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Modulating Soft Matter Friction Using
Opposable Ultrasonic Vibrations

Didi van Dijk

Abstract—When we manipulate objects in our day-to-day life, we perceive information on the object via force feedback that we
sense with our sensorimotor system. However, in virtual reality, we lack these forces, which makes it more challenging to interact
with the digital world. Wearables, such as hand exoskeletons, can provide force feedback in VR. Nonetheless, as the devices’
actuation or brake system is often bulky or heavy, users typically do not enjoy wearing them. In this study, we investigate the
potential of a new friction-based mechanism that can address the existing issues. Our design adopts ultrasonic vibrations to
generate a squeeze film, which is a well-studied phenomenon to decrease friction significantly. In literature, the phenomenon
has only been investigated with vibrations from one side, with the goal of friction reduction. However, we show that by adding
a vibrating surface opposite to the original one, we can extend the possibilities of squeeze films, enabling us to both decrease
and increase friction. Since ultrasonic transducers can be miniaturized, our mechanism brings us closer to solving the size and

weight issues of existing devices.

Index Terms—ultrasonic friction modulation, squeeze film, blocking mechanism, haptic feedback, wearables

1 INTRODUCTION

In our search for the most delicious avocado in the
supermarket, we do not only use our vision to inspect
how ripe a fruit is but also our sense of touch to feel
its softness and structure. We perceive the structure
of an object by the resisting forces that are sensed
by mechanoreceptors in our skin, joints, and muscles.
The importance of these organs, and force feedback in
general, is nicely illustrated in a video about a study
by Johansson et al. [1], where they ask participants
to light a match under two different conditions. Dur-
ing the first condition, participants have full sensory
awareness of their hands. In the second condition,
their fingers are injected with local anaesthesia, so no
force feedback can be perceived. Without anaesthesia,
participants light the match without any problems.
However, with anaesthesia, we notice how partici-
pants become more clumsy, dropping the match mul-
tiple times, and requiring much more time to achieve
their goal. This experiment is a classic example of
how much we rely on force feedback and our sense
of touch when interacting with the world around us.

Luckily, most of us can perceive these forces
when interacting with objects in our day-to-day life.
Nonetheless, we can now understand the challenges
that arise when we shift from manipulating objects
in the real world to manipulating them in the virtual
world. Since virtual reality (VR) is currently rising in
popularity for entertainment and training purposes to
save time and costs, the demand for mechanisms that
can provide force feedback in VR is increasing as well.

A way to provide this force feedback in VR is by
utilizing wearable devices such as hand exoskeletons
[3][4]. In hand exoskeletons, straps or linkages are
attached to each finger that either move along with
the fingers” movements, or statically stay in one posi-
tion and block the fingers” movements. This blocking
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Fig. 1. Ultrasonic friction-based braking mechanism proposed
in this study, and example of application derived from design [2].
Ff top, Fy bottom, @and Fy 1o are the friction force at the top, bottom,
and in total, and utop and upetiom the interfacial separations.

action generates similar force feedback as to when
interacting with an object without such a device.
Traditionally, force feedback in hand exoskeletons is
provided either via linkage systems [5], motor-tendon
configurations [6], or pneumatic or fluidic bladders
[7] which are attached to the fingers. Many of these
state-of-the-art mechanisms can generate forces over
10N, sufficient to manipulate objects in most daily-life
activities [8]. However, because many devices are still
tethered or rely on relatively bulky and heavy motors
or pumps for their actuation, there are still issues
when considering their wearability and portability [9].
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Since the actuation or blocking mechanism is
often the limiting factor for portable and lightweight
designs [10], exploring other ways to block the
finger’s movements might solve the existing issues.
For example, Hinchet et al. investigated the potential
of electro-adhesion to block a finger motion [2]. Their
design consisted of thin plates stacked on top of each
finger which could slide over one another. However,
when the plates were subjected to a voltage, electro
adhesive forces made them stick together in the
current position. No more motion could be achieved;
thus, the fingers were blocked. With their original
blocking mechanism, they succeeded in designing a
lightweight exoskeleton, able to provide forces up to
20 N per finger. Nonetheless, they needed 1500 V to
achieve this force, still requiring big and heavy power
supplies. Therefore, their study also demonstrated
that a mechanism based on electrostatics might not be
the most promising solution. Even so, electrostatics is
not the only technology by which we can modulate
friction. Other friction-modulation mechanisms might
still result in a small and lightweight design, while
keeping it portable.

Another technique that is frequently used to modu-
late friction is adopting ultrasonic vibrations [11][12].
When applied at a high frequency (> 20kHz) and
amplitude (> 1um), ultrasonic vibrations can cause
an effect better known as the squeeze film effect. In
conventional designs, this thin, pressurized air film
can levitate objects, leading to a significant reduction
in friction. The technique has shown much potential in
areas such as bearing technology [13][14] and haptic
interfaces [15][16]. Therefore we want to investigate
the potential of this technique for our application too.

State-of-the-art mechanisms adopt transducers that
generate ultrasonic vibrations on one surface only.
Matter that is placed on top of this surface can freely
move vertically, levitating under the generated pres-
sure. In our study, we add an extra constraint to this
set-up: a second transducer placed on the other side of
the matter lying on top of the original transducer. Due
to this constraint, the material that is now clamped
between two opposing transducers cannot levitate
anymore but always stays in between the transducers.
Nonetheless, if the middle layer consists of soft matter,
it can change its thickness under compression and,
therefore, also move up and down. Due to the soft
matter’s deformability, we expect that the addition of
a second transducer enables us to either generate a
squeeze film on one side of the middle layer or on
both sides, as visualized in Fig. 1.

In this study, we demonstrate that a design with
opposing transducers extends the possibilities of
squeeze films, as opposing transducers can facilitate
both a decrease and increase in friction (see Fig. 1).
When both transducers are actuated, a squeeze film
arising on both sides, significantly reduces friction.

On the other hand, when only one transducer is
actuated, a squeeze film arising on this side decreases
friction here, but at the same time the squeeze film
pressure pushes the middle layer more closely to the
opposite surface, increasing friction there. We show
the increase in friction due to the pushing force of
the squeeze film to be more significant than the
decrease in friction at the transducer’s side, leading
to an increase in total friction. Both phenomena are
interesting when designing a blocking mechanism for
wearables: A friction-increase mechanism can provide
active blocking, and a friction-decrease mechanism
can allow for unrestricted movement and block a mo-
tion when turned off. Moreover, as ultrasonic trans-
ducers can be miniaturized, we believe that in the
future, our mechanism can significantly reduce the
size and weight issues of existing wearables.

2 BACKGROUND
2.1 Friction

Friction (F}) is the force that resists the relative mo-
tion of two surfaces sliding against each other. On a
macroscopic scale, it is calculated as Fy = uF, where
F is the load force and pu the coefficient of friction.
This coefficient is a non-dimensional scalar of which
the value depends on both material properties, as well
as on factors like sliding velocity and temperature.

On a microscopic scale, a critical factor influencing
friction is surface roughness [17]. When zooming in on
a surface, we find that it is never perfectly smooth but
instead consists of a random height profile that can
be approximated by a normal distribution (see Fig.
2) [18]. When two surfaces touch, the highest peaks
of the opposite surfaces come into intimate contact
and deform under the applied load force. The sum of
all contact areas of the deformed asperities together is
called the true area of contact. Each asperity in contact
carries an adhesive shear load that is proportional to
its contact area. All shear loads combined result in
the total friction between the surfaces, which is thus
linearly related to the true area of contact.

B X

Fig. 2. Visualization of asperities, interfacial separation « and
surface roughness u,ms. The sum of contact areas of individual
asperities (in red) forms true area of contact.

The relationship for the true area of contact, thus
also the total friction, can be derived from Pers-
son’s theory of contact [19]. This theory expresses
the reaction force from the surfaces in contact as a
function of the average gap between the surfaces u
(also called the interfacial separation) and the surface
roughness u,.,s. Note that this surface roughness is
the standard deviation of interfacial separation over
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the lateral coordinates (SD u(z, y)). The reaction forces
decrease over the interfacial separation by a negative
exponential:

—U
Pr = De€Tp ( ) . 1)
u'r‘ms

The variable p. is the maximum absolute pressure
given by p. = 0.375qou,msFE/(1 — v?) [19]. Here, qo
is the scale at which the u,,,; is determined, E the
Young’s modulus, and v the Poisson ratio.

Via a derivation that takes into account the initial
conditions at a given external load force (complete
derivation in Appendix A), we find that the profile
for the true area of contact also follows a negative
exponential:

A = Agexp (—u—i—u0> . ()

Urms

In this formula, A is the calculated true area of contact,
Ap is the initial true area of contact, and ug is the
initial interfacial separation. Since we have already
concluded that the friction force is linearly related to
this true area of contact, we can estimate it as:

Fy = Fyoexp (—u—l—u0> . 3)

uwns

Here, F} is the initial friction force corresponding to
up. From equation 3 we can now appreciate that if we
can control u, we can modulate friction.

2.2 Squeeze film theory

The interfacial separation v changes if the pressure
of the fluid in the gap changes. As there can never
be complete contact between surfaces, and instead,
contact is formed by asperities, there is always some
fluid present between the asperities (in case of a no
vacuum environment). Now, if one of the opposing
surfaces vibrates, and the surfaces move towards and
away from each other, the fluid in between reacts. At
low frequencies or gaps, the viscous forces in the fluid
(often air) are relatively small, which means that the
fluid is forced out of the gap when the surfaces move
towards each other, and is sucked in when they move
away from each other. However, when the vibration
frequency is ultrasonic (typically >30 kHz), and the
clearance is minimal (typically < 10um), the viscous
forces increase and resist the fluid flow. Thus, the
fluid becomes trapped between the surfaces [15]. The
scenario with this trapped fluid is called the squeeze
film effect, and can be compared to a piston inside a
closed cylinder. Since the volume of the trapped fluid
changes under compression, we know by Boyle’s law
(pv = constant) that the pressure changes too [20].
Salbu showed that the pressure and force profile
of squeeze films are asymmetrical over the period of
one oscillation [20]. Therefore, if the vibrations occur
for a longer time, the time-averaged pressure of the

P. ‘L
. NN,

|
]

Fig. 3.  Reaction force from support p,., and squeeze film pressure
pa counterbalance load force p.. Remake from [15].

fluid in the gap is higher than the initial pressure. If
we recall the situation where we had one vibrating
surface and an object on top of this vibrating surface,
we can now imagine that the increase in pressure
in between the surfaces, can levitate the object on
top slightly above the vibrating surface. In this way,
the interfacial separation increases so that fewer
asperities are in intimate contact, and thus friction
decreases.

Whether the fluid can be considered trapped can
be tested by calculating the squeeze number ¢. This
number characterizes a non-dimensional ratio of the
time required to squeeze out fluid from the gap,
relative to the period of one oscillation. It is calculated
as o = 12wulL?/(pou?), with w the angular frequency,
1 the viscosity of the fluid, L the size of contact, and pg
the ambient pressure. The higher the squeeze number,
the lower the amount of fluid that dissipates at the
edges of the contacting surfaces, thus the more the
fluid can be considered trapped.

For the quantification of the amount of pressure that
can be built up, various mathematical models have
been employed. The most popular ones are based on
the Rayleigh acoustic radiation pressure theory [21],
and the Reynolds theory of gas film lubrication [20].
Zhao et al. showed that, depending on this squeeze
number, certain models are more suited for the cal-
culation of the pressure than others: for high squeeze
numbers (o > 100), the pressure can be best predicted
using Reynolds equations, while for lower squeeze
numbers, the acoustic radiation theory provides a
better approximation [14]. In our experiment where
w =~ 250 - 103 rad/s, u ~ 1.8 -1075kg/(ms) L ~ 1072
m, and u &~ 107> m, we obtain a squeeze number of
o =~ 500. Therefore we approximate our pressure with
the Reynolds theory, given by:

5 a?

= —Po— . 4
Pa = JP0" 5 4)

In this formula, « is the vibration amplitude.

2.3 Force balance

Now that we obtained a relationship for both the
reaction forces from the support p, and the squeeze
film pressure p, as a function of u, we need one
more force to find a force balance by which we can
calculate u itself. When two surfaces touch, p, and p,
together counterbalance an external pressure p.. This
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a. Initial condition
Fig. 4.

b. Model 1: vibrations 1 side

c. Model 2: vibrations 2 sides

a. Force balance initial condition, when no vibrations are yet applied. The interfacial separation at the top and bottom surface

are given by utop and upottom - The external force resulting from compression at the top is denoted Fe. The reaction force of the asperities
in contact at the top and bottom are Friop and Fryoiiom respectively. As these reaction forces change non-linearly over the interfacial
separation, we visualized it as a non-linear spring. The soft middle layer is modelled as two masses with a spring in between. The spring
with spring force Fs accounts for the elastic behavior of the layer. b. Only top surface vibrates and causes a squeeze film force F, there. c.
Top and bottom surface are vibrating, so on both sides of the middle layer a squeeze film arises.

external pressure arises from the mass of an object on
top or some initial compression. The force balance is
visualized in Fig. 3 and is calculated as follows:

Pe = Pa + Pr, (5)

and

u ) ©)

o2
Pe = 3P0 5 + pcexp <
As pe, po, &, Urms, and p. are generally known or
can be measured or controlled, distance v can now
be calculated. Moreover, since we already have an
expression for the friction force that depends on u (see
Eq. 3), we can now study the change in friction under
the influence of a change in the variables mentioned
earlier. Most studies express friction as a function of
the vibration amplitude « [14][15][22], as this is often
an accessible variable to control. Note that the initial
variables that we mentioned before (Ao, F o and uo)
are variables in absence of vibrations, so for a = 0.

2.4 Contributions

In earlier works, the configuration in which the vibra-
tions were applied consisted of one vibrating surface
and an object on top that can freely move vertically
and levitate [16][23]. The increase in interfacial sepa-
ration causes fewer asperities to remain in contact, so
friction is significantly decreased, as discussed earlier.

Now, we are interested to find out if friction can also
be increased if we use the squeeze film as a pushing
force to bring two other surfaces closer together. We
hypothesize that by introducing an extra constraint,
a fixed layer on top of the object that was touching
the vibrating surface, we should be able to both
increase and decrease friction. This paper therefore
presents two models (for vibrations from 1 and 2
sides) of the friction force over vibration amplitude,
initial compression, and surface roughness for this

new configuration. Moreover, two test set-ups are
built, by which the predictions of the model can be
validated experimentally.

3 MODEL FRICTION MODULATION

We study two scenarios in which vibrations are ap-
plied, either from one or both sides, also resulting in
two different models with their own force balance.
F, is the externally applied load force, and Fy is the
normal force. F) is the reaction force of the remaining
asperities in contact, derived from Persson’s theory
of contact (Eq. 1). F, is the force generated by the
squeeze film, derived from Reynolds theory (Eq. 4).
Lastly, F; is the reaction force that arises from the
compression of the soft material layer in between.
In this study, the soft middle material layer is very
light (mg < Fe, Fy, F;), which is why the gravitational
forces that arise from the masses are neglected. The
forces F,, F,, and F, can be obtained by multiplying
the corresponding pressure (p., pq,pr from Eq. 1 and
4) times their area of contact A.

Fig. 4 depicts the force balances for our configu-
ration. As the soft material layer changes its reac-
tion force linearly with usp and upottom, the layer
is visualized and modelled as a linear spring with
F, = —kdL. Here, the stiffness of the layer & is given
by k = EA/Ly, with E being the Young’s modulus of
the material, A the area of contact, and Lg the thick-
ness of the layer without compression. The change
in thickness dL is given by dL = LoF./AE, where
F, is the external load force. In the figure, the gap
between the soft material layer and the outer surfaces
is visualized as a non-linear spring. This spring is
added to show that this gap is not empty, but there
are reaction forces present due to the interaction of the
remaining asperities in contact and the impedance the
squeeze film. Nonetheless, for the calculations of the
reaction forces that arise from this non-linear spring,
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Simulation results: effect of various initial compression forces (Fy o), surface roughness (u,ms), and changing vibration amplitude

(cv), on normal and friction force. Colors: blue low values for F o and u-ms, and red high ones, also indicated by the arrow.

we do not calculate the spring’s stiffness itself (as it
is non-linear this is difficult to obtain), but instead
we directly substitute the forces F, and F, that we
obtained from Eq. 1 and 4 into the force balance.

3.1

For the situation where vibrations are applied only on
one side of the soft material layer (see Fig. 4b.), we
have four force balance equations, from top to bottom,
following from the static equilibrium equations of
surfaces being in contact:

Model 1 - Vibrations from 1 side

Fo=Fypop + Fy, (7)
Fy = Fyop + Fa, ®)
Fs = Fy pottom, 9
Fn = Fr pottom- (10)

When we substitute the forces F,, Fy top, Fr pottom.
and Fj, this leads to the following equations:

2

g, 5
Fo=Apean (12 ) AT S
Urms 4 top
—Utop 5 o?
Fy = Apcexp +A-po—5—, (12)
Urms 477 Uiy,
F, = Apeexp (‘i‘f“’") , (13)
Fn = Ap.exp (_ubmom) . (14)

Ultimately, the goal of the model is to be able to
express Utop and Upottom iN terms of the initial com-
pression force Fy o, the vibration amplitude «, and
the surface roughness .5, as these are independent
variables that can be controlled in the real experiment.
Variables u:op and uporrom are the most important
dependent variables to analyse, as these variables de-
termine the total friction force. Moreover, we are also
interested in analysing the effect of varying variables
on Fy, to be able to make an estimate on how much
additional force is added by the acoustic squeeze film.

For obtaining a relationship for uiop, Upottom, and
Fx, we can rewrite Eq. 11-14 into a set of two equa-
tions that depend both on wep, Ubottom, and Fi:

— Uy 5 2

Fy=A [pcexp (ut p) + *poios } (15)
Urms 4" ug,,

Fy = Ap.exp <_7“:’°“0m) (16)

However, to solve this system, we at least need one
more equation so that the unknowns (utop, Ubottom,
and Fy) are balanced by the number of equations.
Therefore we introduce two constraint equations. The
first constraint follows from the relative distance be-
tween the outer surfaces. This distance is controlled in
the experiment and does not change when vibrations
are applied. Therefore we assume that the total gap
with and without squeeze film is constant (see Eq. 17).
The second constraint describes the thickness of the
soft material layer as a function of the elastic force
(Eq. 18).
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Utop,0 T Urubber,0 T Ubottom,0 = Utop + Urubber T Ubottom,
(17)
Fwlo (18)
EA

Initially, no squeeze film is present, which simplifies
the corresponding equations, enabling us to imme-
diately calculate the initial forces and initial interfa-
cial separation distances: Without a squeeze film, we
know that applied external force equals the reaction
force both on top and the bottom of the middle layer,
the spring force in between, and the normal force
down below (Fr,top = r,bottom — FQ,O = FN,O)-
This initial force can be measured with a normal
force sensor so is known. Furthermore, as the reaction
force at the bottom and top are the same, we also
know that the interfacial separation distance initially
is the same (UO,top = UQ,bottom — urmsln(Apc/FN,O))'
Lastly, urupber,0 can be obtained by Eq. 18. Substituting

U0, top, U0,bottom aNd Urypper,0 into Eq. 17 leads to:

Ape FyoLo
2 rmsl Lo — = =
{u K (FN,OH * { ° EA

Utop + Urybber + Ubottom-

Urybber = LO -

(19)

Regarding the variables with a squeeze film present,
we are now left with four unknown variables
(F'N, Utops Urubber, and Upottom) and four equations
depending only on these variables (Eq. 15, 16, 18,
and 19), so that we can solve the system of equations
numerically. In this study, we solved the system of
equations with the vpasolve algorithm of MATLAB
2020a.

We already derived the friction as a function of ;.
and Upottom in Eq. 3. In our setup, the total friction
force is the sum of the friction between the top surface
and the soft middle layer and the bottom surface and
the soft middle layer. If we substitute the values we
found for u;op and uportom in Eq. 3, we can therefore
find the total friction force Fy o as:

Ff,tot = Ff (utop) + Ff (ubottom) (20)

—U U —U, U
Ff,tot _ Ef,O [exp ( top + 0) +exp ( bottom T U0

urms

21)

urms

3.2 Model 2 - Vibrations 2 sides

The model with vibrations from two sides is a sim-
plified version of the model with vibrations from one
side. As we assume symmetric vibrations on both
sides, we also expect a symmetric squeeze film and
compression behaviour around the mid-line of the soft
middle layer. Practically this means that u,, is always
equal to upottom. Therefore we can consider only the
top part for analysis. For the thickness of the middle

layer we calculate half the thickness (changing Eq. 18
into Eq. 22). Furthermore, the gap width constraint
also only needs to be concerned with the upper part
(changing Eq. 17 and 19 into 23 and 24).

FyLo
rubber = 1/2 | Lo — ; 22
e = 1/2 (L0 - T2 @)
Utop,0 + Upybber,0 = Utop T Urubber (23)

Ap, FyoL
[um&ln <F£o)] " [LO - 12“?4 O] = Utop + Urubber-
(24)

Now we are left with three unknowns (utop, Urubber,
and Fy), and three equations (Eq. 15 22, and 24), so
the system can again be solved numerically.

The total friction force is now twice the friction at
the top (as we assumed symmetry). We can therefore
substitute our calculated wu:,, in Eq. 3, so that we get:

Ff ot = 2Ff (utop).

&m:ﬂﬂww(”W+%ﬂ-

™ms

(25)

(26)

3.3 Numerical results

Fig. 5 visualizes the prediction of the model for vary-
ing the vibration amplitude «, the initial compression
force Fv, and the surface roughness u,ys, on both
the normal force and friction force. In general, the
model predicts that the higher the vibration ampli-
tude, the larger the expected normal force. The model
therefore appears to confirm our initial intuition that
an increase in vibration amplitude correlates with
larger squeeze film forces.

Furthermore the model with vibrations from 1 side
predicts that the friction force will increase. This out-
come strengthens our hypothesis about the squeeze
film force increasing the gap on the vibration side,
and decreasing it on the opposite side, so that the
total friction force can be increased.

In the model results for 2 sided vibrations, we ob-
serve that the model predicts a significant decrease in

hat a squeeze film on both sides can be used to
ecrease friction.

Regarding the effect of initial compression and sur-
face roughness, we observe a general trend that the
largest differences in friction and normal force are
achieved with high compression forces and smooth
surfaces. Also this prediction we can understand
intuitively by considering the interfacial separation
to be smaller for higher compression forces or with
smoother surfaces. The smaller the interfacial sepa-
ration, the higher the squeeze film pressure that can
arise (according to Eq. 4), so probably also the larger
the force differences that we observe.

>Lriction. This prediction too, confirms our expectations
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4 MATERIALS

4.1 Hardware

We developed two test set-ups (depicted in Fig. 6):
one set-up for experiments with vibrations from 1
side and another for experiments with vibrations
from 2 sides. Both set-ups are built upon two alu-
minium breadboards of 300x600x12.7 mm with M6
taps (MB3060/M, Thorlabs) to ensure a rigid founda-
tion. Attached to the upward breadboard is a 25 mm
Travel Translation micrometer stage that can make
discrete steps of 10 micrometer (XR25C, Thorlabs).
Two right-angle brackets with a 25 mm diameter hole
(CAM1/M, Thorlabs) are used to hold the transduc-
ers and their amplifying cones. By translating the
micrometer stage and the components attached to
it vertically, we can set a certain amount of initial
compression in the experiments.

For the soft middle layer, we used three rubber
plates of 60x40x1.5 mm each. In set-up 1, the rubber
plate is placed between the amplifying cone and a
steel plate that is attached to the normal force sensor,
and in set-up 2, the rubber is placed between the
two amplifying cones. We choose rubber because this
material is elastic enough to test different compression
levels, but stiff enough to not immediately stretch
while being pulled. Because we want to test three
different roughness levels, we rubbed two of the
rubber plates with sandpaper of two different grit
sizes according to a procedure explained in Appendix
E. This resulted in three roughness levels of u,y,s =
1.5um, tpms = 4.4pum, and uppys = 8.2um.

Pulling of the rubber layer is accomplished by a
linear positioning stage (M-505.4DG Linear Position-
ing Stage, Physik Instrumente (PI)), that can translate
horizontally with a speed of 1 mm/s. The rubber
plate is glued to a 3D printed part that can be rigidly
connected to the PI stage by an M3 threaded rod, so
that the plate is being pulled uniformly.

Ultrasonic vibrations are generated by two Mini
Bolt Clamped Langevin Transducers (SMBLTF40W25,
Stemnic). The sine waves for actuation of the
Langevin transducers are generated with a function
generator (Analog Discovery 2, Digilent), with an
output voltage up to +/— 3 V. By means of a
Laser Doppler Vibrometer (LDV)(Polytec, OFV505)
we found resonance frequencies of 38.57 kHz and
38.31 kHz for the top and bottom transducer respec-
tively (procedure explained in Appendix B). For the
2 sided vibration experiment, we used the average of
both frequencies (38.44 kHz) and the same phase. The
signal is then amplified via High Voltage Amplifiers
(High Voltage Amplifier DC - 5MHz, Falco Systems
WMA-300) that provide an amplification factor of 50,
thus an output voltage of +/— 150 V. Two horns with
a diameter of 22 mm, clamp the Langevins to the base
of the set-up without dampening the vibrations, and
amplify the vibration amplitudes. The transducers

Manual stage with
0.01 mm precision

Langevin
transducer

Amplifying

cylinder
A

e

Naormal force
sensor

a. Vibrations 1 side b. Vibrations 2 sides

Friction force

# < sensor
e *

\ A Linear
movement .

/

c. Linear positioning stage

Fig. 6. Set-ups for both experiments. Soft material layer would
be placed in between Langevin cone and normal force sensor
or between the two amplifying cones. The rubber layer is rigidly
connected to a linear positioning stage, that can pull the layer from
between the cone and sensor, or two cones.

provide a piston-like vibrating motion so that the
whole area is vibrated in the same way, and a uniform
squeeze film can be generated.

In set-up 1 both the normal and friction force are
measured. In set-up 2 only the friction force, due to
lack of space for a normal force sensor. The normal
force is measured via a 6 axis load cell (Nano45 SI-
9-0.125, ATI Industrial Automation Inc., Apex, NC,
USA). The sensor has a sensing range up to 9N and a
resolution of 1/512N in the vertical direction. It needs
to be calibrated before each trial. For the friction force,
a miniature S-beam 10N load cell (LSB200, Futek) was
used. This load cell is attached to the PI linear stage.

5 EXPERIMENT

Four experiments are performed: two with vibrations
from 1 side (set-up 1) and two with vibrations from 2
sides (set-up 2). Per set-up, we test the effect of initial
compression and surface roughness on the normal
and friction force. Moreover, in each experiment, we
also test the effect of changing vibration amplitude on
normal and friction force.
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Calibration

Experiment

Move vertical stage Move vertical stage
upward and calibrate  downward to desired
compression force

Fig. 7.

Move horizontal stage, while transducer is
actuated, and measure Fn and Ff

Move horizontal stage back to original
position, while transducer is actuated

Experimental procedure for experiments with vibrations from 1 side: First two steps are calibration steps, after which the

experiment is performed in step 3 and 4. In the experiment, step 3 and 4 are repeated 7 times, each time for a different voltage input:
U = [0;25; 50; 75; 100; 125; 150] V. For the experiments with 2 side vibrations, the normal force sensor is replaced by another transducer.

5.1

For the experiment with vibrations from one side, the
following steps are conducted (see also Fig. 7):

Vibrations 1 side

1) Calibration: Manual stage moved upward so
there is no contact between the cone and the
rubber layer. Now the normal force sensor is
calibrated for zero compression.

2) Finding the correct position: Stage moved
downward while measuring normal force until
the desired initial normal force has been reached.
The current position of the manual stage remains
the same for this repetition, and only the vibra-
tion amplitude is varied.

3) First measurement: The horizontal stage pulls
the rubber layer from between the cone and
normal force sensor for about 21 seconds, in
which the horizontal stage translates 2 cm at the
speed of 0.1 cm/s, while continuously measur-
ing both the normal force as well as the friction
force. In this first run, no Voltage is applied to
the Langevin transducer so that zero vibration
amplitude is achieved.

4) Vary vibration amplitude: After the previous
measurement, the horizontal stage translates
back to its original position, from where the
second measurement is started. This time, the
Langevin is excited at 50 V. This process is
repeated seven times, each time for a different
voltage input: [0 25 50 75 100 125 150] V. This
ends the first set of measurements.

5.2 Vibrations 2 sides

For the two-sided experiment, the normal force is not
measured, only the friction force, as there is no room
for a normal force sensor in the set-up. Therefore
steps 1 and 2 are different from those above: during
step 1, the stage is moved upwards, but without
calibrating anything. In the second step, we move
the stage downwards, but instead of inspecting the
normal force, we inspect the friction force and set the
vertical stage to the desired position when a certain

friction force level has been met. Steps 3 to 5 are
similar to the experiment with vibrations from 1 side.

5.3 Pilot experiment

As the normal and friction force are measured over
time, a pilot experiment was performed to analyse
how much time it took for the normal and friction
force data to saturate. We found that it took between
5-8 seconds for the force data to reach a steady state,
and we, therefore, decided to analyse the last 10
seconds out of 21 s from each measurement repetition,
both for the normal as well as for the friction force (see
Appendix D for details).

6 RESULTS

Four experiments have been performed: a change
in Fyo and u,,s both for 1 side vibrations and 2
side vibrations. Both for the experiments where we
varied Fxo and u,p,s, we obtained three different
plots: one normal force and friction force plot with
vibrations from 1 side, and one friction force plot with
vibrations from 2 sides, as only the friction force could
be measured during those experiments. In this section,
we first discuss the results of a change in Fy, and
secondly, the change in .

The raw data can be found in Appendix D. Per
repetition (one time sliding back and forth for a
given initial compression and vibration amplitude),
the mean force is calculated, which results in one data
point. The curves in Fig. 8 and 10 are the result of dif-
ferent repetitions with the same initial compression,
but with different vibration amplitudes.

As there are many different parameters involved in
generating a squeeze film, it is hardly impossible to
get each parameter the same in the model as in reality.
Therefore we choose to compare our measurements
to the general trends of the model rather than to the
absolute predictions of the model. Nonetheless we
believe that a comparison to the general trends can
already provide a clear inside on how well the model
predicts reality.
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Experiment 1 side vibrations - vary initial compression: Left plots in a. and b. show change in normal and friction force over

vibration amplitude (o) and initial compression (Fv ). Colors represent chronology of measurements (blue is first, red is last). Grey shade
visualizes std. Right plot in a. depicts linear regression of the increase in normal force between a = Oum and o = 3um over the initial
normal force, and right plot in b. the linear regression of the decrease in friction force between o = Oum and the minimal friction force.

6.1

The results of a change in initial compression are
depicted in Fig. 8 (experiment vibrations 1 side) and
Fig. 9 (experiment vibrations 2 side). The normal force
could only be measured during the experiments with
vibrations from 1 side, resulting in two plots in Fig. 8
and only one in Fig.9.

Effect of initial compression

6.1.1 Normal force - 1 side vibrations

Fig. 8a shows 21 repetitions of normal force measure-
ments for varying vibration amplitude at different
initial compression forces. The force increases both
with increasing vibration amplitude and compression
force, similar to the predictions from the model. A
simple regression (y = ax + b) revealed a trendline
with coefficients ¢ = 0.23 and b = 0.25. This trend
indicates that the increase in normal force is larger
for higher initial compression forces than for lower
ones.

The trend contradicts the model’s predictions,
which showed a similar normal force increase be-
tween different compression levels. We first suspected
this difference could be caused by a drift of the
normal force sensor. However, after analysis (out-
lined in Appendix F), this drift didn’t seem to be
significant. Another explanation for this disagreement
might be that for lower initial compression forces,
the interfacial separation v between the surfaces was
larger than we predicted. Thus the squeeze number
could have been lower than we predicted. Zhao et al.
found that for squeeze numbers o < 100, Rayleigh’s
acoustic radiation theory better approximates real-
ity than Reynold’s lubrication theory. The theory of
Rayleigh also predicts less pressure being built up in
the squeeze film compared to Reynold’s theory. Look-
ing back at our calculations for the squeeze number,

we assumed u to be in the order of 1075 m. If the
interfacial separation, in reality, was even smaller, the
squeeze number would be higher than calculated, and
Reynold’s theory was the correct model. However, if
the gap was, in reality, larger than this 107° m, the
squeeze number would have been smaller. In fact, if
u would have been a factor 3 larger than the assumed
1075 m, that could already result in a squeeze number
o < 100. This uncertainty about the exact value of u
explain the difference in force increase between small
and higher compression forces.

6.1.2 Friction force - 1 side vibrations

Fig. 8b shows 21 repetitions of friction force measure-
ments corresponding to the normal force data from
Fig. 8a for varying vibration amplitude and initial
compression. As the model predicted, a larger dip
in force for higher compression forces, we checked
this with a simple linear regression over the differ-
ence in friction force at @« = Oum and the minimal
friction force plotted against the initial friction force.
A trendline with coefficients ¢ = —0.08 and b = —0.76
revealed that the decrease in friction force is indeed
larger for a higher initial compression compared to a
lower initial compression forces.

Moreover, the model predicted an increase in fric-
tion force for higher vibration amplitudes. We tested
this as well. A one-sample t-test over the difference
in the minimal friction force value and friction force
value at o = 3um, with null-hypothesis a mean
of zero increase, revealed a significant main effect
(Mean = 0.2746,STD = 0.2170,p < 0.0001). The
significant increase in friction force contributes to the
hypothesis that the squeeze film can be used as a
force to push the middle layer more closely toward
the opposite surface, so that friction is increased there.
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6.1.3 Friction force - 2 side vibrations

Fig. 9 shows 16 repetitions of friction force measure-
ments for varying vibration amplitude at different
initial compression forces. The main trend is similar
between the model and the measurements: the total
friction force decreases significantly over vibration
amplitude. This trend indicates that it is possible with
the current set-up to generate a squeeze film on both
sides within a confined space.

(o2}
T

N
-

Friction force (N)
[}

w
T

Decrease friction force (N)

2F

1 ‘ ‘ ‘ ‘
0.0 1.0 2.0 3.0 4 6 8
Vibration amplitude (zm) Initial friction force (N)

Fig. 9. Experiment 2 side vibrations - vary initial compres-
sion: Left plot shows change in friction force over vibration amplitude
(o) and initial compression (F o). Colors represent chronology of
measurements (blue is first, red is last). Grey shade visualizes std.
Right plot depicts the linear regression of the decrease in friction
force between oo = Opum and « = 3um over the initial friction force.

One disagreement between the model and results is
the prediction of saturated friction force. The model
predicted that this saturation would be at a friction
force of ON, independent of the initial compression.
Though, we observe that higher initial compression
yields a higher saturation force. This non-zero satura-
tion force implies that the higher the initial compres-
sion, the more difficult it is to entirely lose contact
between the surfaces. Intuitively this assumption is
correct, as a higher initial compression means that
the surfaces are more closely together. Thus more
asperities make intimate contact. To be able to entirely
break this contact, there has to be enough space,
which is not the case for high compression forces.

Furthermore, the model predicted a larger differ-
ence between the initial force and the saturation
level for higher initial compression. To confirm this
result we obtained a simple linear regression, which
resulted in a trendline with coefficients a = —0.45
and b = —0.34. Thus the measurements are in line
with the model. An explanation for the larger force
difference for higher initial compression forces is that
for higher forces the gap is smaller. Therefore, more
squeeze film pressure can be built up, thus relatively

more asperities lose contact compared to situations
with lower initial compression forces.

The last thing we tested for this experiment was if
the friction force also showed an increase in force for
the higher vibration amplitudes. At first glance, the
friction force remains constant once it reaches a steady
state. However, when we zoom into the data, we
notice that most curves follow a somewhat increasing
trend for the higher vibration amplitudes. We tested
the significance of this observation with a one-sample
t-test over the difference in the minimal friction force
value and friction force value at o = 3um. The test
revealed indeed a significant increase (p < 0.0003) in
force (Mean = 0.2380, ST D = 0.1493). Note that this
increase is of the same order as for the experiment
with vibrations from one side, which makes it an
interesting point of discussion.

6.2 Effect of surface roughness
6.2.1 Normal force - 1 side vibrations

Fig. 10a shows 18 repetitions of normal force measure-
ments for varying vibration amplitude and three sur-
face roughness levels (uyms = 1.5um, Upms = 4.4um,
and u,;ms = 8.2um). The force increases with vibration
amplitude, similar to the predictions of the model. As
the model also predicted, we find a smaller increase in
normal force for layers with a higher roughness: the
boxplots on the right show that the increase in normal
force between a = Opm and a = 3pum. The largest dif-
ference is found for the smoothest layer (layer 1) with
roughness uyms = 1.5um (Mean = 0.74, STD = 0.18).
The second largest difference was found for the sec-
ond smoothest layer (layer 2) with roughness s =
4.4um (Mean = 0.64, ST D = 0.07). The smallest force
difference was found for the roughest layer (layer 3)
with wppms = 82um (Mean = 0.50,STD = 0.09).
An independent t-test revealed no significant effect
between layer 1 and 2 (p > 0.05), but does show a
significant difference between layer 1 and 3 (p < 0.02),
and between layer 2 and 3 (p < 0.02).

Nevertheless, when studying Fig. 10a, it seems that
one of the reasons that the increase in normal force
is less significant for the rougher surfaces compared
to the smoother surfaces is that the rougher surfaces
experience a dip in friction force between oo = 0—3um.
The gradients of the higher amplitudes seem very
similar. This dip in normal force is an interesting
effect that the model did not predict. According to
the model, Fiy could only increase for higher vibra-
tion amplitudes, which intuitively makes sense as the
squeeze film that arises accounts for a higher pressure
in the gap, thus also a higher measured normal force.
Since the decrease in normal force contradicts our
intuition, we will address this in more depth in the
discussion section.



TECHNICAL UNIVERSITY DELFT, MECHANICAL ENGINEERING, COGNITIVE ROBOTICS, SEPTEMBER 2022 11

1
1 *
| p—
20.95 £
= 3
= Goaf|®
1] —
< g
8 / Eo7tlel I
[ y [ 2
E o 206 e
o - w V.o
pd ) g *4
205
i Lol
0.4
0.3

200 1.AD 2:0 3.0 15 44 82
Vibration amplitude (um) Surface roughness (um)

(a) Normal force

Fig. 10.

6
04 —*r
*
L —
_.-0.6
£
= g 08
Py 2
o S
3
= =-1.2
S ©
2 @ -1.4 =
i o d
o
S-16
-1.8

1.5 44 82
Surface roughness (zm)

25
0.0 1.0 2.0 3.0
Vibration amplitude (pzm)

(b) Friction force

Experiment 1 side vibrations - vary surface roughness: Left plots in a. and b. show change in normal and friction force over

vibration amplitude («) and surface roughness (urms). Colors represent three levels of roughness. The right plot in a. depicts the increase
in normal force between a = Oum and o = 3um for each roughness level. The right plot in b. depicts the decrease in friction force between
« = Opm and the minimal friction force. Significant difference (p < 0.05) indicated by .

6.2.2 Friction force - 1 side vibrations

Fig. 10b shows 18 repetitions of friction force measure-
ments for varying vibration amplitude and surface
roughness. The figure, clearly shows the decrease and
increase in friction force over vibration amplitude, as
predicted by the model. With a one-sample t-test, we
checked the significance of the force increase between
the minimal friction force value and friction force
value at « = 3um. The null hypothesis would be a
mean of zero increase. The test revealed a significant
main effect (Mean = 0.3368,STD = 0.1464,p <
0.0001).

Furthermore, the model predicted that a lower sur-
face roughness would result in a larger dip in friction
force. We studied similarities between this prediction
and the measurements with the boxplots on the right.
The boxplots show that the decrease in friction force
at a = Oum, and the friction force at its minimum are
smallest for layer 1 (Mean = —1.19,STD = 0.40),
medium large for layer 2 (Mean = —1.37,STD =
0.05), and largest for layer 3 (Mean = —1.65,STD =
0.25). An independent t-test reveals no significant
effect between layer 1 and 2 (p > 0.05), but does show
a significant difference between layer 1 and layer 3
(p < 0.04) and between layer 2 and layer 3 (p < 0.03).
These results seem to contradict the predictions by
the model, as rougher surfaces show a larger dip
in friction force. We expect that the disagreements
between model and results might not be a fault in
the model but rather that other hidden parameters in
the set-up accounted for the increase in force. More
details about our interpretation of the causes of this
disagreement can be found in the discussion section.

6.2.3 Friction force - 2 side vibrations

Fig. 11 shows 17 repetitions (18 performed, 1 wrongly
recorded) of the friction force measurement for vary-
ing vibration amplitude and surface roughness. The
friction force decreases over vibration amplitude and
saturates at some point, in correspondence to the
predictions by the model. Only here as well, the
saturation force is a non-zero force.

Furthermore, the model predicted a steeper decay
in friction force for less rough surfaces. We checked
this by calculating the gradient of each curve between
a = Opm and a = 1pum (the part where it is still
decaying) and plotted these results in three separate
boxplots on the right. The curve is least steep for
layer 1 (Mean = —2.07,STD = 0.32), for layer 2
(Mean = —2.31,STD = 0.22), and steepest for layer
3 (Mean = —2.60,STD = 0.35). An independent t-
test revealed only a significant main effect between
layer 1 and layer 3 (p < 0.03). Between layer 1
and 2, and layer 2 and 3 no significant difference
could be demonstrated (both p > 0.05). These results
counteract the model’s predictions, as it at shows a
steeper decay for rougher surfaces. We expect that the
disagreements between the model and results might
not be a fault in the model but that there are other
hidden parameters in the set-up that accounted for
this force. More details about our interpretation of
the causes of this disagreement can be found in the
discussion section.

Also, for this experiment, we checked whether there
was a significant increase in force for the higher
vibration amplitudes. A one sample t-test over the
difference in the minimal friction force value and
friction force value at o = 3um, revealed that there is
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indeed a significant main effect (p < 0.0001) in force
increase (Mean = 0.2643, ST D = 0.1571).
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Fig. 11. Experiment 2 side vibrations - vary surface rough-
ness: Left plot shows change in friction force over vibration am-
plitude (o) and surface roughness (u,ms). Colors represent three
levels of roughness. The right figure depicts the gradient of the
friction decrease between o« = Oum and o« = 1um for each
roughness level. Significant difference (p < 0.05) indicated by .

7 DISCUSSION

In earlier works, the squeeze film effect has been im-
plemented to levitate objects and, in this way, reduce
friction. This study shows that a squeeze film can also
arise when the object on top is not free to levitate.
With the current method, the squeeze film effect can
both be implemented to decrease and increase friction.
Being able to increase friction on command, can be
useful in blocking mechanisms, as you would only
have to actuate your device when a blocking action
is required. On the other hand, a mechanism that
decreases friction once actuated, has to be actuated all
the time when no blocking is wanted, and be turned
off when a blocking action is required. This friction-
decrease mechanism is still useful, but less energy
efficient than the friction-increase mechanism.

We will now discuss our interpretation about what
mechanism is responsible for the increase and de-
crease in friction between the surfaces for vibrations
from 1 and 2 sides.

7.1 Squeeze film in a confined space

In Fig. 8a, we observed that the normal force increases
over increasing vibration amplitude. When the trans-
ducers start vibrating, we can imagine that there are
two factors influencing the normal force. On the one
hand, there are the transducers themselves, which
quickly expand and shrink within each oscillation
cycle. During expansion, they result in an additional
compression force, of which the value depends on
the amplitude of oscillation. However, as they also

shrink within each oscillation cycle, we expect that the
time-averaged additional compression force is zero.
On the other hand, the air in between the surfaces
can start behaving like a trapped fluid, a squeeze film,
causing an over-pressure in the gap that accounts for
the increase in normal force. To find out which of
these phenomena is occurring, we can take a look at
Fig. 9. In this figure, we find that when vibrations are
applied from 2 sides, the friction force significantly
decreases over increasing vibration amplitude. This
decrease in friction force indicates that a squeeze film
must be present. Namely, if the increase in normal
force would be purely because of the extra com-
pression by the transducers, we would expect more
asperities to be in intimate contact, thus an increase in
friction over vibration amplitude. Since friction only
decreases, air pressure must play a role.

We expect the squeeze film to compress the softer
layer in between so that the asperities of the opposing
surfaces release contact. However, there is a limit by
which the soft layer can be compressed. The higher
the initial compression, the more difficult it is to lose
contact entirely between the asperities. This behavior
can also be observed in Fig.9: higher saturation forces
correlate to larger higher compression forces.

7.2 Friction modulation
7.2.1 Decrease friction

A decrease in friction can be achieved with vibrations
from two sides, where higher vibration amplitudes
result in less friction. Yet, there is a point at which the
friction reaches a steady state. Physically the steady
state is where no more asperities can release contact.
We already mentioned that the higher the initial com-
pression, the larger this saturation force. Additionally,
we found that the higher the initial compression,
the larger the decrease in friction force that can be
achieved. An explanation for this larger decrease is
that the smaller the initial gap, the higher the squeeze
film pressure that will arise (as p, o 1/a?). We
conclude that there is a trade-off to be made when
one’s goal is to decrease friction: the higher the initial
compression, the larger the absolute friction decrease
that can be achieved, although the higher the force at
which the friction saturates.

7.2.2 Increase friction

Increasing friction using the squeeze film effect is a
principle that has never been studied. However, in
this study, we showed that a significant increase in
friction could be achieved for the highest vibration
amplitudes, when vibrations were applied from one
side and the other side is constrained (see Fig. 8b and
10b). This result strengthens the hypothesis that the
squeeze film on one side causes the gap on the top
to increase while the gap on the bottom decreases so
that in the end the total friction increases.
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Nonetheless, an observation in the experiment with
2 sided vibrations raises doubt about the working
principle by which the friction increased: Although
we expected in the experiment with vibrations from
2 sides that the friction force would only decrease,
we find from Fig. 9 and 11 that in this experiment
too, there is a small increase in friction for the higher
amplitude ranges (« =~ 2 — 3um). The friction increase
in the experiment with vibrations from 2 sides, is of
the same order of magnitude as the friction increase in
the experiment with vibrations from 1 side (note that
the increase is not very clear from the figures, as these
visualize a more zoomed-out picture, but statistics
revealed that it is significant), indicating that there
might be another cause for the increase in friction.

high friction
Expansion transducer

each cycle
B _k_g_ga

Fig.12.  Additional compression of middle layer due to expansion
transducer might introduce higher friction on the edges of the trans-
ducer during each oscillation cycle.

One hypothesis that we currently have is that
the increase in friction arises from extra resistance
at the edges during compression (visualized in Fig.
12). When squeeze film compresses the soft layer,
we assume that the compression only takes place at
the location where the transducers and rubber make
contact. At the edge of this contact area, the rubber
transitions from a compressed position to its neutral
position. Similar to when a fluid flows from a wider
to a more narrow pipe, resistant forces arise at these
edges. As this compression takes place both in the
experiment with vibrations from 1 and 2 sides, this
could be an acceptable explanation.

All things considered, we cannot be sure what the
leading cause is for the increase in friction in either
experiment. Therefore we have a list of recommen-
dations for future research that might provide more
insight into the exact working principle. First, we sug-
gest designing a finite element model of the layer and
transducers. This model can be used to estimate the
resisting forces arising at the edges under compres-
sion. Secondly, a high-speed camera can capture the
middle layer’s deformation during the experiments.
Furthermore, the test set-up can be altered in such a
way that the area of the vibrating surface is larger than
that of the soft material layer. This adjustment should
result in no edge deformations but instead a uniform
compression. If an increase in friction is measured
in this configuration, it can only be attributed to the

asperities on the opposite surface being in more in-
timate contact. Moreover, the number of asperities in
intimate contact, recalling the true area of contact, can
even be measured [15]. Lastly, it might be interesting
to find out what will happen at even higher vibration
amplitudes, as in our set-up, we could not create am-
plitudes over 3um. Although the same problem could
arise that we discussed before, that the transducers
themselves account for the increase in friction force.

7.3 Surface roughness

It is generally known that surface roughness plays an
essential role in friction behavior [24]. Therefore we
were interested to find out what the effect of surface
roughness was within our configuration. When we
consider only two surfaces being in contact, we can
imagine that the roughness of a surface largely deter-
mines the average interfacial separation. For a similar
load force, we find that if both surfaces are very
rough, the opposing asperities make earlier contact
compared to when both surfaces are very smooth (vi-
sualized in Fig. 13). This difference in average separa-
tion explains two phenomena that also came forward
in our model. Firstly, it means that because smooth
surfaces are, on average, more closely together, that
there is less room for the air molecules to move
around. Thus, when vibrations are applied with these
smooth surfaces, also the viscous forces in the squeeze
film increase faster than with rougher surfaces. As
the viscous forces are higher, also more pressure is
generated, which explains the steeper increase in nor-
mal force in the model for smooth surfaces compared
to rough surfaces (see model visualization Fig. 5).
Secondly, smoother surfaces can easier reduce friction,
as only a slight change in interfacial separation causes
the opposing asperities to entirely lose contact. This
behavior was also visualized in the model, where
smoother surfaces show a steeper decay in friction
force compared to rougher surfaces.

rough surface smooth surface

Fig. 13. For a similar external load force, rough and smooth
surfaces have a different initial interfacial separation ug.

7.3.1 Mismatch model and results

Nevertheless, when we look at the results from our
measurements for varying surface roughness, we find
an opposite behavior than predicted by the model:
Rougher surfaces decrease in friction more (Fig. 10b)
and faster (Fig. 11). This result means that either our
model does not incorporate some very important sur-
face roughness characteristics, or we had some hidden



TECHNICAL UNIVERSITY DELFT, MECHANICAL ENGINEERING, COGNITIVE ROBOTICS, SEPTEMBER 2022 14

variables without our set-up we did not account for.
As our model’s predictions agree with literature, we
expect that the second argument is more likely to be
true.

We hypothesize that the mismatch between model
and results can be attributed to the alignment between
the soft middle layer and the linear stage that pulls
this layer from between the transducers. Within the
roughness experiment, we had three different plates.
Before each experiment, one of these plates had to
be connected to the linear stage. When the plate
was attached, we manually adjusted the height of
the adjustment point at the linear stage, such that
the layer stayed completely horizontal. Nonetheless,
we confirmed this alignment by eye only, so there
might have been some differences between the var-
ious plates that we used (depicted in Fig. 14). In
retrospect, a slight misalignment of the middle layer
might have introduced significant differences between
layers. If there were forces pushing the middle layer
downward, additional friction forces would also be
present. Because of this uncertainty, we recommend
redoing this experiment with a set-up where the align-
ment of the plates can be more accurately measured.

height manually
adjusted

:_:>
o]e]e)
S ST

Fig. 14. The alignment between the middle layer and the lin-
ear stage was performed manually. If the alignment between the
plates was slightly different between measurements, this could have
caused a pre-tension on the plate that caused a higher friction force.

Regardless, the roughness experiments did high-
light a phenomenon that we did not foresee: a slight
dip in normal force over vibration amplitude, which is
larger for the rougher surfaces. The dip is clearly visi-
ble in each of the repetitions, which makes it unlikely
that it is due to measurement noise. Nonetheless, the
result contradicts our intuition, as the squeeze film
would intuitively only add an extra force to the force
balance, and not remove it. Physically an explanation
might be that there is some suction effect happening
at this specific amplitude that causes the pressure in
the gap to become lower than the ambient pressure,
therefore reducing the measured normal force. To find
out what working principle is responsible for this
phenomenon, we recommend performing additional
experiments with different surface roughness plates,
and designing a finite element model that incorpo-
rates fluid dynamic equations. That way, we can find
out how the pressure of the fluid changes with surface
roughness.

7.4 Applicability for wearables

Before being able to implement this mechanism in
wearables, several aspects require more research. First
of all, we believe that the ideal brake mechanism in-
troduces high friction when actuated and low friction
when not actuated, similar to our experiment with
vibrations from 1 side. This mechanism would be
more energy efficient than when the transducers are
actuated all the time when moving the fingers, and are
only turned off when their motion must be blocked.
However, at this point, we noticed that it is difficult
to obtain an increase in friction force that is several
orders of magnitudes larger compared to the initial
friction. Also, we are still not sure by what mechanism
the friction increased. We do believe that playing
around with certain variables, like the thickness of
the middle layer, the elasticity and roughness of the
material, could result in larger friction differences. An
optimization study can provide insight on the effect
of each parameter.

The decrease in friction force with vibrations from
2 sides, however, was much larger and might even
be enough to provide the required force feedback
in wearables. Nonetheless, for this configuration too,
future research is required in terms of what absolute
force difference is actually required for users to experi-
ence it as force feedback, and also how to miniaturize
the set-up.

Lastly, our experiment with the difference in rough-
ness also illustrated the importance of a robust set-
up, as small changes in orientation already drastically
affected the results. The need for robustness might
become a challenge when implementing it in a wear-
able, as humans move their limbs frequently, so slight
orientation changes can quickly occur. Nevertheless, if
this need is known beforehand, it can be incorporated
into the design criteria.

8 CONCLUSION

When a soft material layer is clamped between two
surfaces vibrating at ultrasonic frequencies, friction
can either be increased or decreased, depending on
whether the vibrations are applied from only 1 side
or both sides. The change in friction is facilitated by a
squeeze film that arises on the side where vibrations
are applied. The squeeze film increases the interfacial
separation between the surfaces, which causes less
asperities to be in intimate contact so that friction
is reduced. If this squeeze film is generated on both
sides, friction is reduced significantly. However, when
the squeeze film is generated on only one side, it
can be used as a pressing force to push the middle
layer more closely to the opposite surface, increasing
friction there. Since friction scales by the negative
exponential of the interfacial separation, the decreased
gap width has a more dominant effect on the friction
force than the increase in gap width. The total friction



TECHNICAL UNIVERSITY DELFT, MECHANICAL ENGINEERING, COGNITIVE ROBOTICS, SEPTEMBER 2022 15

is the sum of the friction on the top and bottom.
Therefore with a similar change in gap width on
the top and bottom, the total friction force can be
increased. This expected behavior is supported by the
model presented in this study. The model, based on
Persson’s theory of contact and Reynolds’ squeeze
film theory, predicts that the largest force differences
can be found for high vibration amplitudes.

In the experiments that we performed to confirm
the predictions from the model, we varied the vi-
bration amplitude, initial compression and surface
roughness. For both set-ups, with vibrations from 1
and 2 sides, we concluded that our model is well
capable of predicting the general trends of a change in
friction due to a variation in vibration amplitude and
initial compression. However, there were still some
disagreements between the model and results, which
can likely be attributed to misalignment problems in
the set-up.

Even though there is still room for improvement,
we were able to deliver a significant contribution
to a small and lightweight blocking mechanism for
wearables.
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APPENDIX A
DERIVATION CONTACT AND FRICTION FORCE

Persson’s theory of contact states that the pressure from the reaction of the support, p,, is proportional to the
negative exponential of the interfacial separation:

Pr = Pc€TP < —t > . (27)

Urms

The variable p. is called the maximum absolute pressure given by p. = 0.375qou,msE/(1 — v?) [19]. Here,
qo is the scale at which the u;.,,¢ is determined, E' the Young’s modulus of the material, and v the Poisson ratio.

When no vibrations are present (o = 0), p, balances the external load force p.. If we call the separation
distance that corresponds to this initial condition ug, we can appreciate that

—u0
Pe = Pc€Ip < ) . (28)
urms
If we move the exponential to the other side, we can express p. in terms of p. and the exponential term:
u0
Pc = Pe€Ip ( ) . (29)
urms
We can now substitute Eq. 29 into Eq. 27, so that we obtain:
0 -
Pr =peexp( - ) ea:p( : ) ; (30)
urms urms
and when simplifying this equation we get
—u+ul
Dr = pe€Tp (u ) : (31)

Since the true area of contact is linearly related to p, [25], and the friction force is similarly related to the true
area of contact, we find that the relationships for both can be obtained as:

—Uu + Ug

A = Agexp( ), (32)

urms

and thus that

—Uu + Ug

). (33)

Here, Ay and Fy are the initial true area of contact and initial friction force respectively, corresponding to
the initial load force and wg.

Fr = Fyoexp(

™ ms
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APPENDIX B
DETERMINING VIBRATION AMPLITUDE

Resonance frequencies: To find the range of the
mechanical resonance frequencies of the Langevin
transducers, we first performed a measurement with
a RCL meter to determine the range of the electrical
resonance frequencies. A sweep sine from 1 Hz
to 100 kHz was sent to both of the transducers,
which resulted a resonance frequency at 38.31kHz
for transducer 1 and 38.57kHz for transducer 2.
Different resonance frequencies can occur because
the Langevin is not perfect, but also because of
the self-milled horn, that are not exactly equal. As
the electrical resonance for both actuators would be
around 38 kHz, we then sent a frequency sweep sine
signal of duration T' = 1s, from 30kHz - 50kHz to
also determine the mechanical resonance frequency.
While sending the sweep sine, the velocity ampli-
tude of the vibration of the top of the horn with a
Laser Doppler Vibrometer (LDV)(Polytec, OFV505)
a controller with displacement decoder (OFV5000
Polytec) at a sampling frequency of 200kH z for 1s.
By performing an Fourier Transfer on this velocity
signal, we could identify the resonance frequency
of the Langevin transducers with cones by means
of a Bodeplot (depicted in Fig. 15). This resulted in
resonant frequencies of 38.31kH z and 38.57kH z for
the top and bottom transducer respectively.

From velocity to position: It is expected that the
highest vibration amplitude can be found at the
highest voltage input as the force of the piezoelectric
material is proportional to the voltage. The LDV
measurement at these locations resulted in a voltage
signal that corresponded to the velocity amplitude of
the vibration. In this study, the sensitivity of the LDV
was set at 200 mm/s/V. Therefore the signal was
first multiplied by 200, and after this divided by 27w,
to transform the velocity signal into a position signal.
The result of this calculation is depicted in Fig. 15.
From here the peaks of the sine wave correspond to
the maximal vibration amplitude.

Vibration amplitude over voltage: Nonlinearities
in Langevin transducers are not uncommon and
seem to shift with voltage levels [26]. However,
for this study it makes conceptually more sense to
plot the measured values against a linear scale of
vibration amplitudes, so we approximate a linear
voltage-amplitude behavior. For simplicity we scaled
our vibration amplitude between 0 and 3 um for
voltages between 0 and 150 V.

?(i)qgle-Sided Amplitude Spectrum of both Langevins
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m Bottom Langevin
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Fig. 15. Steps for identifying vibration amplitude of the Langevin
transducers. First the bodeplot of both transducers was generated.
Then a velocity signal was changed into a position signal. And lastly
the peak amplitude was measured at different voltages.
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APPENDIX C
MODEL

For our final model we used the following parameter values: £ = 3MPa, Ly = 1.5mm, A = 7 * 0.012,
qo = 2*10%, v = 0.5, and p0 = 100k Pa. Here we depict the results of varying o, s, and Fy o on Fn and Ff
(note Fig. 16 and 18 are similar to the models depicted in Fig. 5, only enlarged).

Changing compression: Fig. 16 depicts the result of varying normal force and vibration amplitude on the
measured normal force and friction force over vibration amplitude. We observe that for lower compression
forces, a higher difference in initial friction and end friction can be achieved compared to for higher
compression forces. At some point it is not possible anymore to obtain an increase in normal force.
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Vibration amplitude (z:m) Vibration amplitude (;:m) Vibration amplitude (;:m) Vibration amplitude (;:m)
(a) Vibrations 1 side (b) Vibrations 2 sides

Fig. 16. Model for normal force and friction force for various initial compression values (Fnp = 1N to 10N) and changing vibration
amplitude. Colors correspond to initial normal force, from lower values (blue) to higher values (red).

In our study we approximated most of the result by a first order regression curve. Here we show the the
regression curves that followed from the model itself. We see that for most models actually a third order
polynomial might be a better approximation. Nonetheless does a first order regression curve also captures the
general trends quite well.

However, for our models we found these to be the best regression curves: For vibration from one sides
a third order polynomial (y = az® + bz? + cx + d) was chosen to fit best to the curves (see Fig. 17): for
normal force we found coefficients ¢ = 0.0002,b = —0.0056, ¢ = 0.0756,d = 0.2726, and for the friction force
a = —0.0004,b = 0.0188,¢ = 0.1368,d = —0.2503. For the vibrations from 2 sides, we found a third order
polynomial best fitting to the normal force data (@ = 0.0039,b = —0.907,c = 0.5626, d = 14.4953), and a first
order polynomial (y = ax + b) for the friction force model (¢ = —0.9997b = —0.0004).
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Fig. 17.  Regression for models normal force and friction force for various initial compression values (Fng = 1N to 10N) and changing
vibration amplitude. Colors correspond to initial normal force, from lower values (blue) to higher values (red).
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Changing roughness: Fig. 18 depicts the result of varying surface roughness and vibration amplitude on
the measured normal force and friction force. We observe that for lower roughness values, thus smoother

surfaces, a higher difference in initial friction and minimal friction can be achieved compared to for higher
roughness values.
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Fig. 18.  Model for normal force and friction force for various roughness values (u,ms = 1um to 10um) and changing vibration amplitude.
Colors correspond to initial normal force, from lower values (blue) to higher values (red).

Within our study we approximated the force increases and decreases by first order polynomials, but also
here we see that actually third and fourth order polynomials approximate the regression curves better. For
the change in roughness with vibrations from one side we see that for the normal force the regression can be
described with a third order polynomial with coefficients a = 0.0002,b = —0.008, ¢ = —0.0160, d = 0.1120 for the
increase in normal force between oo = Opm and o = 10um. For the friction force we depicted the regression
between the friction at o = 0, and the minimal friction force, and found coefficients of a = —0.0071,b =
0.1056, ¢ = —0.5750, d = 1.2733. The normal force from 2 sides increased between oo = Oum and a = 10um with
coefficients a = 0.0006, b = —0.0045, c = —0.0134, d = 0.1815. Lastly for the friction from two sides we studied
the gradient between friction values of 1.5 N and 2.5 N, because here the curves show a similar behavior. We
found that the gradient could best be described with a fourth order polynomial (y = az* + bz® + cz? + dx +€)
with coefficients ¢ = 0.0030,b = —0.0515, ¢ = 0.3505, d = 2.0339, ¢ = —1.5360.
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Fig. 19.  Regression for models normal force and friction force for various initial compression values (Fng = 1N to 10N) and changing
vibration amplitude. Colors correspond to initial normal force, from lower values (blue) to higher values (red).
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APPENDIX D
RAwW DATA

During each repetition the normal force was measured for a time period of 21 seconds (see Fig. 20), while
the rubber plate was being pulled from between the vibrating surface(s). In each trial the first 10 seconds
were needed to saturate. For the calculation of the mean of each trial, we analysed the last 10 seconds only
(indicated with grey area). This corresponds to the last 1 cm on the position stage.
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Fig. 20. Raw normal force over time corresponding to 8a, 21 repetitions of each experiment for varying initial compression. Normal
force saturates after approximately 10 seconds, this part is taken for the analysis of the mean normal force for that repetition (indicated with
grey shaded area). Different subplots correspond to different vibration amplitude values. Colors correspond to chronology of measurement
(blue as first, to red as end).
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Fig. 21. Raw friction force over time corresponding to 8b, 21 repetitions of each experiment for varying initial compression. Friction
force saturates after approximately 1 cm, this part is taken for the analysis of the mean friction force for that repetition (indicated with grey
shaded area). Different subplots correspond to different vibration amplitude values. Colors correspond to chronology of measurement (blue
as first, to red as end).
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Fig.22.  Raw friction force over time corresponding to 9, 18 repetitions of each experiment for varying initial initial compression. Friction
force saturates after approximately 1 cm, this part is taken for the analysis of the mean friction force for that repetition (indicated with grey
shaded area). Different subplots correspond to different vibration amplitude values. Colors correspond to chronology of measurement (blue
as first, to red as end).
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Fig.23. Raw normal force over time corresponding to Fig. 10a, 18 repetitions of each experiment for varying surface roughness. Normal
force saturates after approximately 10 seconds, this part is taken for the analysis of the mean normal force for that repetition (indicated with
grey shaded area). Different subplots correspond to different vibration amplitude values. Colors correspond to chronology of measurement
(blue as first, to red as end).



TECHNICAL UNIVERSITY DELFT, MECHANICAL ENGINEERING, COGNITIVE ROBOTICS, SEPTEMBER 2022 24

g Amplitude =0 um g Amplitude = 0.5 um

@ 5 — @

o o

L L

c 0 c

2 9o

© -5 3

L 0 0.5 1 1.5 2 r O 0.5 1 1.5 2
Position stage (cm) Position stage (cm)

g Amplitude =1 um g Amplitude = 1.5 um

@ @

o o

L L

c c

e, i)

12 S

L O 0.5 1 1.5 2 L O 0.5 1 1.5 2
Position stage (cm) Position stage (cm)

g Amplitude = 2 ym g Amplitude = 2.5 um

€D €D 5

o o —

o o N

= = 0Y,

e, i)

o ©-5

L O 0.5 1 1.5 2 > O 0.5 1 1.5 2
Position stage (cm) Position stage (cm)

g Amplitude = 3 um

S5

L

= 0/

e,

8 -5

L O 0.5 1 1.5 2

Position stage (cm)

Fig. 24. Raw friction force over time corresponding to Fig. 10b, 18 repetitions of each experiment for varying surface roughness.
Friction force saturates after approximately 1 cm, this part is taken for the analysis of the mean friction force for that repetition (indicated with
grey shaded area). Different subplots correspond to different vibration amplitude values. Colors correspond to chronology of measurement
(blue as first, to red as end).



TECHNICAL UNIVERSITY DELFT, MECHANICAL ENGINEERING, COGNITIVE ROBOTICS, SEPTEMBER 2022 25

Amplitude =0 um Amplitude = 0.5 um

0.5 1 15 2 0 0.5 1 15 2

Position stage (cm) Position stage (cm)

Friction force (N
o 97}
o N
&
Friction force (N
o

Amplitude =1 um Amplitude = 1.5 um

o —

NV
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Position stage (cm) Position stage (cm)

Friction force (N)
97}

Friction force (N
wn

Amplitude = 2 ym Amplitude = 2.5 um

7
0.5 1 1.5 2 0.5 1 1.5 2
Position stage (cm) Position stage (cm)

/4

o

Friction force (N)
193}
Friction force (N
o n

o
o

Amplitude = 3 um

Friction force (N)
wan

0 0.5 1 1.5 2
Position stage (cm)

Fig. 25.  Raw friction force over time corresponding to Fig. 11, 12 repetitions of each experiment for varying initial surface roughness.
Friction force saturates after approximately 1 cm, this part is taken for the analysis of the mean friction force for that repetition (indicated with
grey shaded area). Different subplots correspond to different vibration amplitude values. Colors correspond to chronology of measurement
(blue as first, to red as end).
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APPENDIX E

ROUGHNESS MEASUREMENTS

The model used in this study is highly dependent on the surface roughness of the material in play. In this
study we obtained three different surface roughness samples, by sandpapering the rubber material we used
with different grain sizes. To obtain an equally distributed surface roughness, we taped the sandpaper to
the table , and the rubber to a fully flat surface (see Fig. 26). Then, we we moved the metal plate with the
rubber over the sandpaper in a circular motion for 30 times. Afterwards, we performed a surface roughness
measurement at the optics lab at the Precision and Micro-systems department of the TU Delft to identify
how the roughness had changes. The measurement is visualized in Fig. 27 - 29.

Fig. 26.  Left: sandpaper taped to the table. On the right: rubber sample taped to steel plate.

Roughness plate 1: The first plate was just the rubber in its original state, without being sandpapered. A
surface roughness measurement revealed a surface roughness (u,n,s) of approximately 1.5 pm. This makes
this sample the smoothest of all three.

Visualization of height measurement rubber plate
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Fig. 27.  Visualization of height distribution rubber of plate 1.
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Roughness plate 2: The second plate was sandpapered with a sandpaper 150 grit. A surface roughness
measurement revealed a surface roughness (u,,s) of approximately 4.4 pm. This makes this sample the second

smoothest.
Visualization of height measurement rubber plate 20
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Fig. 28.  Visualization of height distribution rubber of plate 2.

Roughness plate 3: The third plate was sandpapered with a sandpaper 80 grit. A surface roughness
measurement revealed a surface roughness (u,n,s) of approximately 8.2 pwm. This makes this sample the

roughest one.
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Fig.29.  Visualization of height distribution rubber of plate 3.
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APPENDIX F
UNCERTAINTY ANALYSIS

The measurements of the normal force we found that it was difficult to keep the initial normal force constant,
and that there always appeared to be some variation in the force data between measurement. The variation in
the initial normal force data at zero amplitude might be contributed to two things: the limitation in precision
of manually adjusting the linear stage, and drift of the normal force sensor.

Inaccuracy manual stage: The manual stage can make Change in Fn of layer under compression
discrete steps of 10 micrometer (XR25C, Thorlabs). We dl
estimate that with the naked eye an accuracy of 10+ / — 1um
can be achieved. We performed an experiment to check
the effect of this manual error on the normal force to
be measured. For this, we measured the normal force
at 5 different compression rates, and repeated this for 5
times. The results are depicted in Fig. 30. We assumed
that the relationship between the indentation depth and
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= = Linear approximation elasticity
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the normal force measured, should be linear, as the force i
arises from the rubber layer being compressed, which, at " =
these indentation depths, should result in a linear force. 0 ?
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The error from the manual stage is probably around
1.25 * 0.1 = 0.125N. Note that once the manual stage is
set at a certain distance, it's more of a bias than an error, as Fig-30.  Change in Fn under compression. The mea-

. . . surements were repeated five times and a linear trend-
it will be the same for all other measurements following from |- ~“at oot Do The gradient of the linear line

this setting. is 1.25N per 10um.

Relative compression (zm)

Drift normal force sensor: We found some variety in the normal force sensor data after the experiments had
been performed, and tried to quantify this amount. Also we were wondering whether turning the vibrations
on and off would have an effect on the normal force data. We performed the following experiments to get
a feeling for the sensor variety: First we would calibrate the force sensor and move the stage to a distance
at which we would measure a normal force of approximately 3N. This would be the first measurement
at t = 0s, which is also visualized in Fig. 31. Secondly, we would actuate the Langevin transducer at 25V
(corresponding to 0.5 vibration amplitude) for 20 seconds, then turn of the actuation, so no vibrations would
be applied, and after approximately 5 seconds again measure the normal force. This would be the second
measurement at ¢ = 30sec (second measurement in Fig. 31). We would repeat this process 7 times, for each of
the actuation levels that were also used in the real experiment, in the same order as in the real experiment,
which results in one of the plots of Fig. 31. For extra certainty, we repeated this experiment 3 times, as can
also be seen in the figure.

Trial 1 Trial 2 Trial 3
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Fig. 31.  Output normal force sensor data: The plot shows the raw data obtained from the normal force data for three different trials, with
in every trial 7 measurement points (at ¢t = 0s, t = 30s, t = 60s, t = 90s, t = 120s, t = 150s, and t = 180s)). Between each measurement,
the transducer was excited with the same voltage levels as in the experiment, in the same order, so first with 25V, then 50V, etc. Each normal
force measurement took 3s to perform. All measurements show quite a constant line, so that the mean normal force at each data point can
be obtained by averaging over time.
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What we would expect to see in a robust sensor, is the exact same measurement regardless of what amount
of excitation level had been applied in the mean time. However, we can observe in Fig. 31 that actually the
values changed slightly over time. Nonetheless, there does not seem to be an clear relationship to the applied
voltage and the effect on the next normal force measurement, it’s rather random. Therefore it might be that
there is just a drift in the normal force sensor already, regardless of any voltage being applied. To check this,
we performed a second experiment in which we would no apply any voltage to the transducer in between
measurements, but perform 7 measurements in a row, each time with approximately 30 seconds in between.
The results of this experiments are depicted in Fig. 32.
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Fig. 32.  Output normal force sensor data: The plot shows the raw data obtained from the normal force data for three different trials, with
in every trial 7 measurement points (at t = 0s, t = 30s, t = 60s, t = 90s, t = 120s, t = 150s, and ¢t = 180s)). Between measurements the
transducers were not excited. Each normal force measurement took 3s to perform. All measurements show quite a constant line, so that the
mean normal force at each data point can be obtained by averaging over time.

From this second experiment we see that there seems to be a drift in the normal force sensor over time, but
that over a period of 180s, it only decreases, not increases. As we do see an increase in force as well at some
point when we apply a vibration in the between measurements, we assume that both the drift of the sensor,
as well actuating the Langevin transducer have an effect on the normal force.

An explanation for this variety in force due to actuation of the transducers can be linked to what we
discussed before: the effect of the inaccuracy of the linear stage. It might be that applying vibrations slightly
changes the relative orientation of parts in the setup, and as we assumed that a change of about 1m can
cause a force difference of 0.125N, this could be a feasible explanation for the variety in normal force.

Nonetheless, as the variation is small and rather random when the transducers are actuated in between, we
just assume it to be measurement noise and neglect the effects during analysis.






