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Abstract This paper describes substantial investiga-
tions on stick-slip micro drives. The drives are the
basis for miniaturized micro- and nanohandling robots,
which are usually driven by piezo-actuators. Because of
the reason that stick-slip drives are strongly connected
with friction characteristics of the stick-slip contact, this
paper focuses on several aspects of friction and the
model. After an introduction of former attempts to
simulate stick-slip devices based on the so-called LuGre
model, the CEIM friction model presented in this paper
is based on the Elastoplastic-model. It is shown that one
of the most significant phenomena, the “0-amplitude”,
is covered by the original Elastoplastic-model without
modifications. Furthermore, a theoretic treatment of
friction characteristics is performed. The properties
of the model are validated by simulations and nu-
merous measurements. Additionally, several adapta-
tions are presented to enhance the model’s capabilities.
However, friction is a complex matter with manifold
specificities. Thus, beside theoretic treatment, the cen-
ter of gravity is also on “technical” issues to deliver
not only an academic contribution to theory of friction,
but to establish a tool for design and optimization of
practical stick-slip positioners.
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1 Introduction

In research and industry, the need for small and high-
precision positioning devices is unchanged [1, 2]. A sig-
nificant part of such positioners is covered by stick-slip
devices, which are based on the periodical transporta-
tion (stick) and sliding (slip) of a runner driven by an
actuating element [3-8]. These devices are character-
ized by a comparatively simple design consisting of few
parts, backlash-free motion and very high resolution.
This makes them attractive for building up small, cheap
and accurate positioners. For this reason it should be
due that such devices are in the focus of research.
Indeed, there was a great concern in the nineties and
in the following years. Numerous actuators and systems
based on the stick-slip principle were published [9-20].
Though the focus was often on the proof of the in-
dividual concept, not on a deeper understanding of
the stick-slip parameters. Nowadays interest seems to
decrease. Only few research institutions worldwide deal
with the investigation and development of stick-slip-
based micro- and nanopositioners [21-25]. From the
author’s point of view, simulation and theoretic treat-
ment of the stick-slip principle for microactuators were
disregarded for several years. Therefore, this paper
tries to make a contribution for the area of research on
stick-slip modeling and simulation. It is outlined, which
phenomena are of importance, and a model containing
friction effects is introduced and discussed.

1.1 Objective and motivation of this paper
In most publications, stick-slip drives are not charac-

terized by a theoretic model. It is simply assumed that
the phases “Stick” and “Slip” alternate, which is true
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most likely, but it is not an accurate description. In fact,
an analysis of the conditions which lead to the change
between the two phases is rarely given. In [26] the stick-
slip mechanisms Abalone and NanoCrab are analyzed.
Formulas are derived to calculate step length and con-
trol signal timing. The formulas are based on parame-
ters, which are not further investigated. Comprehensive
simulations were presented by a group of the EPFL,
Switzerland [27-30]. They all have in common that they
use the LuGre-model for simulation of friction, which
is based on the interaction of the surface asperities
of interacting bodies and was invented by authors in
Lund and Grenoble [31]. A detailed introduction of the
LuGre-model will be given in Section 2.1. As will be
shown later on, the LuGre-model is capable to cover
basic friction trend. Other effects known for a long
time such as a minimum control amplitude for stick-slip
actuators are not covered. Summarized, the following
reasons account for an improved model of stick-slip
friction:

—  Stick-Slip devices for microrobots are usually de-
signed as small as possible with dimensions of few
mm?>. Additionally, the control signal contains very
high slopes for the slipping. Therefore it is virtually
impossible to measure the deformations directly.

— The prediction accuracy of recent simulation mod-
els is not sufficient for investigation of “minor”
effects. The coarse function of the actuators is
known (e.g. in the scale down to several decades of
nm), but not effects of smaller scales.

— The design of virtually any stick-slip drive is based
on empirical knowledge. Although basic coheren-
cies are known, there is a lack of a model covering
all important effects, such as the minimum control
amplitude.

— Frequently stick-slip drives are explained by just
two phases: The Stick and the Slip phase. Due
to state-of-research friction theory, this has to be
conceived as oversimplification [32].

— Effects such as a nonlinear actuator response [27]
can not be explained. If piezohysteresis is the rea-
son for that, it could be added to an all-embracing
model.

— In practice it is often the case, that several stick-
slip parameters influence each other, which makes
investigation of individual parameters difficult. Or,
uncertainty of friction occludes distinct effects. A
model could be used to observe the influence of
discrete parameters without uncertainties. Empir-
ical measurements and friction theory have to be
developed at the same time to complement each
other.
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— Using a model for design of Stick-Slip drives ac-
celerates design process if the model is adequate
enough.

— A correct friction model can be used to improve
the actuator’s response, e.g. to reduce or avoid
vibrations.

— Intheideal case, a friction model takes into account
not only empirical friction effects, but can explain
the theory behind. Such effects could be influences
of material parameters such as Youngs modulus.
This would allow for further optimization. This is
expected to be a great challenge.

— A model could be used not only to optimize the ac-
tuator, but also control electronics. As the slewrate
affects the function of a stick-slip actuator or it’s
efficiency, respectively, an optimal (reduced) slew-
rate could enable cheaper control electronics [33].

— There is a demand for an accurate friction model to
model and optimize friction-related methods such
as open-loop force generation properly [34].

— Measurements become complicated for high con-
trol frequencies. A model is ideal to investigate
effects occurring in this frequency domains.

— Acceleration and deceleration control can be eas-
ily tested using a simulation model (also see [8]).
Likely this matter will be be of rising importance
in the future for faster positioning in automation
scenarios.

Summing up, there is need for an improved model
based on friction theory and proven by measurements.

1.2 Organization of this paper

The paper is organized as follows: First of all, the prin-
ciple of stick-slip positioning is presented for definition
of general terms. At the same time the LuGre-model
(LGM), and after that the Elastoplastic model (EPM)
are introduced. Simulation runs are presented to show
the capabilities of both models without extensions,
and the results are compared with measurements. It is
shown that several effects are not covered. Third of all a
theoretic treatment is set in to discuss different “causes
and effects” linked with friction and stick-slip condi-
tions. A comparison with other attempts to explain fric-
tion developing from theory completes the insertion.
Subsequently, modifications of the EPM are proposed
to gain an improved model. The modified model again
is evaluated by simulations and measurements. It is
shown that major friction characteristics of the model
have been modeled well. In Section 5.5 the CEIM-
model as an adapted model for stick-slip simulation of
micro devices is presented. Admittedly it is outlined
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that several questions remain unanswered. Therefore,
the paper closes with a summary and an outlook how
to face remaining problems.

2 Principle of stick-slip positioning

In this chapter, fundamental terms of stick-slip posi-
tioning technique are introduced. To illustrate the posi-
tioning process, a schematic sketch of a body positioned
by an actuated sliding surface can be found in Fig. 1.
A simplified treatment of the stick-slip process leads to
the phases Slip and Stick. Figure 1(0) shows the rest po-
sition, Fig. 1(2) the Stick and Fig. 1(5) the slip state. For
many applications, where stick-slip is an effect of minor
meaning or even unwanted, this treatment is sufficient.
However, for precision positioning a more detailed ex-
amination is necessary. According to theory of surface
mechanics, the contact of two bodies with moderate
normal force results not in a flat, continuous contact,
but the surface asperities are in contact only [35]. Every
single asperity exhibits mechanical properties such as
compliance and dynamical progress. As a result, the
interacting asperities add dynamic characteristic to a
mechanical system, which can not be ignored for pre-

0) rest position initial position preload | nner

piezo-electric actuator

basis%

interacting
asperities

sliding surface

1) presliding1 4) presliding2 |

2) stick

3) slowdown1 6) slowdown2

Fig.1 Different states of a stick-slip positioning process, showing
a body on an actuated sliding surface. The simplified stick-slip
process consists of three phases: Rest position (0), stick phase
with transport of the body (2) and slip phase with distinct relative
movement of the body and the surface (5). According to the
friction models based on surface mechanics, more phases can
be identified: Oscillations subdivided into presliding (I and 2)
and slowdown (3 and 6), which finally result in rest position (not
initial position). Preload is induced by the runner’s weight in this
example

cise positioning on the micro- and nanometer scale.
Figure 2 shows a typical excitation signal of a sawtooth
shape. The slope is constant at the beginning (stick,
point A to D). If a distinct amplitude of deflection is
reached, a rapid movement in the opposite direction
follows (slip, point D-F). This slip phase with high
slope, further called slewrate, is essential for the func-
tion of micro stick-slip drives. The sign of the ampli-
tude defines the direction of movement. The repetition
rate of this signal mainly specifies the average velocity
of the runner, it is further called stick-slip frequency.
Different configurations of the excitation motion are
thinkable, e.g. adding discrete steps [29]. More on that
later on, for the moment we will concentrate on the
signal defined by these four parameters.

Additionally, Fig. 2 shows a position graph of a run-
ner’s response. The sliding surface (according to Fig. 1)
was excited by a piezoelectric actuator controlled by
sawtooth signal. More details on the stick-slip axis
and the testbed can be found in [33]. Apparently the
measured position signal can be obtained as a typical
example, given that signal responses of other devices
look almost the same [27]. The parameters for gener-
ation of the position signal in Fig. 2 are presented in
Table 1. Although an ideal run cannot be expected,
several distinct divergences can be observed. First, the
amplitude of the excitation just before the slip is not
fully reached by the runner. Second, the run of the
stick is not linear, which is an indicator for nonlinear
effects. Third, there is a position change during the slip,

120 200

a) runner position —
b) deflection piezo actuator ----
B CDEF
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Runner position [nm]
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Fig. 2 Sawtooth excitation signal (a) and runner’s response (b).
The response signal can be subdivided into the following phases,
analogously to Fig. 1: Transition from initial position to stick
(point A-B), stick phase (B-C), transition between stick and
slip with deceleration of the stick movement (C-D, for better
visualization C is drawn clearly in the stick-phase), slip with
back-step (D-E) transition between slip to second stick (E-F).
After point F, damped vibration can be observed. For further
explanations, see text
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Table 1 Typical parameters of the stick-slip device [33]

Name Typ. value Poss. range Unit
Amplitude 300 0 — Viepol. Vpp
Actuator disp.? 160 0-160 nm
Step size 130 <10-150 nm
Frequency 100 1-100 k Hz
|4
Slewrate 100 50-1,000 =
it
Backstep 30 <10-100 % of step
Vibration freq. 4k Unknown Hz
N
Vibration damp. Unknown Unknown =
m
Runner’s mass 4 3-15 g
> Frormal 0.4 0.25-20 N

20n the basis of simulations and indirect measurements

followed by some vibration. This backstep (D-E) is an
indicator, that the slip phase must contain “non-slip”
parts induced by the friction force. It will be shown
that the backstep is influenced by material and normal
force conditions. The vibrations after the backstep can
be observed for virtually all micro stick-slip devices.
They can be characterized by vibration frequency and
damping rate. In this case, vibration frequency will be
likely caused by the asperity-runner system and not
by a compliant piezoactuator (this is supported by the
measurement in Fig. 11, where the first eigenfrequency
of the piezoactuator is determined to be at least two
orders of magnitude higher than the vibration in Fig. 2).
Finally, the system reaches rest condition during the
following stick phase. Again, a nonlinear characteristic
can be observed. It can be concluded that the real
behavior of a stick-slip device is characterized by many
different effects, which likely influence each other. In
the next subsection, a short description of the state of
research on the simulation of such stick-slip response
is given.

2.1 Stick-slip simulation using the LuGre model

As indicated in the introduction, few researchers cur-
rently work on the investigation of stick-slip actuators.
Some papers deal with modeling of rough surfaces, but
not with respect to micro robotics [36]. The last wide-
spread investigations were made by the group around
Breguet [27]. Since then, no development of the used
model is known to the authors of this paper. For this
reason that work is the basis for the model presented in
this paper.

Breguet selected the LGM for simulation of a linear
stick-slip actuator. It is based on the interaction of
surface asperities of interacting bodies [31]. The his-
tory of the LGM lies in modeling of friction effects in
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“macro” machines. Of course, in macro scale other fric-
tion effects dominate than in micro scale. E.g., viscous
friction is observed typically for lubricated contacts
with large differential velocities between the sliding
surfaces. It will be shown that some effects do not play
a role in micro devices.

The LGM is a single-state friction model. For this
reason a differentiation between several states, such
as Sticking or Slipping with changing conditions is
needless (in severe friction models, different states are
toggled. This can be the reason for further difficulties
[37]). The model’s reaction is dominated by the lumped
average deflection of the surface asperities.

Hence, this makes the LGM attractive for easy simu-
lation implementation. The fundamental formulas are
repeated here for further discussion, although they can
also be found in [31]. Equation 1 shows the coherency
of the friction force in relation to the average asperity
deflection z and its derivative Z:

Firiction = 00 - 2+ 01 - Z+ 02 - Vi @)

Apart from z, friction force is defined by the three pa-
rameters oy, o7 and o,. z represents the average asperity
deflection and z its derivative. For easy discrete simula-
tion, integrative progress is preferred to derivative one.
Therefore, z is calculated from z:

z= /Zdt. (2)

Calculation of z comprises the deflection developing of

the asperities

. |vait |

£ = v — — - 2, ®)
8(vaifr)

including dependency on velocity (Stribeck curve) and

compliance of the asperities oy

Fipriveck (Vaitr)
(o)) '

8(vdifr) = “4)
The combination with a simple mechanical model, con-
sisting of an accelerated mass afflicted with inertia
results in

Mrunner * X = Flriction, (5)
with
Vaift = X — U, (6)

where u represents the excitation signal and # its ac-
cordant derivative. It can be concluded that the idea
of representing the asperities’ dynamical progress leads
to a first-order differential equation as in Eq. 1. Com-
bined with the mechanical system (Eq. 5) containing
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a second-order term, a system capable of performing
damped oscillations is created.

As Breguet showed, the run as in Fig. 2 can be
qualitatively represented by the LGM. On the contrary
important characteristic can not be represented by the
LGM, namely the phenomenon that low amplitudes do
not cause a slip or a measurable step length, respec-
tively. This will result in an oscillation of the runner
without step generation. Several investigations on this
matter can be found in [33]. Thus, the largest control
amplitude which does not generate a measurable step
is further called 0-amplitude (zero-amplitude). This 0-
amplitude was observed by several authors. Breguet
called it the “limit of contact deformation” x,. He also
presents a theoretic derivation [27]. Mariotto shows
measurements of the step size dependent to control
amplitude [38]. The authors of this paper also observed
the effect [39]. Driesen states that excitation force does
not overcome friction (Fig. 4.24 in [30]).

Figure 3 shows the coherency between step size and
excitation amplitude for an idealized stick-slip actuator,
the simulated step size using the LGM and measured
step sizes of a miniaturized stick-slip drive. In the ideal
case, there will be a proportional ratio between excita-
tion amplitude and step size. The LGM shows a non-
linear, asymptotic progress, however, small amplitudes
still cause steps in simulation. In contrary, the measured
step sizes exhibit a distinct “dead zone” starting at
zero amplitude. Interestingly, this effect seems not to
be investigated for a certain time. Indeed there is the
question, what the cause for the 0-amplitude is and how

40 T T
a) measurement 300 V/us — %
35 b) theoretical ideal line —— s

. . _ . /
301 c) simulation LGM-model P

25

20

Step size [nm]

10 -

30

Amplitude [%]

Fig. 3 Different trends of step size development against excita-
tion amplitude. In the ideal case, there is a proportional ratio.
The LuGre-model produces a quadratic curve. This is in contrast
to the measured actuator, which exhibits a distinct zone of zero
step size

it can be modeled. In Sections 4.1 and 4.1.7 different
contributing portions of the 0-amplitude are discussed.

2.2 Results of the LGM-based simulation

After all, the modeling results using the LGM based on
the work of Breguet are:

— The static friction coefficient wu; (based on
Coulomb’ friction) has less influence on the simula-
tion results. Contrarily, dynamic friction coefficient
iq can be used to “adapt” simulation results to
measurements.

— The velocity-dependent Stribeck characteristic has
no influence. Therefore, velocity-dependence can
be neglected.

— Viscous friction can be neglected. Concretely, this
results in a low value of o5.

— The tangential compliance oy is of less importance.
This is true for simulations of step length (Breguet
showed this). But, this parameter can become very
important for simulation of force generation [34].

— Damping of the vibrations occurring after the slip
is critical for the function of the drive. For reli-
able operation, damping coefficient of the whole
system must be large enough to reduce vibration
significantly before the subsequent slip is executed.

— Asshort slip time or a higher slewrate, respectively,
results in larger step size.

— Increased normal force in the stick-slip contact
leads to reduced step size.

— Dynamic properties of the piezoactuators (such as
mechanical stiffness and also damping) play an im-
portant role. However, as our piezoactuators can
be treated as very stiff, we focus on stick-slip-drives
with such actuators (see also Section 4.5).

A more detailed discussion about these issues will be
given in Section 4. In the following section it will be
shown that the Elastoplastic-model can cover at least
the trend of O-amplitude.

3 Stick-slip simulation using the elastoplastic model

The “elasto-plastic” model (EPM) was introduced a
decade ago [40, 41]. It combines several properties in
a single-state friction model:

— Presliding displacement, which is caused by tangen-
tial compliance [42],

— differentiation between the type of motion conside-
red as “elastic” and “plastic” and both (“mixed”),

— stiction,
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—  Stribeck friction curve,

— Coulomb and viscous friction,
— frictional memory and

— rising static friction.

The presence of elastic and mixed deformation is the
difference to the LGM. Physically, the EPM covers
unchanging friction forces without body’s drift. E.g., a
vertical runner hold in position by friction force ex-
posured to small vibrations in the LGM always drifts
due to gravity-caused presliding. In the EPM, friction
force can be covered by stiction up to a certain amount
due to breakaway-distance and therefore, the body will
remain in position. Mathematically, Eq. 3 of the LGM
changes in the EPM to

Qyransition O + Vit )

, 7
g(vgitr) ¢ ™

Z = vdift —

where @ransition () depends on z, zp, and zg and decides
whether the model behaves plastical or elastical or both
(An explanation of these values will be given shortly).
If |z] < zpa, @() equals zero (pure elastic deformation)
and if |z| > zg, () equals one (pure plastic deformation
as in the LGM). In the case if zp, < |z| < zs (mixed
deformation) a transition function between zero and
one applies. The function and a plot can be found
in [41]. The transition function expresses the smooth
transition between the states elastic and plastic defor-
mation. But, by experience it is much more impor-
tant by what the states of dransition() change or which
values are represented by zp, and zg, respectively.
The breakaway distance z,, defines to which extend
the asperity deflection (beginning from zero) can be
treated as elastic. A deflection of z between zy,, and zg
exhibits both elastic and plastic deformation. z stands
for the maximum average deflection of the asperities
for constant vgigs in a steady state (Zgcadystate)- Finally,
deformations above zg are characterized by plastic
deformation. Because of this reason values of zp, and
Zgs are crucial for the representation of effects such as
the O-amplitude. Currently, the idea is to bring together
the empirical gathered value of 0-amplitude and the
elastoplastic progress of the EPM. A first implementa-
tion with the values zp, = 50 nm and zg = 100 nm leads
to the simulated step lengths as in Fig. 4b. The curve is
comparable qualitatively to the measurement in Fig. 3a,
although only few parameters were adapted. Ratios
between zy, and zg strongly differing from 50% show a
tendency either to generate negative steps (Fig. 4c) or
increased 0-amplitude (Fig. 4a). The effect of negative
steps is here treated as a simulation side-effect, which
is not of interest for the following simulations. Nev-
ertheless, negative steps could be interpreted as steps,
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Fig. 4 Simulated steps sizes using the EPM, a ratio between zp,
and zss = 90%, b ratio of 50% and ¢ ratio of 5% (see text)

where no real slip occurs and the negative deformations
during the transitions dominate. Finally, 0-amplitude
can be seen as the very empirical value, which describes
the theoretic transition between pure elastic and mixed
elastoplastic deflection characteristics.

Another important parameter of stick-slip drives
is the normal force applied in the stick-slip contacts,
further called preload (see also Fig. 1). It is generally
known from literature that the devices are sensitive to
preload. If preload is too low, stick will not function and
the runner’s transportation or guiding, respectively,
fails. In the opposite case a high preload prevents the
device to enter Slip. The result is a runner oscillating
around its initial position. Figure 5 shows a measured
curve (“steel measured”) of the step size caused by
different preload and three attempts to simulate the
matter, the LGM, and twice the EPM with two different
approaches to define zp, and zs: The first scenario
(EPM Zzg calc) takes over the calculation of zg from
other model variables. The resulting range of zs shown
in Table 2 is calculated as

F .
stribeck _ g(Udiff)- (8)

Zss =
00
Zba 1s fixed (arbitrarily user-defined). In the second
scenario (EPM z six) the calculation of zg is replaced
by a fixed, user-defined value. As a result, no model
is able to reproduce the measured preload-dependent
developing, which is distinguished by a proportional re-
duction of step size with increasing preload. At a certain
point (approximately 5 N in Fig. 5), step size reaches
and remains zero. In contrast to the measurement no
model reaches zero step size. In fact, all models show an
asymptotic run, but with different conditions for small
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Fig. 5 Simulation and measurement of the preload-dependent
progress. Three simulation model developings are shown in com-
parison to the measured trend of steel: The LGM, the EPM with
calculated zg and the EPM with fixed zgs (see text). Simulation
parameters can be found in Table 2

preload. The LGM and the EPM, six show similar be-
havior but with different quantitative values. EPM 4 calc
exhibits completely different trend with negative steps
for preload above 1 N.

Obviously, neither the LGM nor the EPM cover
the preload-dependent trend. This is likely caused by
several reasons: The simulation parameters shown in
Table 2 are not optimized for best result. This specially
applies for og, s, and . Furthermore Fpreloaq is not
derived theoretically until now, which could lead to
distorted trends. In the simulation Fyejoag TEpresents all
real normal forces of the divers stick-slip contacts. But,
early simulations showed that zp, and zy have by far
the most influence. As far as the maximum amplitude

Table 2 Simulation parameters of the models presented in Fig. 5

Parameter LGM EPM_,1c EPMgix Unit
N
o0 1-10° 1-10° 1-10° —
m
Ns
o 5 5 5 =
m
Ns
o 0 0 0 =
m
s 0.3 0.3 0.3
Wk 0.2 0.2 0.2
Mrunner 0.003 0.003 0.003 kg
YStcibeck 0.001 0.001 0.001 m
S
Zba 100 50 nm
Zss 450-6002 100 nm

2Values calculated by Eq. 8, see text

of the measured stick-slip actuators is concerned (see
Table1), zss must be smaller. This is in contrary to
the calculated value given in Eq. 8. A different way of
deriving zgss has to be found in order to match the mea-
sured characteristic. At the same time zp, is assumed to
define the progress as shown in Fig. 4. As far as zp,, must
be smaller than zg to ensure a stable model simulation,
a ratio of 50% seems to be the best choice. The relation
of zvy and zg Will be discussed in detail in the following
chapter.

It can be concluded that the EPM is able to re-
produce O-amplitude due to the elastic and mixed
deflection. Though preload developing can not be ex-
pressed by any of the presented model configurations.
Therefore some adaptations to the EPM are presented
in Section 5 to face the defects. Due to the reason that
influence of friction is by far the most important para-
meter of stick-slip micro drives, a theoretic treatment
of the friction background is given now.

4 Theory behind stick-slip

Generally, modern friction theory is a large area of
research which goes back at least several decades
[32, 35, 43-50]. Particularly, investigations based on
stick-slip theory cover an area reaching from earth-
quake research [51] via macro robotics [52] to nano-
scale friction tribology [53, 54]. Many friction models
exist, best choice of friction model is difficult. Theo-
retic models tend to be universal, at the same time
they cannot explain side-effects. Empirical models are
mostly conform to measurements. On the contrary it
is hard to find theoretic explanations. As already in-
dicated, investigations on micro stick-slip devices are
rare, same applies for adequate friction models. Es-
sential works were already cited within this paper. As
a result, the LGM was state-of-research in modeling
such devices.

There is still a gap between empirical measurements
and friction theory using the LGM or the EPM. In
this section it is tried to give a contribution to close
this gap. Several effects, analogously to the following
subsections, are discussed.

4.1 Causations of 0-amplitude

In the preliminary section it was shown that the EPM
can cover the O-amplitude qualitatively. In this para-
graph it will be shown that the measured 0-amplitude
equates to the break-away distance zp, in the EPM. The
latter has to be understood as the culmination of several
elastic effects. However there is the question, what the
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relation between presliding and 0-amplitude in both
models is. For LGM, presliding is always present, i.e.
forces below Fgaiic formally do not change the runner’s
state to sliding, but cause a persistent displacement in
the micro scale. Therefore, forces mainly determine
model performance. Implicitly the LGM supports dis-
sipative or both mixed and plastic deformation, respec-
tively. Therefore, any (low) force will cause presliding
and finally measureable step length (net displacement).
Presliding will also cause vibrations. Mathematically,
Qransition () €quals one in the LGM (compare Egs. 3
and 7), which conforms to pure plastic deformation.

In EPM presliding is subdivided into several cases.
The parameters zp, and zg with dimension “length”
decide which developing is needed, elastic, mixed or
plastic deformation. Therefore, EPM can be seen as a
model defined by distances. In contrast to LGM, e.g.
pure elastic deformation without plastic parts is en-
abled. The border between elastic deformation or zero
step length, respectively, is defined by zp,. Therefore,
it is the corresponding value to 0-amp. Furthermore, if
the exact amplitude of the exciting actuator is known,
0-amplitude and zp, can be converted.

Theoretically, any elastic characteristic in the Stick-
Slip-system will likely contribute to the amount of
0-amplitude. Therefore, the measured 0-amplitude is
a mixture of several elastic effects. Friction pair is
one important part, compliance of piezoactuator is an-
other, other causations can be e.g. elastic hinges (glue
connections).

4.1.1 Stiction and presliding

LGM does not cover stiction (short form for static
friction, see also [40]), because the dissipative part
w is always present. Hence, there is no pure elastic
deformation. At this moment, the scale in which the
models are applied becomes of interest. In macro scale
(where the “origin” of LGM and EPM is located) a
small net displacement coming with the LGM is of
less interest. The focus used to be on the modeling
of presliding (or presliding oscillation). In micro scale
the unavoidable net displacement is in crass contrast
to measurements (see Fig. 3). Admittedly presliding
oscillations are observed.

What can be called presliding, is a question of
definition: If presliding means the total return of the
runner, only the state of elastic deformation can be
treated as presliding (elastic presliding). If preslid-
ing means the general deformation under an excit-
ing force, at least the mixed deformation has to be
counted to presliding (mixed presliding). The “histori-
cal” definition of presliding is simple: A small displace-
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ment of a body caused by an external force with respect
to “rough” contact. Under the current circumstances,
definition of presliding could be reviewed.

As a matter of fact, in the 0-amplitude we have found
the corresponding value to zp,. In other words, zp,
can be measured using the O-amplitude. The question
comes up what defines 0-amplitude, which elements
of a stick-slip device can exhibit both elastic, plastic
or mixed conditions? The following list tries to collect
probable reasons:

— Material conditions (Youngs modulus, hardness
and abrasiveness, surface roughness, adhesive
forces),

— mechanical
guiding),

— actuator properties (here: piezohysteresis) and

— other unknown reasons (temperature, humidity,
et cetera).

connections,

compliances  (glue

It is obvious that many different reasons potentially
influence 0-amplitude. Therefore, the effort to measure
significant effects is tremendous. Hence, we will focus
on two measurements which have been achieved yet.

4.1.2 Youngs modulus of the runner

The first investigated parameter is the Youngs modulus
of the runner. The corresponding material of the actu-
ator is ruby and remains unchanged. Several different
materials with a large bandwidth of Youngs modulus
from 70 to 600 N/mm? were chosen, as Table 3 shows.
A measurement of the individual resulting 0-amplitude
is shown in Fig. 6. Obviously stiffer materials rather
tend to plastic deformation: the breakaway distance
or the 0-amplitude, respectively, decreases with rising
Youngs modulus. Thus, the bonding mechanisms are
weaker for higher stiffness. An alternative explanation
could be found in Hertzian contact theory [55]. Every
element in contact with the runner causes an imprint

Table 3 Selected runner materials

Material Youngs mod. Comment
[kN/mm?]

Glass 702 Object holder

AlMgSi0.5 70 EN AW 6060

CuZn39Pb3 97 Brass alloy

Steel 200 1.4301

Steel 215 1.4112, HRW 55

Steel pin 220 DIN 6325

Al O3 350 Ceramic (white)

Tungsten 400 Welding electrode

Tungsten carbide 600 Low-wear tool

4Highest value of 0-amplitude in Fig. 6
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Fig. 6 0O-amplitude versus runner material. There is a clear ten-
dency, that runners made of material with higher modulus of elas-
ticity have decreased 0-amplitude. The error bars indicate that
there is uncertainty not only of the 0-amplitude measurement,
but also of the modulus of elasticity

with characteristic depth and width. It could be think-
able that the amplitude of the actuator has to overcome
this imprint to generate persistent steps. Therefore,
the width could be a quantity similar to zp,. With
rising stiffness, depth and width of the imprint decrease
and so does 0-amplitude. Calculations indicate that the
value of the imprint’s width is not in the range of zp,
but rather two orders of magnitude higher. However,
the question comes up if the imprint moves along with
the element, how the element can overcome the critical
distance. An unambiguous explanation is not found
yet. Nevertheless, measurements indicate that proper
choice of Youngs modulus can bisect 0-amplitude and
this indicates that the material-conditioned part of
the 0-amplitude is comparatively large. If the run in
Fig. 5 is extrapolated to unlimited Youngs modulus,
0-amplitude will likely run asymptotically to the value
which is caused by the other (constant) O-amplitude
causations. It has to be stated that Fig. 6 can only show
a tendency. In reality, every single material has it’s own
properties. Two examples of materials which some-
times do not follow the discussed laws are glass and
a special stainless steel (1.4301). In addition, this even
more complicates measurements with exactly defined
parameters.

4.1.3 Influence of the slip’s slewrate in the control signal

The second investigated effect is the influence of slew-
rate (the slope during the slip phase). In [33] it was
investigated using an indirect method where it is cal-
culated from several measured step lengths. The result
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Fig. 7 0-amplitude versus control signal’s slewrate for forward
(positive) and backward (negative) direction, measured with
a the method presented in [33] (intersection) and b measured
directly, identifying the smallest significant step size. Both meth-
ods show a similar progress with a 0-amplitude’s minimum for
moderate slewrates. Though intersection method delivers larger
0-amplitude values

using this method is shown in Fig. 7, “intersection”.
Because of several uncertainties in the method, a sec-
ond method is introduced. It is based on selecting an
amplitude with significantly measurable step size, and
decreasing amplitude until step size cannot be sepa-
rated from noise. In Fig. 7 it is named “direct”. It can
be concluded, that the runs of both methods vary in
quantity, but qualitatively show the same trend. A min-
imal 0-amplitude can be identified for moderate slew-
rate. Furthermore, 0-amplitude indeed is influenced by
control signal, namely the slewrate. Finally, effect of
slewrate on 0-amplitude is weaker than that of runner’s
Youngs modulus, but it can be detected.

Of course these two measurements can only cover a
small area of the cumulation of effects on 0-amplitude.
But, it is assured that zp, can not be a constant for
the preconditions presented here. Therefore, at least
Zba has to be modeled with dependence on material,
preload and slewrate as a minimum for exact model
response. The fact that material has large influence on
slewrate indicates that 0-amplitude is mainly an issue
of surface mechanics and therefore friction. Another
interesting point is that the slewrate changes the asper-
ities response. This points to material properties which
are dependent on the rate of deformation [56]. This is
a comparatively young area of material research. An
integration of such characteristic into the model in the
near future is unlikely. Other possible causations such
as the influence of elastic joints (e.g. glue) or para-
meters of the piezoactuator can not be characterized
easily. It can be deduced that these can be summed
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up to a persistent, but comparatively small part of the
0-amplitude.

4.1.4 Youngs modulus and hardness

Let us again discuss the dependency of runner’s mate-
rial on 0-amplitude. We have chosen Youngs modulus
as a criterion to evaluate the material. From the contact
mechanic’s point of view, hardness is a parameter also
strongly connected with surface mechanics. Hardness
can be defined as the resistance of a material against
indentation [57]. Generally, there is no correlation be-
tween Youngs modulus and hardness, because hard-
ness is associated with plastic deformation and Youngs
modulus with elastic compliance. Additionally, Popov
derived the correlation that hardness equals to three-
times tensile strength [35]. In tensile tests the elastic
and plastic limits are determined. If zp, would correlate
to elastic and z¢ to plastic deformation value, both
parameters could be calculated out of material-related
constants. Indeed this is the same approach as that
of Popov. In mechanical engineering sciences hardness
and Youngs modulus are considered discretely (If a me-
chanical part is hardened, it’s Youngs modulus remains
widely unchanged). For the sketched conditions the im-
pression is created that Youngs modulus and hardness
correlate to each other, because the arrangement of
the materials sorted by (calculated) hardness leads to
a similar trend. A formula characterizing the state of
deformation was presented, where the index of plastic-
ity is calculated [58]. This index decides whether the
asperities can be characterized as elastic or plastic or
both. Interestingly the hardness of the surface and the
combined Youngs modulus are part of the calculations
(and the hardness is expressed as a pressure). What
remains are the questions what the mechanisms behind
these developings are, and which properties make a ma-
terial suitable for application with e.g. low 0-amplitude?
Large Youngs’ modulus, hardness or other properties?
We also tried to find criteria to separate materials,
e.g. by the orientation of gliding planes or their mi-
croscopic structure (e.g. crystalline, amorphous, face
centered). But this approaches did not come to a result.
Either much more measurements with slightly differing
material properties have to be done and analyzed or
new ideas from material theory have to be developed.
Again, it turns out to be a problem of empiricism
or theory.

4.1.5 Transition between elastic and plastic deformation

Another problem is the transition from the real contact
with many asperities to the single “standard” asperity
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in the simulation model. Friction is a phenomenon with
statistical behavior, two measurements rarely turn out
to be the same. At the moment it seems that model-
given generalization is valid. If model accuracy rises in
the future, this will have been kept in mind.

As already mentioned, the index of plasticity it-
self could be used to determine if the asperities act
elastically or not. It could be done in such a way
that the mentioned function replaces the @ransition()-
function in an adequate manner. Though this approach
is not followed up in this paper. The index of plasticity
also depends on the average value of the asperity’s
height gradient. In contact theory it is derived that this
value is dependent on scale. That consequently leads to
different deformation curves with different scales. But,
this effect could not be affirmed. In fact a minimum
surface roughness for proper function of the runner
of the stick-slip drives was observed. If surface quality
was enhanced, no significant effect on 0-amplitude was
detected. Popov points out that surfaces with fine finish
turn out to deform more elastic [35]. The effects could
not be confirmed with our setup.

4.1.6 Phases in which 0-amplitude occurs

The effect of 0-amplitude can also be discussed in
terms of time-dependent occurrence with respect to
the control signal. Figure 1 shows a seven-phase model
of the stick-slip positioning process. Phase 0 describes
the initial rest position without movement. Therefore
the asperities are not bent in a distinctive direction.
Due to the slow forward movement of the sliding
surface, the asperities begin to bend. This does not
induce a significant movement of the runner (preslid-
ing 1-phase 1 in Fig. 2). The bending of the asperi-
ties without resulting motion is called presliding. The
subsequent movement of the sliding surface causes
an extensive bending of the asperities and finally a
simultaneous movement of runner and sliding surface
(phase 2—stick). Phase 3 describes the point of reverse.
It is reached because of the slowdown of the sliding
surface movement. In this point the asperities unbend
for a short time until the fast backward movement
starts. Again a bending of the asperities in the opposite
direction starts (“slowdown1” and “presliding2” or
phase 3 and 4 in Fig. 2). The adjacent fast backward
movement causes the slipping between sliding surface
and runner (“slip”, phase5). The end of the slip is
initiated by the slowdown of the fast backward move-
ment (“slowdown 2”, phase 6), which finally results in
rest condition due to damping effects. On the basis
of this seven-phase model it can be assumed that the
two presliding phases comprise the 0-amplitude. This
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conclusion can be understood by the following theo-
retical procedure: By reducing the step size—caused
by reduction of the control signal’s amplitude—to the
point of “no stick and slip generation”, just the bending
of the asperities in the presliding phase remains. The
transitions between the different states are essential for
understanding the 0-amplitude, which is the limit of this
oscillating movement. The stick phase can be treated
as a quasi static state, if vibrations are fully damped.
What remains are conditions with clear changing as-
perity deflection z (such as “presliding2”, “slip” and
“slowdown 2”). Therefore, the transitions from and to
the slip phase come into the focus. A simple formula
can help to describe the general coherency

Smeasured = Sexitation — Sbackstep — S0—amp.» (9)

where s stands for a step component and Sexcitation MeaNSs
the amplitude of the actuator. For example, an excita-
tion of 160 nm with backstep and 0-amplitude of 30 nm
would result in a step length of 90 nm (In some publica-
tions, step length is also called net displacement [59]).
If we apply this formula on our measurements we
found that not every material follows this law, e.g. tung-
sten. With a low 0-amplitude and very low backstep
the runner should exhibit a step size slightly below
the maximum step size. However, step size for tung-
sten is almost identical to other materials. Obviously,
there must be a “hidden” 0-amplitude under distinct
circumstances.

4.1.7 How to face 0-amplitude

It was stated that transition progress also influences
0-amplitude (and the shown dependence on slewrate
is a proof). Several ideas exist to influence the state
of asperities for different purposes. In the following
subsection such ideas will be discussed. The “state”
of the asperities can also be expressed in terms of
dissipative (plastic) and non-dissipative, potentially re-
coverable parts. Most likely the latter will be the elastic
deformations. As far as the LGM does not differentiate
between pure elastic and plastic deformation, modeling
of methods making use of “recoverable deformation”
only makes sense with the EPM. According to the
definitions in [40], z is the elastic, recoverable part of
the deformation and w the plastic, dissipative part.
Finally there is the idea, if an effect of 0-amplitude
is possible without pure elastic deformation trend. An
example could be a forward step where elastic and
plastic parts are present, followed by a (smaller) step
also with both types of deformation. The result could
be similar to the effect of 0-amplitude. Another case

could be a sawtooth excitation signal with symmetric
shape, which is indeed a triangle signal. This normally
corresponds with very high stick-slip frequencies. Then
it can happen that the stick more and more becomes
slip, and finally two slip phases with inverted sign result
at most in a vibration of the runner. But our definition
of a stick-slip cycle is abandoned under such conditions.
Hence, it is difficult to create conditions where mixed
deformation leads to effect of 0-amplitude.

It can be concluded that material has one of the
main parts on level of 0-amplitude. Other effects can be
seen, but either gathering reliable data or derivation of
effects from theory is difficult. In the following subsec-
tion it is outlined that there is likely a recoverable part
of the 0-amplitude which can be specifically influenced.

4.2 Aspects of elastic deformation

In the former section is was stated that there are elastic
deformation parts. In the EPM, elastic part is the main
cause for vibrations shown in Fig. 2. This elastic defor-
mation is unavoidable, it is always initiated by the slip
impulse. This is a great difference to the simple treat-
ment of stick-slip devices just exhibiting two phases.
In practice, there are several ideas how to face elastic
deformation:

— Disable vibrations by adding a secondary impulse
to the slip (input shaping, presented in [59]),

— Recover the elastic deformation and utilize it for in-
creased step size (unpublished method by members
of the authors’ division),

— Minimize elastic part by e.g. selecting an adequate
material combination (idea by the authors).

Input shaping is a technique to transfer a given con-
trol signal into several discrete steps to avoid vibra-
tions [60, 61]. The group around Breguet used it to
eliminate the vibrations occurring after the slip in a
mobile micro robot. The vibrations are similar to that in
this paper. However, the dynamic range in [59] is lower
because the complete robot (with different actuators)
is part of investigation. The resulting technique is to
subdivide the slip phase into two parts with mottled
control voltage and a certain time latency. Thus, the slip
signal decreases very fast to half the full value, it is hold
some time and finally the slip is completed. It is shown
that the method increases repeatability and improves
velocity response of the robot. From this paper’s point
of view, input shaping is a method to eliminate elastic
deformation by adding “negative” elastic deformation.
In other words, it is tried to set the asperity’s average
deflection to zero at the end of the slip. Hence, the
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system is at rest at the end of the slip and vibrations
do not occur.

Another idea was investigated by the group of the
authors of this paper: Performing clearly increased step
sizes by adding hold times to the control signal. In a
way it is similar to the method of input shaping, but
moreover the aim is to recover the elastic deformation
in contrast to eliminate it. Preliminary investigations
are based on holding times before and after the slip,
which lead to approximately 50% increased step size
(180 nm instead of 130 nm) at distinct conditions. Ad-
mittedly this works only with comparatively high con-
trol velocities above 10 kHz. Furthermore the runner
has already to be at high velocity (and therefore had
to be accelerated with “usual” control shapes, which
makes technical implementation difficult). We tried to
adjust the effect with the EPM, and the increased step
size could be detected. At the moment there is a lack
of authentic data and therefore the matter will still be
investigated.

The third addressed way of handling elastic defor-
mation sounds trivial: Selection of a fortunate mater-
ial combination. This can be an alternative instead of
changing the control signal. We observed this possi-
bility during measurements: For gliding surfaces made
of tungsten, virtually no vibration was observed (see
Fig. 8). At the same time, the backstep was extremely
low. It was already stated that step size for tungsten is
almost the same as for other materials anyway. In terms
of elastic deformation, we have to conclude that either
the elastic vibration potential is very low due to un-
known material properties (maybe very high damping)
or we did not detect the vibrations properly. Another
explanation could be the high Youngs modulus which
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Fig. 8 Two different step developings: material combinations

tungsten and aluminum each with ruby, mechanical preload 1 N.
Tungsten shows small backstep and virtually no vibrations
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leads to small z, and therefore to low elastic deforma-
tion potential.

4.3 Blocking preload

In previous sections the friction progress on the basis
of surface asperities was discussed. A very important
parameter for stick-slip devices is the normal contact
force, further called preload. It is documented that
stick-slip performance strongly depends on the proper
choice of preload. If preload is too low, the runner
can not be transported, in the opposite case, slip can
not be established and the runner just oscillates. Thus,
this are two cases which limit the function of a drive,
but in between there is a range with continuous stick-
slip function. Naturally stick-slip parameters vary, e.g.
step size decreases with rising preload. The modeling
of this coherency will be shown in Section 5. Having the
relevant literature in mind, it can be stated that preload
was not intensively investigated yet. An example of the
effect of preload can be found in Fig. 5. Step size is
above 100 nm for low preload and decreases linearly
with rising preload. With preload of approximately 5 N
step size becomes zero, plastic sliding can not be estab-
lished (and further on likely no elastic deformation).
From the point of view of maximum step size low
preload is beneficial. It will be shown later that larger
preload is better in terms of generating forces. Thus, it
is unknown how to systematically optimize a device for
given design specifications.

It seems to be evident that low preload leads to
an asperity-defined friction trend. At the same time,
high preload tends to solid body contact and therefore
solid body theories such as e.g. Hertzian contact theory
could come to the fore. Now, the transition between
both states is unexplained. Starting at low preload and
increasing, the asperities likely will be pressed on each
other and therefore change their parameters. In contact
theory there exist individual formulas to estimate e.g.
the real area of contact, the number of asperities in
contact or the their limit of plastic deformation [35].
Though these approaches are far away from practice
from our point of view. Figure 9 shows to what ex-
tend the point of zero step in Fig. 5 depends on the
choice of the runner’s material. There is a clear ten-
dency that stiffer materials allow a step generation at
higher preload. In terms of the EPM this can not be
modeled, on the one hand because preload trend is
not covered (compare Fig. 5) and on the other hand
it is not known how to integrate material data into
the model parameters. The next section will deal with
this problem. An alternative explanation could again
be found in Hertzian contact theory. If the actuator
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Fig. 9 Rising blocking preload with increasing runner material’s
modulus of elasticity. There is a proportional tendency. The
points coarsely mark the transition from elastic to plastic progress

is able to generate a certain, constant displacement,
and if higher Youngs modulus causes a more narrow
indentation, an actuator could more easily overcome
this indentation and generate steps.

Probably the value of tangential compliance will
increase with rising preload if one has the image of com-
pressed, shortened asperities (with less compliance)
in mind. Simulations and mathematical considerations
show that the vibration frequency is defined by oy.
In measurements a dependency between preload and
vibration frequency could not be identified without
a doubt.

4.4 Theoretical derivation of model parameters
00, 01 and (o]

This section deals with theoretic derivation of para-
meters oy, o; and o, introduced with Eq. 1. It was
denoted that friction force is strongly connected with
surface mechanics. Furthermore, the parameters de-
scribe model progress in terms of compliance, damp-
ing and lubrication influence for the lumped model’s
asperity. Hence, parameter’s derivation from material
and surface conditions suggests itself. Though this is a
difficult approach.

4.4.1 Treatment of oy

From the point of view of material science oy represents
the material’s Youngs modulus. In surface mechan-
ics it is the tangential compliance. Several theoretical
derivations for oy exist. Unfortunately, values strongly
vary and thus selection of proper values is complicated.
Figure 10 shows the bandwidth of two theoretical and
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Fig. 10 Values of oy theoretically derived. Note the logarithmic
scale for op. An estimation for actual measurements is right
between the two theoretic approaches from Breguet and Popov.
However, quantitative values differ for some orders of magnitude

two semi-experimental approaches to identify oy. In
[27], Eq. 3-36, a derivation of tangential compliance
is presented, which goes back to [62]. It depends on
Youngs modulus and Poisson’s number and on geomet-
ric radius of the circle-shaped contact (“Breguet 3-36”
in Fig. 10). Although Youngs modulus changes, deriva-
tion delivers almost constant value for oy. Another
trend is shown (“Popov 7.35”). This approximation
depends on shear modulus, number of asperities and
Poisson’s number. In contrast to Breguet’s developing,
it is explicitly increasing with value of Youngs modu-
lus (note the logarithmic scale of op). Generally, ap-
proaches of Breguet and Popov differ with three orders
of magnitude. A possible explanation could be the fact,
that some values needed for calculation are unknown
for the present material and have to be estimated or
calculated from other values. An example is the shear
modulus. Despite the uncertainty of material data, it
seems that theory can deliver only qualitative numbers
for oy.

Another semi-experimental approach is introduced
by the authors. It consists of the measurement of sin-
gle steps such as in Fig. 8 and adjacent determination
of vibration frequency for different runner materials.
After that, it is assumed that runner’s mass and surface
asperities build mass-spring system following

w=_|—, (10)

which can be used to describe asperity-originated vibra-
tion frequency

2 2
Csurface = 00 = 47T~ - Myynner - fvibration' (11)
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Finally, calculated values for two different preload set-
tings are shown in Fig. 10. Basically the values are
inside the bandwidth defined by Breguet and Popov,
although the approach is very simple and relies on
measurements. Preload of 1 N leads to almost constant
values similar to Breguet, preload of 0.1 N shows an
anti-proportional tendency to Youngs modulus. There
is no correlation to theoretically derived values.

It has to be concluded that theoretic derivation is not
able to identify values for oy without ambiguity. Even
though an interval of probable values can be defined,
calculations depend on material constant which cannot
be clearly identified. The measurement results of the
authors indicate that very simple approaches lead to
comparable results.

Another interesting fact is implicitly available, the
dependency of oy on preload. For calculations of Bre-
guet, preload is comprised in geometric radius of the
circle-shaped contact. This leads to weak effect of
preload with cubic root. On the other hand, Popov’s
equation does not include preload, neither directly nor
indirectly. From theory’s point of view, it is unknown
how to handle increasing preload and friction transition
in terms of surface compliance.

In the EPM, on the one hand o, defines the vibration
frequency. On the other hand op also assesses maxi-
mum deflection of asperities zi. The advantage is the
straightforward number of parameters. But, as will be
shown in Section 5, it can be reasonable to separate into
two independent instances oy and o] to reproduce
empirical results. This matter is unhandeled in terms of
theory yet. As already mentioned, oy is also linked with
the forces a stick-slip drive can generate in simulation.
More on that in Section 4.6.

4.4.2 Treatment of o,

In EPM, o, mathematically represents attenuation
coefficient of the vibration frequency. In reality, damp-
ing of the vibration likely is influenced by several,
unknown parameters. We propose to determine o; em-
pirically. But we did not specially investigate this pa-
rameter. A coherency between o; and rate-dependent
elastic progress or configuration of gliding planes is
highly speculative. Some data indicate that material
damping could be linked up with face-centered prop-
erty, sometimes results contradict each other. Though,
the authors were not able to proof this statement.

4.4.3 Treatment of o,

In both LGM and EPM, a friction force caused by lu-
bricants (viscous friction) is considered (compare Eq. 1,
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o>-term). In Section 5.1 it is stated that differential
velocities are low (far below 1 ms™'). In addition the
use of lubricants in stick-slip micro drives is avoided.
This is caused on the one hand by keeping the vacuum
environment clean, on the other hand by the wish to
establish greater stiction. Breguet draws the conclusion
that viscous friction is of less importance, this is in
accordance to other authors. In [63] it is stated that
viscous friction can be neglected for small relative ve-
locities in systems with dominant presliding developing.
Indeed this is the case here. Thus, we can neglect o, for
simulation of stick-slip micro devices.

4.5 Properties of piezoelectric actuators

A very important aspect of stick-slip micro devices was
under-representated in this paper yet: The widespread
use of piezo-ceramics as voltage-deformation convert-
ers. Piezoceramics (PZT 5H or PIC151, [64]) used here
offer several beneficial properties:

— Their high dynamic range,

— ahigh resolution in terms of small possible stick-slip
step lengths,

— the great potential for miniaturization and

— alarge mechanical stiffness or low compliance, re-
spectively, which is important for optimal response
of systems with small accelerated masses.

Nevertheless also piezo-ceramics have drawbacks: The
nonlinearities caused by piezo-hysteresis and the exten-
sive fabrication [39]. It was mentioned several times
in this paper that the piezoactuator is likely the rea-
son for nonlinear trend as in Fig. 2. This assumption
is supported by the fact that sometimes step length
depends on the preliminary step’s direction. At this
point it is unclear how piezo-based hysteresis influences
performance of stick-slip process. There are mainly
two reasons why the authors preferred an ideal, linear
voltage-deflection converter instead of a piezo model
yet: The complexity of modeling a piezoactuator on the
one hand (see [65, 66] for hysteresis modeling), and the
fact that influence of piezohysteresis appears to be lim-
ited on the other hand. As far as the authors experience
is concerned, piezo hysteresis influences step shape
(nonlinear run and second stick has less deflection), but
fewer step length. Furthermore, outlined investigations
showed that material has by far the most influence on
e.g. O-amplitude. So, until now there was less occasion
to have a focus on piezo hysteresis. With increasing
prediction quality and improved understanding of the
coherencies, piezo hysteresis could become of interest
in the future.
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An important fact was prepared in [34], but will be
repeated here: The force limit of our piezo actuators
in the meaning of this publication (actuation with zero
deflection) plays not a role in terms of blocking pre-
load (compare Fig. 5). In the publication it was shown
that preload is in the range of several N, whereas
piezo’s force limit is in the range of several decades
of N. Therefore, blocking preload is a phenomenon
caused by surface mechanics exclusively, not by piezo
properties.

As already mentioned, a linear ratio between control
voltage and actuator deflection was assumed yet. The
high effort of modeling piezo properties is in contrast
to presumably moderate gain in knowledge. Maybe
influence on 0-amplitude or o( can be judged better.

In this paper we concentrate on systems with very
stiff actuators, so that mechanical compliance of the
actuators can be neglected and modeling of “infinitively
stiff” actuators is arguable. To justify this, compliance
should be measured. Especially for piezoceramics this
is a complicated matter, however, measurement of
the actuators eigenfrequencies can be done with spe-
cial equipment. In collaboration with another institute
using a laser Doppler-interferometer (from Polytec,
MSA-400) we were able to measure the response of
the unloaded piezoactuators including actuator’s mov-
ing parts (such as ruby hemispheres as wear-resistant
material). The result can be obtained from Fig. 11.
The actuator was exposed to a periodic signal and the
resulting vibration amplitude was recorded. Excitation
voltage and vibration amplitude are low due to mea-
surement procedure. The first eigenfrequency can be
easily identified at 820 kHz. This proves the assumption
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0 01 02 03 04 05 06 0.7 08 09 1
Frequency [MHz]

Fig. 11 Vibration amplitude over excitation frequency for a
piezoactuator used in this paper. The first eigenfrequency can be
easily identified at 820 kHz. This is in accordance to a simulated
value of 975 kHz in [39]

that the used piezoactuators are comparatively stiff and
therefore the mechanical compliance of the piezoactu-
ators can be neglected in our model.

4.6 Generating forces

In recent literature, main interest for modeling stick-
slip micro devices was to reproduce step size and to
identify important parameters. From the authors’ point
of view, also “forces” should be in the focus of re-
search, namely the generated force, the force a stick-
slip device can carry on the runner. In other words,
the question could be: Which load can a stick-slip axis
lift (in terms of robotics) and what are the important
parameters? In [34] the general process of generating
stick-slip-caused forces is investigated. It is also shown
that the EPM can qualitatively reproduce the gener-
ated force. Nevertheless it is stated that force levels
are low compared to measurements and that influence
of preload is not reproduced properly (In Section 5.3
an empirical approach to face these lacks is shown).
Early simulations showed that value of oy in EPM
determines the level of generated force. It seems that
surface compliance depends on level of control ampli-
tude in a nonlinear way. However, this coherency can
not be covered by the EPM yet. The idea is supported
by a measurement in which several runner materials
and the accordant generated force were measured with
different preload (Fig. 12). All shown characteristics
show a rising shape with clear maximum and decrease
for high preload. Furthermore materials with higher
Youngs modulus clearly show larger generated forces
combined with larger preload. It is clear that material
properties in terms of force generation can only be
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0 0.5 1 1.5 2 2.5 3 3.5 4
Preload [N]

Fig. 12 Different levels of generated force dependent on preload
and runner’s material
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represented in the model by oy yet. At the same time,
theoretic derivation is impossible due to the already
mentioned questions, in the first place: How can the
transition between asperity-based friction to solid-body
friction be described? Because of this reasons we will
focus on empirical modeling later on.

4.7 Other aspects linked with friction

Surface roughness is often assumed to have a large
influence on friction. The authors could not affirm such
effect. Indeed we identified a certain minimum surface
quality to get our devices to work. But, with rising sur-
face quality, stick-slip performance remains constant.
Likely the asperities have to be “short” enough to
enable general slipping with a given maximum actuator
deflection, which can explain the mentioned minimum
surface quality. But there seems not to be a significant
influence as far as stick-slip step’s or model’s parame-
ters are concerned. Other investigations support the
idea that roughness does not influence friction over
several orders of magnitude [67]. We can conclude
that a minimum surface quality is needed and that
this is the only precondition for proper function. Mod-
eling of surface roughness or quality, respectively, is
superfluous.

Wear is another important aspect for stick-slip micro
devices. A comprehensive work on that matter can be
found in [29]. Due to the fact that the focus of this paper
is on modeling basic properties, wear is not an issue yet.
Before wear can be integrated into the model, methods
and categories have to be introduced anyway and wear
mechanisms have to be described numerically.

Due to literature research, several special friction
effects came up:

— Changed friction due to high temperatures caused
e.g. by high relative velocity [68, 69]. Due to low
relative velocities and high melting points of the
used materials we can drop this effect.

— Chemical and atomar forces such as adhesive and
van-der-Waals forces can be neglected due to com-
paratively large scale of friction contacts and body
dimensions.

— Charge transfer can lead to electric charging in such
devices [70]. The effect is very weak and therefore
can be neglected.

— Influence of ultrasonic noise on friction is matter
of interest [35, 71]. Having the fact in mind that
the slip phase can be compared with an impulse
excitating also ultrasonic noise, this could be of im-
portance in the future. Nevertheless at the moment
there is no evidence for such effect.

@ Springer

It can be concluded that friction in terms of stick-slip
micro devices is a manifold matter. After review of
several effects, the CEIM model will be established.

5 The CEIM model: adaptation of the Elastoplastic
model

This section documents adaptations of the EPM. Most
of them raised empirically because the underlying fric-
tion theory is not understood yet. The adaptations are
introduced to gather an improved prediction quality.

5.1 Evaluation of kinetic and static friction coefficient

Investigations of Breguet showed that static friction has
less influence on the stick-slip response of a micro actu-
ator in contrast to dynamic friction (see Section 2.2).
However, results are mainly supplied by simulations.
For that reason measurements should proof the simula-
tion. One of the parameters defining friction transition
between sticking and sliding is the range of differential
velocity vgirr. Simple calculations and comparison with
measurements of the authors generally lead to slow
differential velocities between the friction pair ruby
sphere and hardened steel sphere even during the slip
(<200 mm/s). Unfortunately there is a lack of reliable
literature values for such material combination, low
velocities and distinct surface conditions (virtually no
lubricant, high surface quality). Hence, the coefficient
of friction was measured with a custom-made tribome-
ter [72]. The developing of friction coefficient (Fig. 13)
is clearly independent of the selected differential
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B
02 % ¥ ¥ ¥ fg B ¥ 51
] o ] O o
_ 0151 normal force 70mN  + T
— normal force 57mN X
normal force 47mN *
0.1F normal force 30mN © 7
0.05 _
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0O 10 20 30 40 50 60 70 80 90 100
Vaift [mm/s]

Fig. 13 Friction coefficient 1 between ruby and hardened steel
(both sphere surfaces, point contact) was measured for typical
differential velocities. Kinetic friction remains constant (adapted
from [72])
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velocities and normal forces. It is a strong indicator
that Stribeck curve can be neglected for the current
application of the EPM. This goes along with the re-
moval of the parameter vsyireck at least, resulting in
a constant kinetic friction coefficient. Results of the
authors also showed, that the difference of the absolute
values of fginetic and isatic does not influence simula-
tion results significantly. For this reason we propose not
to distinguish between the two coefficients, but to use
simply one single coefficient ucgmv. This reduces the
number of model parameters. It can be concluded that
Stribeck curve has no importance for stick-slip micro
drives (which was expected for dry friction conditions).
This could be interpreted in such a way that a drive only
needs the states “sticking” with vgir = 0 and “slipping”
with vgisr = vgip. This means, the transition band be-
tween the two velocities, which is passed through very
fast, is of no meaning in terms of Stribeck’s friction
(this does not apply for 0-amplitude).

This “review” of Stribeck’ and Coulomb’ friction
effects can be enhanced. In Section 5.6 we will discuss
an even more consequent idea to handle the evanescent
meaning of u for stick-slip micro drives.

5.2 Modeling of the mechanical design

In the EPM presented in Section 3 dynamic of surface
mechanics is reduced to a single, lumped asperity and
the “global” mechanical conditions are represented by
only two parameters: The runner’s mass and the level of
preload. The lumped asperity indicates that in the EPM
there is only one single frictional contact. Indeed this
is in contrast to real stick-slip devices, where either a
guiding generates additional dynamic (frictional) forces
or the guiding also functions as actuator at the cost
of multiple contacts afflicted with stick-slip friction.
Therefore, the model generally has to be adapted,
either by adding guiding characteristics or by modeling
each friction contact with individual parameters. How-
ever, the latter will dramatically increase calculation
times and, even more important, individual friction
values are unknown.

Breguet configured the mechanical model for his
simulation in such a way, that there is only one stick-
slip contact. But his prototypes exhibit at least five
point contacts for determinateness. Same applies for
similar modeling approaches. Driesen proposed an
n-times higher value for oy, with n as the number of
stick-slip contacts [19]. It can be concluded that impact
of mechanical constraints was neglected, likely because
complexity dramatically rises and meaningful parame-
ters are unknown.

The authors of this paper decided to denominate
preload as the sum of single normal forces in the simula-
tion. Indeed, this is an almost arbitrary choice because
of uncertain data. But, consistency with measurements
is not bad. In Appendix the derivation of six forces
holding a runner dependent on preload is presented.
Preload in this sense means the force which can be
measured practically using a load cell. To gather a com-
prehensive approach, several simplifications have to be
made. Due to geometric constraints the effective sum
of single normal forces is more than two times higher
than measured preload. With respect to simplifications,
it is difficult to reason regularity. All simulation results
in this paper were specified with the measured values
(as if there was a single asperity with the measured level
of preload).

Popov points out that several simplifications for
simulation of a friction model are permissible [35]:

— Deformations can be treated as static if their veloc-
ity is far below velocity of sound.

— The potential energy and thus the conditions of
forces and their displacements are local phenom-
ena. They depend on the configuration of the
(micro-) asperities, but not on the macro body
properties such as dimensions and shape.

— The kinetic energy is a global property, which de-
pends on the macro-configuration of the bodies, but
not on the micro-asperity conditions.

— Many three-dimensional continua can be expressed
using one-dimensional systems.

These conditions doubtless apply for the present prob-
lem. Nevertheless there is the question, to what extend
these assumptions quantitatively influence simulation
results.

5.3 Empirical modeling of preload characteristic

As indicated with Fig. 4 in Section 3, zps — Zss
ratio defines the amplitude-progress. A ratio of 50%
is identified to represent measured proportions well.
The value of zp, then decides at which level of pre-
load the step length decreases to zero. At the same
time, 0-amplitude increases with preload, and preload-
dependency cannot be covered yet (compare measure-
ment in Fig. 5). For that reason we propose to define

(12)

and set zp, dependent on preload in such a way, that
0-amplitude increases with preload,

ss = 2. Zba>

(13)

Zba =M - fpreload + n.
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For preload of 1 N, m=2-10" mN~! and n=1-
1078 mN~! this will result in zp, = 30 nm and z¢ =
60 nm, which represent realistic values compared to
the actuator displacement of 160 nm in Table 1. Values
for linearization are a first result of empirical mea-
surements. With a broader data basis, better modeling
with higher order is advisable. The simulation result is
shown in Fig. 14. An alternative attempt to influence
0-amplitude via oy was not sucessful. It can be con-
cluded that above modeling of zp, is a very easy, but
effective approach, although it is bases only on empiri-
cal data. Concretely, zp, simply increases with preload,
which results in larger breakaway distance and shorter
step lengths. In other words, preload defines zp, and
therefore 0-amplitude.

Interestingly, value of zg has virtually no mean-
ing for stick-slip progress. Absolute value does not
influence simulation results. But in terms of zp, — Zs
ratio, it has to be greater than zy,. For comparison only:
In [41], a ratio of 70% was proposed.

5.4 Empirical modeling of force-generation method

In [34] stick-slip micro devices are used to generate ar-
bitrary, quasistatic forces mainly dependent on control
amplitude and preload (see also Section 4.6). Modeling
of this method was only accomplished insofar to show
that the EPM can qualitatively render it. Several times
in this paper it was mentioned that oy defines level
of generated force in the simulation model. For the
original EPM, oy is a constant value. This results in
the curve shown in Fig. 15, “constant”. Qualitative trait
including a clear maximum for moderate preload is
covered, even though the level of generated force is too
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Fig. 14 Step length versus preload with linear dependency of zp,
to preload. Progress is the same as measured one in Fig. 5
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Fig. 15 Different simulated trends of generated force. With con-
stant o generated force has a clear maximum, but force level
is low. With linear dependence on preload force levels rise but
curve changes. An upper bound for oy leads to a force gain
around the bound’s according preload

low. In this section a simple correlation between oy and
preload is introduced with Eq. 14.

(78( =0- fpreload + p. (14)

The equation represents an increasing stiffness o with
rising preload (0 =5-10°m~', p = 7-10° Nm~"). This
could be understood as shorter asperities or as an in-
creased number of interconnecting asperities, respec-
tively, resulting in increased Youngs modulus. This
again leads to higher level of preload. The linear de-
pendency generates a run such as “linear” in Fig. 15.
The level of generated force is doubled, and the max-
imum shifts from 1.7 N to 2.8 N. To further modify
the trend, the maximum value of o] was limited to the
value belonging to preload of 2 N (“linear with upper
bound”). Finally, the course resembles that of real mea-
surements. Similar to modeling of zp,, an adaptation
to measured conditions could be performed. Again,
the question remains how to theoretically derive such
coherency.

5.5 The CEIM model based on the Elastoplastic model

After detailed discussion of different friction phenom-
ena in Section 4, the modified CEIM-model (represent-
ing the authors abbreviations) is presented. As shown
in Section 4.4 the term including o, can be removed,
also Stribeck-curve and Coulomb following Section 5.1.
In Section 5.3 a new formula for zy, and in Section 5.4
an improved coherency for o were derived. Therefore,
the basic Egs. 1 and 7 can be rewritten as

Flriction = G(T -z2+01-2 (15)
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and

Qyransition O * [Vaift| - 00,
ransition 1 SS . Z. (16)

Z = vdiff —
fpreload * LCEIM

The four Egs. 13-16 represent the current knowledge

of the authors to quantitatively model stick-slip micro

devices. Note that the parameter oy was split into a

preload-dependend part o and a static component

00,ss-

5.6 Straightforward model without “classical” friction
coefficient u

If one studies the aforementioned friction model, it can
be seen that pucgpv on the one hand is constant, and
on the other hand its impact is reduced to a numerical
constant. Main friction characteristic is comprehended
in parameters such as z,, and oy. Therefore, removal of
ncem would be a consequent way of development.

Indeed friction “coefficient” u can be derived using
other friction- or material-related values. A good ex-
ample can be found in [73], where u is derived from
shear- and surface-compliance. The approach is refined
in [35] including the real contact areas and force ratios.
It can be concluded that w is not a specific value such as
Youngs modulus, but it is derived from such values and
therefore could be replaced.

If one considers Eq. 16, removal of ucgmv changes
z. However, the lack of the factor 0.2 can be easily
compensated by other values in the term, e.g. 0.
Finally, the essential friction progress would be covered
by the differential-equation character of the friction
model and the dependency of parameters to external
factors such as preload.

6 Conclusion and outlook

In this paper, parameters which define friction of stick-
slip micro drives are discussed and a friction model
for such devices based on the Elastoplastic model is
proposed. The main focus lies on the minimum actu-
ation amplitude to achieve stick-slip steps, namely the
0-amplitude. After an introduction to stick-slip mi-
cro devices and before friction-related effects are dis-
cussed, the state of research in terms of the LuGre- and
the Elastoplastic-model is presented in detail. It is out-
lined that 0-amplitude is mainly a friction-related phe-
nomenon and that the capability of the Elastoplastic-
model to express pure elastic deformation is an ade-
quate resource to model it. Furthermore, ability of the
presented CEIM friction-model to cover effect of force
generation quantitatively is analyzed. The accurateness

is documented by numerous measurements and simu-
lation runs, but friction theory is a large area of re-
search and several questions could not be answered yet.
Although the available model is mainly based on em-
piricism and could definitely serve as a tool for engi-
neers, it was unable to build a comprehensive, solid
bridge to basic friction theory without ambiguity. An
example for such uncertainty is the preload-dependent
calculation of breakaway-distance, which could be ex-
plained both by a shortening of asperities with increas-
ing preload or a wider imprint due to Hertzian theory.
Nevertheless, there is much potential for improvements
both on the side of theory and on that of practical
application.

Future work can be subdivided into three parts:
Theoretical work, improvement of the model (in an
empirical way) and practical applications of the pre-
sented CEIM model for research. Obviously the bor-
ders are floating. A great goal still is to close the
gap between theoretical ideas and practical approaches.
The theoretical work will be focused on including ma-
terial parameters (e.g. Youngs modulus, microscopic
configuration, deformation-rate properties) to the fric-
tion model, model the piezoactuator (hysteresis) and
maybe simplify the mathematical design. Furthermore,
elimination of pucgmv will be investigated. Empirical
development will focus on improving the accurateness
of the simulated values. It will also care for friction-
related effects such as wear. Another goal could be
to derive equations, which describe e.g. the resulting
step size dependent on all model parameters. This can
result in a very fast prediction of results without time-
consuming simulation runs. Obviously, theoretical and
empirical development are not clearly separated, in fact
it should be tried to melt them to a comprehensive
conception of friction. Finally, the CEIM model can be
applied to investigate effects such as step-elongation
(see Section 4.2), force generation or other aspects,
e.g. minimization of 0-amplitude for simplified control
electronics. If 0-amplitude prooves to be the measur-
able equivalent to breakaway-distance zp,, a testbed for
optimized measurements is thinkable. Again, results
could be used to gain knowledge about friction in stick-
slip micro devices.

Appendix: Mechanical modeling

It was indicated that the normal force used in the
EPM has to be derived with respect to the mechanical
conditions of the runner. In this Appendix a first ap-
proach for the derivation will be shown. It is assumed
that the runner is hold by six contacts with six normal
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forces (according to reality), which cause six frictional
components holding the runner in position. This is done
under the terms of design for precision positioning [74].
Itis assumed that the ratio between normal force and its
frictional component is the same for every normal force
(likely different to reality). Under this preconditions,
mechanical equations for every degree of freedom can
be derived. It is believed that the conditions can be
transferred into a single, representative normal force
value for the model. The easiest approach is to sum
up all normal forces (superposition), which is done
below. Figure 16a shows the runner with the twelve
force components, Fig. 16b the definition of geometric
conditions. The angle between the normal forces and
x-direction is 45 degrees (90 degrees angle between
the sliding surfaces of the runner). Three equations for
force balance

—t—t - — (17)

0 A+C+E B_D _F in(@)
= 4 4 - _ — = _ - _ - sin(a@),
N AR AR AN AN N A
(18)
a)
runner
F
D
I:)fric 42 Ff' N
y . X ric \E
C/VTCM(: '\;I> S > TEMC
B
Bric

ruby hemi-
spheres

|

Fpreload

Fig. 16 Sketch of the runner with forces for calculations. a Shows
the runner with six normal forces, the six resulting frictional
components with respect to the condition, that friction can only
deploy in the same direction as the runner can move, namely
in Z. b Shows geometrical conditions and ¢ the runner, hold by
actuator elements with mechanical preload on their part
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0=Ar+Br+Cr+ Dgr+ Er+ Fg
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and three equations for momentum balance
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(22)

can be derived. These equations can be written of
the form

A
Mmech,ll e Mmech,l6 g Rl
‘ : nl=1: (23)
Mmech,ﬁl te Mmech,66 E Rn
F
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Mmech,l
1 1 1 1 -1 -1
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1 1 1 1 1 1
= 0 0 0 0 1 -1
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(24)
and
C
i=— 25
7 (25)
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Table 4 Mechanical parameters

Parameter Value Unit
a 0.015 m
b 0.002 m
c 0.005 m
d 0.013 m
e 0.007 m
g 9.81 m/s?
Z 0 m/s?
m 0.003 kg
Jpreload 0.2 N
o 90 °
and
0
V2 mg sin(a)
(2 + geos(@))
R, = (26)

mg(a b),
— | = — = | sin(&)
e \2 2

0

0

Figure 16c shows how the runner is hold by two actu-
ator elements, loaded by preload. Therefore, an addi-
tional equation can be derived including preload

E+F
fpreload = «/E .
Moreover, friction coefficient u is assumed to be equal

for all six contact points. Then, the resulting friction
force Q can be expressed through

27)

Q=(Afr.+Bfr.+Cfr.+Dfr.+Efr.+Ffr4)- (28)

Indeed this assumption must be done due to lack of
individual friction conditions. Finally, Q is independent
of geometry:

m
Q0 = —(Z+ gcos(a). (29)

w
Table 5 Mechanical parameters
Parameter Value Unit
A 74.3 mN
B 67.1 mN
C 74.3 mN
D 67.1 mN
E 155.1 mN
F 127.8 mN
> fa-r 0.566 N
fpreload 0.2 N
ratio 2 far 2.8

fprcload

Therefore, row 3 in Eq. 23 can be removed and replaced
by Eq. 27. This leads to a second equation system
similar to Eq. 23 with degree six

1 1 1 1 —1 -1
1 -1 1 -1 1 -1
O 0 0 0 1 -1
[ i i1
- —= == =0 0
Mupechr = | 2 2 22 (30)
i 00 i
—— = - = 0 0
2 2 2 2
0O 0 0 O b1
V2 V2
and
0
ﬁmgsin(a)
mg (o Db
po |2 (375 snew o
0
0
fpreload

For the conditions shown in Table 4, the values of the
forces can be calculated to those in Table 5. It is shown
that the sum of the normal forces is 2.8-times higher
than measured preload due to geometric conditions.
This is an indicator that mechanical conditions have
to be deposited in the model. To keep effort low,
assumptions for simplification have to be made. But it
is unknown to which extend this is acceptable.
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