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INTROCUTION

The efficiency of manual wheelchair propul-
sion is primarily determined by rolling resistance, 
which directly affects the user’s effort and energy 
expenditure (1–3). The magnitude of rolling re-
sistance depends on tire pressure, caster wheel 
diameter, surface type, and wheel configuration 
– higher pressure and larger casters reduce tire
deformation, thereby minimizing energy losses
and improving propulsion efficiency (4–6). Pneu-
matic tires generally exhibit lower rolling resis-
tance compared to solid tires (4). Environmental
factors, such as surface gradient and texture, also
play a significant role (7,8). Moreover, additional
components – such as anti-rollback modules –
can increase the resistive torque (9). Ultimately,

propulsion efficiency results from the combined 
interaction of mechanical, biomechanical, and 
environmental factors, which together determine 
the energetic cost and user comfort. In practical 
use, any additional resistive torque requires the 
wheelchair user to generate a higher propulsive 
moment with the upper limbs, leading to in-
creased fatigue, reduced smoothness of motion, 
and a shorter range of mobility (4).

The sources of motion resistance in a wheel-
chair can be categorized into four main types: 
rolling resistance, bearing resistance, aerodynam-
ic drag, and mechanical resistance arising from 
the operation of additional components, such as 
anti-rollback modules (1,10,11). Rolling resis-
tance constitutes the primary component of forces 
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opposing motion and results from tire deforma-
tion during rolling on the surface. The magnitude 
of rolling resistance depends on tire pressure, sur-
face type, tire design, and wheel load (4,12,13). 
Additional mechanical resistance is generated by 
anti-rollback modules, in which the contact be-
tween the roller and the tire produces a braking 
torque that can increase the total rolling resis-
tance by as much as 30–75% (14). In this study, 
the braking torque (Tb) refers exclusively to the 
resistive moment generated by the roller–tire 
contact in the anti-rollback module. It represents 
a specific mechanical component of the total roll-
ing resistance torque acting on the wheelchair 
wheel. This specific contact – between the elastic 
tire and the rigid roller – determines the generated 
braking torque, which, on one hand, provides a 
safety function by preventing backward motion 
through the creation of a frictional moment, and 
on the other hand, may negatively affect ride 
comfort by increasing the resistive torque during 
uphill propulsion.

This phenomenon should be analyzed in the 
context of pneumatic tire contact mechanics, as 
described by Hertzian theory, according to which 
the contact between an elastic surface and a rigid 
body results in the formation of an elliptical con-
tact area the dimensions and pressure distribution 
of which depend on geometry, normal load, and 
material stiffness (15,16). In the case of a pneu-
matic tire, the Hertz model allows estimation of 
the shape and size of the contact area; however, 
its accuracy decreases under dynamic conditions, 
when the pressure distribution changes due to 
varying loads and frictional effects (17–19).

In the case of a pneumatic tire, the key fac-
tor determining the pressure distribution is the 
internal pressure, which influences both the ef-
fective contact radius and the radial deflection of 
the tire (20–22). Lower pressure results in greater 
deflection and elongation of the contact patch, 
while higher pressure shortens it and increases 
local contact stresses (23). As the pressure rises, 
the contact area becomes shorter and more con-
centrated, leading to a shift of the pressure center 
relative to the vertical axis of the wheel (23,24). 
This shift in the pressure center is directly related 
to the rolling resistance torque, which, in the roll-
er–tire system manifests as a braking torque (Tb) 
opposing the rotational motion..

The literature indicates that both the contact 
length and tire deflection increase linearly with 
load, leading to higher rolling resistance (25,26). 

These relationships have been confirmed for au-
tomotive and industrial tires (27,28); however, 
there is a lack of experimental research concern-
ing small-scale systems such as anti-rollback 
modules in manual wheelchairs. The specificity 
of these modules lies in the fact that the roller in-
teracting with the tire has a small radius and ro-
tates freely, which, combined with a limited con-
tact area, results in an atypical stress distribution 
and a displacement of the pressure center in the 
direction of rolling motion. This phenomenon di-
rectly affects the magnitude of the braking torque, 
and its quantitative characterization represents an 
important step toward the modeling and optimi-
zation of such mechanisms.

The objective of this study was to estimate the 
position of the pressure center x0 na podstawie 
momentu oporów toczenia Tb powstającego w 
wyniku kontaktu rolki modułu blokady cofa-
nia z oponą koła wózka inwalidzkiego. Reali-
zacja tego celu wymaga wyznaczenia zależno-
ści między momentem oporów Tb a siłą docisku 
rolki F. Osiągnięcie celu badawczego umożliwi 
również weryfikację hipotezy, zgodnie z którą 
współczynnik proporcjonalności przesunięcia 
środka nacisków η pozostaje niezależny od siły 
docisku w zakresie typowym dla eksploatacyj-
nych obciążeń opony wózka inwalidzkiego.

METHODS AND MATERIALS

Materials

To investigate the braking torque (Tb) under 
the influence of the normal load (F), a custom-
designed experimental test stand was developed 
(Figure 1). The measurement of the braking 
torque Tb was based on the methodology com-
monly used for torque and power measurements 
in engine dynamometers (29,30). The main com-
ponent of the test stand was a high-precision 
torque transducer manufactured by HBM (Darm-
stadt, Germany), model 1-T20WN/100Nm, fea-
turing an accuracy class of 0.2, a measurement 
range of 100 Nm, a resolution of 0.001 Nm, and a 
sampling frequency of 100 Hz. The torque trans-
ducer connected the shaft, on which the wheel-
chair wheel was mounted, with the drive system. 
The drive was provided by a three-phase electric 
motor manufactured by BESEL S.A. (Brzeg, Po-
land), rated at 2.2 kW, with a rotational speed of 
2820 rpm and an efficiency of 80%. The motor 
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was coupled with a planetary gearbox, model 
UDL 020 (ROKMAN DRIVE), featuring an ad-
justable transmission ratio ranging from 1.4:1 to 
7:1. The motor–gearbox assembly served solely 
to induce rotational motion of the wheel. The 
driving torque (Td) and rotational speed (n) were 
recorded by the torque transducer, allowing sub-
sequent analysis of motion resistance as a func-
tion of the applied normal load. The tested roller 
of the anti-rollback module was pressed against 
the tire using a screw-driven loading mechanism 
guided by linear bearings. The normal load (F) 
was measured with a strain-gauge force sensor 
manufactured by Zemic (Hengelo, Netherlands), 
model H3-C3-100 kg, with a measurement range 
of 1000 N and an absolute measurement error of 
0.02%. This sensor served as a coupling element 
between the loading mechanism and the tested 
roller, enabling both the adjustment of the pre-
set load and its continuous monitoring during the 
experiment. Such a configuration allowed pre-
cise and repeatable measurement of the resistive 
torque generated by the contact between the roller 
and the rotating wheel under controlled normal 
loading conditions, providing the basis for further 
analysis of the effects of normal force and internal 
tire pressure on the braking torque magnitude.

In the study, a prototype composite roller 
of the anti-rollback module (Patent Application 
No. P.450537, Polish Patent Office) (Figure 2) 
was used as a non-deformable roller. The roller, 
with a radius (RR) of 30 mm, consisted of four 
functional layers. The inner core was made of 
PLA material using 3D printing technology with 
80% infill, providing adequate structural stiff-
ness. On top of this core, an elastic layer made of 
TPU (thermoplastic polyurethane) with a hard-
ness of 55° Shore and 100% infill was printed, 
serving as a damping element and improving 
component durability. The outer rigid structure 
consisted of a second PLA (polylactide) ring 
with 80% infill, to which a tread layer made 
of NBR (nitrile butadiene rubber) was perma-
nently vulcanized. The wheelchair drive wheel, 
against which the roller was pressed, consisted 
of a 24-inch rim fitted with a Gazelle 24x1” tire 
manufactured by MBL (Brøndby, Denmark). 
This tire was selected due to its widespread use 
in adult manual wheelchairs. The Gazelle model 
features a two-layer construction made of wo-
ven SPL-type nylon with a high thread density 
of 127 TPI, ensuring appropriate flexibility and 
durability under typical operating conditions. 
The reinforcement insert has a width of 15 mm, 

Figure 1. Schematic diagram of the experimental test stand used in the study. Where: 1 – wheelchair wheel, 	
2 – shaft, 3 – torque transducer, 4 – electric motor, 5 – tested roller of the anti-rollback module,

6 – linear guide system, 7 – loading screw, 8 – normal force sensor
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and the recommended inflation pressure range 
is between 6 and 10 bar. The choice of this tire 
enabled the experiments to be conducted using a 
standard and widely adopted configuration of a 
wheelchair drive wheel (4).

Measurement procedure

The measurements were carried out for five 
tire pressure values pt (3, 4, 5, 6, and 7 bar) and 
initial normal loads F ranging from 25 N to 200 
N, with an interval of 25 N. Before each test, 
the roller of the anti-rollback module was po-
sitioned at the same point on the circumference 
of the wheelchair wheel to ensure repeatability 
of contact conditions and the initial normal load 
setting F. Then, using the loading screw mech-
anism (7) (Figure 1), the initial normal load F 
was adjusted to the target value. Prior to each 
measurement, both the torque transducer and the 
force sensor were zeroed. After the system was 
activated, the time histories of the normal load 
F(t) and the driving torque Tb(t) were recorded. 
On the basis of the time variation of the force 
signal, one complete wheel revolution was iden-
tified, and the rotation time t0 was determined. 
For each dataset, the segments corresponding to 
one full revolution were extracted, and the aver-
age normal load (avg. F) and the corresponding 
average resistive torque (avg. Tb) were calcu-
lated. An example of this process, based on the 
function F(t), is shown in Figure 3.

According to the adopted procedure, in the 
first step (A), the wheel was positioned at the ini-
tial starting point, and the initial normal load F 
was set. Next, the measurement was performed, 
and based on the analysis of signal extrema, the 
recorded data were divided into time intervals t0 
corresponding to one full wheel revolution (B). 
The extracted intervals were then normalized 
with respect to one complete rotation, express-
ing the independent variable as a dimensionless 
phase quantity φ ranging from 0 to 100% (C). A 
φ value of 100% represented one full revolution 
of the wheelchair wheel. For each normalized 
force waveform F(φ), the mean variation of the 
normal load Fmed(φ) corresponding to one wheel 
revolution was calculated (D). On the basis of the 
Fmed function, the average normal load avg. F 
was determined, taking into account its fluctua-
tion relative to the initial value caused by wheel 
noncircularity (E). The applied signal processing 
algorithm followed the phase normalization and 
cycle-averaging procedure (31,32) commonly 
used in the analysis of periodic phenomena in 
mechanical engineering and biomechanics. Such 
methods are typically employed in studies of tire 
rolling resistance torque (33), analyses of wheel-
chair propulsion cycles (34) and diagnostics of 
rotating systems using order analysis (35).

Analytical model

The main assumption in the adopted method 
for determining the pressure center (x0) is that the 
contact dimension between the tire and the non-
deformable surface remains constant, regardless 
of the driving torque applied to the wheel (36–
38). Only the displacement of the pressure center 
caused by the rolling motion of the tire, denoted 
as x0, changes (39). Additionally, a symmetric 
pressure distribution was assumed in the direction 
transverse to the wheel’s plane of rotation. The 
final assumption was that, relative to the wheel-
chair tire, the pressed roller is non-deformable.

To describe the motion conditions of the 
wheelchair wheel in contact with the roller of the 
anti-rollback module, a simplified analytical mod-
el based on torque equilibrium was adopted. For 
the wheel to rotate, the driving torque (Td) must 
exceed the braking torque (Tb) generated by the 
roller’s normal load acting on the tire. Additional-
ly, other resistive torques (TR) must be considered, 
including those resulting from bearing friction, 
rolling resistance, and tire deformation losses. 

Figure 2. Composite roller of the anti-rollback 
module used in the study, where:
1 – rigid PLA core (polylactide),

2 – elastic TPU core (thermoplastic polyurethane),
3 – rigid PLA ring (polylactide),

4 – NBR tread (nitrile butadiene rubber)
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The condition enabling the initiation of motion 
can therefore be expressed as the inequality (1):

	 𝑇𝑇𝑑𝑑 > 𝑇𝑇𝑏𝑏 + 𝑇𝑇𝑅𝑅 

 

𝑥𝑥0 =
𝑇𝑇𝑏𝑏
𝐹𝐹  

 

𝑥𝑥0(𝐹𝐹0, 𝑝𝑝𝑡𝑡) ≈ 𝑎𝑎 ∙ 𝐹𝐹0 + 𝑏𝑏0 − 𝑐𝑐 ∙ 𝑝𝑝𝑡𝑡 

 

𝑥𝑥0 ≈ 0.0387 ∙ 𝐹𝐹0 + 13.24 − 

−0.558 ∙ 𝑝𝑝𝑡𝑡 

 

 

	 (1)

where:	Td – driving torque, Tb – braking torque 
generated by the roller’s normal load, TR 
– resistive torque resulting from all other 
motion resistance forces not included in 
the present analysis.

The presented system represents a simplified 
analytical model in which secondary factors such 
as slip, tire material hysteresis, and local variations 
in tire stiffness are neglected (40–42). In the pres-
ent study, the analysis was intentionally limited 
to quasi-static conditions. The wheel was rotated 
at a constant low speed (n = 60 rpm), without ac-
celeration or inclination of the test stand, ensuring 
that inertial and dynamic effects were negligible. 
Hysteresis losses were assumed constant within 
each measurement cycle, and their influence was 
included in the averaged torque signal. Conse-
quently, the presented model represents static 
equilibrium states that accurately describe low-
speed interactions between the roller and the tire, 
allowing the findings to be generalized to typical 
manual wheelchair propulsion conditions. These 
factors are either absent or have a marginal effect 

on the overall characteristics of the phenomenon, 
and their omission does not introduce significant 
deviations in assessing the relationship between 
the braking torque (Tb) and the distribution of con-
tact pressures. In the presented analytical problem, 
the unknown quantity is the distance x0. Using the 
measured braking torque (Tb) and the known nor-
mal load applied by the roller (F), the value of x0 
can be calculated according to Equation 2.

	

𝑇𝑇𝑑𝑑 > 𝑇𝑇𝑏𝑏 + 𝑇𝑇𝑅𝑅 

 

𝑥𝑥0 =
𝑇𝑇𝑏𝑏
𝐹𝐹  

 

𝑥𝑥0(𝐹𝐹0, 𝑝𝑝𝑡𝑡) ≈ 𝑎𝑎 ∙ 𝐹𝐹0 + 𝑏𝑏0 − 𝑐𝑐 ∙ 𝑝𝑝𝑡𝑡 

 

𝑥𝑥0 ≈ 0.0387 ∙ 𝐹𝐹0 + 13.24 − 

−0.558 ∙ 𝑝𝑝𝑡𝑡 

 

 

	 (2)

Equation 2 forms the basis for further analysis, 
enabling the determination of the pressure center 
displacement based on experimentally measured 
values of braking torque (Tb) and normal load (F). 
In practice, it allows for the indirect estimation 
of the position of the contact reaction center, the 
variation of which is crucial for describing the 
rolling resistance torque and analyzing the effec-
tiveness of operation of the anti-rollback module.

RESULTS

During the experiments, the independent 
variable was the nominal normal load F0, adjust-
ed manually by the operator. However, this value 

Figure 3. Signal processing algorithm, where F – normal load, t0 – duration of one full revolution
of the wheelchair wheel, φ – dimensionless time value corresponding to one wheel revolution,

Fmed – mean value of the normal load function for one wheel revolution, avg. F – average normal load resulting 
from the initial setting and the curvature of the wheelchair wheel
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varied with the rotation of the tested wheelchair 
wheel due to its geometric noncircularity (43). 
Therefore, as a first step, the average normal load 
values were determined for the tested range of 
nominal loads F0. The mean normal load (avg. 
F) was calculated in accordance with the previ-
ously described experimental methodology, and 
this analysis was performed for the entire test 
range (Figure 4, Table 1). On the basis of the ob-
tained results, it was found that the actual mean 
normal load Favg was significantly higher than the 
nominal load F0 set during the tests. Across the 
entire range of analyzed pressures (3–8 bar), the 
values of Favg ranged from approximately 37.9 N 
for F0 = 25 N to 237.9 N for F0 = 200 N. This 
indicates that, under static conditions, the actual 
normal load was on average 17.8 ± 2.3% higher 
than the nominal value set by the operator. The 
largest discrepancies were observed at lower F0 
values, where the relative excess of Favg exceeded 
40%, while with increasing F0, this difference 
decreased to around 10%. Furthermore, a clear 
influence of tire pressure on the average normal 
load value was demonstrated. As the tire pressure 
increased from 3 to 8 bar, Favg systematically in-
creased for all nominal load levels F0, showing 
an average rise of approximately 13–15%. The 
greatest increase in reaction force was observed 
at lower F0 values, indicating that the stiffening 
effect of the tire resulting from higher internal 
pressure is nonlinear in nature (44,45) and par-
ticularly pronounced in the low-load range (46).

To assess the effect of tire pressure on the 
mean normal load (avg. F), a one-way analysis of 
variance (ANOVA) was conducted, in which the 

independent factor was tire pressure in the range 
of 3–8 bar, and the dependent variable was the 
mean reaction force Favg (Table 2). The analysis, 
performed for n = 48 observations (8 load levels 
F0 × 6 pressure levels), revealed a statistically 
significant effect of pressure on Favg (F(5,42) 
= 6.21; p = 0.0004). The effect size, expressed 
by η² = 0.43, indicated a large influence of the 
factor, while the high test power (1−β = 0.91) 
confirmed the reliability of the obtained result. 
Verification of test assumptions confirmed that 
the criteria of normality (Shapiro–Wilk test, p > 
0.05) and homogeneity of variances (Levene’s 
test, p > 0.05) were satisfied. The Tukey post-hoc 
test showed that significant differences occurred 
primarily between the extreme pressure values (3 
and 8 bar, p < 0.01). The obtained results clearly 
demonstrate that increasing tire pressure leads to 
an increase in the average normal load, result-
ing from the reduction of tire deformation and 
the corresponding increase in contact stiffness. 
Although the experimental design enabled a two-
factor analysis (F₀ × pₜ), the one-way ANOVA 
was selected intentionally to isolate the influ-
ence of tire pressure on the dependent variables. 
The normal load F₀ was treated as a continuous, 
experimentally controlled parameter analyzed 
separately through regression relationships and 
graphical dependencies. This approach ensured 
statistical consistency with the subsequent re-
gression model describing the displacement of 
the pressure center x₀(F₀, pₜ) and avoided artifi-
cial categorization of continuous variables.

Simultaneously with the measurement of the 
variation in normal load relative to the nominal 

Figure 4. Graph of the variation of the average normal load (avg. F) as a function of the nominal normal load 
(F0) for the tested ranges of the wheelchair tire internal pressure (pt)
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force F0, the braking torque introduced into the 
drive system by the roller of the anti-rollback 
module was also measured. These results are pre-
sented as a function of the independent variable 
F0 (Figure 5, Table 3). The obtained data showed 
that as the normal load F0 increased, the braking 
torque Tb rose almost linearly, while increasing 
tire pressure caused a systematic decrease in the 
average braking torque avg. Tb. For the lowest 
load (F0 = 25 N), the braking torque ranged from 
0.41 Nm (at 4 bar) to 0.46 Nm (at 7 bar), whereas 
for the highest load (F0 = 200 N), it ranged from 
3.81 Nm (at 8 bar) to 4.14 Nm (at 3 bar). The rela-
tionship Tb(F0) exhibited a quasi-linear character 
within the tested range of loads and pressures.

The analysis showed that increasing tire pres-
sure led to a reduction in the braking torque across 

the entire range of loads. For example, at F₀ = 100 
N, the average braking torque (avg. Tb) decreased 
from 2.04 Nm (at 3 bar) to 1.61 Nm (at 8 bar), rep-
resenting a reduction of approximately 21%. For 
the highest load (F0 = 200 N), the difference be-
tween the extreme values was 0.33 Nm, or about 
8%. This indicates that the influence of pressure 
was most pronounced at lower normal loads, while 
the effect diminished with increasing F₀. The slope 
of the avg. Tb(F0) characteristics decreased as tire 
pressure increased, confirming that the rate of brak-
ing torque growth as a function of F0 was smaller at 
higher pressures. For a pressure of 3 bar, the trend 
line slope was approximately 0.019 Nm/N, while 
at 8 bar it decreased to about 0.017 Nm/N. Howev-
er, the linear nature of the avg. Tb(F₀) relationship 
should be considered valid only within the tested 

Table 1. Results of the average normal load (avg. F) as a function of the initial normal load (F0) and the curvature 
of the wheelchair wheel, where p – assumed level of significance

F0 [N] Parameter 3 bar 4 bar 5 bar 6 bar 7 bar 8 bar

25
avg. F [N] 37.9 39.2 39.3 45.8 43.5 47.1

p=0.05 2.6 2.1 2.5 2.8 2.6 2.9

50
avg. F [N] 71.0 72.2 64.9 62.9 75.5 80.1

p=0.05 2.4 2.1 2.3 2.5 3.0 3.2

75
avg. F [N] 97.7 96.0 97.4 92.2 102.0 107.1

p=0.05 2.3 2.2 2.8 2.7 3.0 3.1

100
avg. F [N] 120.6 122.3 124.3 127.6 132.3 131.8

p=0.05 1.8 1.8 2.4 2.7 3.1 4.2

125
avg. F [N] 147.1 151.7 152.5 152.5 157.7 164.0

p=0.05 1.7 2.0 2.1 2.4 3.1 3.4

150
avg. F [N] 173.6 176.3 182.2 170.0 182.8 191.7

p=0.05 1.3 2.1 2.0 2.2 3.0 3.4

175
avg. F [N] 198.5 202.8 209.2 200.2 205.6 215.0

p=0.05 1.4 1.8 2.2 2.6 2.9 3.2

200
avg. F [N] 223.6 233.7 233.9 222.2 223.6 237.9

p=0.05 1.4 1.4 2.9 2.2 3.2 3.3

Table 2. Results of the statistical analysis of the effect of tire pressure on the mean normal load (avg. F)
Statistical indicator Symbol Value Interpretation

Sample size n 48 8 × 6 measurements

Degrees of freedom df1,2 5, 42 Factor/error

ANOVA test value F 6.21 Significant factor effect

Statistical significance p 0.0004 (p < 0.001)

Effect size η2 0.43 Large

Test power 1-β 0.91 High

Normality test — ( p > 0.05 ) Assumption met

Variance homogeneity test — ( p > 0.05 ) Assumption met

Tukey HSD post-hoc test — ( p < 0.01 ) Differences: 3–8 bar
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range (F0 = 25–200 N, pt = 3–8 bar). At higher 
normal loads, a transition to a nonlinear trend can 
be expected, resulting from localized deformation 
saturation and changes in the contact stiffness be-
tween the roller and the tire. The upper limit of F0 
= 200 N was set due to structural constraints. At 
higher loads, permanent deformations and damage 
were observed in the composite roller used in the 
anti-rollback module, which prevented further in-
creases in the applied normal load.

To evaluate the relationship between tire in-
ternal pressure and the average braking torque 

(avg. Tb), a one-way analysis of variance (ANO-
VA) was performed (Table 4). In this analysis, the 
independent factor was tire pressure in the range 
of 3–8 bar, while the dependent variable was the 
mean value of the braking torque obtained for 
each initial normal load F₀. In total, n = 48 ob-
servations were analyzed (8 load levels F0 × 6 
pressure levels). The results of the test revealed 
a statistically significant effect of pressure on the 
braking torque (F(5,42) = 9.34; p = 0.00002), indi-
cating that changes in pressure significantly mod-
ify the response characteristics of the roller–tire 

Figure 5. Graph of the variation of the average braking torque caused by the roller load (avg. Tb) as a function
of the nominal normal load (F0) for the tested ranges of the wheelchair tire’s internal pressure (pt)

Table 3. Results of the average braking torque caused by the roller load (avg. Tb) as a function of the initial normal 
load (F0) and the curvature of the wheelchair wheel, where p – assumed level of significance

F0 [N] Parameter 3 bar 4 bar 5 bar 6 bar 7 bar 8 bar

25
avg. Tb [Nm] 0.44 0.41 0.42 0.43 0.46 0.43

p=0.05 0.04 0.04 0.03 0.04 0.03 0.03

50
avg. Tb [Nm] 1.00 0.89 0.72 0.82 0.85 0.78

p=0.05 0.05 0.06 0.05 0.05 0.05 0.05

75
avg. Tb [Nm] 1.52 1.39 1.28 1.24 1.32 1.22

p=0.05 0.04 0.06 0.05 0.05 0.06 0.05

100
avg. Tb [Nm] 2.04 1.92 1.76 1.90 1.91 1.61

p=0.05 0.04 0.05 0.05 0.05 0.05 0.06

125
avg. Tb [Nm] 2.57 2.50 2.40 2.35 2.30 2.28

p=0.05 0.04 0.05 0.04 0.04 0.05 0.05

150
avg. Tb [Nm] 3.05 2.95 2.90 2.96 2.86 2.80

p=0.05 0.03 0.05 0.04 0.03 0.05 0.05

175
avg. Tb [Nm] 3.57 3.47 3.42 3.35 3.30 3.31

p=0.05 0.03 0.03 0.04 0.03 0.04 0.05

200
avg. Tb [Nm] 4.14 4.04 3.95 3.90 3.85 3.81

p=0.05 0.03 0.03 0.03 0.03 0.03 0.04
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system. The estimated effect size coefficient η² 
= 0.53 confirmed a very strong influence of the 
tested factor, and the high test power (1−β = 0.96) 
demonstrated the high reliability of the obtained 
results. Verification of the test assumptions con-
firmed compliance with the criteria of normality 
(Shapiro–Wilk test, p > 0.05) and homogeneity of 
variances (Levene’s test, p > 0.05). The post-hoc 
analysis (Tukey HSD test) showed that significant 
differences occurred mainly between the avg. Tb 
values for the extreme pressure levels (3 and 8 
bar, p < 0.001), and to a lesser extent between in-
termediate levels (4–7 bar, p < 0.05).

In the next stage of the study, the displace-
ment of the pressure center (x0) was determined, 
calculated as the ratio of the average braking 
torque (avg. Tb) to the average normal load (avg. 
F). The independent variable was the nominal 
normal load F0, ranging from 25 to 200 N, while 
the conditioning factor was the tire pressure pt, 
taking values from 3 to 8 bar (Table 5). The dis-
placement of the pressure center increased with 
rising normal load F0, regardless of the tire pres-
sure value. For the lowest load (F0 = 25 N), x0 
ranged from approximately 9.1 mm (at 8 bar) to 
11.6 mm (at 3 bar), whereas for the highest load 
(F0 = 200 N), it ranged from 16.0 mm (at 8 bar) 
to 18.5 mm (at 3 bar). This indicates that, within 
the analyzed range of normal loads, the average 
displacement of the pressure center increased by 
approximately 60%, with the rate of change being 
more pronounced at lower F0 values.

A comparison of the values obtained for dif-
ferent tire pressure levels (pt) showed that increas-
ing pressure resulted in a systematic decrease in 
x0. For each value of F0, the highest displacement 
occurred at 3 bar and the lowest at 8 bar. The av-
erage reduction in x0 between these extreme pres-
sure levels ranged from approximately 20% for 

low normal loads (25–50 N) to about 15% for 
higher loads (150–200 N).

The analysis of the obtained characteristics 
showed that the relationship x0(F0) is generally 
close to linear, although at lower pressures (3–4 
bar) a slight curvilinear deviation is visible, re-
sulting from the greater deformability of the tire. 
For higher pressures (6–8 bar), this relationship 
is almost perfectly linear, and the trend lines can 
be considered parallel, indicating a similar influ-
ence of the normal load F0 on the displacement 
of the pressure center x0. According to the tire 
manufacturer’s recommendations, the operation-
al pressure range is 6–10 bar (47,48). However, 
in practical wheelchair use, pressures up to 8 bar 
are typically applied (49), corresponding to the 
capacity of standard home compressors. There-
fore, for further analysis, it was assumed that 
within the examined range of F0 = 25–200 N and 
pt = 3–8 bar, the relationship x0(F0, pt) can be rep-
resented by a simplified linear model described 
by Equation 3.

	

𝑇𝑇𝑑𝑑 > 𝑇𝑇𝑏𝑏 + 𝑇𝑇𝑅𝑅 

 

𝑥𝑥0 =
𝑇𝑇𝑏𝑏
𝐹𝐹  

 

𝑥𝑥0(𝐹𝐹0, 𝑝𝑝𝑡𝑡) ≈ 𝑎𝑎 ∙ 𝐹𝐹0 + 𝑏𝑏0 − 𝑐𝑐 ∙ 𝑝𝑝𝑡𝑡 

 

𝑥𝑥0 ≈ 0.0387 ∙ 𝐹𝐹0 + 13.24 − 

−0.558 ∙ 𝑝𝑝𝑡𝑡 

 

 

	 (3)

where:	a – slope coefficient of the function, con-
stant for the entire range of tested tire 
pressures (pt); F0 – initial normal load of 
the roller applied to the wheel; b0 – inter-
cept term representing the initial displace-
ment level resulting from the internal re-
sistance of the bearing system; c – coef-
ficient describing the decrease in the pres-
sure center displacement as a function of 
tire pressure (pt).

On the basis of the conducted experiments 
and the obtained numerical data, the values of 
the above coefficients were determined (4). It 
should be noted that these values are valid only 

Table 4. Results of the statistical analysis of the effect of tire pressure on the average braking torque (avg. Tb)
Statistical indicator Symbol Value Interpretation

Sample size n 48 8 × 6 measurements

Degrees of freedom df₁,₂ 5, 42 Factor/error

ANOVA test value F 9.34 Significant factor effect

Statistical significance p 0.00002 (p < 0.001)

Effect size η² 0.53 Very large

Test power 1−β 0.96 High

Normality test — (p > 0.05) Assumption met

Variance homogeneity test — (p > 0.05) Assumption met

Tukey HSD post-hoc test — (p < 0.001) Differences: 3–8 bar, partially 4–7 bar
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within the tested ranges of normal load (F0) and 
tire pressure (pt) (Figure 6). Moreover, they in-
corporate material constants related to the tested 
tire, its structural design, and the curvature of the 
drive wheel rim. However, in this study, one of 
the most commonly used wheelchair tire models 
was adopted, and the rim curvature corresponded 
to standard factory centering conditions for a new 
wheelchair wheel.

	

𝑇𝑇𝑑𝑑 > 𝑇𝑇𝑏𝑏 + 𝑇𝑇𝑅𝑅 

 

𝑥𝑥0 =
𝑇𝑇𝑏𝑏
𝐹𝐹  

 

𝑥𝑥0(𝐹𝐹0, 𝑝𝑝𝑡𝑡) ≈ 𝑎𝑎 ∙ 𝐹𝐹0 + 𝑏𝑏0 − 𝑐𝑐 ∙ 𝑝𝑝𝑡𝑡 

 

𝑥𝑥0 ≈ 0.0387 ∙ 𝐹𝐹0 + 13.24 − 

−0.558 ∙ 𝑝𝑝𝑡𝑡 

 

 

	 (4)

The regression model fitting was performed 
using the least squares method based on 48 mea-
surement points. The dataset included eight levels 
of normal load and six levels of tire pressure. The 
linear model accurately reflected the measure-
ment results, with a coefficient of determination 
R2 = 0.957, indicating that more than 95% of 
the variability in x₀ values was explained by the 
normal load F0 and tire pressure pt. The model’s 
significance was confirmed by the F-test, which 
yielded F(2,45) = 499.3 at p < 0.0001. All re-
gression coefficients were statistically significant 
(p < 0.001), indicating that both F0 and pₜ have 
a significant influence on x0. Verification of the 
regression assumptions confirmed the normality 
of residuals (Shapiro–Wilk test, p > 0.05) and the 
homogeneity of variances (Breusch–Pagan test, 
p > 0.05). Additionally, low Variance Inflation 

Factor (VIF < 2) values confirmed the absence of 
multicollinearity between the variables. The ob-
tained results demonstrate that the model is well-
fitted and statistically valid, and therefore it can 
be reliably used to analyze the displacement of 
the pressure center in the roller–tire contact zone.

DISCUSSION

The conducted research confirmed that tire 
pressure has a pronounced influence on the be-
havior and characteristics of forces and torques 
in the contact zone between the roller and the tire 
of a wheelchair drive wheel. As the pressure in-
creased from 3 to 8 bar, the actual average normal 
load (avg. F) rose by approximately 10–40% rela-
tive to the nominal value (F0), depending on the 
load level. Higher pressure increased tire stiffness 
and reduced deformation, resulting in more stable 
contact with the roller and a more uniform pres-
sure distribution within the contact area. Similar 
relationships have been reported in the studies on 
rolling resistance in wheelchairs, which demon-
strated that lower tire pressure increases the force 
required to initiate wheel motion and the user’s 
effort during propulsion (50,51). Maintaining the 
recommended tire pressure reduces rolling resis-
tance forces and decreases the load on upper limb 
muscles, thereby lowering the energy expenditure 
during wheelchair propulsion (48). An increase in 

Table 5. Results of the pressure center displacement (x0) as a function of the initial normal load (F0) and tire 
pressure (pt), where p – assumed level of significance

F0 [N] Parameter 3 bar 4 bar 5 bar 6 bar 7 bar 8 bar

25
x0 [mm] 11.61 10.46 10.69 9.39 10.57 9.13

p=0.05 1.32 1.16 1.02 1.05 0.94 0.85

50
x0 [mm] 14.08 12.33 11.09 13.04 11.26 9.74

p=0.05 0.85 0.91 0.86 0.95 0.80 0.74

75
x0 [mm] 15.56 14.48 13.14 13.45 12.94 11.39

p=0.05 0.55 0.71 0.64 0.67 0.70 0.57

100
x0 [mm] 16.92 15.70 14.16 14.89 14.44 12.22

p=0.05 0.42 0.47 0.49 0.50 0.51 0.60

125
x0 [mm] 17.47 16.48 15.74 15.41 14.58 13.90

p=0.05 0.34 0.39 0.34 0.36 0.43 0.42

150
x0 [mm] 17.57 16.73 15.92 17.41 15.65 14.61

p=0.05 0.22 0.35 0.28 0.29 0.38 0.37

175
x0 [mm] 17.98 17.11 16.35 16.73 16.05 15.40

p=0.05 0.20 0.21 0.26 0.26 0.30 0.33

200
x0 [mm] 18.52 17.29 16.89 17.55 17.22 16.02

p=0.05 0.18 0.16 0.25 0.22 0.28 0.28
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tire pressure reduced deformation and increased 
contact stiffness. As a result, the reaction force 
became more stable, and the avg. F(F0) relation-
ship exhibited a more linear trend. Raising the 
pressure from 3 to 8 bar led to a reduction in brak-
ing torque (Tb) by approximately 10–15% across 
the entire range of normal loads. This behavior 
is consistent with the mechanical properties of 
tires described in the literature, where higher 
pressure enhances contact stiffness and stabilizes 
the forces within the contact zone (24,52). Pres-
sure variation also affects the shape of the contact 
patch, which changes from trapezoidal to more 
rectangular, while the contact pressure increases, 
improving stability and predictability of tire be-
havior (52). Studies have also shown that higher 
tire pressures increase both vertical and lateral 
stiffness, stabilizing braking forces and facilitat-
ing control of the system under load (53). At the 
same time, higher pressure may slightly reduce 
ride comfort, as more vibrations are transmitted 
to the wheelchair structure and the user (54).

The braking torque (Tb) values increased 
proportionally to the normal load (F0), con-
firming a linear characteristic within the tested 
range. For low load values (F0 = 25 N), the brak-
ing torque rose from 0.43 Nm at 8 bar to 0.44 
Nm at 3 bar, while for the highest load (F₀ = 200 
N), it increased from 3.81 Nm to 4.14 Nm. In-
creasing the tire pressure led to a reduction in 
the contact area between the roller and the tire, 
which caused a shift of the pressure center and, 
consequently, a decrease in the braking torque 
Tb. The highest torque values occurred at lower 
pressures (3–4 bar), resulting from greater tire 
deformation and a rearward shift of the pressure 

center within the contact zone. This phenome-
non aligns with previous findings, which indi-
cate that lower tire pressure increases deforma-
tion and leads to higher braking torque (51,55). 
Greater tire deflection shifts the region of maxi-
mum pressure opposite to the roller’s rolling di-
rection, increasing the lever arm of the resistive 
force and thus the braking torque.

The relationship between the pressure cen-
ter displacement (x₀) and the normal load (F₀) 
showed a systematic decrease in x₀ with increas-
ing tire pressure. For F₀ = 25 N, the displacement 
averaged from 11.6 mm at 3 bar to 9.1 mm at 8 
bar, and for F₀ = 200 N, from 18.5 mm to 16.0 
mm. This corresponds to a reduction in pressure 
center displacement of approximately 15–20% as 
the pressure increased. At lower pressures (3–4 
bar), the x₀(F₀) relationship exhibited a nonlinear 
character resulting from the higher compliance 
of the tire and the effects of hysteresis and en-
ergy losses in the rubber material (56,57). In this 
range, significant tire deformation and a nonuni-
form pressure distribution were observed, pro-
moting a rearward shift of the contact center. In-
creasing the pressure reduced tire deflection and 
minimized the hysteresis effect, making the x₀(F₀) 
relationship more linear and predictable (24,58). 
For pressures above 6 bar, the characteristics were 
nearly parallel, indicating stabilized contact stiff-
ness and a more uniform pressure distribution in 
the contact zone (59,60). Under these conditions, 
the tire behaved like an elastic element with low 
compliance, and the x0(F0, pt) relationship could 
be accurately described by a linear model, jus-
tifying the use of a simplified approximation in 
further analysis.

Figure 6. Graph of the variation of the pressure center displacement (x0) as a function
of the nominal normal load (F0) for the tested ranges of the wheelchair tire’s internal pressure (pt)
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The high coefficient of determination (R2 
= 0.957) confirmed that the model exhibited an 
excellent fit to the experimental data. Regression 
analysis demonstrated statistical significance for 
both the effect of normal load (p < 0.001) and tire 
pressure (p < 0.001). The F-test (F(2,45) = 499.3; 
p < 0.0001) confirmed that the model significant-
ly explained the variability in the displacement 
of the pressure center. Verification of regression 
assumptions showed that the residuals followed 
a normal distribution (p > 0.05) and that there 
was no multicollinearity between independent 
variables (VIF < 2). These findings confirm that 
the model is computationally stable and reliable 
within the range of F0 = 25–200 N and pt = 3–8 
bar. The linear simplification was justified, as the 
tire manufacturer recommends operation within 
the pressure range of 6–10 bar, with the upper 
limit of 8 bar corresponding to the capabilities of 
standard household compressors.

From a practical standpoint, the obtained re-
sults confirm that maintaining tire pressure in 
the upper range of the recommended operating 
interval (6–8 bar) helps reduce rolling resistance 
torque and enhances the stability of the reverse-
locking mechanism. High tire pressure reduces 
radial deformation, causing the pressure center to 
shift closer to the wheel axis and decreasing the 
lever arm of the resistive force. At the same time, 
increasing pressure did not significantly affect the 
slope of the Tb(F0) characteristics, indicating that 
the braking torque maintained a linear and predict-
able relationship with the normal load within the 
analyzed range. From an engineering perspective, 
the presented findings can serve as a basis for de-
veloping new wheelchair design solutions, par-
ticularly those aimed at improving the efficiency 
of reverse-locking mechanisms while minimiz-
ing additional rolling resistance. They also enable 
optimization of roller geometry and material se-
lection based on specific elasticity parameters to 
achieve the desired dynamic performance of the 
system. In the long term, this research can be ex-
tended to include dynamic analyses of rolling phe-
nomena and experiments employing strain gauge 
and optical sensors to provide spatial mapping of 
pressure distribution within the contact zone.

The research objectives were achieved. Re-
lationships between the normal load (F0), tire 
pressure (pt), and braking torque (Tb) were estab-
lished, and the displacement of the pressure center 
(x0) was determined as a function of the analyzed 
parameters. The developed model successfully 

described the influence of tire pressure on the load 
distribution within the contact zone, confirming 
the intended goal of the study. The linear relation-
ship between Tb(F0) was verified, and the condi-
tions under which the tire maintains elasticity 
without the risk of structural damage were iden-
tified. The research hypotheses were confirmed. 
Increasing tire pressure reduced the rolling resis-
tance torque and stabilized the pressure distribu-
tion, validating the initial assumptions. The linear 
character of the x0(F0) relationship was partially 
confirmed. At low pressures (3–4 bar), the data 
distribution indicated a slight nonlinearity, result-
ing from greater tire compliance; however, this 
behavior could still be accurately approximated 
using a linear trend function.

CONCLUSIONS

The conducted research clearly confirmed 
that both tire pressure and roller normal load are 
key factors determining the pressure distribution 
within the contact zone and the braking torque in 
the roller–tire system. As the internal tire pressure 
increased from 3 to 8 bar, a significant reduction 
in braking torque (Tb) was observed – on average 
by 10–15% – resulting from reduced tire deforma-
tion and a shift of the pressure center toward the 
wheel axis. Higher tire pressure increased contact 
stiffness, stabilized the distribution of normal re-
actions, and reduced rubber material hysteresis, 
making the roller–tire contact more predictable 
as well as repeatable. At the same time, the re-
lationship between pressure center displacement 
(x0) and normal load (F0) exhibited a quasi-linear 
character throughout the tested range, which was 
confirmed by a high coefficient of determination 
(R2 = 0.957). As the normal load increased from 
25 to 200 N, the value of x0 increased by approxi-
mately 60%, while its absolute value decreased 
with increasing tire pressure by about 15–20%. 
This indicates that higher pressure not only reduc-
es rolling resistance but also stabilizes the opera-
tion of the reverse-locking mechanism, directly 
improving user comfort and safety. Maintaining 
tire pressure at the upper limit of the operational 
range (6–8 bar) should be considered optimal for 
minimizing rolling resistance torque, ensuring 
contact stability, and extending the service life 
of the components in the reverse-locking mecha-
nism. The obtained results provide a foundation 
for further work on modeling and optimizing the 
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design of rollers as well as module geometry to 
enhance the efficiency and ergonomics of manual 
wheelchair propulsion systems.
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