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wonder how, in situations requiring highly accuréietion estimation, a sophisticated pre-slidingdel
could be helpful. For clear understanding of tlyget of friction it was vital to focus upon the phoa
nature of friction. Currently, friction is assumtdbe caused on microscopically level due to theraction
between molecules of contacting surfaces. As altraaustead of a new tool for the design of static
balanced mechanisms, this research turned intgrhygosal of a new friction model for the pre-sliglin
regime of dry friction and a measuring setup capalbimeasuring displacements less than a nanometer.

| would like to thank everybody who helped me talize this result and helped me to get trough the
difficult moments where | did not see the use amdl ef this research. A special thanks to Just Hend®
gave guidance throughout the process of graduatiaiget Human, for the mental support and the ey
ours while studying and to Pieter Pluimers for Bigertise on the operation of the machines in the
workplace. Furthermore | would like everybody agfepoise who inspired me to start this research.
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A NEW MODEL FOR THE PRE-SLIDING REGIME OF DRY FRICTION

Mark J. Appels, Just L. Herder
Delft University of Technology
Faculty of Mechanical Engineering
Department of Biomechanical Engineering
Mekelweg 2, 2628CD, Delft
The Netherlands

ABSTRACT

In this paper a new friction model for the pre-sigl
regime of dry friction is proposed. Current highigcurate
friction models that incorporate analysis of thee-pliding
friction regime are all dynamic models. In thesedels the pre-
sliding regime seems to be underdeveloped. The foairs of
the models lies upon the analysis of the slidingime and
therefore they are velocity dependent. In the fidgrg regime
frictional behaviour appears to be a function afpthcement
rather than velocity. Therefore, the proposed mdslal static,
position dependent model specifically formulated tloe pre-
sliding regime of friction. Furthermore, the modeformulated
in such a way that it corresponds to the physictunme of
friction currently assumed to be caused by adhesidrerefore,
the model is a modified Bristle model where clustef
molecular bonds formed due to adhesion are repeseas
pliable bristles with a maximum deflection and aertstiffness.

For parameter estimation and validation of the rhode

experiments have been performed by means of a mezasnt
setup. In the experiments, values have been oltdmethe
system’s initial stiffness and the maximum deflectiof the
bristles. The experiments show that the order ajmitade of
the parameters found, correspond to the expectksiaThe
validation experiments point out that the expectethtion
between the pre-sliding displacement and
displacement could be confirmed. Furthermore, apeeted
proportional relation between the systems initiiffreess and
normal load on the surface could not be invalidatéte
effectiveness of the model was tested in simulatiof the
experimental data and by comparison to simulatimasie by
other models. The results showed that the new hisdrore
accurate and faster in modelling the pre-slidingime of
friction than the LuGre and Dahl model.

relaxation

I. INTRODUCTION

Friction is a phenomenon present in every mechhnica

system consisting of links and joints. Friction ses wear,
positioning errors and dissipates energy. The aeobst
innovations in technology cause a constant demanchifjh
accuracy friction analysis. Examples can be foumdansumer
products like blu-ray players and computer harksighere
lenses require high accuracy positioning while geivbust. In
addition, there are many industries that use highuiate
positioning in order to develop more sophisticaded efficient
products. Examples are wafersteppers used in tiguption of
computer chips, electron microscopes and roboticsall the
examples mentioned, friction causes tracking errargd
therefore friction analysis should be incorporatethe control
of these systems.

Currently, friction is assumed to be the result thé
constant breaking and forming of microscopically a8m
molecular bonds between the asperities (i.e. adhpsof
contacting surfaces [1]. The asperities are theas@opically
summits that arise above the surface giving itatgyhness (Fig.
2). The dynamic models currently used for fricteomalysis are
capable of accurate friction estimation in dynarsituations
and capture many dynamic frictional phenomena. Hewehe
analysis of static influences seems to be undetdesd in
these models [2].

Friction can be separated in two regimes [3]; thding
regime and pre-sliding regime. The sliding regisieansidered
when a relative motion between two contacting s@$aexists.
It is commonly referred to as kinetic friction. Tipee-sliding
regime is considered prior to this relative motibmthis regime
actuation forces are compensated by the frictioncef®
generated at the interface of the contacting sesfathis results
in equilibrium of forces and is commonly referredas static



friction. The pre-sliding regime is characterizey $tiction,
nonlinear behaviour, certain randomness, hysteresisl
elastic/plastic pre-sliding displacements [2, 4, IB] addition,
the behaviour in the pre-sliding regime appearset@ function
of position rather than velocity [6].

Although many of the currently used highly accurate

friction models incorporate modelling of the pradslg regime,

still some imperfections remain. The simplest mededve a
discontinuous transition from the pre-sliding tce tiliding

regime. This is unrealistic and causes problemaumerical

analysis. Furthermore, models that are continubkes,Dahl’s

model [7], the LuGre model [8] and the Leuven md@¢make

use of a differential state equation involving tiffide presence
of the differential state equation requires largenputational
efforts and therefore numerical analysis is a tito@suming
process. Finally, the models do not cover all thetibnal

phenomena present in the pre-sliding regime.

Since every dynamic system also deals with static

situations, it seems logical to assume that higlesuracy in
friction analysis can be achieved by focussinghengre-sliding
regime. For example, the acceleration and decalerat
behaviour of a robotic arm will influence the finabsition of
the movement. Both the acceleration
equilibrium and the deceleration back to statioreguilibrium
incorporate the pre-sliding regime. In addition, emhthe
direction of motion of a system reverses, the vgloof the
system will go to zero before changing sign andetfoee it
passes the pre-sliding regime. In the case of ewaamice of
configuration (e.g. statically balanced devicdsg, $ystem must
be kept within the boundaries of the pre-slidingimee. The
latter, also while being robust under influence efternal
disturbances.

The objective of this study is to formulate a neigtion
model for modelling the pre-sliding regime of dmcfion in
metal to metal contacts. The formulated modelssatic model
that captures stiction, hysteresis, pre-slidingldisement and
randomness of friction in the pre-sliding regimeinkcludes a
continuous transition from the pre-sliding regimethe sliding
regime in order to facilitate future incorporatiam dynamic
models. Furthermore, it is aimed to stay closehts physical
nature of friction, currently assumed to be causgédhesion.
A second objective is to validate the model andhtoretical
background by means of experiments.

In this research, only the pre-sliding regime afrg metal
to metal contact is considered. This clears the @y
modelling the elastic behaviour of the asperitietha junctions
between contacting surfaces without being infludnog macro
effects due to material properties. In additionlyadry metal
contacts are considered. In static conditions withnydrostatic
lubrication, lubricant is pushed away from the iifdee between
surfaces resulting in a dry contact between thiases.

In Section 2 the model’s theoretical background
expounded after which in section 3 the new modédl be
presented. Section 4 contains the measurement satdp
method used for parameter estimation and validatibrthe

from stationary

S

theoretical background. The experimental resultdl e

presented at the end of this section. In Sectidghebmodel’s
simulation results will be presented followed by tiiscussion
in Section 6 and a conclusion in Section 7.
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Figure 1: Schematic representation of atomic intfien at an
interface as a cause of adhesion [1].

Figure 2: Transfer of material due to adhesion [1j.the picture, the
contact between the asperities (i.e. summits) néd by many
molecular bonds.

Il. THEORETICAL BACKGROUND

The purpose of this section is to give insightha physical
nature of friction in the pre-sliding regime. Heneetheory for
explanation of the frictional phenomena that ocaurthis
regime is expounded. This theory is at the bagbeohew pre-
sliding friction model that is proposed in the ne&ttion.

Friction is caused by three phenomena; ploughing tu
surface roughness, adhesion and material transfer to
adhesion [10]. Ploughing occurs when the asperitie$wo
contacting surfaces hook into each other rathen tlaing
across each other. However, when the sliding sesfadave run
in properly, ploughing disappears because over titne
surfaces smoothen [1]. After running in, the renmgjrfrictional
forces are caused by adhesion and material tramkferto
adhesion. Adhesion is the bonding between the mtd@sadue
to intermolecular forces (Fig. 1) [11]. The forceasusing the
molecular bonding can be considered to behave dikstic
forces [7, 12, 13]. When sliding, in metallic cartg softer
material can be transferred to harder material tduadhesion
(Fig. 2) [1, 13]. In other words, when a moleculzond is
broken some molecules of the softer material cark $6 the
molecules of the harder material. Therefore, if] th& authors
stated that the physical properties of the frictiorce can be
considered to be a mix of elastic shear and plagformation
of the molecules of metals according to the follogviequation
[13].

F,=S+P )



Where:

Fy: The friction force )

S The force required to elastically shear the maikec
bonds N)

P: The force required to displace the softer maltéigam

the path of the sliding bod\j

We assume that the pre-sliding regime is dividedwio
regions; the purely elastic region and the plastistic region.
When an actuating force is exerted on a body, thay twill
displace over a very short distance prior to stdifhis
displacement is called the pre-sliding displacemPnting this
pre-sliding displacement, in the purely elastic ioag the
molecular bonds are being stretched by shearing tOuthe
shearing, the molecular
frictional force (S). The stretching of the bondancbe
considered to be an elastic pre-sliding displaceémgte it is
no actual plastic displacement (i.e. when molecllands
break). Once the external force is removed, thedbowill
return to their original configuration. In the piaselastic
region some molecular bonds are stretched by shefrin
addition some of the bonds have broken because dhey
overstretched. During the breaking of the molecldands,
some material can be transferred due to adhestanfrictional
force that remains after the bond is broken is gerd by the
displacement of the softer material from the shdibody’s
pathway (P). The elastic properties of the molechtands are
position dependent rather than velocity depend@&his is
explained by imagining the molecular bonds as ggtirmhe
spring force generated by elongation of the spiggimply
dependent on the elongation of the spring. Theeeftire pre-
sliding regime is considered to be position depahdather
than velocity dependent as is in the sliding regime

Furthermore, the pre-sliding regime is characterizy
hysteresis and certain randomness. We speak arbg#t in the
pre-sliding regime when a combination of elastia grastic
deformation has occurred (i.e. the system is irpthstic-elastic
region). When an actuation force is exerted onidingl body,
every molecular bond is being stretched while dhisgr the
actuation force as an elastic displacement (i.eingpforce).
However, the stretching of the molecular bonds cany
continue up to a maximum displacement. When theimam
displacement is reached, the bond will break. Harethe
molecular bonds are not equally strong and theeefloey will
break after different pre-sliding displacementsn@aminations
in the surface, like corrosion and imperfectionghiea molecular
structure of the surface, weaken the strength efttbnd. In
addition, molecular deformations caused by the mabrimad
acting on the interface of the surfaces also weakestrengthen
the molecular bonds. The above means that eachcutafte
bond can absorb a different amount of the actudtoce by
elastic deformation (shear). Once a bond is disected, its
elastic property is lost since it now generatesrstant friction
force (P). This means that, when the actuationefisremoved
from the sliding body and the body is still in tpee-sliding

bonds generate a countegact

regime, this bond will not help to pull back thé&sig body to
its initial equilibrium position. However, the basmthat are still
connected and still posses their elastic propewitgpull back
the body to a new stationary equilibrium positidiis new
equilibrium is closer to the point where the adtraforce got
removed than the initial equilibrium position sindewer
molecules are pulling back the body. The latted vabkult in
hysteresis. After being pulled back to a new steatip
equilibrium, new molecular bonds will be formed digethe
normal load acting on the interface of the surfaces

The randomness of friction in the pre-sliding regioan be
explained by the randomness of the location ofasperities of
the contacting surfaces. Since the asperities dh borfaces
can be located anywhere across the nominal coataet, the
molecular bonding can take place anywhere as imediddition,
the micro-scale conditions (e.g. pressure, molecstiaicture)
can also differ across the nominal contact areardtbre, the
amount of pre-tension that exist in a moleculardbprior to an
actual friction force is being generated can besitared to be
a random variable.

The above theory does not conflict with theoriesite
other models. However, it has never been descidsesuich in
articles concerning these models.

IIl. THE NEW MODEL

In the new model, clusters of molecular bonds e
formed due to adhesion at the asperities of cantasurfaces
are represented by pliable bristles with certaifinsss. This
approach is similar to the bristle model as proddse Haessig
and Friedland [12]. The proposed model consistsvofparts;
the initialization prior to modelling the pre-slidj frictional
behaviour and the modelling according to realizatim this
section the proposed new model is presented. A¢nleof this
section the relation of this new model to the keishodel will
be discussed

Initialization

Prior to modeling the frictional behaviour of theesliding
regime, the model has to be initialized. First, thenber of
bristles to be used by the model has to be detedniBecondly,
the bristles have to be placed randomly in ordemtmduce
nonlinearity and randomness in the model. The physiause
of the initialization process is not investigatadhis paper. It is
rather a necessity in order to create the riglduanstances for
modelling the pre-sliding frictional behaviour. Hen in the
realization process the frictional behaviour canrbedelled
according to the assumed physical nature of frictias
expounded in the previous section.

In the new model one bristle represents many midecu
bonds. Furthermore, the number of bristles to bed usy the
model is dependent on the load of the interfacevden the two
surfaces. The latter is traced back to the propoati relation
between the real contact area and the load ofntesface [1,
13]. Therefore, the number of bristles is determiiaecording
to the following equation (2):
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Figure 3: Schematic representation of molecular deoty a pliable
bristle with pre-tensioning at equilibrium positid@y; ). Where; x
The initial position of the sliding body and,x The pre-sliding
displacement of the sliding body.

N =cli [F, 2
Where:
N: The number of bristles to be usef (

c A scaling factor I/N)
Uc: The Coulomb friction coefficient (-)
Fn: The normal force acting on the surface interfgde

In equation (2) the scale factor ¢ is added in ioride
influence the number of bristles to be used byntleelel. A very
small value of ¢ leads to a linear model by usingi@imum of
one bristle. A large value of c leads to a verylimear model
for the frictional behaviour by using many bristl@he use of
the Coulomb friction coefficient causes the numbgbristles
used by the model to be proportional to the Couldridtion
force. Due to this, the initial stiffness of thesm becomes
related to the normal load on the interface as.well

In order to introduce nonlinearity and randomnesshie
model, the bristles are pre-tensioned (i.e. dedbct This
corresponds to the proposed initial deformation tbe
molecular bonds at the asperities due to the notozal. The
placement of the bristles and thereby the intradacof pre-
tension in the bristles is done by means of a nbdis&ibution
function according to:

3 =norm(4,0;, N) 3)
Where:

Oini- The initial deflection of the bristlesnj

J72% The mean value of the distribution functiom)
o1 The standard deviation from the meam) (

In formula (3), di, is a vector containing the initial
deflection of N bristles. The number of bristles used in the
model is limited. Therefore, while initializing, géhdistribution
function introduces an internal streds.§ between the two
surfaces according to:

N

Fo =0, EE: Oy (4)
i=1

Where:

Fint: The internal stress$\j

o The bristle stiffnessN/m)

Since there is no actuation force acting on ttairgii body
the internal stress between the surfaces shouldl eguo (i.e.
equilibrium of forces). Therefore, before startmgdelling the
pre-sliding frictional behaviour, the bristles haweesettle. This
means that an equilibrium configuratiafy)(where the sum of
all the forces generated by the bristlEg( equals zero has to
be found. This is called the preliminary settlifgtee body. The
settling displacement§) is calculated according to:

Ao =" (5)
O-ini
8=, +08 ©
Where:
A40: The preliminary settling displacement of the theis
(m)
Oini The initial stiffness of the systerN/m)
Jo: The equilibrium position of the bristlesi)

In equation (6)J, is a vector containing the equilibrium
configurations of thé bristles used by the model. The sum of
this vector equals zero.

After the preliminary settling of the body, the ubmg
configuration of the bristlesi¢) will act as the reference point
from which the pre-sliding displacement,{ and frictional
force ;) are modelled by realization (Fig. 3).

Realization

When an actuation force is exerted on the slidiodybthe
bristles start to deflect in the direction of tlhede. With it, the
body is moved as well. The displacement of the hisdyalled
the pre-sliding displacementy(). The deflection of the bristles
causes the frictional force to accumulate countargcthe
actuation force. By considering the state of eadhtle at a
certain time interval a summation can be made & th
deflections of the bristles. By multiplying thismsmation by the
stiffness of the bristles the friction force is aioed. This
process is called realization since after each fimerval @t)
the state of each bristle is considered.

The accumulation of the friction force is modellbg
realization according to the following formula:



F, =S+P

S:sz[ﬁdo,i + )Sare) (7)
i=1

P = Ub |j]d m-max

Where:

N=n+n, (8)

Fy: The friction force K)

Xore: The pre-sliding displacement of the body) (

Omax The maximum deflection of the bristlas)(
ne: The number of connected bristle} (
Ng: The number of disconnected bristles (

In formula (7) the first termS) represents the force to
elastically shear the molecular bonds representdtiebristles.

The second termPj represents the force required to displace

the softer material, which is transferred due tbesibn, from
the pathway of the displacing body.

When all the bristles are connectei; (+ dx < dmay, the
displacement is purely elastic and the system ishn fully
elastic region. Therefore, all the bristles cancbasidered to
form one spring with a stiffness which equals tlystem’s
initial stiffness 6;,). In this way stiction is modelled and
equation (7) turns into a simple spring force folanu

Ff = a-ini. D(pre (9)

Due to the varying pre-tension of the bristles, Ibhistles
start to disconnect successively after a certapldcementd;
+ 0x > dmay- Hence, the bristles that have disconneatgdwill
generate a constant friction force that correspandse second
term in Equation (7). The need for this second témnthe
model is explained by considering the case whergingle
bristle is used to model the pre-sliding regime.(ia linear
model). When an actuation force causes the brigilesach its
maximum deflection, the system leaves the prerglidegime
and enters the sliding regime. At this boundarysingle bristle
generates a friction force that equals the Coulfrinbon force
while sliding. When the second term would be abgerthe
model, it would mean that, at this boundary, thetibn force
generated by the bristle equals zero. This resuitsa
discontinuous transition from the pre-sliding regino the
sliding regime.

In practice, not every time a molecular
disconnected material will be transferred due tdeatbn.
However, in this model one bristle represents majecular
bonds. Hence, by averaging it is possible to asaigonstant
resulting friction force to each bristle. This ferthen represents
the average force that is generated by many maleboainds for

bond is

pushing the transmitted material from the slidingdyis
pathway.

From the point that the first bristle has discoteddN =
n. + ng) the system’s total stiffness will vary dependiny the
pre-sliding displacement. This results in a nordine
accumulation of the friction force according torfara (7). The
process of the successively disconnecting of thstlés, and
therefore the loss of stiffness, continues untitted bonds have
disconnected. When this has happened, the systerarttared
the sliding regime and all the bristles together generating a
constant friction force that equals the Coulombtiion force:

Fc = a-ini |jymax (10)
Where:
Fc: The coulomb friction forceN)

In the pre-sliding regime hysteresis only occursthie
plastic-elastic regionN = n; + ng). Once the actuation force
has disappeared, the bristles that are still cdedeafter the
pre-sliding displacement will pull back the bodyadcstate free
of internal stress. The distance over which theybisdpulled
back by the bristles is called the relaxation dispment %)
and equals:

F
= +AO (11)
Xrel nc w_b
Where:
Xrel: The relaxation displacememh)

A40: from equation (5)

In equation (11), the first term represents thexation
displacement that results from the summation ofstiffness of
the connected bristles. In the second tefid,represents the
settling of the connected bristles to a state dfdaternal stress.
The bristles that have disconnected during the spdéng
displacement r{z) will not help to pull back the body to its
initial equilibrium position. As a result the irati position will
never be reached. In practice, the latter is caubeel to
hysteresis. The position of the sliding body afigsteresis has
occurred now becomes:

X= )% + )Snre - Xel (12)
Where:

X: The global position of the sliding body)

Xo! The initial position of the body)

When an equilibrium position has been reached, the

disconnected bristles will reconnect. We proposat #it this
point the disconnected bristles are still fullyesthed. Hence,



the bristles are reconnected in the direction thats to a
decrease in strain for the bristle. This is doneoeding to the
following formula:

Jx,i = Jmax _Sgn(dmax) morm(ﬂzﬂ'z) (13)

Where:
sgn The direction of the of the pre-sliding displaeah()

After being reconnected by the distribution funotidhe
reconnected bristles pull back the body to a dtateof internal
stress according to Equations 5 and 6.

By proposing that only the bristles that are cotestcause
the relaxation displacement, the model implies that larger
the pre-sliding displacement the Ilarger the relarat
displacement. After all, when the body is moved roem
increasing pre-sliding distance the connected lbsishecome
more deflected and therefore the relaxation digtat will
be larger. In addition, by proposing that the numbe the
bristles is dependent on the normal load of therfate
according to equation (2) the system’s initialfeéfs will be
dependent on the normal load as well. The validatibthese
implications will be the subject of the next sentid-inally,
since the model is only position dependent ancetbes a static
model, no damping has to be included in order &vent limit
cycling.

Relation to the Bristle model

The new model is related to the Bristle model [tRthe
sense that pliable bristles are being used to nmtbdeaiolecular
contacts between the contacting surfaces. In adglitihe
Bristle model also uses a random distribution fronnection
of the bristles. However, differences can be digtished in
comparison to the study published by Haessig ateldind
[12].

The bristles in the Bristle model directly reconneten
the maximum deflection is reached. The new models us
different approach. The bristles in the new modemain
disconnected until an equilibrium position is foubg the
bristles that are still connected. Furthermorejsitnot clear
whether the bristles in the Bristle model are piacandomly
while initializing as is done in the new model. dddition the
Bristle model uses a uniform distribution where tigsv model
uses a normal distribution. The Bristle model iglymamic
model since the stiffness of the bristles is veéjodiependent.
This is not the case with the new model that isjyuposition
dependent. Finally, the Bristle model is not a gargus model
since it uses a velocity bandwidth. When the véjois within
this bandwidth the model is modelling the pre-sigdiregime
using more bristles than while modelling the slighegime. As
a result there is a sudden discontinuous dropiatidn force
when the velocity crosses the boundary of this tédtth. In
this way stick-slip is modelled. The new model onbnsiders
the pre-sliding regime, which is the friction thatgenerated

-10 -

within the Bristle model's velocity bandwidth. Tleéore the
new model does not consider stick-slip.

IV. MEASUREMENT SETUP: PARAMETER
ESTIMATION & VALIDATION OF THEORETICAL
BACKGROUND.

The new model requires three parameters that hawe t
determined from experimental data. These are; ttistld
stiffness §,), the maximum deflection of the bristle%,4) and
the Coulomb friction coefficientuf). In addition, the proposal
that a proportional relation between the normatilaating on
the interface and the initial stiffness exists dtidue validated.
Furthermore, the proposal that a relation betwhemtagnitude
of the pre-sliding displacement and the relaxati@placement
exists should be validated as well.

To our knowledge, except for the Coulomb friction
coefficient, no literature or empirical data abthé parameters,
and proposed relations are known. Therefore, a uneant
setup has been built.

In this section the measurement setup, the metiood f
obtaining the required parameters and the validatéb the
relations by experiments are discussed. The resfltshe
experiments are presented at the end of this sectio

Figure 4: From the notes of Da Vinci (1452-1519)].[IThis
measurement setup is the first attempt, currentigwia, at friction
estimation in sliding contacts. From the resultstef experiments, his
classic friction laws where postulated.

Measurement setup

In short, the experiments are simple tests of mgsla solid
body over a ground surface. The measurement sétopgk/
resembles the setup as described in Da vinci'ssnartefriction
(Fig. 4). However, our setup is capable of meagurin
subnanoscale displacements and applying microNefaiaes.
Thereby it is capable of providing accurate insighthicroscale
frictional behaviour. The measurement setup (Fa.& 5b)
consists of three main parts; a ground surface giging body
(B), and an actuation system (C). The ground sartamsists of
a plate made of high carbon steel (C45) with a ddmshing.

A mass, made from bearing bronze (Rg7), is plagedop of
the ground surface. This combination of C45-stewl Rg7-
bronze is commonly used in many mechanical systeitis
metal to metal contacts. Furthermore, the masgrisected to a
linear guidance mechanism (D), consisting of tw® Bm wire
springs, in order to obtain a pure linear motion thre
longitudinal direction. The actuation system cotss@f a piezo
stack actuatofrange = 30um) on which a stiff springk =
116.04 N/mmis mounted. When the piezo is elongated the free



end of the spring pushes against the sliding messlting in
actuation of the mass and simultaneously compnessiathe
spring. The displacement of the mass and the elimmgaf the
piezo are measured by two capacitive sensors with
subnanoscale accuracy. By subtracting the positidhe piezo
actuator Xpez0 from the position of the massfs, the
compression of the spring is obtained. Hence, ficédn force

can be calculated from multiplying the compressiinthe
spring by its stiffness according to the followieguation:

o (1) = Keping B X(1) oo = X(1) )

(14)
Fact = I:f
Where:
Fact The actuation force\)
Kspring ~ The spring stiffnessN/m)
Xsiezo  The global position of the piezo actuator’s fe (1)
Xmass  1he global position of the sliding mass)(

Figure 5a: Measurement setup used for parameter estimadioc
validation of theoretical background.

Figure 5b: Schematic representation of meament setup (Top viev
A) Ground surface, B) Sliding body, C) Actuatiostsyn consisting
piezo stack actuator with spring, D) linear guidanmnsisting of tw
0.2 mm wire springs, E) Capacitive sensor measurigzc
elongation (¥ez9, F) Capacitivesensor measuring the sliding bot
displacement (fusg-

Method
In order to validate the proposed relations andktiain the
required model parameters, three types of expetsnbave

-11 -

been carried out. From the output of the sensadstlaa spring
stiffness the force-displacement behaviour of §stesn and the
position of the mass with respect to the time ocanulétermined.
Hence, the required model parameters can be obt&ioe the
plots. By varying the mass of the sliding body dhe rate at
which the piezo actuator elongates, the frictidmathaviour for
different circumstances can be investigated.

Experiments 1

In this experiment, the Coulomb friction force dasént
for the steel-bronze sliding contact is determinElde sliding
body is simply pushed over the ground surface aedtriction
force is calculated according to equation (14)c8ithe mass of
the sliding body is known, the friction coefficiemtan be
calculated according to the following equations:

F
He = —
F, (15)
F,=mlg
Where:
m: The mass of the sliding bodkgj
o) The gravitational acceleratiom(s)

The experiment is carried out for three masses.852kg,
0.522 kg and 0.690kg after which an averaged value for the
Coulomb friction coefficient will be calculated.

Experiments 2

In this experiment the system’s initial stiffness ffive
masses of the sliding body will be determined. kenhore, the
maximum deflection of the bristles will be detersin From
the values found for the system’s initial stiffnedse proposed
relation between the initial stiffness and the rarfoad of the
interface will be validated.

The values that are obtained from the results & th
experiments are validated as follows:

The number of bristles used by the model is detethi
according to:

N =cli, [F, (16)
Furthermore, from the Coulomb friction law follows:
Mo IR, = F¢ (17)
By substituting equation (10) into equation (17§ aibtains:

IUC DFn = Uini D5max = FC (18)
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Figure 6: Cutoff values for Experiments 2. The @iezctuator
elongates two times. The first peak pushes the noassreference
position. The second run the actuator elongatesitdomaximum

elongation while pushing the mass from the preirglidegime into the
sliding regime.
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Figure 7: Force-displacement curve obtained fronp&iments 2. The
systems initial stiffness is determined from thepelof the tangent
(dF/dx) in the origin of the curve (black line). &Coulomb friction

force (ko) is determined from the point where the slopthef tangent

becomes zero (red line).
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— Elongation piezo actuator
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—Pre-sliding regime
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Figure 8: Displacement-time curve obtained from &xpent 2. The
blue line represents the elongation of the piezmiaor with respect
to time. The red line represents the position efrtiass with respect to
time. At the point where the red and blue linesssrin the ellipse,
indicating the pre-sliding regime, the piezo hascieed the mass

(reference point). From here the friction forcertdato accumulate.
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In equation (18) two parameters are unkn@dyg andoiy;.
The Coulomb friction coefficient is estimated ingeximent 1.
By determining the system’s initial stiffness fdret different
masses, the proposed proportional relation betvtleerinitial
stiffness and the normal load can be validatedaddition,
when the initial stiffness is known, the value ., can be
calculated. By comparing the calculated valuehefrhaximum
bristle deflection with the experimentally foundlwes, the
model can be partially validated.

During the experiments, the piezo actuator pushmwes
sliding body two times from the pre-sliding regirivgo the
sliding regime (Fig. 6). The first peak in Figureb@ngs the
sliding body to a reference point. At this point #xact location
of the mass is known together with the exact eltageof the
piezo actuator. Therefore, this point can act asotfigin of the
force displacement curve which will be determineonf the
second run of the piezo actuator (second peakgf&ji After
all, when the piezo actuator reaches the referpot#, there is
contact between the spring and the sliding bodyeathie force
exerted on the sliding body equals zero. From
accompanying force displacement curve the systenit&al
stiffness can be obtained.

We propose that when the system is in stationary
equilibrium the maximum number of molecular borglformed
and the system possesses its maximum stiffnegtelmodel,
this total stiffness corresponds to the sum ofdtiiftness of all
the bristles being used. From the slope of thedangn the
origin of the force-displacement curve (Fig. 7) thgstem’s
initial stiffness 6,) can be derived. By determining the point
where the tangent to the force-displacement cuquels zero
(i.e. the system is in the sliding regime), thetesyss maximum
pre-sliding displacement and the magnitude of tloal@nb
friction while sliding can be determined.

The maximum bristle deflectiord s, is derived from the
mass’ displacement-time curve (Fig. 8). We propbs¢, when
the system returns from the sliding regime to the-giding
regime, the stretched bristles reconnect and stating the
body back to a state free of internal stress. Saficihe bristles
are stretched up to their maximum deflection, tbkxation
displacement can maximally be the distance fromultiemate
deflection to the Since all the bristles are stretcup to their
maximum deflection, the relaxation displacement can
maximally be the distance from the ultimate deftattto the
neutral position (upright) and therefore the maximaeflection
of a single bristle. By measuring the relaxatiospticement of
the mass once the actuation force is removed thdmuen
deflection for a single bristle can be determingdypproach.

The experiments have been carried out for five pmss
0.352 kg, 0.419kg, 0.459kg, 0.563 kg and 0.690kg. In
addition, each experiment has been carried outwor piezo
elongation ratesdi/d) of 8.25e-8m/sand 1.65e-8n/sand is
repeated for five times.

the
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increments is determined according to Equation 19.
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Figure 10: Visualization of relaxation displacemeatfter the piezo

actuator has reached its cutoff value. The red tep@esents the mean
value of the noisy signals over a predefined donbeifore and after

the actuation force is removed (Experiments 3).

Table 1: Coulomb friction force @F and Coulomb friction coefficient
(uc) for three masses (m) of the sliding body. Thel@uohb friction
force and the Coulomb friction coefficient are detmed by
averaging the results of five experiments carried for each mass
(Experiments 1).

m (kg) Fc (N) tic ().
0.352 0.255 0.074
0.522 0.325 0.059
0.690 0.385 0.057
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Experiments 3

In these experiments, the assumption of a reldietween
the increase of pre-sliding displacement and theease of
relaxation displacement is validated. During thpegiments the
sliding body is iterative actuated by an increadmge which
pushes it further into the pre-sliding regime (irereasing pre-
sliding displacement) (Fig. 9). By measuring tledaxation
displacement after each iteration, the relaxati@pldcement
belonging to preceding pre-sliding displacement da@&
determined (Fig 10). After each iteration, the Hut@lue is
increased according to Equation (19):

30
Xeut offi = dxi i (19)
i=1
Where:
Xauoft ~ The elongation of the piezo actuator for itenati¢m)
dx The piezo actuator increment for each sample

(m/sample)

In equation (19) the cutoff valuex(,n represents the
elongation at which the actuation of the slidingdpdy the
piezo actuator is cut off. At this point the piemdracts to its
initial position (0 m) and the relaxation displacement of the
mass is measured. In the formuda represents the increment of
the piezo actuator for each sampklt).( By increasing the
increment, the ratedk/d) at which the piezo actuator elongates
is increased as well. In this way the influencevelbcity on the
relaxation displacement can be investigated

The experiments have been carried out for thressaezaof
0.352 kg, 0.522, kg and 0.690 kg and three incrésnefr0.51e-

9 m, 0.825e-9 m and 1.65e-9 m.

Results
Below the results of the three experiments aregortes!.

Experiments 1

The estimated Coulomb friction coefficient has
magnitude between 0.074 and 0.057 (Table 1). Trerage
Coulomb friction coefficient which will be used the model is
determined at 0.0633.

Experiments 2
The results of Experiments 2 show that, for an gddion rate
of the piezo ofit/dx = 8.25e-8m/s the system'’s initial stiffness
increases when the mass of the sliding body inesedsor the
experiments with a rate aft/dx = 1.65e-7m/s a decrease in
stiffness can be distinguished (Fig. 11). The sopfethe curves
amount to 1.424e6N/(m-kg) and -1.900e6 N/(m-kg)
respectively. The mean value of the initial stifadfor all the
experiments carried out, amounts to 2.2173¢07

In Figure 12, a decrease in relaxation displacemetit
respect to the mass of the sliding body can bendisshed.
Furthermore, a difference in magnitude of the rafiax



displacement with respect to the piezo’s elongatiate used
can be distinguished. The means of the relaxatigplatement
find itself between 2.277e-08 and 1.278e-09 nwith a slope

of -2.4969e-9 m/kdor the experiment with an piezo elongation
rate ofdx/dt = 8.25e-8m/s For the experiment with a rate of
dx/dt = 1.65e-7m/s the means if the relaxation displacement
find itself betweer?.055e-8m and6.235e-9m with a slope of -
3.5776e-9m/kg The mean for all the relaxation displacements
measured during the experiments amounts to 1.5884e-

The values for the initial stiffness from the expents are
inserted in equation (18). Hence, the maximum d#éla for
the bristles is calculated according to the Coulofm&tion
force found in Experiments 1. This is done for tmasses of
the sliding body of 0.352 (kg) and 0.690 (kg) andot
elongation rates of daf = 8.25e-8 m/s andx/dt= 1.65e-7 m/s.
The results are presented in Table 2a and 2b.

x 10

—dx/dt = 8.25e-8 m/s
—dx/dt = 1.65e-7 m/s
S5 — Standard deviation
_— — Standard deviation

Stiffness [N/m]
&2

—
1 —
-
- T
T T
1 0.352 0.419 0.459 0.563 0.690
Mass [kg]

Figure 11: Initial stiffness of the system for fidigferent masses and
two piezo actuator elongation rates (dx/dt). Thetiah stiffness
increases when the mass increases for an elongasitenof 8.25e-8
m/s (red line) while it decreases for a rate of5Se& m/s. The dashed
lines represent a standard deviation ofrom the mean (solid lines)
(Experiments 2)

Table 2a: Partial validation of the maximum defientof the bristles
(dmay according to equation (18) for an elongation raié dx/dt =
8.25e-8 m/s. The measured values for the systeia stiffness ;)
and the Coulomb friction ( are inserted in Equation 18 and the
relaxation displacement,,) is calculated for comparison with the
measured value.

m Fc(N) | oini (N/m) Omax (M) Omax (M)

(kg) (Measured) | (Calculated) | (Measured)
0.352 | 0.255| 2.004e7 1.27e-8 2.278e-8
0.690 | 0.385| 2.574e7 1.50e-8 1.278e-8

Experiments 3

The results of Experiments 3 show that for eachsméshe
sliding body the relaxation distance increases wthen pre-
sliding distance increases (Fig 13). The slopethefcurves in
the figure have a magnitude of 0.3080m 0.3036m/m and
0.2987m/mfor a mass of the sliding body of 0.3R§ 0.522kg
and 0.690kg, respectively. The mean of all the relaxation
displacements measured during the experiments amdon
4.3005e-9m.

Figure 14 shows a fluctuation in the magnitude lod t
relaxation displacement with respect to the inaea$ the
elongation rate. The mean values of the relaxation
displacements are 5.3170e-9 m, 4.0045e-9 m and3e39 m
for the elongation rates alfix/dt = 5.10e-8 m/sgx/dt= 8.25e-8
m/s anddx/dt = 1.65e-7 m/s respectively. The slopes of the
curves amount to respectively 0.1458m 0.1263m/m and
0.3028 m/m The mean of all the relaxation displacements
measured during the experiments amounts to 4.5807e-

35x10°
—dx/dt = 8.25e-8 m/s
\ —dx/dt = 1.65e-7 m/s
3 AN — Standard deviation
N — Standard deviation
25 \ ~_
£
5 2
£
3
S15
K2
[a)
l,
0.5

0.459 0.563 0.690

Mass [kg]

0.352 0.419

Figure 12: Relaxation displacement of the slidirgly when returning
from the sliding regime. The experiment has beeriethout for five

masses each for two different piezo elongationsréde/dt). For both
rates the relaxation displacement decreases whenntlass of the
sliding body increases. The dashed lines repreghet standard
deviation ofs from the mean (solid lines) (Experiments 2).

Table 2b: Partial validation of the maximum defientof the bristles
(Omay according to equation (18) for a elongation raté dx/dt =
1.65e-7 m/s.The measured values for the systeral isiiffness ;)
and the Coulomb friction (§ are inserted in Equation 18 and the
relaxation displacementi,,) is calculated for comparison with the
measured value

m Fc (N) aini (N/m) Omax (M) Omax (M)

(kg) (Measured) | (Calculated) | (Measured)
0.352 | 0.255| 2.526e7 1.01e-8 2.055e-8
0.690 | 0.385| 1.766e7 2.18e-8 6.235e-9
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Figure 13: Relation between the pre-sliding disglaent (x.) and
relaxation displacement {) in the pre-sliding regime for three
masses (m) (Experiment 1). The relaxation displacemn(y-axis)
increases when the pre-sliding displacement (x}aixisreases. The
dashed lines represent the standard deviatioro dfom the mean
(solid lines) (Experiments 3).

V. SIMULATIONS

From the experiments described in the previoussethe
model's parameters are obtained. The values of
experimental parameters that will be used for deiteation of
the model parameters are listed Table 3.

The system’s initial stiffness is determined frame tmean
of the initial stiffness found in Experiments 2 aachounts to
2.2173e07N/m (Fig. 11). The maximum deflection of the
bristles ¢may IS determined from the mean of the relaxation
displacements found in Experiments 2 and amounts3684e-

8 m (Fig 12). The magnitude of the average relaxation
displacementXe) is determined from the average of the two
mean values found in experiment 3 and amounts4206e-9

m. The Coulomb friction coefficient is determinedrr the ean

of the values found in Experiments 1 and amoun@Q63.

From the experimentally found values the other rhode
parameters have to be determined. The number stfdwito be
used by the model is determined according to egud#):

the

N = cli [F,

In the simulations, the value for ¢ is chosen to5b8. In
this way the minimum amount of bristles used by el is
about 100 for the mass of 0.3k@ The choice for a minimum
of 100 bristles to be used by the model originftes a trade
off between the required nonlinearity of the modeld the
computational effort required to model the 100 thets by
realization. Nevertheless, good results where nbthby using
an amount of 10 bristles. The bristle stiffnegd (s determined
according to the following equation:
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Figure 14: Relation for three actuator elongation rates @b
between the pre-sliding displacement ,Jx and relaxatioi
displacement (¥) in the d$iding regime. For all three rates, t
relaxation displacement (y-axis) increases when firesliding
displacement (xis) increases. The dashed lines represen
standard deviation of from the mean (solid lines) (Experiments 3).

(20)

The mean of the distribution function for the iaiti
placement of the bristleg,] is set al0. In combination with a
standard deviatiorns() of 29,,,{3, 99.7%o0f the bristles will be
placed with an initial deflection between 0 a®g m. The
mean value for the reconnection of the bristle$ i6 obtained
from the averaged value of the relaxation displargnof the
bristlesde. The accompanying standard deviatieg) {s chosen
to be 1/3 of the mean value. Here 99.7% will be reattached
within a range of m. The latter has no physical background
or experimental validation. Nevertheless, it seg@hasisible to
assume that the relaxation displacement of theodisected
bristles is proportional to the average relaxatidrihe sliding
body. Hence, the distribution of the connected munnected
bristles at the new stationary equilibrium is sanilo the initial
distribution that is obtained in the initializatipnocess.

Simulation 1

In this simulation the parameters from Table 3 dndre
used to simulate Experiments 1 for three diffempatses. For
comparison, from the empirical data of three déférmasses,
the force-displacement curve has been determinied.dbta is
filtered by a low pass filter in order to obtaig@od qualitative
behaviour (Fig. 15).

Figure 15 shows that the qualitative behaviouhefrodel
corresponds to the behaviour of the experimentah.da
distinction in initial stiffness can be observeddaboth the



model and the empirical data show a nonlinear itiansfrom
the pre-sliding regime to the sliding regime. ldisidn both the
model and the empirical data show that the rangthefpre-
sliding regime (marked by the vertical lines in Gig 15) is
indifferent of mass. The quantitative behaviour vghoa
deviation from the experimental data. The Coulormribtibn
force found by the model has a magnitude that thimil7 %
off from the experimental data for all three expets. The
range of the simulated pre-sliding regime is ab@25e-8m
shorter than the range found in the experiments.

Table 3: Experimentally found parameters for thetem's averaged
initial stiffness &), the averaged maximum deflection of the bristles
(dmax), the averaged relaxation displacement of theirglicbody ()

and the averaged Coulomb friction coefficien)(

Cini 2.2173e7dN/m)
Omax 1.5584e-gm)
Xrel 4.4206e-9m)
lc 0.0633(-)

Table 4: Means( u,) and standard deviationsg{ o) for the initial
distribution function and reconnection distributiumction.

model, a bristle model. It is formulated in orderimprove the
efficiency of the Dahl model and in order to inculdbrication
influences. Like the Dahl model it is a dynamic rmbdhich
uses a differential state equation. The parametses for the
simulations are listed in the Table 5a and 5b.

Figure 16 shows a difference of factor 9 betweenctirves
modelled by the Dahl model and the experimentaa.d@ihe
LuGre model resulted in even larger deviations fréme
experimental data. Therefore, the results of th&reumodel
have been left out of consideration. The Coulonidiiém force
as calculated by the Dahl model amounts to 0.029568r the
sliding body with mass 0.3523. The length of the pre-sliding
regime as calculated by the Dahl model amounts.7e-2m
which is about 1.45e-Tn longer than the results from the
experimental data. Furthermore, the Dahl model doésnake
a distinction between the initial stiffness withspect to the
normal load. The LuGre model does, but the magaitod
stiffness could not be determined. The required prdational
effort is much higher for the dynamic models. The
computational effort required for the new modelimut 90 and
60 times lower with respect to the Dahl model amal tuGre
model, respectively (Table 6).

Table 5a: Model parameters for simulations of threasses by the
Dahl model.g, represents the initial stiffness of the modal,is a
shape determining factor and- Fthe Coulomb friction force while
sliding. The Coulomb friction is given as input fmach simulation of
mass (m).

m (kg) 0.352 0.522 0.690

oo (N/m) 2.2173e7 2.2173e7 2.2173e7
o1 () 25 25 25

Fc (N) 0.2596 0.3229 0.3828

Table 5b: Model parameters for simulations of threasses by the
LuGre modelgg represents the initial stiffness of the modeljs the
damping coefficienty, the viscous friction coefficient,, the Stribeck
velocity, K, he static friction and E the Coulomb friction while
sliding. The static friction is given as input fesch simulation of mass

(m).

J221 0 (m)
g1 (2 8max )/3 (m)
U2 Xel (m)
02 Xeil3 (M)
0.4 ‘
T
0. | |
| e i
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@ - T |
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—New model: m = 0.563 kg |
0.0 =-=New model: m = 0.690 kg |
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Figure 15: Result simulation 1. The red curves espnt the force-

displacement curves as obtained by the new moaelcé&mparison
the experimental data of three different masseslapcted by the red

lines. The vertical dashed lines represent thendamy between the

pre-sliding regimes and the sliding regimes.

m (kg) 0.352 0.522 0.690

oo (N/m) 2.2173e7 2.2173e7 2.2173e7
o1 (Ns/m) \2.2173e7 | \2.2173e7 | N2.2173e7
o> (Ns/m) 0.4 0.4 0.4

Vs (m/9 8.25e-8 8.25e-8 8.25e-8
Fs(N) 0.2596 0.3229 0.3828

Fc (N) FJ1,5 R/1,5 FJ1,5

Comparison with Dahl’'s and LuGre model
In order to estimate the model’s accuracy andiefiicy in
simulating the pre-sliding regime, the model is paned with

Table 6: Computational effort required to simulatbe force-

displacement curve of Experiments 3 for the slidiogy with a mass
of m = 0.352 kg. The simulations where preformedaddP xw4600
Workstation (3.16 GHz)

two other models. The Dahl model [7] is one offing models

that represent friction as a combination of elaaticl plastic

motion. It is a dynamic model and therefore it usestate

variable involving time. The LuGre [8] model iskdi the new

Model name Computer tims)(
New model 0.33

Dahl model 29.1

LuGre model 19.55
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Figure 16: Simulation of force-displacement curyetihe Dahl model.
The vertical line represents the boundary betwéenpre-sliding and
the sliding regime. The simulation by the Dahl naslstill in the pre-
sliding regime.

Data fit for the new model.

Both the Dahl and the LuGre model require the Cmblo
friction force for sliding as an input value. Foetsimulations
this input value equals the Coulomb friction fol@® obtained
from the experimental data.

In Figure 17 the results for a simulation by thevmaodel
with a data fit similar to those for the modelstbé previous
paragraph is presented. For the data fit the Cdulfniation
force is given as a model parameter. The magnitacke.2596

N, 0.3229N and 0.3828\ for a mass of the sliding body of

0.352 kg, 0.522 kg and 0.690kg, respectively. Hence, the
number of bristles to be used and the bristle n&#f§ are
calculated according to:

N =clk
FC
g. = 21
"G o
— a-ini
o, = N

In equation (21) the maximum deflection is choserfit the
curve of the experimental data for the mass of D.R§
optimally. The maximum deflection found amount2t600e-8
m. Next, the simulations were carried out for théeottwo
masses while keeping the maximum deflection cohstin
Figure 17 the simulation has been carried outitead for each
mass. The latter results in a varying force accatian

Figure 17 shows that the Coulomb friction force eltet]
by the new model meet together with the magnituti¢he
Coulomb friction force found from the experimentkita. The
pre-sliding regime modelled by the new model hasobe
larger with respect to the results of Simulatiobut it is still
7.25-8m off from the experimental data.
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Figure 17: Simulation of the experimental data byams of a data fit
of the Coulomb friction force. The simulation ha&eb carried out for
10 consecutive runs.

Simulation 2

In this simulation two iterations from the experinted data
of Experiments 2 are simulated. In the simulatiba mass is
actuated twice by an actuation force. In Figure th@
experimental data is presented together with alation using
the estimated parameters from Simulation 1 andrlation
with the parameters found by the data fit of thevpus
paragraph.

Figure 18 shows that both simulations simulate the

qualitative behaviour of the experimental data. Cioethe
strong filtering of the experimental data, no jucgat about
the quantitative behaviour can be made.
hysteresis is modelled by both simulations.

0.12

Friction force [N]
o
o

— Experimental data 1th. iteration
— Experimental data 2nd. iteration
= Simulation with estimated paramete
- Simulation with data fit

0 1 2 3 4 5 6 /
Displacement mass [m] x10°

=

S

Figure 18: Simulation of 2 iterations of the fordisplacement curve
of Experiment 3. The solid black line represents shmulation using
the estimated parameters. The dashed line repregbet simulation
with the fitted parameters.
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VI. DISCUSSION

The objective of this research was to formulate eav n
model for the pre-sliding regime of dry frictioncato validate
the model by experiments. In order to do so, a oreasent
setup has been built and simulations on experirheata were
performed. In this section, after a general disous®f the
research, the results and observations from thésareh are
discussed according to the structure of the sestioi this
paper.

General

The focus on friction analysis generally lies upthe
analysis of dynamic friction. This is why thereaizyast amount
of dynamic friction models in contrast with a fevodels suited
for static friction analysis. Nevertheless, curretgnamic
models incorporate analysis in the pre-slidingmegin order to
model stick-slip behaviour. However, in all the retedthe pre-
sliding regime is still considered to be velocitypgéndent due
to the differential state equation used by the nsdehe new
model is a static model which means that it lacksinge
dependent state variable. This leads to fewer reodnts for
computational effort and thereby enhances effigienn
addition, the numerical integration algorithms rieed for the
dynamic models become inaccurate when the veloedghes
near static conditions. This results in inaccunatadelling of
friction. The new model is not troubled by calcidas that
become stuck. However, due to the lack of a timgeddent
state variable, the new model is not suited forye of the
sliding-regime. In the sliding regime velocity depent
influences, like viscous friction and lubricatioffeets play a
leading part. Therefore, for analysis of the slidiregime, a
dynamic model is required. Nevertheless, the pregonodel
has a continuous transition to the sliding regiftés makes the
model suited for implementation in dynamic modelsd a
thereby enhances the effectiveness of the dynansidemin
modelling the pre-sliding regime.

Theoretical background

The theoretical background is based upon the asgump
of the absence of ploughing. In practice there afitays be
some ploughing involved in dry metal to metal cotgaeven if
they have run in properly. For example, contamartidue to
corrosion and wear cause the smoothened surfacéeto
roughened up which can lead to ploughing effectavéter, the
influence of the ploughing effect is considerec&ominor and
random and is overcome due to the presence ofistrbdtion
function implemented in the model.

The new model

The initialization process of the model is consitkas a
tool in order to create the random pre-tensionhia bristles
that, based on the theoretical background, shoelgrbsent in
the model prior to running a simulation. The precdses not
have a firm physical background. However, it canirderpret
by considering the placement of a body with a ¢entzass on a
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ground surface. Suppose that the body is placettheground

surface and no external forces other than the ridionee are

acting on the body. Due to the weight of the balg,molecular
bonds at the interface of the contacting surfaces keeing

deformed. Hence, the elastic deformations of thdeoutar

bonds cause an internal stress to arise at thdaogebetween
the ground surface and the sliding body. Howeviges no

actuation force is acting on the body, the molechtands will

settle until equilibrium of forces is reached. Ither words, the
mass will displace until the summation of the strai all the

molecular bond equals zero. This settling displazgm
corresponds tdo in Equation (6) in the model.

Current bristle models propose that the pre-slidamgl
sliding regime of friction are characterised by ttentinuous
forming and breaking of molecular bonds. The newdeho
differs from this assumption by assuming that oaceond is
broken it will not reconnect immediately. In theanenodel we
proposed that the bristles only will reconnect whestationary
equilibrium has been obtained where no internasstrat the
interface is present (i.e. after settling). It abukry well be that
in the sliding regime this assumption does not hbldwever,
this is not investigated in this research

Experiments

The experiments carried out in this research aaevidlrup
in order to approach static conditions. In orderdto so, the
sample rate and elongation increment of the pitatksactuator
are kept as low as possible. The maximum elongatiie
(dx/dY for the piezo during the experiments amounts.&b4-7
m/s, which can be considered to be near zero. Thishg w
inertia influences, if present, are not considered the
experiments.

Furthermore, from the experiments no velocity dejeen
influences can be distinguished. Figure 13 pointstbat the
relaxation displacement is indifferent of the mabshe sliding
body and the sample rate at which the actuatiarefer applied.
There is a slight difference in magnitude but thifference falls
within a standard deviation of one of the mean of the
experimental results. In addition, Figure 14 poiots that the
relaxation displacement is not influenced by thanghtion rate
of the piezo for very small velocities. Again, theis a
difference in the magnitude and slope of the curegsesenting
the elongation rates. However, since the differeiscenainly
within standard deviation of oreof the results, this difference
is not significant. Both observations are in corgre with the
model’s theoretical background by representingpteesliding
frictional forces as elastic forces which are ndtuenced by
inertia effects. However, further research, usingghér
elongation rates of the piezo, should be perforinedrder to
determine to what extent inertia influences thectishal
behaviour in the pre-sliding regime for higher ation rates.

From Experiments 2 no relation between the masthef
sliding body and the initial stiffness could beigtated (Fig.
11). However, due to the large standard deviatiohshe
experimental results the assumption is neitherlicated.



Figure 12 shows a decrease of the relaxation dispiant
with respect to the mass of the sliding body. Thase of this

phenomenon is unknown. However, the phenomenonois n

incorporated in the model since the decrease isigaificant
due to the large standard deviation in the experiat@esults.

The model is partially validated by substituting talues
found by the experiments in Equation (18). Howedek to the
large scatter in the experimental results it isygmbssible to
validate the order of magnitude of the parameteed iy the
model. The results from the validation give a pibles
indication that the order of magnitude of the eated
parameters is correct. Nevertheless, more resesirohld be
carried out using very accurate force sensors adstef the
combination of a piezo and spring with displacensemsors.

Considering the standard deviations in Figuresl21& 14,
one can conclude that there is a considerable digpein the
results of the experiments. This can be due toraéwauses.
First of all, the sensors register noise. Thereftire data has to
be filtered prior to be analysed. Filtering enhanites acquiring
of qualitative data but on the other hand it detaties the
acquiring of quantitative data. Due to the filtgridata can be
lost and therefore a trade off has to be made lgtvibe
amount of filtering and the acquiring of useful alat
Furthermore, the capacitive sensors suffer frontt.dfihis
means that over time the reference position asrdedoby the
sensors fluctuates. The latter is visualised iuf. Here, the
blue line, representing the sensor measuring thegation of
the piezo actuator, has a slight curve. The lirmukhbe linear
since the piezo actuator’s input (Fig. 6) is linekmally,
although the sliding mass is guided by a lineadaunce, some
disturbances in the motion of the mass could bsegmte Causes
of the disturbances can be misalignment of theagictn system,
different pre-tension in the wire springs and distnces
introduced by the fixation of the wire springs.

The above can be considered to be disturbing fadtor
the acquiring of accurate data and the large digpetthat can
be noticed in the results. The noise and filteregpecially
influence the determination of the force-displacenwirves for
the experiments. The actuation force exerted by piezo-
spring combination is determined according to thipot of two
sensors. Therefore, the estimation suffers fronedvihe noise
and filtering as for determination of the displaesmatime
curves which are determined by the output of onesae
Furthermore, the drift introduces inaccuraciesh® ¢alculation
of the initial stiffness. Since the determinatioh tbe force-
displacement takes place over a considerable tinesvial the
drift in the sensors causes the reference poifiuétuate. This
results in a drift of the origin during the measueats, which in
turn results in inaccurate estimation of the fdntiforce.
Nevertheless, a good qualitative characteristitheffrictional
behaviour in the pre-sliding regime could be achibv

For the determination of the relaxation displacetnéme
influences of noise, filtering and drift are lesagtically. Since
this parameter is determined from the output of emasor,
noise and filtering effects are less disturbing.atidition, the
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time interval over which the relaxation displaceidn

calculated is very short so drift of the sensorssdoot influence
the outcome of the measurement. Therefore, a goatitafive

and quantitative behaviour of the relaxation disptaent could
be obtained.

Simulations

The simulations show that the qualitative behaviofuthe
pre-sliding regime is modelled more accurate in garison
with the Dahl and LuGre model. The Coulomb frictifince
calculated by the new model deviates for a maxinafni7
percent from the Coulomb friction force obtainednfr the
experimental data. The results obtained from sitimra using
the Dahl and LuGre model deviate more than a fa@ténom
the experimental results. The reason for this difiee in
magnitude is probably the result of the low velpaif the
sliding mass during the experiments. The low véjocauses
problems in the numerical integration process efrttodels and
results in inaccurate estimation of friction in tpee-sliding
regime.

The difference between the range of the pre-slidaggme
found by the model and the range obtained by tiperxents
is due to the parameter used for the maximum déejleof the
bristles. The range of the pre-sliding regime fobgdhe model

can maximally be twice the magnitude of the maximum

deflection of one bristle. The experimental ressltew that the
value used for the maximum deflection should behdiig
However, in the model the estimation of the boupdmtween
the pre-sliding and the sliding regime can be deitezd very
accurate by considering the point where the lastlerhas
disconnected. In the experimental data this bouyndar
determined by considering the point where the slopehe

force displacement becomes zero. Due to the sfiitiagng it

is very good possible that this point is displaceg

smoothening of the sensors’ output signals.

In the transition from pre-sliding to sliding ftion, a peak
force can be distinguished (Fig. 7). The Coulonittibn while
sliding is lower than this peak force. The decreiaséiction
force from this peak force to the Coulomb frictifmce while
sliding is not incorporated in the new model beeaiisis a
dynamic phenomenon that can be modelled by thdegki
effect [3].

Since little research on the pre-sliding regimpasformed,
it is not possible to obtain analytical data fraterhture. This
makes it difficult to validate the model or compdtréo other
models in static conditions. In this research tkev model is
validated on modelling the force-displacement csirgbtained
from experimental data from the experiments peréatnbue to
the inaccuracy in the estimation of the frictiomch, it is not
sure that the analytical data obtained resembles aittual
situation. Nevertheless, since a good qualitatbslt could be
achieved, a partial validation of the qualitativhbviour of the
model for the bronze to steel contact could be made

Finally, the parameters used by this model curydrdle to
be obtained empirically. More research is requiredrder to



obtain more insight in the relation between the emat
properties and the model's parameters. This cldersvay for
the formulation of a general model suited for piéisg friction
estimation in many types of materials.

VIl. CONCLUSION

A static friction model, representing clusters abletular
bonds by pliable bristles has been formulated. ualel is
capable of modelling stiction, pre-sliding displanamt,
hysteresis and randomness of friction.

Experiments show that the
background of the model is plausible.

A relation between an
displacement and the increase of the relaxatigolatisment is
validated by experiments. Furthermore, a propoatigelation
between the initial stiffness of the system andrtbemal force
acting on the interface of the contacting surfao@sld not be
invalidated. The experiments point out that, foametatic
situations, the proposal of friction only to be degdent on
displacement is plausible.

proposed

The model is partially validated by comparing the

calculated maximum bristle deflection with the exmpentally
obtained maximum deflection of the bristles. Theleor of
magnitude found for the maximum deflection amountde-8
m. The system’s initial stiffness found by the exmpents has a
magnitude in the order of 1éN/m The latter agrees with the
magnitude calculated by the model with respect he t
experimentally determined maximum deflection of histles.

In simulations, the model proves to be a factor &em
accurate in estimating the Coulomb friction forcé tbe
experimental data than the LuGre and Dahl modeadiition,
the model proves to be 60 and 90 times fastemmulsiting the
pre-sliding regime than respectively the LuGre Bradhl model.

NOMENCLATURE

dx/dt: Elongation rate of the piezo actuatorg

Sini: Initial placement of the bristlem

Omax Maximum deflection of the bristles

O Pre-sliding displacement of the bristley (

So: Equilibrium position of the bristlesn)

Omax Relaxation displacement of the bristles in the-pr
sliding regime. 1)

AS: Preliminary displacement of the bristles) (

Fact Actuation force Kl)

Fc: Coulomb friction forcely)

Fe: Friction force N)

Fint: Internal stressN)

Kspring Spring stiffnessN/m)

w Mean value of the distribution functiom)

Ue: Coulomb friction coefficient

N: Total number of bristles used by the modgl (

ne: Number of connected bristles (

Ny: Number of disconnected bristle$ (

o Standard deviation distribution functiom)(

Op: Bristle stiffnessN/m)

Oini: Initial stiffness of the systenN(m)

Xmass Global position of the sliding mass)(

-20 -

theoretical

increase of the pre-sliding

Xoiezo Global position of the piezo’s free end)(

Xrel: Relaxation displ acement of the sliding bory (
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A new friction model for the pre-sliding regime offriction AppendiA — Measurement setup

Appendix A — Measurement setup

This appendix discusses the measurement setup dsiedg the experiments. In Section A.l
calculations that have been made prior to manufiagfihe measurement setup are presented. Section A
discusses the materials used and contains thefispgons of the spring that is used in the actuajstem.
Furthermore it contains the drawings in Section#n8 pictures of the measurement setup in Sectidn A

Base

Ground support 1
Ground support 2
Ground surface
Sliding surface
CS stand 1
CStop 1

Piezo mount

9. Piezo base stand
10.CS front

11.CS 2 base
12.Spring actuator

PN Nk =

9 11 10 4 3 6 7

Figure 1: Pro Engineer picture of the measuremextis.

A.1 Calculations

Linear guidance

The linear guidance is used in order to obtain eelguinear motion in the longitudinal direction.
Inaccuracies, caused by for example misalignmetti@piezo-spring actuator, can cause the massater
around its central axis (perpendicular to the gdosarface). The rotation introduces inaccuraciethéo
measurements since the surface that is facing dipacitive sensor will slant. The linear guidance is
implemented in order to prevent the mass from iradround its vertical axis.

The presence of the linear guidance prevents thes fram rotation but it introduces a lateral
movement. It is important to minimize the laterabvament in such a way that it does not influenee th
measurements of the sensor. The latter is donedkyngnthe maximal lateral displacement that wiltac
during the experiments smaller than the accurathetensor.

Ideally the line of action of the actuation fordeald be exactly at half the length of the wireirsgr
Therefore the demand that the lateral displacestemtld be smaller than 1e-10 in combination witima
of action crossing the wire spring at half its lgndetermine the width of sliding body.

Determination of length of wire springs
By estimation, the maximum range of the pre-slidiagime will be maximally several micrometers.
The sensors have a resolution in the order of Te-By choosing the maximum admissible lateral
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displacement of mass in the order of 1e-10, therdhtmotion will not influence the measurementsthey
capacitive sensor.

Yy > 1) x=Rsind X _ sing O
, Z =" . @=2tan'| =
2) y=R(1-cod)|y (1-cos)
(S)
Substitution:
X X X

in@
sin sin(Ztaﬁl(;D

Where:

X The longitudinal displacement off the slidingdyaqm)
R The length of the wire springm)

o Deflection angle of the wire springs (Rad)

y' The lateral displacementy

For a maximum longitudinal displacememny of 5e-6m and a maximal lateral displacement) (of
2.5e-10mthe above results in a spring leng®) ¢f exactly 0.05m.

Determination of properties of the wire springs

From [Koster, Constructies voor het nauwkeurig pmseren en bewegen] the following equations are
obtained for calculation of the properties of tHesvgpring:

T
EA_E,d
Axial stiffness(N/m) ==
4
Perpundicular stiffneséN/m) 7;5' = 056?—
BendingstresgN) 3I|52dz
Buckle load(N) 47722EI
I
Where:
E: The modulus of elasticityP@)
A The cross sectional area of the wimg)(
l: The length of the wire springnj
d: The diameter of the wirer)
z The longitudinal displacement of the sliding body

When implementing the above equations in Matlabafatainless steel wire spring with a length of
0.05mand a diameter of 0OrBmthe following properties where obtained.

» Axial stiffness €,): 1.2566e5\/m

» Perpendicular stiffnessj: 1.5360N/m
» Bendingstresss(,): 2.4000eN

e Maximum buckle loadK,): 0.2481N
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The Matlab-file for calculation of the wire spripgoperties is presented below:

%% Calculation of properties of the wire springs

clc; clear all
% length
1 =0.05; % m

% Diameter
d=0.2e-3; % m

% Modulus of elasticity stainless steel
E_ss = 200e9; % Pa

% Density stainless steel
ro_ss = 7800; % kg/m”3

% Cross sectional area

A = pi*(0.5*d)"2; % m”"2

% mass

m = ro_ss*A*; % kg

% inertia

Inertia = (pi*r4)/4; % m~4

% Maximum longitudinal displacement
Z_max = 5e-6; % m

% Perpendicular stiffness
c_x=E_ss*All; % N/m

% Axial stiffness
c_z = 0.6*((E_ss*d"4)/I"3); % N/m
c_z_2 = (72/5)*((E_ss*Inertia)/I"3); % N/m

% Maximum bendingstress
s_psi = (3*E_ss*d*z_max)/I"2; % N

% Maximum buckle load
F_k = (4*pi"2*E_ss*Inertia)/lI"2; % N

Calculation of maximum spring force at maximum iardjnal displacement.

When implementing the perpendicular stiffness al@di in the calculations below, the maximum
actuation force absorbed by the wire springs catab®ilated according to:

dx,,, =5€°m

¢, =1.5360N /m

F, =20,
F,=201.536008° = 1.536° N

Where:
dxnax  The maximum longitudinal displacemeni)(
cl: The stiffness of the wire sprindjli{m)

Fy: The spring force at = dx;ax (N)

The maximum actuation forcé~f) absorbed by the wire springs is very small aretefore can be
ignored in the calculation of the force-displacetremve obtained by the experiments.
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Determination of maximum angle of misalignmenthefdctuation system

The maximum force that can be generated by theogpring combination amounts to IS.
Considering the maximum buckle load of the wireirggg in combination with the maximum actuation
force that can be generated by the actuation sydtenmaximum angle of misalignment of the actuation
system can be determined:

F. =3N

F, =0.2481N
dx=5.0010°m
F, =F,sina

F
Qe =SIN (—y] —dx= sinl(&flj— 5.00110 = 7.12

act

Where:
Fact The actuation force\)
Fi: The buckling loadN)
Fy: The lateral force due to misalignment of the piés)
omax  The maximum angle of misalignmemnad)
When considering a maximum displacement of theirglibody of 5um the maximum angle of
misalignment for the actuation system{) is determined at 7.12°.

A.2 Material properties
The material properties of the materials usedimrieasurement setup are:

Name (werkstof nr.)  Part Modulus of elasticity — Cadént of density
thermal expansion

AL7075 (3.4365) All 72000 Mpa 23.5 pmit 2810 kg

C45 (1.0503) Ground surface 205000 Mpa 11.5 g™ 7850 kg it

Rg7 (2.1090) Sliding body 102000 Mpa 18.0 itk 8800 kg

When measuring at nano-scale, temperature inflgsefroen the surroundings and deflections of the
structure due to the load can not be ignored. imghragraph the influence of temperature diffeesnon
the expansion of the materials is determined. Euanbre the minimum thickness of the base plate is
determined.
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Determination of the influence of temperature diffeences

Due to temperature differences the materials use¢lei measurement setup will expand or shrink. This
will have its effect on the output of the capadatisensors. In order to minimize the influenceshef t
temperature differences the following can be done:

» Compensation of the output of the sensors for émeperature differences measured during the
experiments. This requires a highly accurate themater and all the materials thermal expansion
coefficients to be known.

« The use of as little as possible different materidfl all the materials have the same thermal
expansion coefficient, the temperature differengitisot influence the output of the sensors.

*  When using different materials; choose the mategarefully. When the differences in expansion
coefficients are small. The influence of tempemtdifferences can be neglected since they will be
smaller than the sensor resolution.

The best option would be to use only one matedaltfie measurement setup. However, since the
material of the sliding body will be bronze and thaterial of the ground surface of high carbonlisttes
is not an option. Since all the sensors will be nted on the base which is made of AL7075 aluminium,
only the influence of temperature on the aluminiama bronze sliding body should be determined. Ehis
done as follows according to the equation for thefficient of thermal expansion:

1l
l, dT

Where:

a The Coefficient of thermal expansiomi*m?)

lo: The length of the material in direction of expangm)

T The temperature (°)

From this equation the influence of a temperaturange of 1 degree on the distance between the
sensor and the sliding body is determined.

dT(abaseDbase_a masD} mals: dx
(23.5° 70e° - 18°0408°) = 7.2 1

The calculated change of distance for 1 degreempérature change (7.2e3) between the sensor
and the measured surface of the mass will certaimbasured. Therefore it is necessary to keep the
experiments over a short interval. The temperatiiops over the short interval will be very smaldan
therefore they will not influence the outcome of #xperiment.
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Determination of minimal thickness base plate.
From the equation for the deflection of a beam #rat is clamped on both ends the maximum
thickness for the aluminium base plate can be deted according to:

3

hes F. O _

4[E b
Where:
W; The deflection of the beam in the middle betwdenclamped pointsr)
Fn The resultant of the normal loads of the beat B{N)
E: The modulus of elasticity of AL707%8)
I: The inertia of masai()
b: The width of the beamm
h: The thickness of the beamm)(

Since only the mass of the sliding body will chamfyging the experiments the difference between the
lightest and heaviest mass is the only resultannabforce that is influencing the measurement ougf

the sensors. The lightest mass has a weight o2kg5wvhile the heaviest has a weight of 0.6a9
ThereforeF, will be:

F,=gldm

F,=9.8110.690- 0.352F 3.32
Where:

O The gravitational acceleratiom(s”"2

dm The maximum change of massg)
The supports of the base plate are located at@ndis of 0.4n from each other. Therefotevill be 0.4m.

The centre of mass of the sliding body is locate2B#0 ofl. ThereforeF, will be:

29 p.4r8.32= 0.2F,
50

F, =3.85N

When implementing the above in Matlab the followfoga maximum allowable deflection of 1le-ixhe
value for the thickness of the base plate is obthin

h=0.0153m.
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The Matlab-file is presented below.

%% Calculation minimum thickness base plate
clc; clear al ;

% Modulus of elasticity
E =0.72e9; % GPa

% Maximum allowable deflection
w_max = 1le-10; % m

% Length base
1=0.4; % m

% Width base
b = 0.240; % m

% Normal load by mass
F_n=23.85; % N

% Minimum thickness
h = ((F_n*"3)/(4*E*b*w_max))"(1/3) % m

Frictional coefficient steel on bronze

The SKF catalogue ‘SKF spherical plain bearings

and rod ends’ gives the following guidelines foe thictional coefficients for not lubricated metaktal

sliding bearings.

Table [l

Sliding contact surface Coefficient of friction
combination H

min max
Steel-on-steel 0,08 0,20
Steel-on-bronze 0,10 0,25
Steel/sinter bronze composite 0,05 0,25
Steel/PTFE fabric 0,03 0,15
Steel/PTFE composite 0.05 0,20

Figure 2:Coefficients of friction for dry slidingpatacts.
From www.skf.com.
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Spring specifications

The specifications of the spring used in the aainasystem are presented below. The spring is

designed in such a way that it generates a maxifatee of 3N at a compression of 30m

Verenfabriek Roveron B.V.
Graalstroomstraat 1517
3044 AN Rotterdam

The Metherlands

Tal: +31-(0)10-41 52577 Date: 11-11-2008
Fanx: +31-(0 104378801 Tima: 1817
E-mail; infoi@roveron.nl inifials:
Spring Type Round Vire Comprassion Caleul
Dresigned To: EM 13806-1: 2002 Solid Length: 15.00 mim
Tolerance Standard: DN 20405 7 2006 Min. Length {stalic). 18,22 mm
Min. Length {dynamic). 16,82 mm
Material Solid Load: 280,08 N
EN 10270 Pi1 Patented Carbon Solid Stress: 449,14 MNimm*~2
Youngs Mod (E): 206000 Mfmm*2 Stress Factor 1,41
Rigldity Mad (G} B1500 MNfmm*2 Active Coils: 4,00
Density: JO00007ES Kgfmm*3 Spring Index: 3,80
Unprestress: 0-45 % Helix Angle: 5,88 Deg
Prestress: 45-56 B Buckling Pessible: Mat Applicable
Buckling Definita: MNat Applicable
End Type: Closed and Ground Spring Pitch: 313 mm
Dead Coits 200 Inside Diameater: 7,00 mm
Tip Thickness: 50,00 o Outside Diameter: 12,00 mm
End Flxation: Fixation not known Wira Langth: 17803 i
Waight / 104: 0,663 Kg
Design Parameters Matural Freg: 150672 RPM
Wire Diameter. 2.50 mm
Mean Coil Dia, 8.50 mm
Total Coils: 6,00
Soring Rate: 116,04 Wi (Calculated)
Fraa Length: 17.50 mim
Stress Data
Operating Positions
Lcwer % Tensile
Tansile Salid 1 2 3
5L 1460 Mu ou ou ou
S 1690 27Tu ou ou ou
oM 1690 2Ty au ou ou
5H 1800 24U ou ou ou
CH 1800 24U ou ou ou
Specified
o] tin ta
Operating Positions
| 2 3
Length {mmj) 1747 1748 17.47
Load (M) 3,00 2,80 310
Deflection (mm) 00258 0,0250 0,0267
Stress (Mmm2) 5 4 5
Stress % Salid 1 q 1
Load Tal. Grade 1 {M) 32,62 azae 3262
Load Tal. Grade 2 (M) 61,78 61,78 51,78
Load Tol. Grade 3 (N) B2 85 82 B5 62,85
0.0, Expansion {mm) 0000247 0000238  0,000255

Sobtware Copyright & 2002-2008 Instilute of Spring Technology, Shefiel, UK (V7.50)
Figure 3: Properties of the actuation spring
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A.3 Drawings
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Figure 4: Pro Engineer drawing of the Base
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Figure 5: Pro Engineer drawing of Ground support
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Figure 6: Pro Engineer drawing of Ground support 2
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Figure 7: Pro Engineer drawing of the Ground suéa
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Figure 8: Pro Engineer drawing of the sliding sacé.
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Figure 11: Pro Engineer drawing of the piezo mount
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A.4 Photo’s

Figure 16: Top view of the measuring stup. Frofh tiee right; the piezo base stand, the piezo s@atiator with
spring (with capacitive sensor below), the slidapy on top of the ground surface and the stant thi¢ capacitive
sensor measuring the displacement of the slidirdybo
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Figure 18: Sliding body with linear guidance.




A new friction model for the pre-sliding regime offriction AppendiA — Measurement setup

Figure 19: Piezo stack actuator with spring and aeijtive sensor below
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Appendix B — Measurement equipment

In this section the technical specifications of tapacitive sensors, the piezo stack actuatorr thei
amplifiers, the a/d converter and the computer digethe experiments are presented.

B.1 Capacitive position sensors

4 Sub nanometer resolution
for ultra-precise
measuremeants

4 Exceptional temperature
stability

A Wide variety of precision
capacitive sensors
available

4 Standard analog outputs
for easy connection to A/D

boards

A Large standoff distances
allow safe gauging of
delicate parts

4 Superior price and
performance

4 Portable, lightweight

4810

Non-Contact Capacitance Gauging Instrument &
Series 2800 Capacitive Probes

Deseription

The 4810 is a single channel instoment that
provides an analoes display of probe
dizplacement on the fronr pansl. The 4810
provides analog ourpar via 2 BNC jack on the
front panel for easy commection o
oscilloscopes, spectmum analyzers or
computer based AT bosards  The 4510, along
with the 2800 series family of standard snd
custom probes, uses an advanced capacitive
ganzing technology to provide excepnional
resalution, large operating ranges and large
standoff distances, The large, sasy-to-read
front panel display makes the 4210 an ideal
producton tood for operatons TequEnine
visual verification of measurements.

Features

Sub nanomeder resphrtion for ulira-precise
TEAIITEINEnTE

Exceptional temperature stability for a wide
vanety of environmen:z] measursment
applications

Wide vaniety of precision capacitive Sensors
for measuring even the most difficult size and
shape target

Standard ansleg oufputs for easy connection
10 A/D boards

Larga standoff distances allow safe zonging
of delicate pams

Superior price’perfonmance

Patented PhassLock™ probe driver cisouitry
for improved accuracy on ungrounded tarzets
and spplications such as thickness

Selactsble fileers for madmmm resoludon:
10Hz, 100.Hz, 1 kHz, 10 kHz

Probes are inferchangeabls with
straighiforward recalibration

Portable, lisghrweizht

www adetech.com

Applications

®  TMop-conimct, nom-desmuctive
TIeISITETEntT

XY positoming

Fleal-fime in-process messuremsnts
Slide and spindie rumout
In-process sheet thickness
Vibration analysis

Sarvo-loop positioning systems
Wear measuTements

Ulira high vacuum measurements
Ultra hizh smbility

Go'no go gauging

Laser ealibration

Hizh-precision individual wmit calibretion ar
factory wsing ADE-developed laser
mterferomeny sysiem, Calibration maceable
o MIST Performance graph includad

Cptions
Qperating ranges

® (Cperating ranges can be mser specified to
optmize resojution for 2 specific applicaton.
® (phonsl “driven trget” mode
sigmificantly improves resolufon

® (Opdonal Ulrs High stahility system for
the most demsnding long term messurements

Series 2800 probes

ADE Technologes has developed & new,
lower cost family of high parformance
capacitive sensors providing a greater
temperature stability and measursment
Measurement ranges from 20 microns fo 2
nuillimeters are svailable in smndard
products. Custom probe configurations are
gvailable 1o met unigque spplications
TEqUIrSments.

TECHNOLOGIES
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Compatible with 4810, 4300, 4805

p= 5 mm

=R i
TEcHnoLocies Diameter Sensors
2605’ 2805V S5.0020.03 (897200010
SENSOH

#7982 0ITMM [L3142.00051

Iq— & 42 EMM u.mzsm—‘—i
| | i

Lza:.a [142£015] |
MNote: 2805 V is Wacuum CLAMPING ARER
Compatible

2820, 2820V, 2820HS, 2820HSV

[2.55
iﬂﬂ T
_"_'NUEG
2100 @ —— @3,00
@238 thru,
,H—L.Sw'ewb‘;l 2.0DrF
o) | [
Motes: —
The 2820 Series are made of b 2100 —=

Alumina Ceramic.

2820V Vacuum Compatible.

2820HS - High Stability o Iuﬁii_
Version. 5 I'I II
I

2A20HSY - High Stability,
Vacuum Compatible

Performance Specification - 5 mm Diameter Sensor

Range |Standoff] Linearily | Target Type Hesolution By Filter Seding{nancmeter, microingh, rm.s)
() [wme | % Fu Scale | (Gurd, Detven) il ke 100 He 1 kHz 10 kHz
+50.2 100, 4 0.05% Gn:.H.Im:[ 011, 0.004 0.15, 0.008 0.3, 012 1.8, 0.064
Dmven 011, 0.004 015, 6.006 0.3, ooi2 1.8, 0.064
<1004 | 2008 0.02% Gﬂ.bund 0.43, 0097 0.75, D.02 24, 0595 7.5, 03
Dirmean 022, 0.009 0.4, 0.3 1.2, 0.05 41,047
+250.40 | 500, 20 0.04% Gm:l.lnd 25,01 11.3.0.45 387, 1.4€ 112, 4.5
Drven 148, 0.08 5.7, 0.23 184, 0.74 58.1, 2.3
+500.20 | 1000, 20| ©.12% GI'E.N-IF!E" 52 021 23.7,0.95 ¥7.1, 39 2328, 9.4
Dirmeen 30,012 1.1, 042 3B8.7. 1.5 121. 4.9

In the measurement setup 2 capacitive sensorsedng hsed: one sensor measuring the piezo elomgatio
and one sensor for measuring the displacementeotlitling body. The specifications above are far th
sensor measuring the piezo elongation. This sdrs®a range of + 5@m. The specifications of the sensor
measuring the displacement of the sliding body ¢aubt be obtained but are similar as for the one
described above. However, this sensor has a réng2%.m with a slightly higher resolution
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B.2 Piezo Stack Actuator

PI Flezo - MNano « Positioning

P-840 .- P-841 Preloaded Piezo Actuators

Optional with Integrated Position Sensor

P40, PB4} ey rarsators (AP Sty for Sim comparisany

W Qutstanding Lifetime Due to PICMA® Piezo Ceramic Stacks

B Travel Range to 90 pm

W Compact Case

B Pushing Forces to 1000 N
| Pulling Forces to 50 N

B Sub-Millisecond Response
B Sub-MNanometer Resolution

The FP-BA0 and P-B41 series
tramslators are high-resolution
linear actustors for static and
dynamic applications. They
provide sub-millisecond res-
ponse and sub-nanometer res-
ofutior.

= Static and dynamic
Precision positioning

m Disc-drive-testing

= Adsptronics

& Smart structures

® Active vibration control

m Switches

m Laser tuning

m Patch-Clamp

= Manotechnology

© Flypelb batromants (P8 GmbH & Co. K0 2000, Sl e i chomge whthi o nmties A1 e w i s d by e now el

Tha rrevw ok efmmen oy duta sheeta s svalinbla o downiosd o wwwiphbwa CarE0E gt milon a0 8,00 W

— 174

W Dption: Ball Tip, Vacuwm Version

Dresign

Thesa translators are equippad
with highly reliable mubilayer
piezo ceramiz stacks proteciad
by & non-magnetic stsinless
stesl casa with intarnal spring
preload. The preload makes
them ideal for dynamic appli-
cations and for tensile losds as
weell.

Caramic Insulated Piezo
Actustors Provide Long
Lifetime

Highest possible reliability is
azsured by the use of sward-
winning PICMA® multilayer
pigzo actuztors. PICMA® actua-
tors are the only actustors on
the market with ceramic-only
insulation, which makes tham
resistant 1o smbient humidity
and leakage-currant failures.
They are thus far superior to
conventionsal actuatons in relia-
hility and lifatime.

Optimum UHV Compatibility -
Minirnum Outgassing

The lack of polymer insulation
and the high Curie tamperature
make for optimal ultra-high-
vacuum compatibility {no out-
passing | high bakeout temper-
atwres, up to 150 "C).

Mounting

Mounting i= at the foot, with
pushfpull forces of less than
BN, the actuator can be held by
clamping the case. The option-
al bail tip (P-B40.86} is intendad
1 decoupls torgue and off-cen-
ter forces from the piezo
ceramic. The magnetic adapier
P-176.20 is to be screwed into
the top piece in order o
provide magnetic coupling.

Read details in Mounting and
Handling Guidelines {p. 1-67)

High Accuracy in Closed-Loop
Operation

The standard model P-B4D is
designed for open-loop posi
tioning. WVersion P-B47 with
inmegratad high-resalution
strain gauge posHion Sensors
provides high precizion for
closed-loop operation (further
details see p. 2-1995.

Piezo Drivers, Controflers &
Amplifiers

High-rezolution amplifiers and
semvo-control electronics, both

Orgaring Information
Pgag.n

Pradoaded Piaro Actustor,
15 um Trawed ranga

P-g4n20
Prefnadad Piaro Actumior,
=0 um Traval ranga

P-gan.30
Prainadad Piare Actuaior,
45 yurn Traved ranga

P-Ban.an
Pralnadod Piarp Actuator,
80 um Travel ranpa

P-BA0ED
Prolnadad Piaro fctuator,
20 urm Travad range

P-aa1.10

Praloaded Piaro Actuator with
SGE-Sansor, 75 pm Traval rarga
Paarzn

Praloaded Fiarp Actuator with
SGE-Sansor, 30 pm Traval ranga
Pa1.30

Praloaded Piarc Actuator with
SGE-Soncor, 45 pm Traval rarga
Pasran

Prafnadad Fero Actuator with
‘SG5-Sensoc, B0 pm Traval rango
P841.60

Prafnaded Pero Actuatar with
SE5-Sensor, 30 pm Traval ranga

digital and analog, are
describad in the "Piezo Drivers |
Servo Controllers” |see p. 2-90)
saction.

T
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E-500 Series PZT Servo Controllers User Manual PZ 62E
3.2. E-505 Amplifier Module for LVPZTs E '5 05

Function:

The E-505 LVPZT Amplifier Module i 3 single-channe| amplifier for LVPZT-AMPLIFIEER

low-vohtage PZTs. The E-505.00 and E-505.10 modek: available differ in
their peak power and their small-signal bandwidth: while the E-505.00

can output and sink a peak current of 2000 mA with a small-signal et

bandwidsh of > 5 kHz, the E-505.10 can output and sink a peak current of =il
10 A with > 10 kHz. The output voltage ranges from -20 to -120 volis @
adapted to the nominal operating valtags range of PI LVPZTs.

The ampilifier iz designed for stabc and dynamic operations of low-

voitage PETs. The modules defiver an average output power of 30 Watts BEUT
for dynamic applications.
Up to three E-505 modules can be instafled in the E-500 mother chassis et
and one E-505 can be installed in the E-507 chassis. A

Output voltages can be confrolled sither via the 10-turn manual
potentiometers located at the front pane! or by analog input signals 2
(DC or AC) appiied to the BNC input conneciors. @) ¥
Multiplying by the gain factor of 10 results in an cutput voltage range i 4
from -20 to +120 volts. The DC offset potentiometer is active at the same
time. Imtemally it produces an offset voltage from 0 to 10 volis to the
input cignal.

Analog control signals can be generated by external sources or by E-515
or E-516 Display and Inteface module. b -

From Panel Elements:

» A0-tum potentiometers for DC-Offset

= Control input sockets (BNC)

= PZT-voltage powesr output (-20 o +120V)
E-505 Frequency Response

Arphtadaly

10

i reguremay i ']

wg#: E505 4 COR

*Small-signal bandwidth for E-505.00. Mote that the small-signal bandwidth for E-505.10 12 10 kHz
instead.

Release 2.14.0 WWW.DLWS Page 19
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E-500 Series PZT Servo Controllers

User Manual PZ 62E

E-505 Specifications:

Madel E-505.00 E-505.10

Function: DC-Amplifier for LVPZTs

Channels: 1

Cutput voltage range: 20to +120Y
Polarity: positive

Maxirmum output power:

30 W per channel (average)
200 W per channel (peak, for
2 ms)

30 W per channel {average)
1 kW per channel (peak, for
150 ps)

Maximum output current:

300 mA | = 5ms)
2000 mA { =5 ms, peak)

300 mA ([ > 5 ms)
10 A { = 150 ps, peak)

Current limitation:

short circuit proof

Control voltage input range: 2Vio+12V
Input impedance: =100 kOhm
Voltage gain: 10401

D offset setting:

0 to 100 V with 10-tum pot.

Cutput voltage socket*:

LEMOC ERA.DD.250.CTL

Signal Input sockets:

BNC

Main connector (for mother
board):

32 pin DIN 41612, male

Operating voltages:

requires E-530 or E-331 power supply (+33, -33, +127 V)

Operating temperature range:

+5°C to +50°C, (over 40°C, max. av. power derated 10%)

Output voltage temperature = 0.02% per "C
stability™:

Weight: DS kg

Module size: Width 2.8%(14HP), depth 160 mm

"With E-505.10, keep the cable length as short a5 possible andior increase the conductor cross-
section of the cable due to the voltage drop at 10 A output cumrent.

*Compared to the E-505.00, the noise level of the E-505.10 is slightly increased due to its high

bandwidih.

E-505 Pin Assignment (32 pin connector, DIN 41612, male)

Row PIN a PIN ¢
2 Power Fail OUT: ch1 (BNC+Bias)
4 IN: ch OUT: ch1 (monitor)
g PZT GND PZT GND
a OuT: PZT OuUT: PZT
10 n.c. n.c.
12 n.c. n.c.
14 internal use Bus_A intemal use, Bus_B
16 internal use, Bus_Vcc  intemal use, Bus_GND
18 n.c. n.c.
20 n.c. n.c.
22 GND (measurement)  GND {measurement)
24 GMD (power) GND (power)
26 IN: +27V IN: +27 W
28 IN: -33V ouT--10v
30 IN: +127V IN: +127 V
32 GHND {chassis) GMD (chassis)

Release 2.14.0

WWW.pi.ws

Page 20
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B.3 A/D Converter

NATIONAL Moy
INSTRUMENTS 0348 473 486

info.netherandsg@ni.com

NI USB-6211
16-Bit, 250 kS/s M Series Multifunction DAQ, Bus-Powered

16 andog inputs | 18-bit. 250 k3/s)

2 anafog cutputs | 16-bit, 250 kS's|; 4 digital inputs; 4 digital ouiputs; 32-bit

Counters

Burs-powered UISE for high mobility; built-in signal connectity \

Mi signal strearming for sustained high-speed data streams over USE; OEM Fame
version available

Compatible with Lab\VIEW, LabWindows™CV], and Measwement Studio for

Visual Studio NET

MDA driver software and M LabVIEW SignalExpress LE interactve

data-bogging softwarns

Specifications

Specifications Documents
- Detaled Specifications
» DCiata Shest

Specifications Summary

Specifications Summary

General

Product Name UsE-g21

Product Family Muitifunction Data Acquisition
Form Factor UsB

Operating System/Target Windows , Limec, Mac 05
DAG Product Family M Senes

Measurement Type oltage

RoHS Compfiant Yes

Analog Input

Channels 6.8
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Single-Ended Channels
Differential Channels

Resolution

Sample Rate

Max Voltage

Maxirmum Voltage Range
Maximum Voltage Range Accuracy
Maximum Voltage Range Sensitivity
Minimum Voltage Range

Minimum Voltage Range Accuracy
Minimum Voltage Range Sensitivity
Mumber of Ranges

Simultaneows Sampling

On-Board Memory

Analog Cutput

Channels

Resolution

Max Voltage

Maxirmum Voltage Range
Maximum Voltage Range Accaracy
Minimum Voltage Range

Minimum Voltage Range Accuracy
Update Rate

Current Drive Single

Current Drive All

Digital 'O

Bidirecticnal Channels

Input-Only Channels

Output-Only Channels

Number of Channels

Timing

16

]

16 bits

250 kS
10V

10V, -10V
268 mv
218 pv
200w, -200 mv
0.088 m\/
48V

4

Mo

4085 samples

2

16 bits
v

0w, -10v
3512ml
v, -10v
3512ml
250 kSle
2mA

4mA

0.4.4
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B.4 Software
The computer used for measuring the sensor outplfa actuation of the piezo stack actuator:

Type Asus EEE PC 1000H
Intel CPU & Chipset  Intel Atom N270
Memory 1Gb

Harddisk 160 GB

The software used for the data acquisition andtheation of the piezo:

» National instruments Labview 8.2.1

B.5 Wiring scheme

The wiring scheme for the measurement equipmemteisented in the figure below. The A/D converter
provides the input voltage for the piezo stack aitiuand in the mean time it acquires the outpltbges
of the sensors. The sensors are interconnectedvaster slave system. The master sensor, meashang
displacement of the mass, has a phase of 0°. Hwe slensor, measuring the elongation of piezo has a
phase shift of 180° with respect to the masteraems this way the sampling frequencies of thesees,
which are set at 1 kHz, do not influence each other

Computer

A

A/D converter

Piezo stack

Sliding body || Master sensor-
Slave sensor F

A

Figure 20: Wiring scheme for measurement equipment.

-51 -



A new friction model for the pre-sliding regime offriction

Appendix C — Data analysis

Appendix C - Data analysis

In this section all the Matlab files used for trealanalysis of the experiments and the files éwethe
simulations are presented. In the files informatiwout the files and calculations is presentedhéyteen
font color. Further information about the calcidas can be obtained from the help function of Istiatl

C.1 Experiments 2

Experiments 2 _stiffness_estimation.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% In this file the data is processed and a displa
constructed from the sensor’s output. Hence, the re
determined and the system’s initial stiffness can b

%% Load data

load 'H:\Desktop\Data Analysis (01-02-10)\Metingen2\Meti
7\20100111170909.txt'

RawData = X20100111170909;

%% Compensate drift sensor

% linear fit of stationary measurement (centred and
mu = 28141;
sigma = 16247;

pm_1 =-0.00056099;
pm_2 = 0.00051319;
pm_3 = 0.0095918;
pm_4 = 6.9166;

ps_1 =-0.0095176;
ps_2 =0.014322;
ps_3 =-0.02235;
ps_4 =1.3287;

% Compensation of output data sensors
for j= lilength(RawData)

z =(j - mu)/sigma;

ys = ps_1*z"3 + ps_2*z"2 + ps_3*z + ps_4;
ym = pm_1*z"3 + pm_2*z"2 + pm_3*z + pm_4;

RawData(j,2) = RawData(j,2) - ys;
RawData(j,3) = RawData(j,3) - ym;

end
%% Determination of time displacement curve

% Rename data
Actuatorl = RawData(: ,1);
Slavel = RawData(;, 2);
Masterl = RawData(: ,3);

% Conversion factor Master sensor (Mass)
a = -2.505888839¢-6;
% Conversion factor Slave sensor (Piezo)

cement-time curve is
ference point can be
e determined.

ngen2-

scaled)
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b = 4.925016622¢-6;

% Initialize data by setting initial displacements to zero
Actuator = Actuatorl - Actuator1(1,1);

Slave = Slavel - Slavel(1,1);

Master = Masterl - Master1(1,1);

% Displacements
Disp_Mass = Master.*a;
Disp_Piezo = Slave.*b;

% Convert samples to time
Time = 0:dt:(length(RawData)*dt-dt);

% Stepsize
dt = 10e-3; % [V]

% Plot Displacement Time

figure( 'name' , 'Position vs. Time mass' )

plot(Time, Disp_Piezo, b )

hold on

plot(Time, Disp_Mass, ™)

legend( 'Elongation piezo actuator' , 'Displacement mass' , 'location’ ,
‘NorthWest' )

xlabel(  'Time [s]' )

ylabel( 'Displacement [m]' )

%% Stiffness estimation

% Inmplement time at which reference point is reach ed by piezo
t = input( 'Time where actuation start(s): t=" );

% Close displacement-time curve
close all

% Define range for stiffness calculation
Sample_start = 900;

Sample_stop = 200;

Domain = 50;

rl =t*100 ;

r2 =rl + Sample_stop + 600;

% Spring stiffness (N/m)
k_spring = 116.04e3;

% Calculation of actuation force
F_Actuation = -k_spring.*(Disp_Mass - Disp_Piezo);

% Determine stiffness

Al = mean(Disp_Mass(rl:rl + Domain));

A2 = mean(Disp_Mass(rl:rl + Sample_stop + Domain));

B1 = mean(F_Actuation(rl:rl + Domain));

B2 = mean(F_Actuation(rl:rl + Sample_stop + Domain) );

Stiffness = (B2-B1)/(A2-Al)

Experiments 2_stiffness.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com
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% In this file an statistic analysis is performed
determined by the previous file.

clc; clear all ; close all

% load stiffness from experiments
load Initial_Stiffness2.mat

Initial_Stiffness2 = data;

% Check for missing data

for n = 1:length(lnitial_Stiffness2)
Relaxation_Displacement2NaNCount(1,n) = sum(isnan(l
end

% Outliers

% Select experiment for analysis
rl=1;

r2 =10;

% Start analysis
for n=rlr2
IS = Initial_Stiffness2(:,n);

% Remove missing values
IS = IS(~ishan(IS));

bin_IS = hist(IS);
NIS = max(bin_IS);
mulS = mean(lS);
sigmalS = std(IS);

% Remove outliers

outliers = (IS - mulS) > 2*sigmalS;

ISm = IS; % Copy c3 to c3m

ISm(outliers) = NaN; % Add NaN values
ISm = ISm(~isnan(ISm));

% Smoothing data

span = 3; % Size of the averaging window
window = ones(span,l)/span;

smoothed_ISm = convn(ISm,window, 'same’ );

% Summarizing data

% Measures of location

x1(n,1) = mean(IS);

x1m(n,1) = mean(ISm);

x1s_m(n,1) = mean(smoothed_ISm);

dx2(n,1) = std(1S);
dx2m(n,1) = std(ISm);
dx2s_m(n,1) = std(smoothed_ISm);

dx3(n,1) = var(IS);

dx3m(n,1) = var(ISm);

dx3s_m(n,1) = var(smoothed_ISm);
end

% Remove outliers from mean values
mux1 = mean(x1);
sigmax1 = std(x1);

outliers = (x1 - mux1) > 2*sigmax1,;

xIm=x1; % Copy c3 to c3m

x1m(outliers) = NaN; % Add NaN values
x1m = xIm(~isnan(xim));

on the initial stiffness

nitial_Stiffness2(:,n)));
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% Remove outliers from standard deviation
mudx2 = mean(dx2);
sigmadx2 = std(dx2);

outliers = (dx2 - mudx2) > 2*sigmadx2;

dx2m =dx2; % Copy c3 to c3m
dx2m(outliers) = NaN; % Add NaN values
dx2m = dx2m(~isnan(dx2m));

% Means of the experiments
x1 = num2str(x1);

x1lm = num2str(x1m);
x1s_m = num2str(x1ls_m);

% Standard deviation from the mean
dx2 = num2str(dx2);

dx2m = num2str(dx2m);

dx2s_m = num2str(dx2s_m);

% Variance

dx3 = num2str(dx3);

dx3m = num2str(dx3m);
dx3s_m = num2str(dx3s_m);

Relaxation analysis Experiments 2
The relaxation analysis uses the same algorithris ased for the initial stiffness estimation. A mat

consisting of all the relaxation displacements ez during the experiments is loaded into the wsjpake
of the program after which a statistic analysisiis.

C.2 Experiments 3
Experiments 3 relaxation estimation.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% In this file the relaxation displacements a re determined from
% experiments 3. Furthermore a statistic analysis on the results is
% performed

clec;  %oclear all; close all;

%% Load data into workspace

load 'O:\Weekend 22-02-10\Metingen5\dv 1 mV\201002051328 30_0690kg.txt'
RawData = X20100205132830_0690kg;

% Determine samples at which actuation force is cut off
for w = l:length(RawData)-1

D(w,1) = abs(RawData((w+1),1) - RawData(w,1));

| = find(D > 0.1);
end

% Rename data
Actuatorl = RawData(: ,1);
Slavel = RawData(;, 2);
Masterl = RawData(: ,3);

% Conversion factor Master sensor (Mass)
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a =-2.505888839¢-6;
% Conversion factor Slave sensor (Piezo)
b = 4.925016622e-6;

% Initialize data by setting initial displacements
Actuator = Actuatorl - Actuator1(1,1);

Slave = Slavel - Slavel(1,1);

Master = Masterl - Master1(1,1);

for jj = L:length(l)
H(jj,1) = RawData(l(jj),1);
end

% Domain for relaxation analysis
dl=12;
d2 = 100;

% Determine relaxation displacement for each iterat
kk = 1;
for n=1:10:401
k=1;
for nn=0:1:9
H(k, kk) = I(n + nn,1);

% Calculate mean of noise signal before (M1) and af
M1 = mean(Disp_Mass((H(k, kk)-d1):H(k, kk),
M2 = mean(Disp_Mass(H(k, kk):(H(k, kk)+d2),

% Determine relaxation displacement
Relaxation_Displacement5(k, kk) = M1-M2;

% Remove incorrect measurements

if Relaxation_Displacement5(k, kk) <=0
Relaxation_Displacement5(k, kk) = NaN;

end

% Plot relaxation displacement on domain [d1 d2]

figure
plot(Disp_Mass((H(k, kk)-d1):H(k, kk)+d2,1)
line([0 d1], [M1 M1], ‘color’ , T
line([d1 d1+d2], [M2 MZ2], ‘color  , T )
k=k+1,

% pause(0.05) % Hold figure for 0.05 second
close
end

kk = kk + 1;
end

% Save results
save Relaxation_Displacement5_031_0352

%% Statistic analysis of the results

% Select experiment for analysis

rl =11,

r2 =41,

% Relaxation_Displacement5 = Relaxation_Displacemen
for n=rlr2

IS = Relaxation_Displacement5(:,n);

% Remove missing values
IS = IS(~isnan(IS));

to zero

ion

ter (M2) cut off
1));
1));

s before closing figure

t5';
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bin_IS = hist(IS);
NIS = max(bin_IS);
mulS = mean(lS);
sigmalS = std(IS);

% Remove outliers

outliers = (IS - mulS) > 2*sigmalS;

ISm =1S; % Copy c3 to c3m

ISm(outliers) = NaN; % Add NaN values
ISm = ISm(~isnan(ISm));

%% Smoothing data

span = 3; % Size of the averaging window
window = ones(span,l)/span;

smoothed_ISm = convn(ISm,window, 'same’ );

%% Summarizing data

% Measures of location

x1(n,1) = mean(IS);

x1m(n,1) = mean(ISm);

x1s_m(n,1) = mean(smoothed_ISm);

dx2(n,1) = std(1S);
dx2m(n,1) = std(ISm);
dx2s_m(n,1) = std(smoothed_ISm);

dx3(n,1) = var(IS);

dx3m(n,1) = var(ISm);

dx3s_m(n,1) = var(smoothed_ISm);
end

%% Remove outliers from mean values
mux1 = mean(x1);
sigmax1 = std(x1);

% Remove outliers from standard deviation
mudx2 = mean(dx2);
sigmadx2 = std(dx2);

outliers = (dx2 - mudx2) > 2*sigmadx2;

dx2m =dx2; % Copy c3 to c3m
dx2m(outliers) = NaN; % Add NaN values
dx2m = dx2m(~isnan(dx2m));

% Means of the experiments
x1 = num2str(x1);

x1lm = num2str(x1m);
x1s_m = num2str(x1ls_m);

% Standard deviation from the mean
dx2 = num2str(dx2);

dx2m = num2str(dx2m);

dx2s_m = num2str(dx2s_m);

% Variance
dx3 = num2str(dx3);

dx3m = num2str(dx3m);
dx3s_m = num2str(dx3s_m);

C.3 Simulation 1

Simulationl extract experimental data.m
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% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% In this file the data is processed and a force
% constructed from the sensor output from Experimen
displacement curve can be compared with the results

close all ;clc;
%% Simulationl: dv=1mV, dt=10ms

% Load Experimental data and data from stationary t
load( 'Stat_Simulationl.mat' )
load( 'Simulationl.mat' )

% Initialize data by setting initial displacements

Stat_Simulation1(;,1) = Stat_Simulation1(;,1) - Sta
Stat_Simulationl1(;,2) = Stat_Simulation1(;,2) - Sta
Stat_Simulationl1(;,3) = Stat_Simulation1(;,3) - Sta

Simulation1(;,1) = Simulation1(:,1) - Simulation1(1
Simulation1(;,2) = Simulation1(:,2) - Simulation1(1
Simulation1(;,3) = Simulation1(:,3) - Simulation1(1

%% Compensate drift sensor

% linear fit of stationary measurement (centered an
mu = 28141,
sigma = 16247;

pm_1 =-0.00056099;
pm_2 = 0.00051319;
pm_3 = 0.0095918;
pm_4 = 6.9166;

ps_1 =-0.0095176;
ps_2 =0.014322;
ps_3 =-0.02235;
ps_4 =1.3287;

% Compensation of output data sensors
for j= lilength(RawData)

z =(j - mu)/sigma;

ys = ps_1*z"3 + ps_2*z"2 + ps_3*z + ps_4;
ym = pm_1*z"3 + pm_2*z"2 + pm_3*z + pm_4;

Simulationl_Compensated(j,1) = RawData(j,2) - y
Simulationl_Compensated(j,2) = RawData(j,3) - y
End

%% Conversion of output voltage to meters

% Conversion factor Master sensor (Mass)

a =-2.505888839¢-6;

% Conversion factor Slave sensor (Piezo)

b = 4.925016622e-6;

% Conversion factor piezo input to output (Piezo)
¢ = (0.9891).*b/2;

% Conversion of voltages to meters
Disp_Mass = Simulation1l_Compensated(:,2).*a;
Disp_Piezo_Sensor = Simulation1_Compensated(:,1).*b

displacement-curve is
ts 2. Hence, the force
from the simulation

est

to zero

t_Simulation1(1,1);
t_Simulation1(1,2);
t_Simulation1(1,3);

1),

2);
3);

d scaled)

@
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Disp_Piezo_input = RawData(:,1)*c;
%% Determination of force displacement curve

% Spring stiffness (N/m)
k_spring = 116.04e3;

% Initialize displacement
Disp_Mass = Disp_Mass - -2.469e-6;
Disp_Piezo_input = RawData(:,1)*c - -2.469e-6;

% Calculation of actuation force
F_Actuation = -k_spring.*(Disp_Mass - Disp_Piezo_in put);

% replace negative values of actution force (i.e. D isp_Mass > Disp_Piezo)
for n=1:length(RawData)

if (Disp_Mass(n,1) - Disp_Piezo_input(n,1)) > 0

F_Actuation(n,1) = 0;

end
end

% Select domain for simulation of experimental data
rl = 6000;
r2 = 10350;

% Save data

Simulation1_Data(;,1) = Disp_Mass;
Simulation1_Data(;,2) = Disp_Piezo_input;
Simulation1_Data(:,3) = F_Actuation;
Simulation1_Data(;,4) = RawData(:,2).*b;

save( 'Simulationl_Data’ , 'Simulation1_Data’ )

% Filter data

[B A] = butter(2, 0.01, low' );

Disp_Mass_Filtered = filtfilt(B ,A , Simulation1_Da ta(;,1));
F_Actuation_Filtered = filtfilt(B ,A , Simulation1_ Data(:,3));

% Plot data for comparison to simulations

figure

hold on

plot(Disp_Mass_Filtered(rl:r2), F_Actuation_Filtere d(ri:r2), ™)
% Plot line indicating end of the experimental data 's pre-sliding regime
line([1.25e-7 1.25e-7], [0 0.40], ‘color  , 'k , 'linestyle' )

Simulation_1.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% This file contains the simulation of the experi mental data from

% Simulations 1. The simulation simulates 3 masses being pushed from the
% pre-sliding regime into the sliding regime. The o utput is a force-

% displacement curve representing the frictional be haviour in the

% pre-sliding regime.

% Start timer
tic

clc; clear all ;

for s=1:3 % (Loop for consecutive simulation of the 3 masses)
%% Model parameters
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% Maximum deflection of the bristles (m)
d_max = 1.5584e-8;
% d_max = 2.5e-8; % From datafit

% Coulomb frictional coefficient (-)

mu_Coulomb = 0.063; % Obtained from Experiment 1

% Gravitational acceleration (m/s"2)
g=9.81;

% Mass of sliding body(Kg)
m = [0.352 0.563 0.690];

% Scale factor for the number of bristles to be use
% bristles will be used for modelling the sliding b
% kg (-)

¢ =500;

%% Simulation parameters

% Piezo increment (m)
dx = 0.825e-9;

% Sample time (s)
dt = 10e-3;

% Spring stiffness (N/m)
k =116.04e3;

%% Initialization

% Determination of number of bristles to be used
N = round(c*mu_Coulomb*g*m(s));

fprintf( '1) The model uses a total of %g bristles.\n'

% Determine initial_stiffness
sigma_ini = (mu_Coulomb*g*m(s))/d_max;
% sigma_ini = (F_C(s))/d_max % Used for datafit

% Initialize normal distribution for placement of t
% (99,7 of locations within a range of d_max)
mul = 0;

sigmal = (2/3)*d_max;

% Bristle placement function
[d_w, sigma_b, N] = Initial_bristle_placement(mul,
N, d_max);

%% Realization

% Number of iterations (-)
r = 1000;

% Increment of atuation force
dF = 1e-3;

% Initialization of output matrices
F = zeros(r+1, 1);

d_w_eval = zeros(N, r+1);
x_eval = zeros(r+1, 1);
x_eval(1,1) = 0;

F(1,1) = 0;

d w_eval(;, 1) =d_w;

% Actuation force att =0
F_act=0; % (N)

d. for ¢ = 500 about 100
ody with mass m = 0.352

N)

he bristles

sigmal, sigma_ini,
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% Position sliding body att =0
x=0; % (m)

% Calculation of force-displacement curve for r ite
for w=1:1r % F_act = (w*dF)
[F_fd_w, x, n_d] = New_model(x, dF, sigma_b, d
Fw+1,1)=F_f;
d w eval;, w+1)=d w;
x_evallw + 1, 1) = x;
end

%% Plot output

% line style for each run
ls2=" "

Isi= '

Is3=" "'

Ls =[Is1;Is2 ; 1s3];

% plot simulation in plot containing experimental d
% from the m-file: Experiments_2_0_5mv

hold on
plot(x_eval, F, 'k' , ‘linestyle' , Ls(s,),
% Clear data from workspace prior to simulation of
clear

end

% Plot line indicating end of the simulated pre-sli
% scaling, labels and legend

line([5.0e-8 5.0e-8], [0 0.40],

axis([0 1.4e-7 0 0.45))

xlabel( 'Displacement mass [m]' )
ylabel(  'Friction force [N]'

‘color' ,

rations

_w, d_max);

ata. The plot is obtained

'linewidth' ,4)
new mass
ding regime and insert
'k, ‘'linestyle' )

legend( 'Experimental data, m = 0.352 kg' -

'Experimental data, m = 0.563 kg' ) e
'Experimental data, m = 0.690 kg' ) e
‘New model, m = 0.352 kg' -

‘New model, m = 0.563 kg' -

‘New model, m = 0.690 kg' -

'End of pre-sliding regimes' .
'location’ , 'EastOutside' )

% Stop timer and return computer time
toc
fprintf( \n" )

Initial_bristle _placement.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% This file contains the placement algorithm for

% of the bristles (d_ini). After the placement the

% free of internel stress (d_0). This point will be

% further modelling of the frictional behaviour.

% If during the initializing process one of the b

% this bristle is replaced by a new randomly chosen
% equilibtium state will be deteremined. This proce
% equilibrium is obtained where each bristle is con

function
sigma_ini, N, d_max)

[d_w, sigma_b, N] = Initial_bristle_placement(mul,

the initial placement
bristles find a state
the reference point for

ristles is disconnected
bristle and the new
ss continues until an
nected.

sigmal,

-61-



A new friction model for the pre-sliding regime offriction Appendix C — Data analysis

% Determination of the bristle stiffness (N/m)
sigma_b = sigma_ini/N;

% Placement of the bristles according to normal dis tribution (m)
d_ini = normrnd(mul, sigmal, N, 1);

% Calculation of internal stress after placement (N /m)
F_int = sigma_b*sum(d_ini);

% Calculation of settling displacement (m)
D_0=F_int/ sigma_ini;

% Configuration of the bristles while internal equi libirum (m)
d w=d_ini- D_0;
% Check wether all bristles at equilibrium position are connected
N_bonds = 0;
while  N_bonds <N
for q=1:N

% When connected
if abs(d_w(qg,1)) <= d_max
N_bonds = N_bonds + 1;

% when disconnected
elseif abs(d_w(q,1)) > d_max
% reconnect bristle
d_w(g,1) = random( ‘norm' , mul, sigmal, 1, 1);

% Initial stress (N/m)
F_int = sigma_b*sum(d_w);

% Initial relaxation displacement (m)
D_0=F_int/ sigma_ini;

% Internal equilibirum
d w=d w-D_0;

% restart determination of equilibrium configuratio n
N_bonds = 0;
break

end
end
end

% Check internal equilibrium
F_int = sigma_ini*sum(d_w);

fprintf( '2) The bristles are placed and an internal equilib rium has been
obtained.\n' )

fprintf( \n'

fprintf( ' The internal stress amounts to %e Newtons.\n' , F_int)

fprintf( \n" )
New model.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% This file contains the actual friction model.

function  [F_f, d_w, x, n_d] = New_model(x, dF, sigma_b, d_w , d_max)
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% Initialization of friction force calculation
d_w_c = zeros(length(d_w),1);

d_w_d = zeros(length(d_w),1);

n 0;

0;

C
n_d

% Count bristles that are connected
for e =1:length(d_w)
% If connected
if abs(d_w(e,1)) <d_max
nc=nc+1,
% If disconnected
elseif  abs(d_w(e,1)) >= d_max
nd=nd+1;
end
end

%% Calculation of pre-sliding displacement and fric
% The actuation force acts is the input from which
% displacement and frictionforce are determined.

% return Coulomb friction force over distance x whe
% disconnected
if n_c==
% Coulomb friction force
F_f=sigma_b*d_max*n_d;
% Distance x
X = 2*X;
else

% Add increment to pre-sliding displacement related
% and the systems current stiffness

dx = dF/(n_c*sigma_b);
% New global position

X =X+ dx;

% Check wheter bristles are conencted or not
n_c=0;
n_d=0;
for q=1:1:length(d_w)
% If connected
if abs(d_w(q,1)) <d_max
d_w_c(q) =d_w(q,1) + dx;
d_w(q,1) =d_w(q,1) + dx;
nc=nc+1l;
% If disconnected
elseif abs(d_w(q,1)) >=d_max

% Calculation friction force (d_w =[d_w_c ; d_w_d]
F_f=sigma_b*sum(d_w);
end
end

C.4 Simulation 2

Simulation2_extract _experimental data.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email:  m.j.appels@gmail.com

tion force
the pre-sliding

n all bristles have

to actuation force
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% In this file the data is processed and a force
constructed from the sensor output from Experiments
displacement curve can be compared with the results

close all ;clear; clc;
%% Simulation2 dv_sample =0.01V,dv=1mV, dt =

% Load Experimental data and data from stationary t
load( 'Stat_Simulation2.mat' )
load( 'Simulation2.mat' )

% Initialize data by setting initial displacements

Stat_Simulation2(;,1) = Stat_Simulation2(;,1) - Sta
Stat_Simulation2(;,2) = Stat_Simulation2(;,2) - Sta
Stat_Simulation2(:,3) = Stat_Simulation2(;,3) - Sta

Simulation2(;,1) = Simulation2(:,1) - Simulation2(1
Simulation2(;,2) = Simulation2(:,2) - Simulation2(1
Simulation2(;,3) = Simulation2(:,3) - Simulation2(1

%% Compensation raw data for drift by stationary me

% linear fit of stationary measurement
pm_1 =5.8642e-7;

pm_2 =-0.23826;

ps_1 =-8.8545e-007;

ps_2 =0.0016612;

% Compensation of output data sensors
for j= l:ilength(Simulation2)

ys = ps_1%;

ym = pm_1%;

Simulation2_Compensated(j,1) = Simulation2(j,2)
Simulation2_Compensated(j,2) = Simulation2(j,3)
end

%% Conversion of output voltage to meters

% Conversion factor Master sensor (Mass)

a =-2.505888839¢-6;

% Conversion factor Slave sensor (Piezo)

b = 4.925016622e-6;

% Conversion factor piezo input to output (Piezo)
¢ =(0.19).*b/0.534;

% Conversion of voltages to meters

Disp_Mass = Simulation2_Compensated(:,2).*a;
Disp_Piezo_Sensor = Simulation2_Compensated(:,1).*b
Disp_Piezo_input = Simulation2(:,1)*c;

%% Determination of force displacement curve

% Spring stiffness (N/m)
k_spring = 116.04e3;

% Initialize displacement
Disp_Mass = Disp_Mass - -8.698e-9;

% Calculation of actuation force
F_Actuation = -k_spring.*(Disp_Mass - Disp_Piezo_in

% replace negative values of actution force (i.e. D
for n = 1:length(Simulation2)
if (Disp_Mass(n,1) - Disp_Piezo_input(n,1)) > 0

displacement-curve is
3. Hence, the force
from the simulation

110 ms

est

to zero

t_Simulation2(1,1);
t_Simulation2(1,2);
t_Simulation2(1,3);

1),
2);
3);

asurements

put);

isp_Mass > Disp_Piezo)
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F_Actuation(n,1) = 0;
end
end

% Select domain for simulation of experimental data
rl =10;

r2 = 649;
13 = 649;
r4 = 1216;

% Save data

Simulation2_Data(;,1) = Disp_Mass;
Simulation2_Data(:,2) = Disp_Piezo_input;
Simulation2_Data(:,3) = F_Actuation;
Simulation2_Data(:,4) = Simulation2(:,2).*b;

save( 'Simulation2_Data’ , 'Simulation2_Data’

% Filter data

[B A] = butter(2, 0.01, low' );
Disp_Mass_Filtered = filtfilt(B ,A , Simulation2_Da
F_Actuation_Filtered = filtfilt(B ,A , Simulation2_

% Plot data for comparison to simulations

figure

hold on

plot(Disp_Mass_Filtered(rl:r2), F_Actuation_Filtere
plot(Disp_Mass_Filtered(r3:r4), F_Actuation_Filtere
axis([0 0.7e-8 0 0.12])

Simulation2 _hysteresis.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% This file contains the simulation of the experi

% Simulations 2. The simulation simulates a mass of
twice

% for by a certain force delivered by the piezo act

% simulate hysteresis.

% Start timer
tic

clc; clear all ;
%% Model parameters

% Maximum deflection of bristle (m)
d_max = 1.55584e-8;

% Average relaxation displacement (m)
x_rel = 4.4206e-9;

% Coulomb frictional coefficient (-)
mu_Coulomb = 0.063;

% Mass of sliding body (Kg)
m = 0.690;

% Gravitational acceleration (m/s"2)
g =9.81;

% Scale factor for the number of bristles to be use

ta(;,1));
Data(:,3));

d(r1:r2))
d(r3:r4), ™)

mental data from
0.690 kg which is actuated

uator in order to

d. for c =500 about 100
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% bristles will be used for modelling the sliding b
% kg ()
¢ =500;

%% Simulation parameters

% Piezo increment (m)
dx = 0.825e-9;

% Sample time (s)
dt = 10e-3;

% Spring stiffness (N/m)
k =116.04e3;

%% Initialization

% Determination of number of bristles to be used
N = round(c*mu_Coulomb*g*m);
fprintf( '1) The model uses a total of %g bristles.\n'

% Determine initial_stiffness
sigma_ini = (mu_Coulomb*g*m)/d_max;
% sigma_ini = (F_C)/d_max % Used for datafit

% Initialize normal distribution for placement of t
% (99,7 of locations within a range of d_max)
mul = 0;

sigmal = (2/3)*d_max;

% Initialize normal distribution for reconnection o
% (99,7 of locations within a range of x_rel)

mu2 = x_rel;

sigma2 = x_rell3;

% Bristle placement function
[d_w, sigma_b, N] = Initial_bristle_placement(mul,

%% Realization

% Number of iterations (-)
r = 250;

% Increment of atuation force
dF = 1e-3;

% Initialization of output matrices
F = zeros(r+1, 1);

d_w_eval = zeros(N, r+1);
x_eval = zeros(r+1, 1);
x_eval(1,1) = 0;

F(1,1) = 0;

d w_eval(:, 1) =d_w;

% Actuation force att =0
F_act=0; % (N)

% Position sliding body att =0
x=0; % (m)

% Calculation of force-displacement curve for r ite
n=1,
for w=1:1r % F_act = (w*dF)

[F_f d_w, x, n] = New_model_hysteresis(n, x, dF
sigmaz2, sigma_ini);

Fw+1,1)=F_f;

d w eval;, w+1)=d w;

ody with mass m = 0.352

N)

he bristles

f the bristles

sigmal, sigma_ini, N, d_max);

rations

, sigma_b, d_w, d_max, mu2,

- 606 -



A new friction model for the pre-sliding regime offriction

Appendix C — Data analysis

x_evallw + 1, 1) = x;
end

%% Plot output
% Initialize plot

% line style for each run
Is2="-"

Is1= -

Is3= "'

Ls =[Is1;Is2 ; I1s3];

% plot simulation in figure containing experimental
% from the m-file: Experiments_2_0_5mv
hold on

data. The plot is obtained

title(  'Simulation of force-displacement curves for three masses' )

plot(x_eval, F, 'k" , ‘linestyle' , Ls(1,2), 'linewidth’ ,2)

legend( 'Experimental data 1th. cycle' , 'Experimental data 2nd. cycle' -
'Simulation’ , 'Simulation with datafit' )

xlabel(  'Displacement mass [m]' )

ylabel(  'Friction force [N]' )

% Stop timer and return computer time
toc
fprintf( \n" )

Initial_bristle _placement.m

See simulation 1

New model_hysteresis.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% This file contains the actual friction model for
% behaviour.

function  [F_f, d_w, X, n] = New_model_hysteresis(n, x, dF,
d_max, mu2, sigma2, sigma_ini)

% Initialization of friction force calculation
n_c=0;
n_d=0;

% Count bristles that are connected
for e =1:length(d_w)
% If connected
if abs(d_w(e,1)) <d_max
nc=nc+1,
% If disconnected
elseif  abs(d_w(e,1)) >=d_max
nd=nd+1;
end
end

%% Calculation of pre-sliding displacement and fric
% The actuation force acts is the input from which
% displacement and friction force are determined.

modelling the hysteresis

sigma_b, d_w,

tion force
the pre-sliding
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% Return Coulomb friction force over distance x whe n all bristles are
% disconnected
if n_c==
% Coulomb friction force
F_f=sigma_b*d_max*n_d;
% Distance x
X = 2*X;
else

% Add increment to pre-sliding displacement related to actuation force
% and the systems current stiffness

dx = dF/(n_c*sigma_b);
% New global position

X =X+ dx;

% Check wheter bristles are conencted or not
n_c=0;
n_d=0;
for q=1:1:length(d_w)
% If connected
if abs(d_w(q,1)) <d_max
nc=nc+1l;
d w_c(n_c,1)=d_w(q,1) + dx;
d_w(q,1) =d_w(q,1) + dx;
% If disconnected
elseif abs(d_w(q,1)) >=d_max
nd=nd+1;
d_w_d(n_d) =d_max;
d_w(qg,1) =d_max;
end
% Calculation friction force
F_f=sigma_b*sum(d_w);
end
end

% Remove force when cut-off value is reached and mo del hysteresis
if F_f>=0.0982
disp( ‘cut-off' )

% Count number of iterations (-)
n=n+1;

% Calculation relaxation displacement (m)
x_rel = F_f/((n_c)*sigma_b);

% Calculate bristle configuration (m)
dw c=d w c-x_rel;

% Determine internal stress (N)
F_int = sigma_b*sum(d_w_c);

% Calculate settling displacement (m)
D_0 = F_int/(n_c*sigma_b);

% Compensate relaxation displacement with settling displacement (m)
x_rel = x_rel - abs(D_0);

% Calculate compensated bristle configuration (m)
d w_c=d w_c+abs(D_0);

% Reconnect disconnected bristles according to norm al distribution for
% reconnection (m)
d_w_d = sign(F_f)*d_max - abs(normrnd(mu2,sigma 2,n_d,1));

% Bristle configuration for output (m)
dw=[dwc;dw.d]
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% Initial stress (N/m)
F_int = sigma_b*sum(d_wy);

% Settling dusplacement after reconnection of the b
D_0=F_int/ sigma_ini;

% Internal equilibirum configuration (m)
dw=d w-D_0;

% Check internal equilibrium (N)
F_int = sigma_ini*sum(d_w);

fprintf( '2) The bristles are placed and an internal equilib
obtained.\n' )

fprintf( \n'

fprintf( ' The internal stress amounts to %e Newtons.\n'

% New global position for new iteration (m)
x=x-x_rel+D_0;

% Initialize friction force for new iteration (N)
F f=0;
end

ristles (m)

rium has been

, F_int)
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C.5 Comparison to other models

Dahl model

Friction_model parameters.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% Friction model parameters from: Haessig and Fried
%% Simulation parameters

% Mass (kg)

m = 0.690; % (unit mass)

% Springs stiffness (N/m)

K =116.04e3;

% Spring actuation velocity (m/s)
dy = 8.25e-8;

%% Model parameters

% Dahl model parameters from: Haessig and Friedland
% A good approximation seems to be: sigma_0 = 10"2,
% this is in combination with a higher mass, lower

% higher actuation velocity.

sigma_0 = 2.2137e07; % Bristle stiffness (N/m)
alpha_1=1; % Shape determining parameter (-)
% (Higher alpha results in a sharper bent of the st

% and vice versa)

F_C =0.3828; % Coulomb friction (N)

Spring_mass_example.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% The data for time domain and model parameters are
% and Friedland as the formulation for the model. T

% are identically to those obtained by H&F but some
% made.

% First of all the formulation for the model is a |

% the model generally used by others. The parameter
% optimal. Much better results can be obtained by t

% higher stiffness. But are still not ideal.

% Start timer
tic

clc; clear all ;

% Load model parameters
Friction_model_parameters

% Initial input ode23-solver

x_0=0;
F 0=0;
dx_0=0;

land [8]

(not realistic)
alpha=1,F_c=1.But
spring stiffness and

ress-strain curve

obtained from Haessig
he simulation results
remarks have to be

inearised model and not
s chosen are not
he choice for a much
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QO0=[x0;F0;dx 0];

% Timespan (s)
t 0=0;
t_ end =5;

% Numerical integration
[T Q] = ode23(@0OdeHold, [t_0t_end], Q_0);

%% Extract Data

% initialize output matrices
x=Q(,1);

F f=Q(,2);

dx = Q(:,3);

% Actuator input position
y = dy.*T;
F_act = (dy.*T-Q(:,1)).*K;

% Position
x_Dahl = Q(;,1);

% velocity
dx_Dahl = Q(:,3);

% Dahl friction force
F_f Dahl =Q(,2);

% Filter data
[B A] = butter(2, 0.0001, low' );
F_f_Dahl =filtfilt(B ,A , F_f_Dahl);

%% Plot Data

% Linestyle for each mass
Is2=" "'

Is1= '

Is3= "'

Ls =[Is1;Is2 ; I1s3];

% plot simulation in figure containing experimental
% from the m-file: Experiments_2_0_5mv
hold on

plot(x_Dahl, F_f_Dahl, CI(3), 'linestyle’ , Ls(3,2),
title(  'Simulation of force-displacement curves (Dahl mode

axis([0 1.4e-7 0 0.45))

xlabel( 'Displacement mass [m]' )
ylabel(  'Friction force [N]'
line([1.25e-7 1.25e-7], [0 0.40], ‘color'

legend( 'Experimental data, m = 0.352 kg' ,
'Experimental data, m = 0.690 kg'

data. The plot is obtained

'linewidth’ ,4)
D)

'linestyle’ )
'Experimental data, m = 0.563 kg' ,

'Dahl model, m = 0.352 kg' , "I.D"ahl model, m = 0.563 kg' , 'Dahl model, m =

0.690 kg' , 'End of pre-sliding regimes' , 'location’

% Stop timer and return computer time
toc
fprintf( \n" )

OdeHold.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

'EastOutside’ )

-71 -



A new friction model for the pre-sliding regime offriction Appendix C — Data analysis

function  [dQ] = OdeHold(t, Q)

Friction_model_parameters

X =Q(1,1);
F f=0Q(2,1);
dx = Q(3,1);

F_ext = (dy*t-x)*K;

% Dahl model
[dF_f] = Dahl_model(Q, t);

ddx = (F_ext - F_f)im;
dQ =[dx ; dF_f; ddx];
Dahl_model.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

function  [dF_f] = Dahl_model(Q,t)

Friction_model_parameters

x =Q(L,1);
F_f=0Q(21);
dx = Q(3,1);

%General Dahl model
dF_f = sigma_0*((1-F_f/F_C*sign(dx))*alpha_1)*dx;

LuGre model

Friction_model parameters.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% Simulation parameters

% Mass (kg)

m = 0.690;

% Springs stiffness (N/m)

K =116.04e3;

% Spring actuation velocity (m/s)
dy = 8.25e-8;

% Model prameters

% LuGre model parameters from: A New Model for Cont rols of Systems With
% Friction (C. Canudas de Wit)

sigma_0 = 2.2173e07; % Bristle stiffness (N/m)

sigma_1 = sqrt(2.2173e07); % Damping coefficient (Ns/m)

sigma_2 = 0.4; % Viscous friction (Ns/m)

v_s = 8.25e-8; % Stribeck velocity (m/s

F_S =0.3828; % Static friction (N)
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F_C=F_S/1.5; % Coulomb friction (N)

Spring_mass_example.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

% Start timer
tic
clc; clear all ;

% Load model parameters
Friction_model_parameters

% Initial input ode23-solver

x_0=0;
z 0=0;
dx_0=0;

QO0=[x0;z0;dx 0];

% Timespan (S)
1 0=0;
t_end = 10;

% Numerical integration
[T Q] = ode23(@0OdeHold, [t_0 t_end], Q_0);

%% Extract Data

% initialize output matrices
x=Q(,1);

z=0Q(,2);

dx = Q(:,3);

% Actuator input position
y = dy.*T;
F_act = (dy.*T-Q(:,1)).*K;

dZ = zeros(length(Q),1);
F_f Lugre = zeros(length(Q),1);

for n = 1:length(Q)
% Lugre friction force
[dz F_f] = Lugre_model(Q(n,:)";
dz(n,1) = dz(1,1);
F_f Lugre(n,1) = F_f(1,1);
end

% Filter data
[B A] = butter(2, 0.0001, low' );
F_f Dahl =filtfilt(B ,A , F_f_Dahl);

% line color

Cl=[00.50];

% Linestyle for each mass
Is2='-'

Ist= '

Is3= "'

Ls =[Is1 ;.|52 ;’ 1s3];

% plot simulation in figure containing experimental
% from the m-file: Experiments_2_0_5mv

data. The plot is obtained
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hold on

titte(  'Simulation of force-displacement curves' )

plot(x, F_f_Lugre, ‘color' , Cl, linestyle’ , Ls(3,))

xlabel( 'Displacement mass [m]' )

ylabel(  'Friction force [N]' )

legend( 'Experimental data, m = 0.352 kg' ,  'Experimental data, m = 0.563 kg' ,
'Experimental data, m = 0.690 kg' ) e

'LuGre model, m = 0.352 kg' , 'LuGre model, m = 0.563 kg' , 'LuGre model, m =
0.690kg" , ...

‘end of pre-sliding regime' , 'location’ , 'EastOutside’ )

% Stop timer and return computer time
toc
fprintf( \n" )

OdeHold.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

function  [dQ] = OdeHold(t, Q)

% Load model parameters
Friction_model_parameters

x =Q(L,1);
z=0Q(2,1);
dx = Q(3,1);

F_ext = (dy*t-x)*K;

% Lugre model
[dz F_f] = Lugre_model(Q, t);

ddx = (F_ext - F_f)/m;
dQ =[dx; dz ; ddx];

Lugre_model.m

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

function  [dz F_f] = Lugre_model(Q,t)

Friction_model_parameters

x=Q(1,1);
z=0Q(2,1);
dx = Q(3,1);

% Lugre model

g_v=F_Cl/sigma_0 + ((F_S - F_C)/sigma_0)*exp(-(dx/ V_S)"2);
dz = dx - (abs(dx)/g_v)*z;

F_f=sigma_0*z + sigma_1*dz + sigma_2*dx;

C.6 Calibration sensors
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Calibration _data_analysis.m

%% Load data into workspace

% M.J. Appels (Student)

% Delft University of Technology

% Faculty of mechanical engineering

% Department of Biomechanical Engineering
% email: m.j.appels@gmail.com

clc; clear all ; close all ;

%% Load data nto workspace
load Master 1.txt

load Master 2.txt

load Slave 1.txt

load Slave 2.txt

% Rename Data
RawData_Master_1 = Master_1,
RawData_Master_2 = Master_2;
RawData_Slave_1 = Slave_1;
RawData_Slave_2 = Slave_2;

%% Filter Data

% Filter

[B A] = butter(2, 0.0025, low' );
Data_Filter_Master_1 = filtfilt(B ,A , RawData_Mast
Data_Filter_Master_2 = filtfilt(B ,A , RawData_Mast
Data_Filter_Slave_1 =filtfilt(B ,A , RawData_Slave
Data_Filter_Slave_2 =filtfilt(B ,A , RawData_Slave

% Rename data

MMaster_1 = Data_Filter_Master_1(: ,3);
MMaster_2 = Data_Filter_Master_2(: ,3);
SSlave_1 = Data_Filter_Slave_1(:, 2);
SSlave_2 = Data_Filter_Slave_2(:, 2);

%% Range

% Conversion factor digital output to mm
cf=0.02;

% Measurement values

DM1 = [0 ; 0.00005 ; 0.0001 ; 0.00015 ; 0.0002 ; 0.
0.00075 ; 0.001 ; 0.00125];

DM2 = [0 ; 0.00005 ; 0.0001 ; 0.00015 ; 0.0002 ; 0.
0.00075; 0.001 ; 0.00125 ; 0.0015; 0.00175;
DS1 =[0; 0.00005 ; 0.0001 ; 0.00015 ; 0.0002 ; O.
0.00075; 0.001 ; 0.00125 ; 0.0015; 0.00175;
0.0025 ; 0.00275 ; 0.003 ; 0.00325; 0.0035 ; 0

0.00425 ; 0.0045 ; 0.00475];

DS2 =[0; 0.00005 ; 0.0001 ; 0.00015 ; 0.0002 ; O.
0.00075; 0.001 ; 0.00125 ; 0.0015; 0.00175;
0.0023 ; 0.00235 ; 0.0024 ; 0.00245 ; 0.0025 ;
0.00265 ; 0.0027 ; 0.00275 ; 0.003 ; 0.00325 ;
0.004 ; 0.00425 ; 0.0045 ; 0.00475];

%% Data sets

% Master_1

M1_1 = Data_Filter_Master_1(10000:12000, 3);
M1_2 = Data_Filter_Master_1(14500:16500, 3);
M1_3 = Data_Filter_Master_1(18000:19000, 3);
M1_4 = Data_Filter_Master_1(20000:21000, 3);

er_1);

00025 ; 0.0005;

00025 ; 0.0005;
0.002 ; 0.00225];
00025 ; 0.0005;
0.002 ; 0.00225 ;
.00375; 0.004 ;

00025 ; 0.0005;
0.002 ; 0.00225 ;
0.00255 ; 0.0026 ;
0.0035; 0.00375;
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M1_5 = Data_Filter_Master_1(22000:22500, 3);
M1_6 = Data_Filter_Master_1(24000:25000, 3);
M1_7 = Data_Filter_Master_1(27000:28000, 3);
M1_8 = Data_Filter_Master_1(30500:31000, 3);
M1_9 = Data_Filter_Master_1(33500:34500, 3);
M1_10 = Data_Filter_Master_1(37500:38500, 3);

Mean_M1 = [mean(M1_1) mean(M1_2) mean(M1_3) mean(M1 _4) mean(M1_5)
mean(M1_6) mean(M1_7) mean(M1_8) mean(M1_9) mea n(M1_10)];

% Master_2

M2_1 = Data_Filter_Master_2(2500:3500, 3);
M2_2 = Data_Filter_Master_2(5500:6500, 3);
M2_3 = Data_Filter_Master_2(8500:9500, 3);
M2_4 = Data_Filter_Master_2(11500:12500, 3);
M2_5 = Data_Filter_Master_2(14500:15500, 3);
M2_6 = Data_Filter_Master_2(17500:18000, 3);
M2_7 = Data_Filter_Master_2(20500:21000, 3);
M2_8 = Data_Filter_Master_2(23500:24000, 3);
M2_9 = Data_Filter_Master_2(26500:27500, 3);
M2_10 = Data_Filter_Master_2(30500:32500, 3);
M2_11 = Data_Filter_Master_2(35500:36000, 3);
M2_12 = Data_Filter_Master_2(38000:39000, 3);
M2_13 = Data_Filter_Master_2(41000:41500, 3);
M2_14 = Data_Filter_Master_2(43500:44000, 3);

Mean_M2 =[mean(M2_1) mean(M2_2) mean(M2_3) mean(M2 _4) mean(M2_5) ...
mean(M2_6) mean(M2_7) mean(M2_8) mean(M2_9) me an(M2_10) mean(M2_11)
mean(M2_12) mean(M2_13) mean(M2_14)];

% Slave_1

S1_1 = Data_Filter_Slave_1(2500:4500, 2);
S1_2 = Data_Filter_Slave_1(8000:8500, 2);
S1_3 = Data_Filter_Slave_1(10500:11000, 2);
S1_4 = Data_Filter_Slave_1(13000:13500, 2);
S1_5 = Data_Filter_Slave_1(15500:16000, 2);
S1_6 = Data_Filter_Slave_1(17700:18200, 2);
S1_7 = Data_Filter_Slave_1(20000:20500, 2);
S1_8 = Data_Filter_Slave_1(22000:22500, 2);
S1 9 = Data_Filter_Slave_1(24500:25000, 2);
S1_10 = Data_Filter_Slave_1(27000:27500, 2);
S1 11 = Data_Filter_Slave_1(29500:30000, 2);
S1_12 = Data_Filter_Slave_1(32000:33000, 2);
S1_13 = Data_Filter_Slave_1(35000:35500, 2);
S1_14 = Data_Filter_Slave_1(37500:38500, 2);
S1_15 = Data_Filter_Slave_1(40500:41000, 2);
S1_16 = Data_Filter_Slave_1(43500:44500, 2);
S1_17 = Data_Filter_Slave_1(46500:47500, 2);
S1_18 = Data_Filter_Slave_1(49500:50000, 2);
S1_19 = Data_Filter_Slave_1(52500:53000, 2);
S1_20 = Data_Filter_Slave_1(55500:56000, 2);
S1_21 = Data_Filter_Slave_1(58500:59000, 2);
S1_22 = Data_Filter_Slave_1(61000:62000, 2);
S1_23 = Data_Filter_Slave_1(65000:67000, 2);
S1_24 = Data_Filter_Slave_1(70000:70500, 2);

Mean_S1 =[mean(S1_1) mean(S1_2) mean(S1_3) mean(S1 _4)mean(S1_5) ..
mean(S1_6) mean(S1_7) mean(S1_8) mean(S1_9) mea n(S1_10) mean(S1_11)
mean(S1_12) mean(S1_13) mean(S1_14) mean(S1_15) mean(S1_16)
mean(S1_17) mean(S1_18) mean(S1_19) mean(S1_20) mean(S1_21)

mean(S1_22) mean(S1_23) mean(S1_24)];

% Slave_2

S2_1 = Data_Filter_Slave_2(1000:1500, 2);
S2_2 = Data_Filter_Slave_2(3000:4000, 2);
S2_3 = Data_Filter_Slave_2(6500:7500, 2);
S2_4 = Data_Filter_Slave_2(9500:10500, 2);
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S2_5 = Data_Filter_Slave_2(13000:14000, 2);

S2_6 = Data_Filter_Slave_2(15500:16500, 2);

S2_7 = Data_Filter_Slave_2(19000:20000, 2);

S2_8 = Data_Filter_Slave_2(22000:23000, 2);

S2_9 = Data_Filter_Slave_2(25500:26500, 2);

S2_10 = Data_Filter_Slave_2(28500:29500, 2);
S2_11 = Data_Filter_Slave_2(31000:32000, 2);
S2_12 = Data_Filter_Slave_2(34000:35000, 2);
S2_13 = Data_Filter_Slave_2(37000:38000, 2);
S2_14 = Data_Filter_Slave_2(40500:41500, 2);
S2_15 = Data_Filter_Slave_2(43500:44000, 2);
S2_16 = Data_Filter_Slave_2(45500:46500, 2);
S2_17 = Data_Filter_Slave_2(48500:49000, 2);
S2_18 = Data_Filter_Slave_2(51000:51500, 2);
S2_19 = Data_Filter_Slave_2(54000:54500, 2);
S2_20 = Data_Filter_Slave_2(57000:57500, 2);
S2_21 = Data_Filter_Slave_2(60000:61000, 2);
S2_22 = Data_Filter_Slave_2(63500:64000, 2);
S2_23 = Data_Filter_Slave_2(66500:67500, 2);
S2_24 = Data_Filter_Slave_2(69500:70000, 2);
S2_25 = Data_Filter_Slave_2(72500:73500, 2);
S2_26 = Data_Filter_Slave_2(75500:76000, 2);
S2_27 = Data_Filter_Slave_2(78500:79500, 2);
S2_28 = Data_Filter_Slave_2(82000:82500, 2);
S2_29 = Data_Filter_Slave_2(85000:85500, 2);
S2_30 = Data_Filter_Slave_2(88000:89000, 2);
S2_31 = Data_Filter_Slave_2(91500:92000, 2);
S2_32 = Data_Filter_Slave_2(94500:95500, 2);

Mean_S2 = [mean(S2_1) mean(S2_2) mean(S2_3) mean(S2 _4)mean(S2_5) ...
mean(S2_6) mean(S2_7) mean(S2_8) mean(S2_9) mea n(S2_10) mean(S2_11)
mean(S2_12) mean(S2_13) mean(S2_14) mean(S2_15) mean(S2_16)
mean(S2_17) mean(S2_18) mean(S2_19) mean(S2_20) mean(S2_21)
mean(S2_22) mean(S2_23) mean(S2_24) mean(S2_25) mean(S2_26)
mean(S2_27) mean(S2_28) mean(S2_29) mean(S2_30) mean(S2_31)

mean(S2_32)];

% Calculate mean value

figure

hold on

plot(cf*\DM1, Mean_M1, r
plot(cf*\DM2, Mean_M2, b'
plot(cf*DS1, Mean_S1, k'
plot(cf*DS2, Mean_S2, m'
legend( 'Master_1' ,'Master 2' ,'Slave_1' ,'Slave 2' )
hold off

—
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Appendix D - Contacts

D.1 Manufacturers measurement equipment

Piezo stack actuator

Physik Instrumente (Pl) GmbH & Co.KG
Auf der Romerstr. 1

D-76228 Karlsruhe, Germany

Tel: +49 721 4846-0

Fax: +49 721 4846-100

Email: info@pi.ws

Internet: www.pi.ws

Capacitive sensors

Microsense, LLC

70 Industrial Avenue East

Lowell, Massachusetts 01852, USA
Tel: +1 978 843 7673

Internet: www.microsense.net

The Netherlands, Belgium and Luxembourg
Martek sprl

Av. René Combhaire 82

BE 1082 Bruxelles, Belgium

Tel: +32 2 467 00 40

Fax: +32 2 467 00 49

Email: info@martek.be

Internet: www.martek.be

D.2 Supliers measurement equipment

Ir. J.W. Spronck

Faculty of Mechanical, Maritime and Materials Eregrning
Department of Precision and Microsystems Engingerin
Mekelweg 2

2628CD Delft, The Netherlands

Tel: +31 15 27 81824

Email: J.W.Spronck@tudelft.nl

Ir. J.P. van Schieveen

Faculty of Mechanical, Maritime and Materials Eregring
Department of Precision and Microsystems Engingerin
Mekelweg 2

2628CD Delft, The Netherlands

Tel: +31 15 27 89503

Email: J.P.vanSchieveen@tudelft.nl
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D.3 Manufacturer and material supplier of measuremaet setup

Material supplier and manufacturer of sliding_body and ground_support_1
Heemskerk Fijnmechanica bv

Coenecoop 645 - 2741 PV Waddinxveen

Tel : +31 182-647010

Fax : +31 182-647011

Internet: www.heemskerkfiinmechanica.nl

Email: info@heemskerkfijinmechanica.nl

Material supplier for all parts except for sliding_body, ground support_1 and base
Facultaire Werkplaats

Ing. J. van Frankenhuyzen

Faculty of Mechanical, Maritime and Materials Eregrning

Mekelweg 2

2628CD Delft, The Netherlands

Tel: +31 15 27 85614

Email: J.vanFrankenhuyzen@tudelft.nl

Manufacturer of all parts except for sliding_body,ground support_1 and base
M.J. Appels (student member)
Email: m.j.appels@gmail.com

P.P. Pluimers (student member)
Email: pieter_pluimers@hotmail.com

Manufacturer of the actuation spring
Verenfabriek Roveron BV
Graafstroomstraat 15-17

3044 AN Rotterdam, The Netherlands
Tel: +31 10 41 52577

Fax: +31 10 43 79801

Email: info@roveron.nl

Internet: www.roveron.nl
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