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The basic resistance during moving objects that are equipped with
a circular system is rolling resistance. In objects powered by muscle
power, such as: bicycles, wheelchairs, mobile machines, shelves
and storage trolleys, the problem of rolling resistance limitation
is more important than in the case of structures powered by engines
characterized by a significant excess of driving force relative to the
sum of resistance forces. Research is being carried out on limiting
the rolling resistance force, however, there is a lack of methods for
measuring this parameter in the actual operating conditions of de-
vices with a drive system without a drive unit. In the article for re-
search, an innovative method was used of measuring the rolling
resistance coefficient of objects equipped only with the rolling chas-
sis of accordance with the patent application P.424484 and a test
device compatible with the patent application P.424483. The study
involved a pneumatic wheel commonly used in wheelchairs, the use
of which gains popularity with increased interest in the construction
of electric or diesel vehicles with low energy demand. Examples
of such vehicles are available during the Shell Eco-marathon com-
petition. The study was financed from the means of the National
Centre for Research and Development under LIDER VII pro-
gramme, research project no. LIDER/7/0025/L-7/15/NCBR/2016.

Stowa kluczowe: pneumatic wheel systems, rolling resistance coefficient,
non-road vehicles.

Introduction
Lowering the rolling resistance is beneficial for all kinds of vehi-
cles. By decreasing this parameter vehicles that are driven manual-
ly, electrically or by combustion engines increase the distance they
can cover. Additionally, in case of disabled people the summation
of all resistances while exploiting a wheelchair with a manual drive
influences whether this person will be able to use this kind of vehicle
independently. In case of vehicles propelled with combustion en-
gines decreasing the rolling resistance coefficient has a positive
impact on the environment by lowering the emission of exhaust
gases or using the unrenewable sources of energy. In vehicles
equipped with pneumatic tires the value of the rolling resistance
coefficient changes alongside with:
— increasing the speed, increasing the tire deflection, result
of which is a change of pressure in the wheel,
— increased transmission of a high torque because then peripheral
deflections increase,
— lower tire thread height during change of load [2, 4, 7, 9-10, 12,
14, 16-17, 22, 30].
The problem of improper exploitation of vehicles with a low tire
pressure was noticed by the automotive industry by introducing
in Europe in 2014 a directive enforcing control and indication of tire
pressure in newly produced vehicles [11]. The research on the
rolling resistance coefficient available in literature mainly concern
car tires [2, 4, 7, 9-10, 12-14, 16-17, 21-22, 30] and road surfaces
[2-3, 7-10, 12-13, 15, 30]. The article the research results on the
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rolling resistance coefficient of pneumatic wheels used in wheel-
chairs (fig. 1) [19] or in vehicles taking part in ecological car races
i.e. Shell Eco-marathon (fig. 2) [1, 3, 5, 18, 20, 23, 31].

Fig. 1. A wheelchair

Fig. 2. A vehicle from Shell Eco-marathon [32]

1.Research object and research methodology

Research was carried out on a trolley equipped with four pneu-
matic wheels used i.e. in wheelchairs (fig. 3). The weight of the
trolley necessary for determining the rolling resistance coefficient
and the value of the system load is shown in table 1. The tests were
performed on a prototype research stand prepared in accordance
with the patent application P.424484 [26] concerning the methodol-
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ogy of the measurement of rolling resistance coefficient of objects
equipped only with the rolling chassis and with the use of a test
device compatible with the patent application P.424483 [27]. Re-
search method allows to determine the rolling resistance coefficient
by the measurement of the rolling forces combining the features
of road testing with stand testing. The core of the method of deter-
mining the rolling resistance coefficient of objects equipped with the
rolling chassis is the fact, that the research object moves at a con-
stant speed that allows to exclude the influence of the inertial forces
on the system and on the rolling forces. Research methodology and

search methodology is shown in figure 5 indicating the characteris-
tics of force measurement since the beginning of the movement till
the research object is stopped. The characteristics showing
the value of forces while moving at a constant speed is presented
in figure 6. The research results of the average value of force nec-
essary for object to move at a constant speed with variable load
is shown in table 2.

Tab. 2. Average value of force when towing the trolley within the
range of stable movement depending on the weight of the trolley

a test device is described in literature by Warguta and team [24]. Pressure in wheels

Research stand is presented in figure 4 that shows a research No 1,5 bar 2,5 bar
trolley with non-pneumatic wheels (front wheels of a wheelchair), 1 Fg[';] %E; FQ[T] %D7
trolley construction allows to change the wheels. > 106 09 58 03
, ) 3. 95 1,2 95 05
Tab. 1. Weight of research objects 4 109 15 9.9 08
Research objects: Weight: 5. 9,5 0,7 8,9 0,8
Weights 75kg 6. 94 1,0 10,1 07
Trolley frame 15kg 7. 93 14 10,2 1.2
Pneumatic wheels 10kg 8. 9,7 15 9,4 09
9. 10,0 1,7 93 1,0
10. 94 1,3 98 07
FIN] SD* FN] SD*
98 0,55 96 0,38

-Fig. 3. Research trolley with pneumatic wheels used in wheelchairs

2.Research results
The results of force measurements with the use of described re-

F — average force [N],
SD* - standard deviation for the mean,
SD** — standard deviation for a single measurement.

3.Results analysis

The developed method and stand allowed to determine the roll-
ing resistance coefficient for the researched pneumatic wheels
on a hard surface of ceramic tiles with variable pressure in wheels.
The determined values are presented in table 3. The change
of wheel pressure from value of 2,5 bar to 1,5 bar did not influence
significantly on the value of the rolling resistance coefficient.
The value of the rolling resistance coefficient for one wheel equals
about 0,0025. A wheelchair with two pneumatic and two non-
pneumatic wheels with a load of about 100 kg and wheel pressure
1,5 bar is characterized by a value of rolling resistance coefficient
from 0,021 to 0,016. Whereas the value of rolling resistance coeffi-

Fig. 4. Stand for determination of rolling resistance coefficients; a) prototype, b) concept drawing [27], where: 1 — tested object,
2 - force sensor, 3 — rope tension regulating system, 4 — rope winding system, 5 — drive unit [24]
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cient for non — pneumatic wheels equals about 0,0086 [24]. Analyz-
ing the results of rolling resistance coefficients of wheelchairs and
wheels applied in them in accordance with equation 1 the research
results are correct.

fe=nn oty fp (1)

where:

fe - total rolling resistance coefficient of a vehicle,
f rolling resistance coefficient of non-pneumatic wheels,
fo- rolling resistance coefficient of pneumatic wheels,
Mn— number of non-pneumatic wheels in vehicle,
Mp— number of pneumatic wheels in vehicle.

Tab. 3. The values of rolling resistance coefficients of trolley with
pneumatic wheels

The average value of rolling resistance coefficient determined on the basis of rolling
force

1,5 bar 2,5 bar

0,01 0,01

Conclusions

The values of the rolling resistance coefficients are in accord-
ance with the data available in literature on pneumatic tires. It impli-
cates that this method can be applied to continue research to de-
termine the value of the rolling resistance coefficient of wheeled
systems. Subsequent research will be carried out in order to deter-
mine the rolling resistance coefficient resulting from resistances of
internal drive mechanisms of ecological vehicles and wheelchairs
equipped with innovative drive systems i.e. lever drive system [28],
multishift transmission [29] or hybrid electro-manual drive [25].
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Fig. 5. Characteristic of change of force as a function of time when towing a trolley, where: a — acceleration, b — stabilization of movement
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Fig. 6. The characteristics of changes in force as a function of time when towing a trolley within a range of stable movement where:
blue line - force characteristic as a function of time, black line — average value of the rolling force
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Wyznaczanie wspoétczynnika oporu toczenia
pneumatycznych uktadéw kotowych

Podstawowym oporem podczas przemieszczania obiektow ktore
sq wyposazone w uktad kotowy jest opor toczenia. W obiektach
napedzanych sitg miesni takich jak: rowery, wézki inwalidzkie, mo-
bilne maszyn, regaty i wdzki magazynowe zagadnienie ograniczenia
oporéw toczenia jest zacznie bardziej istotniejsze niz w przypadku
konstrukcji napedzanych silnikami charakteryzujacymi sie znaczng
nadwyzkg sity napedowej wzgledem sumy sit oporéw ruchu. Prowa-
dzone sg badania na ograniczaniem sity oporéw toczenia jednak
dostrzegany jest brak metod pomiaru tego parametru w rzeczywi-
stych warunkach eksploatacji urzadzen z uktadem jezdnym bez
jednostki napedowej. W artykule do badan zastosowano innowacyj-
ng metode pomiaru wspétczynnika oporéw toczenia obiektéw wypo-
sazonych tylko w uktad jezdny zgodny ze zgtoszeniem patentowym
P.424484 oraz kompatybilne z metodgq urzadzenie badawcze
zgodne ze zgtoszeniem patentowym P.424483. Badaniu poddano
pneumatycznego kota stosowane powszechnie w wozkach inwa-
lidzkich, ktorych zastosowanie zwieksza sie wraz ze wzrostem
zainteresowania budowg pojazdow elektrycznych lub spalinowych
0 matym zapotrzebowaniu energetycznym. Przyklady taki pojazdow
sq dostepne podczas zawodow Shell Eco-marathon. Badanie
zostato sfinansowane ze $rodkéw Narodowego Centrum Badan
i Rozwoju w ramach programu LIDER VII, projekt badawczy
nr. LIDER / 7/0025 / L-7/15 / NCBR / 2016.
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