 3500

Frequency (Hz)
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On foam:
Plastic Tip
100g
Hammer (14
Nm of torque
force)

Acceleration (m/s®)

250

Acceleration: PlasticTip100gHam01//14 Nm

Real part {(m/N)

5 x10° Real part: PlasticTip100gHam01//14 Nm (Foam)

e — R

Real Part
— — —Wn1=9632Hz |4
— — —Wn2=3687.6 Hz

';1 15 2 0.25 0 560 1000 1550 znloo 25|00 3[1'00 sslool 4000
Time (s) Frequency (Hz)

5 x10'5ImgginarylIpart:qusticﬁp1|009Haq101!!14 Il~lm (F(:ialm)I

| |

| |

: |

Number of modes: 2 _ | |

Z

Modes 1 2 £ : |
e 4.49.10° 4.41.10°° § " [ — e
wl27 (Hz) 963.2296 3687.577 = L

£ I

k(N/m) 3.846-10° 1.68-10° = - |

|
|
|
0 500 1000 1500 2000 2500 3000 3500 4000

|
Imaginary Part
— — —Wn1=963.2Hz | 4
— — —Wn2=3687.6 Hz
1

Frequency (Hz)
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On foam:
Plastic Tip
100g
Hammer (16
Nm of torque
force)

Acceleration (m/s?)

Acceleration: PlasticTip100gHam01//16 Nm (Foam)

w
=]

[=]

Real part {m/N}

5 x10% Real part: PlasticTip100gHam01//16 Nm (Foam)

Real Part
— — —Wn1=967.9Hz | 4
— — —Wn2=3688.2 Hz
I

o 500 1000 1500 2000 2500 3000 3500 4000

Frequency (Hz)

Number of modes: 2

Modes 1 2
e 3.08-10° 2.52.10°
o/2x (Hz) 967.78  3688.21
k(N/m) 3.87-10° 2.88-10°

Imaginary part {m/MN)

5 <10 Imaginary part:PlasticTip100gHamO01//16 Nm (Foam)

U

Imaginary Part
— — —Wn1=967.9Hz | 4
— — —Wn2=3688.2 Hz
I

o 500 1000 1500 2000 2500 3000 3500 4000

Frequency (Hz)
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On foam:
Plastic Tip
100g
Hammer (18
Nm of torque
force)

Acceleration (m/s?)

300

200

100

-100

-200

Acceleration: PlasticTip100gHam01//18 Nm (Foam)

Real part {m/N}

5 x10% Real part: PlasticTip100gHam01//18 Nm (Foam)

. RS —

Real Part
— — —Wn1=967.5Hz | 4
— — —Wn2=3671.8 Hz
1

o 500 1000 1500 2000 2500 3000 3500 4000

Frequency (Hz)

Number of modes: 2

Mode 1 2
4 3.310° 2.8410°
o/2r (Hz) 967.487 3671.786
k (N/m) 3.88610" 5.5310°

Imaginary part {m/MN)

5 <10 Imaginary part:PlasticTip100gHamO01//18 Nm (Foam)

e S —_— -

Imaginary Part
— — —Wn1=967.9Hz | 4
— — —Wn2=3688.2 Hz
1

o 500 1000 1500 2000 2500 3000 3500 4000

Frequency (Hz)
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500 Accela:ration: Plastlic11p100gHa!1101H20 Nm {Foam} . 105 Beal pa,',-t: PIasticﬂp10QgHamD‘!H20 le (Foam}l |
400 4 : }
| |
300 3 : }
% 200 2 : }
E z \
- 100 g \
) I ——
s 0 2 ‘
g o -1 \
< -100 v |
2 |
-200 \
-3 | |
-300 : Rea|_Par1
On foam: - | — Wnosesos | |
Plastic Tip 400 5 ‘ - ‘ : : : —
0 500 1000 1500 2000 2500 3000 3500 4000
IOOg Frequency (Hz)
Hammer (20
Nm Of torque 5 x10-5ImgginaryIpart:Fla‘stic'l'lp1|DElgHanl101!.f20 llﬂm (Foalm}
force) n | }
| | 1
| |
Number of modes: 2 ! | |
z
Mode 1 2 Eqf : |
I 4.0810° 2.9210° 20 (o P— -
w/27 (Hz) 968.922 3660.944 c |
|
Kk (N/m) 3.87610" 1.2310% £ af |
-3 |
Imaginary Part
4 I — — —Wn1=968.9Hz |-
I — — —Wn2=3660.9 Hz
‘ L ‘ . . X -
750 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)
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On foam:
Plastic Tip
150g
Hammer (12
Nm of torque
force)

300 Acceleration: PlasticTip150gHam01 (Foam) 5 108 Real part: PlasticTip150gHam01 (Foam)
r . : ; . . . . " " —
| Real Part
4 | — — — Wn1=968 529 Hz |
200 | — — —Wn2=3360.398 Hz
3 | — — —Wn3=3852.981 Hz |
| [ I
. 2 | | |
S 100 . | | |
£ z | I
= £ | \
E 0 t g e - l R ‘
® = - T T
o T | |
8 @ - [ [
£ -100 . [ \
-2 | |
| | |
-3 | | |
-200 | | |
4 | | \
| | |
-300 - : - : 5 . ‘ : : : — :
0 0.05 01 015 02 025 0 500 1000 1500 2000 2500 3000 3500 4000
Time (s) Frequency (Hz)
5 %108 Imaginary part: PlasticTip150gHam01 (Foam)
. ,. ; : " r -
| Imaginary Part
4F | — — —Wn1=968 529 Hz |
| — — —Wn2=3360.398 Hz
3t | — — — Wn3=3852.981 Hz |
| I I
Number of modes: 3 ol | | \
prd | | |
Modes 1 2 3 E g} I I !
+ | | |
-3 -3 -3 I
e 4.85-10° 1.08-10° 4.9:10 o S —
= | |
®/2z (Hz) 968.529 3360.398 3852.981 5] | !
£ | |
7 9 10 =
k(N/m) 3.747-10" 6.84-10° 2.51-10 2] : }
-3 | |
| | |
4 | | \
| | |
5 ‘ L ‘ . . . [ \
0 500 1000 1500 2000 2500 3000 3500 4000

Frequency (Hz)
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Table D.2: Interesting graphs and modal data for clamping mounted on machine bed with two bolts experimental set up configuration
Configuration Acceleration/Modal parameters Real/ Imaginary
1000 Accelelration: Metalﬁp1009Ham01 5 %1078 Rtlaal part: Metalﬁp1I009Ham91
e
; N I | .
g EE } : T : B Real Part
8 N NI | S
L 0 T S I Wn3
S
Mounted on i
machine bed -
c -500 : s . s .
Wlth tWO 0 0.05 01 0.15 0 500 1000 1500 2000 2500 3000 3500
bolts: Metal Time (s) Frequency (Hz)
Tlp 100g 5 %108 Imainary part:Metalﬁp1009qu01
Hammer (121 \ymber of modes: 9
Nm of torque
force) Modes 1 2 3 4 5
4 1.18-10* 2.13-10° 1.11-10° 1.21-10°5.22-10° 1 N |
wl27 (Hz) 116961 147.397 17058  195.973 220.213 E ii i i
k(N/m) 2.14-10° -559.10° -8.1-10° -3.6-10" 2.29-10" = **T““\: R
Modes 6 7 8 9 g | B
¢ 2.97-10% 9.64-10° 2.47-10% 1.6-107 ’ R
w/27 (Hz) 544.858 886.013 1574.050 3420.879 ==t
k(N/m) 6.515-10° 1.83-10° 3.89-10° 1.28-10° ‘ - ‘ -
500 1000 1500 2000 2500 3000 3500

Frequency (Hz)
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800 Accelelration: MetaIT|p150ngam01 5 %108 ‘ Rtleal part: Il\fletalTlp1l509Ham?1
0 | |
600 B I | |
alm | |
I | |
400 Sf ! !
: o .
= 200 E L L !
— ] I T
% i R § o ‘ ‘ Real Part
e Il \ \ — — —Wn1=107.3434 Hz
-200 2 ‘ ‘ — — —Wn2=136.1287 Hz | ]
H } } - — —Wn3i175 87T Hz | |
M 00l ] Mk \ \ o neeacs b0es e
ounted on a4 | | — — —WnB= 157381 Hz | A
machine bed | | H } | | } | Iwm: 342.3 195 Hz
with two 00 0 0.05 0.1 015 _50 500 1000 1500 2000 2500 3000 3500
bolts: Metal Time (s) Frequency (Hz)
Tlp 150g 5 %108 Imaginary part:Metal Tip150gHam01
Hammer (12 — N m . .
Nm of torque Number of modes: 7 ap i | |
force) Modes 1 2 3 4 Jl | |
¢ 3.35-10* 45-10° 233-10° 3.07-107 = 2| ) | |
wl27 (Hz) 107.343 136.129 175898  543.105 ol b | l
g I | |
k(N/m) 4.13-10° -75-10° -1.9-10° 5.519-10° > Oh T e
Modes 5 6 7 g 5 H \ } ——— Imaghary Part. Metap150gHamo1 ]
s 1.07-102 2.42.10% 172107 B i | A
w/27 (Hz) 883.9063 1571.381 3423.195 : ii i et
4 — — —\WnB= 157.381 Hz
k(N/m) 212.10° 4.26-10° 1.36-10° | B Vst
_50 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

10



W APPENDIX D: ADDITIONAL VIBRATIONAL MODAL

UNIVERSITY

OF SEOVDE INFORMATION FOR ALL EXPERIMENTAL SET UPS

Acceleration: PlasticTip100gHam02 5 108 Real part: PlasticTip100gHam02

150 |

100

50 1
0 P A AR A AR A s e oot mnenr]
-50

-100 H

- Real Part
— — —Wn1=1146594 Hz |||
— — —\Wn2=130.9229 Hz
— — —\Wn3=160.6614 Hz
Wn4=151.0756 Hz ||
— — —WN5=206.9271 Hz
— — —WnB=549.2626 Hz | 1
WnT= 902.8926 Hz
Wn8=1599.442 Hz |
WN9=3459.004 Hz

Acceleration (m-'sZ)
Real part {m/N}

|
Mounted on 150 :
machine bed . , , | . . . . .
Wlth two 0 0.05 01 015 500 1000 1500 2000 2500 3000 3500

. T F H
bolts: Plastic me (s) requency (Hz)

Tlp 100g %10 Imaginary part: PlasticTip100gHam02
Hammer (12 5 Fm . ; ; :

Nm of torque | Number of modes: 9 ]
force) Modes 1 2 3 4 5
¢ 5.33-10* 1.47-10° 296-10* 1.39-10°%1.21.10°
wl27r (Hz) 114.66 130.923 160.661 181.077 206.9271
k (N/m) 6.7-10° -4.1-10° -5.3-10° 2.64.10"2.75-10"

Modes 6 7 8 9 — — —Wn2=1309229 Hz
B m ———Wn3i160 6614 Hz |||

4 2.05-10% 1.68-10° 1.41.102 1.03-107? m el

— — —Wn5=206.9271 Hz
ar — — —Wn6=549.2626 Hz |

ol2r (Hz) 549.263 902.893 1599.442 3459.004 i Wn7= 902 8926 Hz

4t Wn8=1599 442 Hz |4

k(N/m) 6.621-10° 2.32-10° 6.12-10° 2.72.10° B I Wng=3459.004 1z

’ 0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

(4]

Imaginary Part
— — —Wn1=114.6594 Hz ||

Imaginary part {m/MN)
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Mounted on
machine bed
with two
bolts: Plastic
Tip 100g
Hammer (14
Nm of torque
force)

Acceleration: PlasticTip100gHam01/14 Nm

200

150

100

50

Acceleration (m.-'sz)

-50

-100

-150

0.05 0.1 0.15 02 0.25
Time (s)

x10° Real part: PlasticTip100gHam01//14 Nm

o]

Real part {m/N}
[==]

P N
| |
-1 | |
| |
-2 | |
I I I Real Parl
-3 | | | — — —Wn1=534.9Hz |
| | | — — —Wn2=837.1Hz
4 | | | — — —Wn3=15206 Hz |
| | | Wn4=3412 9Hz
5 R - d : . .
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

Number of modes: 4
Mode 1 2 3 4
< 2.8110°% 1.2210° 3.1110°% 1.2310°
wl27 (Hz) 52491 837.1 1520.602 3412.885
k (N/m) 6.47610° 3.5410° 4.1810° 2.210°

5 %10® Imaginary part:PlasticTip100gHamO01//14 Nm

T T T
| | I
| | I
| | I
| | I
| | I
| | I

? | | I
I I I
I I I
I | I
|

Imaginary part {m/MN)
o 4

e —_ —
| |
-1 | |
| |
-2 | |
| | Imaginary Part
-3 | | — — —Wn1=5349Hz |1
| | | — — —Wn2=837.1Hz
-4 | | | — — —Wn3=15206Hz | 4
| | | Wnd=3412.9Hz
5 il [ i . ! !
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
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400 Aclceleration: PllasticT|p100||;Ham011‘.'16 Il\lm . 108 | Real plarl: Plastlicﬁp1009Ham01ﬁl16 Nm |
300 b 4 : :
| I
200 . ¢ : :
& 2 | I
. S |
< E | |
;g 0 E 0 H ’_/_A:E__ _:_ B—
g -100 E - V : : ]
<< | I
-200 ? | : ]
Mounted on o0 ] K | | C Wmemar
machine bed . | | e |
1 - ' ' ' ' ‘ [ | . X X
bo‘ﬁ;th}fgstlc 0 005 01 Time (s) 015 02 025 750 500 1000 ;;{;@UEHC;EHO;) 2500 3000 3500
Tip 100g
Hammer (16 5 %10 ‘Imagill*larly part:PI?sfic'I'lpﬂlJOgHamOIH.HB le
Nm of torque A | :
force) ! '
3 | I
| I
Number of modes: 3 o, | |
p
Mode 1 2 3 £y | : ]
& 3.18102 1.72107% 7.86107 8o % S
wl27 (Hz) 529.372 847.75 1620.455 £ | | |
| I
k (N/m)  657110° 14710° 4.8210° £ i i
3 | I Imaginary Part | ]
| | — — —Wn1=529 4 Hz
4 | | — — —Wn2=847.75 Hz | -
: : — — —Wn3=1620.5 Hz
_50 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
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200 Acceleration: PlasticTip100gHam01//18 Nm g x10°  Real part: PlasticTip100gHam01//18 Nm _
) o |
300 3 : } :
I |
200 1 R 2 ' } :
AN
= 100 = I |
= £ 0 S — T —
% 0 § -1 } :
8 - |
< 2 [ |
-100 [ |
K | | | eal Pa
Mounted on . ] j o | - :gi“;lipééé A
macltllllnte bed | | | | . : } . . : . - — — Wn3=1I641 5Hz
bo‘ﬁlsz P:;/;ic 300 e oy — (S)G e s o 0 500 1000 ;rzf)qouencfggg) 2500 3000 3500
Tip 100g
Hammer (1 8 5 10 ‘Ilmagir‘larly part:PI?stlic'I'lpﬂlJOgHamOIH.'w le
Nm of torque ) o :
force) C '
3 I |
I |
Number of modes: 3 > 2 o :
Mode 1 2 3 § ! L | ]
8 [ \ |
¢ 2.37107% 1541072 8.2610° > 0 : T'_Tu
wl27 (Hz) 536.04 859.17 1641.515 '?1 ' } : ]
k (N/m)  6.72710° -1.5410° 1.2210% o | |
3 [ | Imaginary Part | ]
| [ I — — —Wn1=536 Hz
4 | I I — — —Wn2=859.2 Hz |
‘: } I I : I — T 7\NHS=1I641.5 Hz
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
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INFORMATION FOR ALL EXPERIMENTAL SET UPS

Mounted on
machine bed
with two
bolts: Plastic
Tip 100g
Hammer (20
Nm of torque
force)

400 Acceleration: PlasticTip100gHam01/20 Nm

300

200

100

-100

Acceleration (m.-'sz)

-200

-300

400 . . . .
0.05 0.1 0.15 02 0.25

Time (s)

5 x10°®° Real part: PlasticTip100gHam01//20 Nm

\(/-T-F—r

Real part {m/N}
L &

| |
| |
| |
-2 | |
I I Real Part
-3 I I — — —Wn1=5331Hz |
I I — — —Wn2=355 Hz
4 I | — — —Wn3=1558 Hz
I I Wn4=3432 8 Hz
5 l l

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)

Number of modes: 4
Mode 1 2 3 4
4 2.810° 256107% 3.1510° 4.2410°
wl27 (Hz) 533.1  856.015 1557.989 3432.804
k (N/m) 6.60310° —4.110° 8.210° 8.0710°

5 %10® Imaginary part:PlasticTip100gHam01//20 Nm

Imaginary part {m/MN)
moLh o
i

Imaginary Part
-3 | — — —Wn1=5331Hz |1
| — — —Wn2=855 Hz
-4 | — — —Wn3=1558 Hz
| Wnd=3432.8 Hz
5 l

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)
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400 Acceletl'ation: PlasticTip1 509|Ham01 5 ><‘1”0'5 . I‘Qelal part: F'Ilastichpl‘ISDQHamIM
Il | |
S 10
sl | |
200 ] i o
@ N
2 100 = 'l | |
: E Il |
2 0 A AN E 0+ﬁ f"‘r'*— - e
5 © Ll | Real Part ]
8 100 o Al ‘ — — —WN1=104.2228 Hz
e Il \ — — —Wn2128.5073 Hz
24 | I — — —Wn3=153.6577 Hz|
-200 . Il [ | Wn4=183.3493 Hz
Mounted on - | o LT s eer<iatid |
machine bed N L Wotcaias oor |
: . . Il i L. . . . .
with two . 0 005 01 015 0 500 1000 1500 2000 2500 3000 3500
bOl‘ESZ Plastic Time (s) Frequency (Hz)
Hgl’ll’ll)n’}esro(g]2 5 xmjrs . Ima‘ilnary parll: Plastic'll'lp1509Hlam01
Nm of torque Number of modes: 8 o o
force) Modes 1 2 3 4 Ji
£ 246-10° 9.17-10° 1.13.10° 1.21.10° . Hi i i
Z
/27 (Hz) 104223 128507 153658  183.35 N VN
kK(N/m)  -1.10° 1.97.10° -15.10° -2.3.10% Y I
Modes 5 6 7 8 St —paaany Pan
i | — _wm
s 2.99-102 3.37-10° 1.81.107 1.32:10° =2 | .
w27 (Hz) 542.252 885.676 1574.232 3429.282 3 H: } T
k(N/m) 6.573-10° 3.37:10° 4.85.10° 1.58-10° o L e
Il | L. . . . .
o 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
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