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A new rolling friction coefficient measurement
method based on the work-energy theorem
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The rolling friction coefficient represents a characteristic parameter for the rolling motion. To determine the rolling friction coefficient, we
propose a simple method based on the conservation of energy. The measuring setup includes the tools and materials that are simple and e
to obtain, such as the spring, ruler, and a small laboratory wheeled cart. In this paper, we have determined the rolling friction coefficient for
several masses of the test carts and different lengths of spring compression. When the spring is compressed, its energy is directly proportion:
to the square of the length of the spring compression. The initial speed of the cart was determined using the law of energy conservation,
and the length that the cart goes before stopping is measured with a ruler. The conclusion is that the value of the rolling friction coefficient
is usually very small and that the mass of an object will affect the friction force but will not affect the rolling friction coefficient. Besides
determining the rolling friction coefficient, this technique should help students comprehend the concept of friction easily.
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1. Introduction cated as rolling friction effects are small to observe (approx-
imately two orders of magnitude less than kinetic friction)

. . . L while the measurements of the time of experiment (usually
With rare exceptl_ons [1-3] '_[he rolling fr|ct|on_ is not fre- about 1s) and object distance traveled (usually about one me-
quently included n general introductory physics teti°0k§ter) are small, tending to make the measurements unreliable.
It S.hOU|d _be me”t'o!"ed that. an even more ch_allgngmg StA novel method of measuring the resistive forces of kinetic
uation exists when mtroducmg rolling friction N mtroduc_- and rolling frictions of a sliding block and a rolling cart was
tory physics textbooks. Detailed analyses of this mechanis roposed in Ref. [11]. The method is based on studying the

?nd ?gas;r?meztzof tge coe_fflmednt (t)f rolllrrllg f'_”C“‘t’” (t:l?n ?( decay of spring/mass oscillations caused by kinetic or rolling
ound in Refs. [4-6]. Every introductory physics textboo resistive force. In the note [12], a ball oscillating on a con-

discusses k|ngt|_c and static friction, a”d.m.a“y papers are d%hve trackway is used to find the coefficient of rolling friction
voted to explaining these forces [7], but it is well known thatusing typical laboratory equipment. The simple experiment

measuring static and kinetic friction in educational labs ca hat can be carried out by students and the very reliable re-
ge(;roukl)ll_esome [8’9]'f The_ forCﬁ tg‘ﬁ] reS|T|t_s the "_“1“0” of Rults can be obtained. In Ref. [13] an alternative and simple
tho y :IO |n?_otr_1 a Sll]fr ac<|a |ts cg g fe roting r_(tasl_s _z:_ntl:e Ortechnique to measure the coefficient of rolling friction for a
ero mﬁg riction. It we leta body of mass:, With Inftial = 5.4 pg| rolling on a hard, horizontal surface is described.
vglocnyvo, roll on a surface, doyvn along honzon_tal table, it The method involves attaching a small mass to the side of
will eventually come to rest. This means that while the body,[he ball so that the ball processes slowly along a spiral path.

IS Itn ;n_otlono,l_lt e>t<_perlences_tanta\{teragetgcce:erfﬁp@ O Since the radius of curvature decreases slowly with time, the
ented in a direction opposite to 1ts motion. 'n IS Case€, Weyacrease in ball speed can be measured over a relatively long
can declare that the table exerts a force of friction, whos

S : - ?)ath length on a small area surface. To make matters worse,
average value isnd,.g, 0N the rolling body. The frictional

the coefficient of rolling friction is much smaller than the co-

force on each body is directed opposite to the motion rel'ef'ficient of kinetic friction [1-5] so student measurements of

atlvg o the fo:ﬂer bﬁdy. f'l"htv.s ra]'E|o of :hethmagnltuq{e dOf tr;erolling friction are even more troublesome. A numbered ex-
maximum ot the Tofling friction force to the magnitude o periments have been performed to understand rolling friction.
the normal force is called the coefficient of rolling friction: - . Jfficient of rolling friction turns out to be small com-
Hor = JT’“f/N’ wheref, ?nle asrg the rol:!mg frlc-t|?n and the b ared to static or kinetic friction. For example, in Ref. [14]
normar force, respectively. - SInce rofiing resistance can oe,, experimental investigation carried out where a Maxwell’s
very small, determining the coefficient of rolling fnct!on 'S wheel to acquire some initial energy and then roll along a pair
not an easy task. _Many_papers are devoted_ to teach_mg for%q( horizontal tracks until it comes to a stop. The coefficient
of friction an a rolling object. In Ref. [10] the infroduction to of rolling friction determined from the offset distance, shows
rolling friction is studied in relation to the height that a ball a power law dependence on the dimensionless enérgy ratio
attains up an inclined track after rolling down a given heightDifferent authors have used different models to study theo-

allong anothgr |ncI|neq traqk ppposne from the first. A pr(.a'retically and experimentally rolling friction in undergraduate
cise calculation of rolling friction in student labs are compli-
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level physics courses. For example, in Ref. [15] a model of N

rolling resistance based on the idea of bulge formed by a soft o

underlay in front of the rolling body is presented. ;
Itis well accepted that the loss of energy in rolling motion ; W

occurs because of the deformation and subsequent reforma

tion of the surface resulting in hysteresis which is responsible e

for the loss of energy. As a result of the deformation, reaction J@mmmﬁ\ .

force of the surface on the rolling object acts at a point which
is slightly offset from the centre of the object in the direction |

of motion. N
Rolling friction is a tricky topic that needs to be care- | .
fully addressed both in classroom lessons and in laboratory e
activities. A more realistic description of rolling motion re- | ? m = )
quires inclusion of rolling friction. A simple experiment that | . v

is described in this paper can be used as a didactic methoc. :
within the context of “guided discovery.” That encouragesFiGUrE 1. The design of the rolling friction coefficient measure-
the experimental investigation of unfamiliar phenomena, andnent.
the students will be motivated to enquire further into the un-
derstanding of their results. The procedure proposed here irf- is determined experimentally. When the spring is re-
cludes more students’ activities: (a) elaboration of the forJeased from compression, it gives the initial velocity =
mal model of rolling friction, (b) application to the different /(k/m)z and the total kinetic energ, = (1/2)mvg +
situations, (c) measurement and treatment of data, (d) calci!/2)Iw” to the wheeled cart, where andw are the mo-
lation of the friction coefficient of rolling friction and com- Mment of inertia and the angular velocity of the wheels, re-
parison of the obtained value with the values from the textSPECtively. - The rotational kinetic energy of the wheel is
books (e) analyses of the factors influencing this coefficient(1/2)Iw® = (1/2) - (1/2)myr?, (vo/rw)” Wherem,, and
Moreover, this lab integrates different topics in introductory”w are mass and radius of the wheel, respectively. In our ex-
physics including: kinematic relations (differential and inte- Periment we used the first approximation of the total kinetic
gral) between velocity, displacement, and distance traveled®nergy of the object moving that contains only the translation
the work-kinetic energy theorem. kinetic energyi.e, E, ~ (1/2)mv? because the rotational

Here we have described a simple method for the detel€OmPonent is small compared to the translation part. The
mination of the rolling friction coefficient, based only on the WOrk of the friction force on the cart s
conservation of energy. Small rolling cart; on metal trgcks A= —F.s = —pu,.Ns, )
have become common in introductory physics laboratories at
universities and secondary schools. Instead of rolling frictionvheres is the distance that the cart takes to come to rest, and
force, the rolling friction coefficient is calculated by mea- F,. = ., N is the rolling friction force with the rolling fric-
suring the distance the cart, pushed by elastic spring, taka#n coefficientu,.. The work done on the rolling body (cart)
to come to rest. The method is very simple and accuratepy the resultant force acting on it is equal to the change of the
Some errors can occur due to the measurements of the sprikghetic energy of the cart
lengths, but that can be minimized by taking careful readings 1
of the measured values. A=AE, =FE)2 — E;,1 = fimvg. (2)

This equation is known as the work-energy theorem. Us-

2. Theoretical background and design of the ing these equations, we obtain the formula that can be used

approach to estimate the rolling friction coefficient:
2
A small rolling cart with massn is attached to the end of the L = k‘i (3)
spring in the horizontal position. The length of the uncom- 2Ns
pressed spring isy. In the equilibrium position, the weight From the Eq.38), the unknown rolling friction coefficient

of the rolling cart is equal to the normal force (Fig. 1). When p,-, can be easily calculated by measuring the displacement
the spring is compressed by a certain lengthi is found that ~ and distance. The standard procedure described in Ref. [16]
the applied force is directly proportional to the length of thewas applied to determine the relative uncertaifyfy,.:
spring f:ompression. . . _ Ap Ak Ar AN As
While the spring compression displacement jshe po- =7 +2— + N + —,
tential energy of the spring i&, = (1/2)kz?, wherek is Hr * 5
the spring constant (Nmt). In this work a standard elastic whereAN/N = Am/m (hereAm is the uncertainty of the
spring that can be compressed was used. The spring constanass of the used cart).

4
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In the case of the indirectly measured valéX,Y, Z, .. .), the relative uncertainty could be estimated by adding the
individual independent uncertainties in quadrature by

6Q ~ \/(2?2()2 (6X) + (gg)Q (6Y)* + (‘;g)Q (62) + ... (5)

0 0 0

If the function Q(X,Y, Z,...) is not linear, then the
equality in Eq. B) is only approximate; the smaller are the
uncertaintie® X, dY, ... with respect to the central values
Xo, Yy, ..., the better is the approximation. In our calcula-
tion for the functionu,.(k, z, N, s), the direct measured val-
ues are statistically independent, then instead of Bythe
use of Eq. 4) is appropriate. By this way the maximum value
of the uncertainly of:,. is calculated.

In order to estimate the validity of the proposed method,
the variation of friction forcef” with normal forceN should
be presented. This relationship is linear, with a slope that is
equal to the coefficient of rolling frictiop,.. The procedure
consists in finding the acceleration, assumed constant, of a
cart rolling along a horizontal plane. The acceleration is cal-
culated bya = v3/2s, wheres represents the distance the '
cart rolls until it comes to rest. FIGURE 2. Experimental setup: (1) spring, (2) cart (container), (3)

calliper ruler (4) meter.

Based on the measured values in Table |, we have obtained
the mean value of the rolling friction coefficient, =

The following theoretical considerations refer to the experi-();c?_5_71't-.rhte other waytrt]o deterlmmte_ the frtor:hnlg gncuton co- i
mental device outlined in Fig. 2. efficient is to measure the acceleration of the laboratory cart.

First the lenath of th loaded . Figure 3 shows the linear regression of the rolling friction
Irst, we measure the fength ot the unhloaded Spning,q ¢ s the normal forces for five different masses of the labo-

o = 4.52 cm. Then, using a_standard calliper ruler, we ratory cart. It also shows the equation of the straight line and
measure the length of the spring compressed by the Iati

3. Results and discussions

heeled d th . ith he value of the correlation coefficient that corresponds to the
Zritci;yo(\)Nan? ed cart. We used the spring with constan olling friction coefficient of 0.058, which confirms that our
- ) ~method is accurate and reliable.
Based on the measured values of compressed Spring prom the graphical interpretation of the results in Fig. 3

lengths in the initial positiona( = 0.0195 m), the distance e equation of the linear regression of the rolling friction
that the laboratory wheeled cart goes before coming to resfersus the normal forces is determined as

(s) is measured for five different masses of the test cart. The

contact surface of the table was made of the thin layer of F. = 0.0579N — 0.003.

special types of hard plastic known as bakelite. The work

table was leveled horizontally so there was no problem keep- Also, in Fig. 3 the linear and parabolic fit of the experi-
ing the cart moving in a straight track. The rolling friction mental results are presented together. It also shows that the
coefficient is determined using E(@®)( Table | gives the val- deviation between these two fits is relatively small. The data
ues of the measured results and the computed rolling frictioim Fig. 3 suggesting some other effect is acting on the cart in
coefficient. addition to the one modeled here. Air drag acting on the cart

TABLE |. Rolling friction coefficient obtained by measurement of distance that the laboratory wheeled cart goes before coming to rest for
five different masses of the cart.

mkg)  si(M)  ss(m)  sa(m)  s=E2ES3m)  w(m/s) g a(m/$)  F(N) N =mg(N)
0.22904 2.67 2.68 2.65 2.667 1.776 0.060 0.591 0.135 2.247
0.040702 1.68 1.66 1.65 1.663 1.332 0.054 0.534 0.217 3.993
0.50566 1.34 1.32 1.36 1.340 1.195 0.054 0.533 0.270 4.961
0.55505 1.17 1.16 1.19 1.173 1.141 0.057 0.555 0.308 5.445
0.60876 1.01 1.00 1.01 1.007 1.089 0.060 0.589 0.359 5.972
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0.40

tional relations are inadequate for the students’ needs of un-
derstanding. These sequences including: 1. introductory ex-
oy periments and observations; 2. vertical friction force: defini-
tion of descriptive quantities and first qualitative relations;
pochy 3. static and kinetic friction and phenomenological laws;
4. topography of surfaces and mechanisms producing fric-
& = tion; and 5. friction phenomena from the point of view of
= energy.
0.20
'] experimental results 1
i ol 5. Conclusion
——— polynomial fit .
In this paper, we have presented a new method for the mea-
010 T T T T * T . T T T T . . . . .
20 25 30 35 40 45 50 55 6O 65 surement of rolling friction coefficient. Our method is based
N[N] on the measurements of mass, compression of the elastic

spring, and the distance that the laboratory wheeled cart goes
before stopping. It is observed that the value of the rolling
friction coefficient is usually very small and that the mass of
the objects will affect the friction force but will have no effect
that is a quadratic function of the velocity, or nonidealities©" the coefficient of rolling friction. With two measurements
in the spring that used in this experiment, lead to the devii" the laboratory of a General Physics course, which means
ation from the linear function of rolling friction vs. speed. Without large devices or excessive complications, we have
The analysis of these effects goes beyond the framework Abtained the value of the magnitude of rolling friction coeffi-

learning physics in high school because of that is left to othefi€nt with a relative error d%. The design and construction
investigators to explore. of the measuring setup in this study are carried out with ma-

To be efficient for learning of the proposed method itterials that are simple and easily obtained. The experiment

must obtain the magnitude value with its corresponding absdgdescribed here can be useful for teaching school students the

lute error and correct units. In addition, the calculated valugoncept of rolling friction. Practically, the same experiment
of the magnitude must be within the error interval. In this re-can be useful for teaching movements with constant accelera-

tion and to prove Newton’s law of mechanics. In order for the
laboratory to be efficient for learning, it must obtain the mag-
andAm = 10~ kg, respectively. The accuracy of the den- nitude value with its corresponding absolute error and correct

sity measurement was calculated E4) énd it is obtained Units: _ _
that the relative uncertainty expressed as a percentajé.is The proposed experiment should encourage a wider and

Hence, the experimental result with the correct significanfore critical view of different types of friction phenomena,
figures which we obtain for the rolling friction coefficientis aS Well as reflections on the characteristics and possible ex-
planations of these phenomena. We believe that such a lab

e = (0.057 +0.001). would be a good learning experience for introductory stu-
dent and the students’ reactions to the activities would be
extremely positive.

FIGURE 3. Graphic diagram of the experimental values of the
rolling friction force versus normal force (the linear and parabolic
fit of the experimental results).

gard, the absolute errors of the length of the sp#ingdistance
s and massn, we used aréd\x = 0.0001 m, As = 0.001 m

4. Teaching friction: notes for didactic choices
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;. In our experiment,
m., = 5.67g The rotational kinetic energy i€l /2)1w? =

4 - (1/2) - (1/2)mwr? (vo/rw)® = myv3. The ratio
([1/2lmwvd /[1/2]lmv3) = (my/m) < 1 so the rotational
kinetic energy is much smaller than kinetic energy of transla-!
tion.
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