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Abstract. By using the Micro Tribometer UMT 2 from the Tribology
Laboratory, the authors experimentally determined the friction forces and
friction coefficients between cylindrical objects and elastomer for normal loads
between 1 N to 5 N and linear speed between 0.1 mm/s to 10 mm/s. Between the
cylindrical objects and elastomer sample have been evidenced processes of
adhesion, elastic deformations, sliding and elastic relaxation of the elastomer
during the displacement of the sample. Also the friction coefficient as function of
cylinder material, normal load and linear speed has been experimentally
determined.
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1. Introduction

In a lot of micro actuators and micro prehension devises the various
polymers are usually used both as bulk materials and as surface layers. In the
micro actuators when sliding friction must be at lower level it is necessary to be
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used low friction polymers. In the micro prehension devices the adherence and
friction between the polymers and prehensed small objects must be at high level.

The finger prehension is based both on the adhesive forces with the
objects and on the tactile skin sensors to evaluate the slip tendency of the object.
Actual tendency to develop prehension systems based on the human hand
manipulation generated new and complex devices. One of these complex
prehension devices for small objects having five fingers has been developed by
(Odhner et al., 2014) where the finger pads were realized by elastomers. In
order to simulated the prehension of only two fingers (Barnea, 2013; Barnea et
al., 2014) investigated the friction in sliding motion between the small
cylindrical surfaces and human fingers for a normal load of IN to 5 N.
Depending on the materials of cylindrical objects and, the normal load and
linear speed Barnea obtained various combinations for the friction force
dominated both by adhesion and sliding. Original “butterfly” diagrams have
been obtained as a result of the successive elastic deformations, adhesion,
sliding and relaxations of the finger skin in the contact with the cylindrical
objects during the experimental tests. The experiments realized by
(Kwiatkowska et al., 2009) evidenced the friction and adherence between steel
balls and skin fingers and obtained for friction coefficient values between 0.8
and 1.5 for normal load between 0.19 N and 0.5 N. Other experiments to
determine friction coefficient between fingher skin and plane surfaces were
realized by (Liu, 2013).

Modifi and Prakash (2012) experimentally determined the friction
coefficient between a steel cylinder in rotational motion and plate elastomer
specimens having module of elasticity of about 10 MPa. The experiments were
carried out at a normal load of 3.5 N and the contact pressure determined
according to Hertz theory was estimated to be about 0.37 MPa. The values of
friction coefficient obtained for very low speed (0.2 mm/s) varied between 0.25
to 0.5, depending of the elastomer type. Quaglini and Dubini (2011) established
an analytical equation for the friction coefficient in sliding of the polymers and
smooth metals by considering the nominal contact pressure and the shear stress
at the interface between metal and polymer.

In the present paper the authors investigated experimentally the friction
and adherence of the small cylindrical objects in contact with the plane
elastomer specimen. The experiments were realized with normal loads between
1 N to 5 N and sliding speed between 0.1 mm/s to 10 mm/s.

2. Experimental Procedure and Equipments

The experiments were realized by using the Tribometer CETR UMT2
from the Laboratory of Tribology as is presented in Fig. 1. The cylindrical
objects are fixed on the top of the pin and the pin is mounted in the sensor of the
Tribometer. The sensor indicate the values both for normal force Fz and friction
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force Ff. On the linear table of the Tribometer was mounted the elastomer sample
and the cylinder is put in contact with the sample as is presented in Fig. 2. The
sample realize linear displacement on a distance of 8 mm in one direction and in
opposite direction. The friction force between cylindrical object and elastomer
for various linear speed and normal loads are registered in the computer of the
Tribometer. The tests were realized by using stainless steel and aluminum
cylinders having diameter of 10 mm.

Fig. 2 — Detail of the cylindrical object attached on the pin and the elastomer
sample fixed on the linear table of the Tribometer.
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The tests were realized for linear speed between 0.1 mm/s and 10 mm/s
and normal load Fz varied between 1 N and 5 N. All the experiments were
realized in dry conditions. The tests were realized with elastomer sample
obtained from Polydimethylsiloxane-a,w-diol (PDMS) as matrix with 20%
oxide hematite (Fe,O;) (Marcu ef al., 1994). The dimensions of the sample
were: 30 mm length, 10 mm wide and 2 mm thickness.

3. Experimental Results

3.1. Stainless Steel Cylinder in Contact with Elastomer

The experimental results are presented as variations of the friction force
Ff in function of the displacement of the sample on the distance Y for a number
of strokes, depending of the linear speed. In Fig. 3 is presented a typical
variation of the friction force as function of linear distance Y for some
alternative motions during the distance of 8 mm. The diagram from Fig. 3 is
realized for the stainless steel cylinder in contact with the elastomer loaded with
normal force Fz =5 N and for a linear speed of 1 mm/s.

Following processes have been identified in the friction force’s
variation. The point O represent the start of the displacement in positive
direction. From the point O to the point A it can be observed the adhesion
between cylinder and elastomer with an continuum increasing of the force Ff
caused by the elastic deformation of the elastomer. From the point A to the end
of the stroke (point B) the cylinder sliding on the elastomer with a friction force
of about 2 N, that means a constant friction coefficient having value of about
0.4. At the end of stroke in point B the direction of the displacement is changed
and the elastomer is under a relaxation process from point B to point C. A new
elastic deformation of the sample start in the point C during to the point D.
Follows a sliding process from point D to the end of the negative stroke in point
E with a friction force of about 2 N. From the point E the direction of the
displacement is changed, the elastomer realize a relaxation process to the
point F and the alternative processes including elastic deformation, sliding and
elastic relaxation have been repeated. In Fig. 3 the blue colour is used for
positive displacement and red colour is used for negative displacement.
Excepting the first elastic deformation (the segment between the points A and
B) all elastic deformation and relaxation of the elastomer can be approximated
as linear curves.

The similar processes have been observed for the experiments realized
with normal load of 1 N for linear speed between 0.1 mm/s and 1 mm/s as are
presented in Fig. 4 and Fig. 5. It can be observed that under the normal load of
IN the elastic deformation and relaxation of the elastomer presents a good
linearity between adherence force Ff and linear displacement Y.
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Fig. 3 — A typical variation of the friction force with the alternative displacement
of the sample: normal load Fz =5 N, linear speed v =1 mm/s.

By increasing of the speed from 1 mm/s to 10 mm/s the variation of the
friction force Ff with the displacement of the sample evidenced the
development of the stick — slip processes both for normal load of 1N and 5 N. In
Figs. 6 and 7 are presented the variation of the friction force Ff for the normal
force Fz =1 N and Fz =5 N, respectively. For the normal load of 1 N the stick —
slip process are developed both in the elastic deformation and adherence of the
elastomer. For the normal force of 5 N the stick — slip process can be observed
only in elastic deformation and relaxation of the elastomer.
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Fig. 4 — Variation of the friction force Ff with the alternative displacement
of the sample: Fz=1N, v=0.1 mm/s.
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Fig. 5 — Variation of the friction force Ff with the alternative displacement
of the sample: Fz=1N, v=1 mm/s.
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Fig. 6 — Variation of the friction force Ff with the alternative displacement
of the sample: Fz=1 N, v =10 mm/s.
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Fig. 7 — Variation of the friction force Ff with the alternative displacement
of the sample: Fz=5 N, v= 10 mm/s.

3.2. Aluminum Cylinder in Contact with Elastomer

The variation of the friction force as function of linear distance Y for
aluminium cylinder in contact with elastomer have similar configurations like
these obtained for stainless steel cylinder and elastomer. In Figs. 8 and 9 are
presented the variation of the friction force for a linear speed of 1 mm/s for the
normal load Fz=1 N and Fz =5 N, respectively. It can be observed alternative
processes of elastic deformations, sliding and elastic relaxation during the
alternative displacement of the elastomer sample on the aluminium cylinder.

Y, mm
— FL, N

Fig. 8 — Variation of the friction force Ff with the alternative displacement of the
sample: Fz=1N, v=1 mm/s.
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Fig. 9 — Variation of the friction force Ff with the alternative displacement of the
sample: Fz=5N, v=1 mm/s.

By increasing the linear speed to 10 mm/s it can be observed the
processes of stick — slip more accentuated at the normal load of 1N.

In Fig. 10 is presented the variation of the friction force for normal load
of 1 N and in Fig. 11 is presented the variation of the friction force for normal
force of 5 N.

Y,mm

Fig. 10 — Variation of the friction force Ff with the alternative displacement
of the sample: Fz=1 N, v =10 mm/s.
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Fig. 11 — Variation of the friction force Ff with the alternative displacement
of the sample: Fz=5 N, v= 10 mm/s.

4. Friction Coefficient

The friction coefficient have physical signification only in the sliding
zones from the diagrams. Following limits of the friction coefficient as function
of cylinder material, normal load and linear speed have been presented in Fig. 12
for normal load Fz=1 N and in Fig. 13 for normal load Fz = 5N.
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Fig. 12 — Limits of the friction coefficient as function of material
and linear speed: Fz=1 N.
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Fig. 13 — Limits of the friction coefficient as function of material
and linear speed: Fz=5 N.

5. Conclusions

An experimental methodology to determine the friction forces between
cylindrical objects in contact with elastomer having sliding motion has been
developed by the authors. The experiments were realized by using stainless steel
and aluminum cylinders in contact with an elastomer sample in linear sliding
motion with 0.1 mm/s, 1 mm/s and 10 mm/s, the contact between cylinders and
elastomer being loaded with 1 N and 5 N.

The experiments were evidenced a succession of the physical processes
in alternative motion on a distance of 8 mm. So, elastic deformation of the
elastomer, sliding of the cylinder on the elastomer surface and relaxation of the
elastomer have been evidenced in the adequate diagrams obtained with the
CETR UMT 2 Tribometer.

By increasing of the linear speed from 1 mm/s to 10 mm/s was
observed the development of the stick- slip process, more accentuated at the
normal force of 1 N.

Was evaluated the limits of the friction coefficient in the sliding zone
and following comments can be made:

i) The friction coefficient is not constant during the sliding process
having variations from positive to negative directions of sliding;

ii) The friction coefficient is depending of the cylinder material, high
values being obtained for the aluminum cylinder in contact with the elastomer;

iii) The friction coefficient increases by increasing the linear speed.
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COMPORTAREA LA FRECARE A POLIMERILOR IN CONDITII DE
ALUNECARE LA SARCINI REDUSE

(Rezumat)

in sistemele de prehensiune specifice unor tipuri de roboti, pentru o buni
aderenta a obiectele manipulate, se utilizeaza diversi polimeri cu caracteristici elastice si
de aderentd cat mai apropiate de caracteristicile degetelor umane. O categorie de
polimeri utilizati in acest scop o formeaza elastomerii. Pornind de la cercetari
experimentale care au vizat comportarea la aderentd si alunecare a diverselor obiecte
cilindrice de mici dimensiuni in contact cu suprafata degetului uman, cercetari realizate
in Laboratorul de Tribologie din Facultatea de Mecanica, prezenta lucrare abordeaza
comportarea la adeziune si alunecare dintre o epruvetd plana din elastomer tip PDMS in
contact cu cilindri din aluminiu si otel inoxidabil. Testarile au vizat determinarea
curbelor de variatie a fortei de aderenta (frecare) dintre cilindri si epruveta de elastomer
in conditiile unor deplaséri pe directie liniard cu viteze cuprinse intre 0,1 mm/s si 10
mm/s si pentru sarcini normale cuprinse intre 1 N si 5 N. Au fost puse in evidenta
succesiunea unor zone de aderentd cu zone de alunecare la schimbarea sensului de
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deplasare a probei din elastomer. Testarile au fost facute pe Tribometrul CETR UMT 2
din Laboratorul de Tribologie. Pentru zona de alunecare s-au determinat valorile
coeficientilor de frecare dintre cilindri §i elastomer. Experimentele au pus in evidenta
faptul ca valorile coeficientilor de frecare se modifica odata cu schimbarea sensului de
miscare si cresc odatd cu cresterea vitezei de translatie. S-a mai pus 1n evidenta faptul ca
la viteze de 10 mm/s se dezvolta fenomenul de stick — slip.



