ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2022.

EXPERIMENTAL DETERMINATION OF MECHANICAL PROPERTIES OF TEXTILE
AND ELASTOMER MATERIALS BY VIBROTECHNICAL METHODS

Svetlana Sokolova, Olga Kononova, Janis Viba, Umesh-Haribhai Vavaliya
Riga Technical University, Latvia
svetlana.sokolova@rtu.lv, olga.kononova@rtu.lv, janis.viba@rtu.lv, umesh-haribhai.vavaliya@rtu.lv

Abstract. The use of soft and flexible materials in technology, transport, and everyday life is well known.
Mechanical properties such as slip and rolling friction play an important role in the manufacture of such objects.
It appears as objects slide along each other. High friction is desirable in some objects, although high wear will be
expected, in others, it is desirable to reduce friction. The study considers the possibility of experimentally
determining some important mechanical properties of soft materials (textiles, elastomers). For this purpose, the
forces of interaction between objects made of the same or different materials during their mutual motion are
analyzed. From the analysis two physical parameters have been chosen as the estimation of the mechanical
properties for the materials: the coefficient of sliding friction and the coefficient of rolling friction. For the
identification of each parameter, the corresponding experimental rigs were dynamically studied. First, the
oscillatory motion of a physical pendulum along an inclined plane with large angle of inclination, when the motion
is damped by a constant sliding friction force, is studied. It is shown that by changing the initial conditions it is
possible to synthesize a wide range of damped oscillations, from one half-cycle to five and more cycles. By
measuring the angle at the starting position of the pendulum and the angle at the subsequent stopping position
(after one oscillation cycle), an analytical formula for determining the coefficient of sliding friction was obtained.
Then, the rolling friction coefficient was determined from the motion of the object along an inclined plane with a
small angle of inclination. The moving object is designed as a platform on wheels. Two parameters were used to
identify the rolling friction coefficient: the angle of inclination of the plane and the angle between the direction of
motion of the object and the horizon. In addition, it has been shown that the rolling friction coefficient can also be
determined with the above-mentioned physical pendulum rig. The results obtained in the work can also be used to
identify the mechanical properties of non-soft materials. The main goal of the study is to obtain a theoretical
justification for three new prototypes of experimental rigs for identifying the friction parameters of materials.
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Introduction

In the manufacture of textile fabrics or more complex structures, one of the estimates of the contact
surface may be the coefficient of sliding friction. In some cases, it is desirable to reduce this factor, in
others to increase it. Accordingly, this factor depends on the fabric material and the pattern of
manufacture. This means that experimental methods are needed to determine this physical property [1-
10]. It is also important to determine the coefficient of sliding friction when making objects of “soft”
materials (elastomers, rubber, plastics, etc.) [11-16]. Experimental evaluations sometimes need to
determine additional physical parameters that characterize rolling friction [17-19]. In existing
experimental studies, the coefficient of sliding friction is mainly determined using flat objects, a
dynamometer, and a horizontal plane. It is proposed to use an inclined plane. Then, one can measure the
angle at which the motion begins. An inclined plane also is suggested to use for determination of the
coefficient of rolling friction, but in this case a wheeled platform is used as an object. In most such
techniques, the coefficient of friction at rest is determined. To determine the coefficient of sliding
friction, a much more complex experimental rig is required, in which the objects move, and it is
necessary to observe the velocity of motion. The following study proposes some very simple,
inexpensive methods for determining the coefficients of friction. The methods under consideration use
the approaches of vibro technique, by taking the parameters of the damped oscillations of an object on
inclined plane. The main difference between the proposed methods and the existing methods [1-19] is
that different initial conditions and several cycles of oscillations are used for the identification. The
proposed methods allow to determine both the coefficients of sliding friction and coefficients of rolling
friction.

Model for determining the coefficient of sliding friction

The model considered in this paper for determining the coefficient of sliding friction on an inclined
plane is shown in Figure 1.
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The experimental rig consists of a vertical plane 1, a horizontal plane 2, and an inclined plane 3. A
slider 5 is attached to one end of the connecting rod 4, the other end of which is attached to the inclined
plane 3 (Fig.1). The inclined plane 3 is placed at the angle a to the horizon. This angle is a variable
parameter during an experiment. The rod 4 can rotate around a hinge A, its position is described by the
angle ¢. The motion starts from rest with the initial angle of the connecting rod is ¢1. The slider 5 starts
a sliding oscillatory motion along the inclined plane 3. In one cycle, if possible, the slider stops at the
position p2. Knowing the system parameters and angles ¢1, ¢2, it is possible to determine the coefficient
of sliding friction f with a very simple formula. This is discussed below.

The given mechanical system has one degree of freedom, which is described by the angle of rotation
of the connecting rod ¢. Irrespective of the air resistance and friction in the hinge, the differential
equation of motion is as follows (Fig. 2), [1]:

J,-¢=-m-g-sin(a)-d-sin(p)—R-L-sign (), 1)

where Ja— moment of inertia of the slider-rod system about the hinge A,
@, ¢, ¢ — angular acceleration, angular velocity, and angle of the connecting rod;
m — total mass of the rod and slider;
g — acceleration due to gravity;
d — radial coordinate of the center of gravity of the rod-slider system;
a — angle of inclination of a plane;
R — slider dry friction force;
sign(¢) = £ 1, where the “+” sign is used for a positive angular velocity ¢ and the “- sign
for a negative angular velocity ¢ (Fig. 2).

Since the rod and the slider rotate about a fixed axis Y1, the slider interacts with the inclined plane,
the normal reaction N and the friction force can be determined as follows (2):

N-L=m-g-cos(e)-d;R=f-N, )
where f—sliding friction coefficient.
From the expressions (1), (2) we obtain the following differential equation of motion (3):
J,-¢=-m-g-d-[sin(a)-sin(p)- f -cos(a)-sign (@))- (3)

That nonlinear differential equation (3) can be integrated at given initial conditions numerically or
analytically by harmonizing the integration steps when the angular velocity ¢ changes sign. Some phase
graphs are shown in Fig. 3 and Fig. 4. Parameters are given below each image in system SI.

Fig. 1. Scheme of the experimental rig: Fig. 2. Free body diagram: m-g — weight; R —dry

1 — vertical plane; 2 — horizontal plane; friction force; N — slider normal reaction; X1, Y1,
3 —inclined plane; 4 — slider; Z1 — smooth spatial hinge reaction components;
5 — connecting rod O,x,y,z — fixed coordinate system; A, x1,y1,z1 —

inclined plane coordinate system; d — radial
coordinate of the center of gravity of the slider-
rod system; L — radial coordinate of the slider
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Fig. 3. Numerical results of oscillatory motion Fig. 4. Half-cycle motion of the slider on the
on the phase plane in system Sl (¢ —angle; vp  phase plane: m-g-d-Jx*=5.144; f = 0.7; a = n-47%;
—angular velocity): m-g-d-Ja1=5.144; f=0.2; pl=m27 ¢2=0.159
a=1.222; p1 =127
For certain combinations of parameters a, ¢1, 92, and f there is one half-cycle motion from one rest
position to the next rest position (Figs.1,4). In this case, analytically integrating equation (3), the
coefficient of sliding friction f can be found by the following formula (4):
‘_ tan(@)[cos(¢2) - cos(pl)] @)
ol+ 2

The friction coefficient at rest fO can be found from the differential equation (4) by the boundary
values of parameters when the motion of the slider begins. Then we get (5):

f0=tan(a0)-sin(¢0), ®)

where a0, 90 — angles when the slider starts the motion during the experiment.

Model for determining the coefficient of rolling friction by frame on wheels

The basic scheme of the model is given in Fig. 5. An inclined plane with an angle of inclination «
is used to determine the coefficient of rolling friction. A frame with four identical wheels is placed on
the inclined plane. The angle of motion direction of the frame with respect to the inclined plane is f.
The angle g is changed during an experiment from zero to the angle value when the rolling down of the
frame begins. As before, we do not repeat the differential equation of motion of a system with one degree
of freedom. At the point when the motion begins (6):

fr = ?tan(a)-sin(ﬂ), (6)

where d — rolling friction coefficient with length dimension;
r — wheel radius;
fr — dimensionless rolling friction coefficient;
o — angle of inclination of the inclined plane; f is the angle of motion onset (Fig. 5).

m-g-cos(a)
Y
N1+N2+N3+N4

Fig. 5. Rolling friction identification model by frame on wheels: 1 — inclined plane; 2 — frame;
3 — four wheels; N1 + N2 + N3 + N4 — normal reactions of the wheels; m-g — total system weight
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Model for determining the coefficient of rolling friction by ball

Model for determining the coefficient of rolling friction on an inclined plane by means of a rolling
ball is shown in Figure 6.

#Inclined
< plane y m-g
’

__________________________

Fig. 6. Rolling friction identification model by ball

It is proposed to use a model similar to the one for determining the coefficient of sliding friction
(Fig. 1). The main difference is that instead of a sliding object, a rolling object, such as a ball, must be
used. The ball must be attached to the inclined plane in such a way that the axis of its connecting rod or
the thin string moves parallel to that plane. In the case of a string, the requirement is that there is only
one degree of freedom of motion described by the angle w (Fig. 6). If such motion does not take into
account the resistance of the air and the effect of the gyroscopic moment of the ball rolling on the normal
reaction, the differential equation of motion is similar to the equation (4). We do not consider this
equation here, but give a ready-made formula for determining the rolling friction coefficients in the
following form (7):

fr =

S an (@) cos(y2)— cos(y1) , ™
r yl+y?2

where J — rolling friction coefficient with length dimension;
r — sphere radius;
fr — dimensionless rolling friction coefficient;
w1 — angle of the ball at the beginning of the motion from the rest position;
w2 — angle of the ball at the end of the motion at a stop when there is a half-cycle oscillation

(Fig.4).

Results and discussion

1. Simple analytical formulas for determination of the coefficients of sliding and rolling friction were
obtained.

2. The obtained analytical expressions can be used to study friction interactions of the objects made
of the same material, as well as different materials.

3. A methodology for the analysis of slipping and rolling interactions on flat, cylindrical, and spherical
surfaces has been developed.

4. The developed methodology and experimental models allow us to determine the average values of
friction interaction in certain ranges of sliding and rolling friction velocities.

5. The methodology is applicable to the identification of the friction properties of textile and rubber
materials, as well as to the study of the interaction of any two friction pairs, for example: metal-
textile; metal-rubber; metal-ice; rubber-ice; rubber-asphalt [20-23].

6. The main scientific result of the work is that the three new methods for the identification of sliding
and rolling friction parameters have been proposed and developed, in which half-cycle or several-
cycle decaying oscillations are used.

7. The proposed methods for the identification of friction parameters of materials expand the
knowledge in the field of application of damped oscillations to practical purposes.
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Conclusions

1. Interaction of two bodies of same or different materials in terms of sliding and rolling friction can
be experimentally identified by means of an inclined plane and object sliding or rolling on it.

2. Using the theorem of the change in kinetic energy simple formulas for determining of the sliding
and rolling friction coefficients are obtained.

3. The proposed experimental identification methods significantly increase the accuracy of obtained

values of the friction coefficients, in that the result depends not just on the measurement of the angle

of inclination of the inclined plane, but also on other adjustable parameters.

The proposed methods are very simple and cheap; it requires only the few angles to be measured.

In further studies it is planned to supplement the considered prototypes with angle measuring

devices and to study in more depth the accuracy of determination of friction parameters at different

numbers of oscillation cycles.

o~

Author contributions

Writing-review and editing, S. Sokolova and J. Viba; conceptualization, O. Kononova;
methodology, O. Kononova, and J. Viba; software, U.H. Vavaliya. All authors have read and agreed to
the published version of the manuscript.

References

[1] Gupta B. Friction in Textile Materials. Book, The Textile Institute and Woodhead Publishing. CRC
Press, 2008.

[2] Gupta B.S., Ajayi J.O., Kutsenko M. 5 - Experimental methods for analyzing friction in textiles.
2008. Friction in Textile Materials. Woodhead Publishing Series in Textiles. 2008, pp. 174-221.
https://doi.org/10.1533/9781845694722.1.174

[3] Thorndike G.H., Varley L. Measurement of the coefficient of friction between samples of the same
cloth. J Text Instit Proc 1961; 52(6): pp. 255-P271

[4] Baussan E., Bueno M.A. Rossi RM and Derler S, Experiments and modelling of skin-knitted fabric
friction. Wear 2010; 268(9-10), pp. 1103-1110.

[5] Cornelissen B., Rietman B., and Akkerman R. “Frictional behaviour of high performance fibrous
tows: Friction experiments,” Composites Part A: Applied Science and Manufacturing, 44, 2013,
pp. 95-104

[6] Cornelissen B., de Rooij M. B., Rietman B., and Akkerman R. “Frictional behaviour of high
performance fibrous tows: A contact mechanics model of tow-metal friction,” Wear, 305(1-2),
2013, pp. 78-88.

[7] Chakladar N. D., Mandal P., Potluri P. “Effects of inter-tow angle and tow size on carbon fibre
friction,” Composites Part A: Applied Science and Manufacturing, 65, 2014, pp. 115-124.

[8] Smerdova O., Sutcliffe M. P. F. “Novel Experimental Method for Microscale Contact Analysis in
Composite Fabric Forming,” Experimental Mechanics, 55(8), 2015, pp. 1475-1483.

[9] Smerdova O., Sutcliffe M. P. F. “Multiscale tool-fabric contact observation and analysis for
composite fabric forming,” Composites Part A: Applied Science and Manufacturing, 73, 2015,
pp. 116-124

[10] Matusiak M., Bajzik V.. Surface Characteristics of Seersucker Woven Fabrics. 2021. Open Access,
pp. 284-292. DOI: 10.2478/aut-2019-0079

[11] Farroni F., Russo R., Timpone F. Experimental Investigations on Rubber Friction Coefficient
Dependence on Visco-Elastic Characteristics, Track Roughness, Contact Force, and Slide Velocity.
Tire Science and Technology. 45 (1), 2017, 3-24. DOI: 10.2346/tire.17.450101

[12] Bartenev G. M. Rubber Structure and Coefficient of Friction. Rubber Chemistry and Technology.
35 (2), 1962, pp. 371-378. DOI: 10.5254/1.3539909

[13]Liu Z., Neville A., Reuben R. L. ““The Effect of Film Thicknesson Initial Friction of Elastic—
Plastically Rough Surface With a Soft Thin Me-tallic Film,”> ASME J. Tribol., 124, 2002, pp. 627-
636.

[14]Raob M., Liaob P., Chenc Y.K., Kukurekaa S.N., Hookeb C.J. The effect of fibre reinforcement on
the friction and wear of polyamide 66 under dry rolling sliding contact. Wear, 190: Issue 2, 1999,
pp. 107-116.

276


https://doi.org/10.2346/tire.17.450101
https://doi.org/10.5254/1.3539909

ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2022.

[15] Etsion I. Fellow ASME, O. Levinson, G. Halperin, M. Varenberg. Experimental Investigation of
the Elastic—Plastic Contact Area and Static Friction of a Sphere on Flat. J. Tribol. Jan 2005, 127(1):
pp. 47-50 DOI: 10.1115/1.1843834.

[16] Mustapha K., Abdessamad B., Azzeddine B., Mokhtar Z. Experimental Investigation of Friction
Stir Welding Process on High-Density Polyethylene. 2020. Journal of Failure Analysis and
Prevention volume 20, pp. 590-596.

[17] Coefficient of rolling friction - Lab experiment. 2018. American Journal of Physics 86, 77;
DOI: 10.1119/1.5011957

[18] Xie C., Ma H., Zhao Y. Investigation of modeling non-spherical particles by using spherical discrete
element model with rolling friction. Engineering Analysis with Boundary Elements. Volume 105,
August 2019, pp. 207-220. DOI: 10.1016/j.enganabound.2019.04.013

[19]Li S., Wei B., Zuo C., He X. A Numerical Investigation on Scaling Rolling Friction Effects in
Shaking Table Model Tests. Research Article | Open Access. Volume 2019. Article 1D 7473031.
DOI: 10.1155/2019/7473031

[20] Vavaliya U.H., Modi J., Kononova O. Numerical simulation of composite reinforced by spun thread
knitted fabric (2021) Engineering for Rural Development, 20, pp. 731-736.

[21] Macanovskis A., Krasnikovs A., Kononova O., Harjkova G., Yevstignejevs V. Mechanical
properties of glass Fiber composites reinforced by textile fabric (2015) Vide. Tehnologija. Resursi
- Environment, Technology, Resources, 1, pp. 133-138.

[22] Kononova O., Krasnikovs A., Harjkova G., Lusis V. Numerical simulation of mechanical properties
for composite reinforced by knitted fabric (2014) 11th World Congress on Computational
Mechanics, WCCM 2014, 5th European Conference on Computational Mechanics, ECCM 2014
and 6th European Conference on Computational Fluid Dynamics, ECFD 2014, pp. 2925-2932.

[23] Krasnikovs A., Kononova O., Machanovskis A., Zaharevskis V., Akishins P., Ruchevskis S.
Characterization of mechanical properties by inverse technique for composite reinforced by knitted
fabric. Part 2. Experimental evaluation of mechanical properties by frequency eigenvalues method
(2012) Journal of Vibroengineering, 14 (2), pp. 691-698.

277


https://doi.org/10.1115/1.1843834
https://doi.org/10.1119/1.5011957
https://doi.org/10.1016/j.enganabound.2019.04.013
https://doi.org/10.1155/2019/7473031

