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Highlights  Abstract  

▪ The radial stiffness, hysteresis, contact patch of 

non-pneumatic (NPTs) and pneumatic tires 

(PTs) were compared. 

▪ NPTs have a higher radial stiffness compared 

to PTs. 

▪ The flexible cell structure increases the energy 

losses associated with the vertical 

displacements of the axle of the NPT. 

▪ NPTs have a shorter length of the contact patch 

and the shape of the tread area allows to change 

the width of the contact patch. 

 Nowadays, non-pneumatic tires are becoming an increasingly likely 

alternative to pneumatic tires. The function of compressed air has been 

taken over by the belt and the elastic structure (materials used and shape 

of the components). The research presented in the paper was carried out 

in quasi-static conditions. The research's aim was to compare the radial 

stiffness, hysteresis and selected parameters of the contact patch of two 

non-pneumatic tires and four pneumatic tires used interchangeably in 

ATVs/UTVs. The analyzed non-pneumatic tires are characterized by 

greater radial stiffness than pneumatic tires of the same size. Moreover 

the wheel with a cellular structure has the highest hysteresis of the radial 

characteristics of the tested wheels and the highest values of the unit 

pressure in the area of contact patch. The paper also verified two 

methods of calculating the contact patch length of non-pneumatic tires. 
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1. Introduction 

Nowadays construction of non-pneumatic tires (NPTs) 

reflect the properties of pneumatic tires (PTs) without the need 

to maintain liquid or gaseous substances inside them under 

a certain pressure [1]. These solutions are protected by patent 

law or published in the form of scientific research results, most 

often as the results of numerical calculations/simulations. Few 

companies have decided to introduce non-pneumatic tires in the 

market offer or present this type of construction as a technology 

demonstrator. 

A detailed analysis of the most common construction 

solutions of NPTs is presented in [39, 35]. In the construction of 

such the wheel, the following components are always detailed: 

rim, elastic structure, belt with a core and tread. The NPT's tread 

and rim perform the same tasks as in the case of pneumatic tires. 

The belt consists of inextensible membranes with a core 

between them. The elastic structure connects the wheel rim with 

the belt. This component of non-pneumatic tires most often 

occurs in the form of radial spokes or as interconnected 

geometric figures (referred to as a cellular or layered structure). 

It is also responsible for the mechanism of carrying 

multidirectional loads, including vertical forces. It follows that 

the function of the compressed air of a pneumatic tire in the NPT 

is mimic jointly by the elastic structure and the belt. The 

elasticity of those two components causes deformation 

(flattening) of the belt with the core in the contact patch when 

the wheel axle is loaded. The remaining non-deformed part 
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of the belt stores mechanical energy (this action is compared in 

[14, 15, 21] to a bow). The method and range of allowable 

flexibility of the elastic structure are very important for the 

properties of the non-pneumatic tire in the radial direction. The 

vertical axial displacement of the non-pneumatic tire with single 

spokes is limited by the possibility of stretching the spokes 

located outside the contact patch, because the normal load is 

carried by the upper, undeformed part of the wheel ("top 

loader"). At the same time, as a result of loading with a normal 

force, the elastic structure located between the contact patch and 

the wheel axle is compressed and deformed (buckling), which 

means that it can carry only a small load or no load [4, 7, 17, 

39]. In addition, in this solution of elastic structure, the high 

stiffness of the spokes counteracted the circumferential 

deformations of the belt during the vertical load of the wheel, 

thus reducing the length of the contact patch [24]. In the case of 

the cellular structure, part of the vertical load is carried by the 

deformed structure under the wheel axle (“bottom loader”) 

[2, 39].Its load carrying capability is affected by incl. increasing 

the thickness of the components or a properly shaped structure 

(e.g. auxetic) [3, 8, 21]. In practice, the use of the specified NPT 

solution (e.g. type of elastic structure) is determined by detailed 

operational requirements or the target vehicle segment [33]. 

This is confirmed by the works presented in [34]. Simulation 

and experimental research were carried out there, and the 

process of manufacturing NPT equipped with radial spokes was 

described. The process of optimizing dimensions is presented, 

including the width and direction of the spoke. The aim was to 

minimize spoke weight (volume of material) and use NPT as the 

equivalent of a pneumatic tire on a commercial electric vehicle. 

An important feature of a wheel is its radial stiffness 

characteristics. It illustrates the course of changes in the normal 

force value as a function of wheel deflection in the normal 

direction. At the same time, it allows to obtain information, incl. 

about possible wheel vibrations, rolling resistance (energy 

losses related to wheel/tire deformation in the radial direction), 

and values of loads transferred to vehicle suspension. In [6], 

quasi-static experimental and numerical research of the 

commercial NPT for UTV/ATV (Utility Terrain Vehicle/ All 

Terrain Vehicle) were presented. Experimental research 

included the determination of the radial stiffness characteristics 

and average values of the pressure in the contact patch of the 

wheels with the rigid surface. Pressure-sensitive foil (film) was 

used to determine the contact patch parameters. This method 

of registering the shape and area of the contact patch as well as 

the occurring pressures required keeping the wheel loaded for 

about 120 s. The experiment also included variable values of the 

wheel camber angle. The change in the angle value reduced the 

radial stiffness of the wheel. The results of quasi-static research 

were used to validate the numerical model, which was then used 

to determine the dynamic characteristics of the longitudinal 

force as a function of wheel slip. 

The results of experimental and numerical research on radial 

stiffness can also be found in [27], where a wheel used in a skid 

steer was analyzed. In numerical research, the influence of 

spoke thickness changes on the trajectory of the radial 

characteristics and the value of the stress acting on the spoke 

was evaluated. The results of numerical calculations made it 

possible to find a spoke thickness that provides radial stiffness 

of the wheel comparable to the pneumatic tire (which was 

previously selected as the goal). The next stage of research [26] 

was the validation of the developed numerical model using the 

results obtained by rolling the NPT on the drum at a speed of 

approx. 3 m/s. In addition, deflections of individual spokes in 

specific places on the circumference of the wheel were 

analyzed. As was shown, the numerical model was highly 

compatible with the experiment results and will be applied to 

the assessment of rolling resistance and the dynamic NPT 

reaction during overcoming road unevenness. In [36], 

a comparison of the experimental and numerical research 

results of a pneumatic tire with the numerical research results of 

three NPTs was shown. The flexible structure was differentiated 

by the use of radial spokes, hexagonal cell structure, and grid 

type. Potential differences in NPT properties have been pointed 

out. Those equipped with the grid type cell structure were 

characterized by a significant resistance to buckling (this feature 

was strongly marked during the tests of the radial 

characteristics). The NPT equipped with radial spokes, on the 

other hand, had lower radial stiffness compared to the 

pneumatic and NPT with a hexagonal cell structure. 

In [5], the analysis of influence the hexagonal structure 

changes (its single cell), i.e. its length, width, internal angle, 

wall thickness, density (total number of cells) on selected wheel 

properties (radial deflection, energy losses, pressures in the 
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contact patch) was carried out. It was also shown that increasing 

the height of the cell increases the vertical displacement of the 

wheel axis (deformation of the elastic structure) during loading 

in the normal direction. The opposite phenomenon was 

observed during increasing the total number of cells (packing 

density) and the thickness of their walls. A similar nature of 

changes occurred in the area of energy losses related to the 

vertical deformation of the NPT. In addition, a significant 

concentration of pressures in the contact patch was observed at 

the connection point of the flexible structure with the belt, and 

the pressure distribution itself was significantly dependent on 

the length and thickness of the cell walls of the layered 

structure. 

In [11], the influence of changing the geometric dimensions 

of a single hexagonal cell and its wall thickness on the radial 

characteristics, contact patch parameters, and rolling resistance 

was analyzed. It has been shown that the rolling resistance of an 

NPT with a cellular elastic structure depends on its volume 

(mass) and the range of its deformations. The lowest rolling 

resistance force values were obtained for the structure in which 

the smallest cell expanding angle was used. Increasing the wall 

thickness of the cell structure limited the range of vertical 

displacements of the NPTs. In [38], the wall thickness of  

a hexagonal cell was changed for three elastic NPT structures 

with defined dimensions and material data. The goal of this 

search was to obtain a radial stiffness equivalent to a pneumatic 

tire of size 205/55R16. The developed numerical models were 

also used to assess the directional stiffness of the NPTs 

(circumferential and lateral). Increasing the internal angle of the 

hexagonal cell resulted in an increase in the vertical 

displacements of the wheels. Higher circumferential 

deformations of the cellular structure (compared to pneumatic 

tires) resulted in a decrease in the value of the circumferential 

stiffness of the tested NPTs. The opposite trend was observed 

for the lateral direction. 

Formally, the area of the NPT contact patch and the average 

value of the pressure in this area are shaped at the modeling 

stage by selecting the geometric dimensions of the NPT and the 

materials properties of the belt [22, 31]. It is assumed that the 

product of the average pressure value of the contact path and the 

radius of the outer layer of the belt reinforcement 

(approximately the outer radius of the NPT) is equal to the 

product of the shear modulus and the height of the layer of the 

belt material (between the layers of reinforcement) for NPT 

equipped with a homogeneous core [4, 22]. The above indicates 

that the average value of the pressure is an important design 

criterion of the NPT, which determines, including on the 

properties of the material used to create the core. Therefore, the 

introduction of a composite core in place of the homogeneous 

material core is currently being considered (aimed to obtain  

a structure characterized by a high dynamic shear modulus G, 

high elongation at break, and low energy losses during 

deformation). This will allow to reduce its thickness while 

maintaining the usable properties of the wheel [31]. 

Research [36], conducted with the numerical models, 

revealed the influence of the applied elastic structure also on the 

contact patch and contact pressure. The analysis did not take 

into account the influence of the tread pattern, and a significant 

concentration of pressure was observed at the contact point of 

the elastic structure with the belt/tread. In [6], in the numerical 

assessment of the pressures acting in the contact patch with the 

rigid ground, the shape of the tread was taken into account. The 

parameters of the contact patch, values and pressure distribution 

determined in numerical tests were consistent with those 

determined during the experiment on the test bench. 

Other specific constructions of NPTs are also described in 

the literature. An example may be a structure named by the 

creators as ME-wheel (mechanical elastic wheel) [31]. In this 

wheel, steel hinges/joints with a different number of 

components were used to connect the belt with the wheel rim. 

The use of three-piece hinges resulted in a reduction in 

circumferential stiffness compared to the results obtained for 

two-piece hinges. The increase in radial stiffness was also 

observed with the increase in the number of elements (hinges) 

connecting the belt with the wheel rim. The influence of the 

number of hinge elements on the course of the side 

characteristics was negligible. 

The review of the literature indicates that the quasi-static 

characteristics of the radial stiffness, hysteresis, shape of the 

contact patch with the rigid ground and the value of the contact 

pressure are important features affecting the operational 

properties of the NPT (they occur individually or jointly in the 

cited source materials). Expensive and time-consuming 

experimental research [12, 28] are often replaced by numerical 
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research, which predominate in the available analyses. 

Estimated features are usually compared with one pneumatic 

tire or proprietary NPT constructions. In addition, in analyzes 

of the contact patch parameters, the tread blocks are often 

omitted, and when they are included, their shape is simplified 

and the transverse outline of the tread is omitted. Therefore, it 

seems reasonable to carry out a comparative analysis using 

detailed results of experimental research on non-pneumatic tires 

and pneumatic tires. This article presents the results of 

experimental research related to the determination of the radial 

stiffness characteristics and the parameters of the wheels' 

footprints (NPTs and PTs), which can be used interchangeably 

in an ATV/UTV. The research included two non-pneumatic tires 

with different elastic structures (single spokes and hexagonal 

cell) and four pneumatic tires (radial and diagonal). 

2. Methodology and research objects 

Experimental research was carried out on the Universal Test 

Bench for Quasi-Static Tire Research (fig. 1). A detailed 

description of the measurement capabilities of the stand was 

presented earlier in [13]. Experimental research included 

the determination of the radial stiffness characteristics, 

determination of energy consumption of the vertical deflection 

process of analyzed wheels, and measurement of the contact 

patch with a flat, non-deformable (rigid) ground. These research 

were designed to compare the important properties 

of commercial NPTs and their corresponding PTs. The initial 

comparative analysis was presented by the authors in [10], 

which included an analysis of the radial stiffness characteristics 

of NPTs and one pneumatic tire. 

 

Fig. 1. Universal Test Bench for Quasi-Static Tire Research. 

Table 1. Description of research objects (data taken from [16, 17, 29, 30]). 

Identification  

mark 
Tire size Carcass plies 

Ply Rating (PR)/ Load 

capacity index (load 

carrying capacity [kg]) 

Speed-category 

symbol (speed 

[km/h]) 

Maximum inflation 

pressure [kPa] 

([psi]) 

Mass* 

[kg] 

Location in the 

vehicle 

NPT_1 26x9N14 ND ND/69 (325) J (100) non apply 23,4 
steering/drive 

axle 

NPT_2 26x8.00-14 ND ND / (325+)** (40)** non apply 25,4 
steering/drive 

axle 

PT_1 AT26x8-14 bias 6PR/44 (160) N (140) 48,26 (7) 15,8 
front/steering 

axle 

PT_2 AT26x9-14 bias 6PR/65 (290) J (100) 96,52 (14) 17,6 ND 

PT_3 
26x9.00R14 

(225/65R14) 
radial 6PR/73 (365) N (140) 

ATV – 48,26 (7) 

UTV – 124,10 (18) 
16,8 

front/steering 

axle 

PT_4 26x9xR14 radial 10PR/77 (412) F (80) 150 (22) 18,0 
front/steering 

axle 

• * - mass measurement of the pneumatic tires was carried out after mounting on the wheel rim, the pressure inside the tire was 

equal to atmospheric pressure, the measurements were made using the Universal System for Weighing Vehicles with a 

measuring range of 4÷600 kg and an accuracy of 0,2 kg, 

• ** - load capacity and maximum speed were determined on the basis of information obtained from the distributor [29], 

• ND - no data/lack of data 

Measuring trolley

drive electric motor

Vertical guides of the supporting frame

Vertical drive units 

of the support frame

Wheel Supporting frame

Measuring trolley 

with a surface 

mimic road

Measuring trolley

drive screw
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The selection of research objects was preceded by an 

analysis of the availability of commercial non-pneumatic tires. 

Their size and load capacity were used to indicate a group of 

comparative wheels made of 4 pneumatic tires. The wheels/tires 

accepted for testing, together with the assigned identification 

mark, are shown in fig. 2, and the basic features of their 

construction are listed in table 1. 

Due to the lack of manufacturer's information regarding the 

NPT_2, its load capacity and maximum speed were determined 

on the basis of information obtained from the distributor [29] 

and a review of technical and operational parameters of ATVs 

and UTVs in which it can be used. Normal load values (table 2) 

were selected based on the ATV/UTV load variation range. 

Factors such as curb weight, payload, and expected load 

changes resulting from vehicle operating conditions 

(acceleration, braking, driving on a slope, etc.) were taken into 

account during determining the force values. 

The selected loads for some pneumatic tires exceed the 

value resulting directly from their load capacity index. 

However, in accordance with the regulations of the Economic 

Commission for Europe of the United Nations (UN/ECE) 

[19, 20], the load capacity index means the maximum 

permissible load on a pneumatic tire at a speed corresponding 

to the appropriate speed category symbol, while maintaining the 

conditions of use specified by the manufacturer. The 

experimental research was carried out in quasi-static conditions. 

According to [19, 20], the wheel load capacity index (whose 

linear velocity was 0 m/s) increases from 110% to 150%. 

The aim of the NPTs is to mirror and replace the compressed 

air properties of pneumatic tires. Unfortunately, NPT 

manufacturers do not provide information on what value of 

inflation pressure of pneumatic tires is reflected by the NPT 

structure they use. Therefore, to conduct a comparative analysis 

of NPTs with PTs, it was decided to select a wide range of 

changes in the inflation pressure values. They were selected 

based on information on the maximum values of air pressure in 

the PTs recommended by the manufacturers (placed on the tire’s 

sidewall). The lowest value of tire inflation pressure was 

assumed to be the one close to the maximum value 

recommended for the PT_1, and the highest maximum  

 

 

Fig. 2. Research objects/wheels: a) NPT_1, b) NPT_2, c) PT_1, d) PT_2, e) PT_3, f) PT_4.  
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Table 2. Experimental research conditions. 

Research objects Normal load [kN] 
Inflation pressure 

[kPa] 

NPT_1 

1,00 

2,00 

3,00 

3,75* 

- 

NPT_2 - 

PT_1 45 

PT_2 45, 70, 95 

PT_3 45, 70, 95, 120 

PT_4 45, 70, 95, 120, 145 

* - only for contact patch determination research. 

 

recommended value for the PT_4. The range defined in this way 

was divided into parts, assuming a constant value of the pressure 

change, which was 25 kPa, with the additional condition that the 

selected successive values of the inflation pressure of a given 

tire may not exceed those indicated by the manufacturer. This 

procedure provided good coverage of the research field of 

interest to the authors. 

The radial stiffness characteristics were determined for 

a non-rotating wheel on a flat horizontal rigid surface. It 

consists in pressing the axle of the tested wheel towards the 

measuring surface, placed on normal force sensors (fig. 3). 

During the experiment, the values of axle displacement and 

normal force were recorded, the value of the force was changed 

smoothly from zero to 125% of the assumed normal load 

(table 2) and then reduced to zero. The obtained hysteresis loop 

(fig. 4) can be used to determine the amount of energy lost 

during the cyclic tire deformations occurring during driving. 

The energy losses of the research objects for the recorded force 

during wheel loading and unloading were expressed by the 

hysteresis coefficient [9]: 

𝑤𝐻 =
𝑊𝑙𝑜𝑎𝑑−𝑊𝑢𝑛𝑙𝑜𝑎𝑑

𝑊𝑙𝑜𝑎𝑑
    (1) 

▪ 𝑤𝐻  – the hysteresis coefficient,  

▪ 𝑊𝑙𝑜𝑎𝑑 , 𝑊𝑢𝑛𝑙𝑜𝑎𝑑  – the work done in loading and unloading 

the wheel, respectively. 

The next step was to determine the center line on the 

recorded hysteresis loop (fig. 4), which is the average value of 

the forces measured during loading and unloading with the same 

wheel deflection. The course of this line was used to calculate 

the value of the radial stiffness coefficient for the ranges 

corresponding to 25%, 50%, 75%, and 100% of the assumed 

normal load, according to the relation [18]: 

𝑘𝑅𝑖 =
∆𝑍𝐾

∆𝑢𝑍
   (2) 

▪ 𝑘𝑅𝑖 – radial stiffness coefficient for the i-th range, 

▪ ∆𝑍𝐾 – increase in the value of the normal load acting on the 

wheel axis, 

▪ ∆𝑢𝑍 – increase in the radial deflection of the wheel.  

In order to increase the credibility of the obtained results and 

to comprehensively capture the properties of the analyzed 

wheels, the measurement of the radial characteristics was 

carried out in eight, evenly distributed locations (cross-sections) 

around the circumference of the wheel (approx. every 45°). In 

addition, the research in the assumed cross-section and set 

conditions were repeated three times, always starting with the 

load with the highest value (this was to standardize the impact 

of the Mullins effect, which is characteristic especially for 

NPTs). The values of the radial stiffness coefficients of the eight 

analyzed cross-sections were used to calculate the radial 

stiffness non-uniformity on the circumference of the wheel [40]: 

𝑁𝑘𝑅 =
𝑘𝑅𝑚𝑎𝑥−𝑘𝑅𝑚𝑖𝑛

𝑘𝑅𝑎𝑣𝑒
   (3) 

▪ 𝑘𝑅𝑚𝑎𝑥  – maximum value of radial stiffness coefficient on 

the circumference of the research object, 

▪ 𝑘𝑅𝑚𝑖𝑛  – minimum value of radial stiffness coefficient on 

the circumference of the research object, 

▪ 𝑘𝑅𝑎𝑣𝑒  – the average value of the radial stiffness on the 

circumference of the research object (from eight 

measurement locations). 

  

Fig. 3. Principle of measurement of radial stiffness 

characteristics. 

The next test was to determine the wheel contact patch on 

the rigid ground and to determine the changes occurring under 

the influence of normal load. In this test, an observation window 

was used, made of glass of appropriate thickness, to which the 

research object was pressed with the assumed value of normal 

load (fig. 5). In order to facilitate registration, the window 

surface against which the object was pressed during the test was  

Tested wheel

Retaining surface (mimic road)

Normal load
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Fig. 4. Methodology for determining the radial stiffness 

coefficients for the i-th range of normal load. 

wetted with water with the addition of a surfactant. The contact 

patch was recorded with a camera three times in each of the two 

places (cross-sections) on the circumference of the wheel 

located 90° to each other (this change was dictated by the desire 

to take into account the differentiation of the tread pattern). The 

resulting images were then analysed using graphics software. 

Changes in the average value of the contact pressure and the 

area of the contact patch as a function of the normal load were 

analysed. 

 

Fig. 5. Method of registering the wheel contact path with the 

rigid ground. 

Knowledge of the actual area of the wheel contact patch with 

the ground and the normal load values made it possible to 

determine the average value of the pressure exerted by the tread 

blocks [32]: 

𝑞𝑎𝑣𝑒 =
𝑍𝐾

𝐴𝑊
    (4) 

▪ 𝑞𝑎𝑣𝑒  – the average value of the contact pressure on the 

actual area of the contact patch (tread blocks), 

▪ 𝑍𝐾 – measured normal reaction corresponding to the 

applied load in the wheel axle, 

▪ 𝐴𝑤 – the area of the tread blocks contact patch with the rigid 

ground. 

The measurements of the wheel contact patch with the non-

deformable ground made it possible to calculate additional 

auxiliary coefficients [32]: 

• tread pattern density coefficient 

𝑤𝐺𝐵 =
𝐴𝑊

𝐴𝐶
   (5) 

• coefficient of the contact patch shape 

𝑤𝐾𝑆 =
𝑙𝑆∙𝑏𝑆

𝐴𝐶
   (6) 

• coefficient of tread blocks loading 

𝑤𝑇 =
𝑞𝑎𝑣𝑒

𝑝𝑖
   (7) 

▪ 𝑙𝑆 – the length of the contact patch, 

▪ 𝑏𝑆 – the width of the contact patch,  

▪ 𝐴𝐶 – total area of the contact patch (defined as the 

maximum outer envelope of the tread blocks visible in the 

images of the contact patch, used to determine lS and bS), 

▪ 𝑝𝑖  – inflation pressure. 

The length of the contact patch can also be calculated based 

on the knowledge of the selected geometric dimensions of the 

wheel. The first method used (method no. 1) assumes that the 

length of the contact patch can be calculated on the basis of the 

knowledge of the outer radius and wheel deflection (fig. 6) and 

is expressed by a relationship that is commonly used to estimate 

the length of the contact patch of pneumatic tires [25]: 

 𝑙 = 2√𝑟𝑍 ∙ 𝑢   (9) 

 

 

Fig. 6. Tire deformation and contact patch length due to 

normal load (figure based on [25]). 

Radial deflection
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The device recording the image of the contact 

patch between the wheel and the road

Tested wheel Normal load
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The second method used to calculate the contact patch 

length (method no. 2) is presented in [23]. In this model, it was 

assumed that the radial force increases in a linear manner and is 

described by the radial stiffness coefficient and can be 

expressed as the product of the average pressure value and the 

area of the contact patch [23]: 

𝑘𝑅𝑖 ∙ 𝑢𝑍 = 𝑝𝑙𝑏 ∙ 𝑞   (10) 

▪ 𝑝𝑙𝑏  – the rectangular area of the contact patch described by 

the length lS and the width bS, 

▪ 𝑞 – the average value of the contact pressure on the 

rectangular contact patch area. 

In this method of estimating the contact patch length, it is 

assumed that the contact patch area is rectangular, and the 

contact patch width is similar to the width of the tire (tread  

blocks are not taken into account). Equation (10) has been 

transformed in order to connect to the data that will be measured 

from the experiment. After substituting equation (6) and 

assuming that the rectangular contact patch can be replaced with 

the AC area, the following expression was obtained: 

𝑙𝑆 =
𝑘𝑅𝑖∙𝑢𝑍∙𝑤𝐾𝑆

𝑏𝑆∙𝑞𝑎𝑣𝑒𝐶
   (11) 

The average value of the contact pressure resulting from the 

total contact patch area was also assumed as: 

𝑞𝑎𝑣𝑒𝐶 =
𝑍𝐾

𝐴𝐶
    (12) 

The results of the contact patch length calculations using 

methods 1 and 2 in the "Discussion" section were compared 

with the results of experimental research. 

 

Fig. 7. Example results of radial characteristics experimental research: 

a) NPT_1 (cross-section no. 4), b) NPT_2 (cross-section no. 2), c) PT_4 (cross-section no. 1, inflation pressure 95 kPa). 

 

 

Fig. 8. Calculated values of the hysteresis coefficient of the 

research objects. 

 

3. Results 

Fig. 7 presents the measured radial characteristics for one 

of the cross-sections of selected wheels during experimental 

research. Due to the adopted order of tests, the trajectory of the 

upper curve of the hysteresis loop was converged in subsequent 

measurements carried out on the same wheel, despite the change 

in the normal load values. 

Fig. 8 presents the hysteresis coefficient values for three 

normal load values of the tested wheels. The presented results 

from the tests of pneumatic tires were intentionally limited to 

the extreme values of the assumed inflation pressure. This 

limitation results from the need to maintain the legibility of the 

figure and from the fact that energy losses decreased with the 

increase of the inflation pressure.  
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Fig. 9. Example trajectory of the center lines in the analyzed cross-sections (marking 1-8) and the resultant center line:  

a) NPT_1, b) NPT_2, c) PT_1 45 kPa, d) PT_2 70 kPa, e) PT_3 95 kPa, f) PT_4 145 kPa. 

 

Fig. 10. Comparative summary of the resultant center lines of the research objects radial characteristics. 

 

In the next stage of preparing the results for their analysis, 

the center line of the hysteresis loop was determined in the set 

of 8 recorded curves of the radial stiffness characteristics, and 

then the averaged curve was calculated, shown with a dashed 

black line in fig. 9. A comparative summary of the averaged 

(resultant) curves of all wheels is shown in fig. 10. 

Fig. 11 shows the changes in the radial stiffness coefficient 

kRi of the analyzed wheels with an increase in the normal load 

value in the range from 0,25 kN to 3,50 kN. Fig. 12 shows the 

change of the radial stiffness coefficient on the circumference 

of the wheel corresponding to 100% of the 3,00 kN load 

(determination of the radial non-uniformity based on 

8 measurements made on the circumference of the wheels 

every 45°).  

The values of this coefficient are also shown in table 3 

(appendix). Knowledge of this feature will be important in the 

future in the planned model calculations and in the road 

experiment carried out in order to determine the motion 

properties of the vehicle equipped with the tested wheels. 

Fig. 18 (appendix) shows the contact patch of the wheels 

with the non-deformable ground at different values of the 

normal load. The use of green, red, blue, and gray colors made 

it possible to show the changes occurring when the normal load 

was respectively 1,00; 2,00; 3,00; 3,75 kN. The lower intensity 

shade of the applied color was used to mark total area of the 

contact patch, determined as a closed area, drawn through the 

outermost contact points of the tread blocks with the ground.  
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Fig. 11. Changes of radial stiffness coefficient as a function of normal load:  

a) NPT_1, b) NPT_2, c) PT_1, d) PT_2, e) PT_3, f) PT_4. 

 

Fig. 12. Changes in the radial stiffness values on the circumference of the analyzed wheels under normal load 3,00 kN:  

a) NPT_1, b) NPT_2, c) PT_1, d) PT_2, e) PT_3, f) PT_4. 
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When determining it, all contact patch measurements under 

given load conditions in various places around the 

circumference of the wheel were superimposed. To facilitate the 

estimation of the contact patch features, a checker section was 

plotted, where the size of the side of a single (black or white) 

square is 20 mm. 

On the basis of measurements made for two analyzed places 

(cross-sections) on the circumference of the wheel, the average 

value of the actual contact area for a given range of normal load 

was determined. Example results for two locations on the 

circumference of the tire are shown in fig. 13. Fig. 14 illustrates 

how the actual contact area of the wheels’ changes under the 

influence of the increase in the normal load. Table 4 (Appendix) 

lists the values of parameters characterizing the wheel contact 

patch determined in the research, and fig. 15 shows how the 

average values of the tread blocks contact pressure were 

changed. 

 

Fig. 13. Exemplary results of contact patch’s area 

measurement as a function of normal load in two sections  

of the PT_4 (70 kPa). 

 

 

Fig. 14. Change of the area contact patch as a function of normal load: a) NPT_1, b) NPT_2, c) PT_1, d) PT_2, e) PT_3, f) PT_4. 
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Fig. 15. Change of the contact pressure value in the contact patch of the tread blocks with the non-deformable ground as a function 

of normal load: a) NPT_1, b) NPT_2, c) PT_1, d) PT_2, e) PT_3, f) PT_4. 

 

4. Discussion 

The analysis of direct and indirect wheel research results was 

divided into three parts. This approach made it possible to 

systematize the reasoning while revealing the interconnections 

between the individual areas of consideration. 

4.1 Hysteresis - energy losses 

The hysteresis recorded during the research of the radial 

characteristics provided information about the energy losses 

associated with the vertical deformation of the wheel. In an 

obvious way, it determines the energy consumption of the 

rolling wheel (a component of the rolling resistance force), 

during which cyclical deformations of the wheel occur in the 

direction normal to the road surface. Energy losses are shown in 

the form of hysteresis coefficient values (fig. 8). It was observed 

that the mechanism of vertical loads carrying (resulting, incl., 

from the type of elastic structure) significantly affects the 

energy losses of NPTs. Buckling ability of the NPT_1 spokes 

located between the wheel axis and the contact patch made it 

possible to achieve values of energy losses close to the values 

of energy losses of the analyzed pneumatic tires, i.e. from 19% 

to 30%. On the other hand, the NPT_2 was characterized by the 

highest value of the hysteresis coefficient among the analyzed 

wheels. Depending on the normal load, energy losses ranged 

from 30% to even 40%. The reason for high energy losses is 

that, part of the normal load is transferred through the elastic 

structure located between the NPT_2 axis and the road. 

Changing the maximum value of the normal load of NPTs 

resulted in a reduction of energy losses by approx. 10% (almost 

linear course, reducing losses by 5% for each 1 kN increase in 

normal load). This direction of changes may be caused by the 

increasing influence of the increasingly deformed belt with the 

core and confirms the conclusion presented in [14, 15, 21]. 

The increase in the inflation pressure of pneumatic tires has 

obviously resulted in a beneficial reduction in energy losses. 

Regardless of the inflation pressure of a given pneumatic tire, 

the value of the hysteresis coefficient changes slightly at 1 kN 

normal load. The recorded high value of the coefficient at the 

smallest of the assumed normal loads is caused by the 

deformation and slip of the massive tread blocks relative to the 
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ground. 

During analyzing the information on the PR index (Ply 

Rating) of pneumatic tires, it was observed that in the case of 

the PT_4 (the tire with the highest PR value, table 1), the 

hysteresis coefficient with the highest value was recorded. This 

may be due to changes in its load-carrying structure, which 

consist in the use of additional or reinforced rubber-cord layers. 

This results in an increase in the volume of material deformed 

during tire exploitation. 

4.2 Radial stiffness 

Compared to pneumatic tires, non-pneumatic tires are 

characterized by a clearly higher radial stiffness and a similar to 

linear course of the center lines of the radial stiffness 

characteristics (fig. 10). The NPT_1, equipped with radial 

spokes, showed significantly lower radial stiffness and lower 

energy losses during deflection in comparison to the NPT with 

a hexagonal structure. This is due to a different way of loading 

the elastic structure, the lower spokes of which are subject to 

buckling and carry the normal load to a small extent, while the 

upper spokes (above the wheel axis) are stretched [39]. 

Observing the changes in the value of the radial stiffness 

coefficient with the increase in the normal load (fig. 11), the 

NPTs are characterized by greater non-linearity compared to the 

courses determined in the research of PTs. The NPT_1 with 

radial spokes shows an almost constant value of stiffness in the 

range of low and medium loads (i.e. up to approx. 3,00 kN), 

while a similar property of the NPT_2 (with a cell structure) 

occurs in a narrower range of 1,70-2,50 kN. In both analyzed 

NPTs, a significant increase in the radial stiffness coefficient 

was observed after exceeding the load of 3,00 kN. The range of 

changes in the radial stiffness coefficient of NPTs starts from 

approx. 150 N/mm and reaches a maximum value of approx. 

200 N/mm for NPT_1 and approx. 300 N/mm for NPT_2. 

The analyzed pneumatic tires, regardless of the value of the 

inflation pressure, were characterized by progressive 

characteristics, and the increase in the value of the inflation 

pressure and normal load resulted in an increase in the value of 

radial stiffness (fig. 10 and fig. 11). The PTs show significantly 

lower values of the radial stiffness coefficient at a low normal 

load. The maximum values of the coefficient (regardless of the 

inflation pressure) PT_1 and PT_3 reached values below 

150 N/mm. Therefore, by comparing only the curve of the radial 

stiffness of pneumatic tires for the lowest value of inflation 

pressure, it was observed that PT_3 (radial) had the largest 

deflection value of approx. 60 mm (the lowest value of radial 

stiffness coefficient). The bias tires, PT_1 and PT_2, despite 

significant differences resulting from the load carrying capacity, 

deflected by approx. 48 mm and 40 mm, respectively. 

Pneumatic tire PT_4 (radial) for this value of inflation pressure 

reached a deflection value of approx. 35 mm. 

Comparing the analyzed NPT and PT, the PT_4 (radial) tire 

for the inflation pressure of 120 kPa and 145 kPa had a partially 

similar curve (of the resultant center line) of the radial 

characteristics with the NPT_1 (the PT_4 tire had a load 

carrying capacity higher by approx. 25% compared to the of the 

analyzed NPTs). The intersection of the aforementioned 

characteristics occurred at the values of approx. 3,10 kN 

(deflection of approx. 20 mm) and approx. 2,50 kN (deflection 

of approx. 17 mm) at the PT_4 inflation pressure of 120 kPa and 

145 kPa, respectively. This similarity has already occurred in 

the values of the discussed hysteresis coefficient. 

The radial stiffness coefficients of the analyzed wheels 

presented in fig. 12 reveal the stiffness non-uniformity on their 

circumference. The radial stiffness non-uniformity coefficient 

may indicate inaccuracy of the NPT and PT production or may 

result from the low density of the tread pattern and the 

construction of the wheels. Knowing this coefficient can be used 

in simulation research of a simplified vehicle vertical dynamics 

model. NPTs achieve a similar value of the radial stiffness 

coefficient and the radial stiffness non-uniformity coefficient 

compared to PT_2, PT_3, and PT_4. The PT_1 (low inflation 

pressure) shows the highest value of the radial stiffness non-

uniformity coefficient, which may indicate a significant impact 

of air pressure on its operational parameters (resulting from the 

carcass and belt support structure used). 

The authors' experience also shows that the non-uniformity of 

production is difficult to assess for tires with a very low density 

of the tread pattern built of considerable height blocks. 

The influence of the tread blocks and the stiffness of the tire's 

front zone on the non-uniformity of the radial stiffness is 

particularly visible for the PT_1, whose tread pattern density 

coefficient is only about 0,23 (the value for off-road tires is 

usually in the range of 0,40-0,55). The low density of the NPT_2 
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tread pattern and, additionally, the low value of the allowable 

inflation pressure for PT_1 resulted in high values of the radial 

stiffness non-uniformity coefficient achieved in the experiment. 

On the basis of the radial characteristics resultant center line 

curve and the knowledge of the wheel deflection ranges, it is 

possible to estimate the values of the loads transferred to the 

vehicle components during its operation. For example, 

considering the deflection range of analyzed wheels from 5 mm 

to 15 mm, a change in the force value of approx. can be 

achieved: NPT_1 – 1,56 kN, NPT_2 – 2,30 kN, PT_1 (45 kPa) 

– 0,57 kN, PT_2 (45 kPa) – 0,63 kN, PT_2 (95 kPa) – 0,91 kN, 

PT_3 (45 kPa) – 0,46 kN, PT_3 (120 kPa) – 0,88 kN, PT_4 

(45 kPa) – 0,76 kN, PT_4 (145 kPa) – 1,60 kN. The presented 

estimated range of loads will affect the durability of the 

vehicle's load-carrying structure and the dynamic load on the 

vehicle occupant’s bodies. 

4.3 Contact patch 

The analysis of the registered contact patches (fig. 18) made 

it possible to determine the parameters that were used for their 

mutual comparison (table 4). The first noticeable feature is that 

the PTs (compared to NPTs) have always had a longer footprint. 

The NPT_1 contact patch width, due to the flat shape of the 

tread front, was practically insensitive to normal load changes. 

On the other hand, the rounded shape of the NPT_2 tread front 

(fig. 2b) affected the registered change in the contact patch 

width with the increase in the normal load. Generalize, in NPTs, 

the change in the normal load mainly affects the change in 

contact patch length. In the case of PTs, this influence translates 

into a change in the length and width of the contact patch. 

NPT_1 and PT_1-4 at the highest normal load value have the 

footprint closest to the rectangular shape. The impact of such 

varied changes in the contact patch on other important wheel 

motion properties (transferring lateral force and cornering 

stiffness characteristics) will be checked in subsequent research. 

NPT_1 is the only research object for which a greater value 

of the width than the length of the contact patch was observed 

(for fixed test conditions). This is due to the flat shape of the 

tread and the impact of the upper (stretched) spokes of the load-

bearing structure, which reduce belt deformations and, as 

a result, shorten the contact patch (confirmed by the 

considerations presented in [24]). The shorter contact patch 

adversely affects the enveloping properties of the wheel and its 

resistance to the sideslip. It follows that the knowledge of the 

contact patch length is the important factor for assessing the 

wheel co-action with the ground and its impact on the motion 

parameters of the vehicle equipped with these wheels. This was 

the reason for comparing two different methods of calculating 

the contact patch length for the NPTs and the PTs. 

The use of method 1 (equation 9) does not allow to calculate 

the correct value of the contact patch length, especially for 

NPT_1. A high convergence of experimental results and 

calculation results of contact patch length was obtained for the 

calculation method no. 2 described by relation (11). The results 

of such comparisons are shown in fig. 16. The black "x" mark 

the experimental results and the orange triangle mark the results 

of calculation method no. 2. 

Another interesting comparison is to show how the actual 

surface area of the contact patch changes with the increase in 

the normal load (fig. 14). All analyzed wheels were 

characterized by a linear change but of different intensity. It was 

decided to estimate this feature on the basis of the value of the 

slope of the straight line determined by the method of least 

squares. According to the comparison made in fig. 17, the 

lowest intensity of changes occurred in NPTs, for wheels with 

bias carcass (PT_1 and PT_2) and reinforced radial construction  

 

Fig. 16. Comparison of the measured and calculated contact 

patch lengths of selected wheels: a) NPT_1, b) NPT_2, 

c) PT_3 (45 kPa), d) PT_4 (145 kPa). 
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Fig. 17. The measure of the intensity of the changes in the area 

of contact between the wheels and the rigid ground, caused by 

an increase in the normal load (in the case of PTs, with each 

inflation pressure highlighted). 

(PT_4) they are similar, while the highest was estimated for 

the radial tire PT_3. These results coincide with the conclusions 

formulated in the part concerning the hysteresis assessment 

(the smallest value of the hysteresis coefficient for the wheel 

with the highest intensity of changes in the contact area, 

indicating the largest "participation" of air pressure in the load 

carrying) and radial stiffness of wheels (an increase in the value 

of the calculated radial stiffness affects reducing the intensity 

of the contact area growth). 

The low density of the tread pattern shown in fig. 18 and 

listed in table 4 results from wheels adaptation to the operating 

conditions of ATVs/UTVs (mainly deformable ground/soft 

soil). The NPT_1 and the PT_3 and PT_4 (radial tires) have 

a similar value of the tread pattern density coefficient. A similar 

group of objects is formed by the NPT_2, the PT_1, and the 

PT_2 (bias tires), in which the value of the tread density 

coefficient is definitely lower. This indicates the existing 

relationship between the radial stiffness of the wheels and the 

density of the tread pattern.  

The pressures in the contact patch of the pneumatic tires 

tread blocks for a given inflation pressure show slight changes 

in value with an increase in the normal load (fig. 15). There is 

a certain regularity here, namely the average pressures 

calculated for the analyzed bias tires are higher compared to 

radial tires. An increase in the inflation pressure causes an 

increase in the contact pressure value and this change is smaller 

the more the pressure value increases. 

In the case of NPTs, the course of change and contact 

pressure values are different. The average values of the NPT_2 

contact pressure are the highest, which results directly from the 

smallest contact area of the tread blocks in comparison to the 

other research objects. In the NPT_1, the average contact 

pressure values are in the range determined for the bias tires 

PT_1-2 (whose tread pattern density coefficient was approx. 

0,2). An interesting feature of the NPTs is shown in fig. 11a, and 

11b as well as 15a, and 15b. In this case, the same character is 

visible for the wheel radial stiffness curve course change, and 

the points locations of the contact pressure’s average value 

which are shaped by the increase in the value of the normal load. 

This feature may be directly related to the tire filling agent 

(material) forming an elastic structure. This conclusion also 

results from the observation of changes in the radial stiffness for 

the lowest inflation pressure value of the objects PT_2 and PT_4 

(fig. 11d and 11e), which are tires with the largest volume of 

material used for their construction. These figures show a 

portion of characteristic where the increase in the normal load 

does not change the value of the radial stiffness. A closer 

explanation of this phenomenon will require more detailed 

research, also in conditions outside the inflation pressure values 

adopted in the paper, or even a check on a NPTs numerical 

models. 

Despite the similarities estimated for PTs using the average 

contact pressure values, clear differences are revealed by 

another parameter, i.e., the coefficient of tread blocks loading 

(table 4). It has a significantly lower value (nearly twice) for 

tires with a radial structure compared to bias tires. A change in 

the inflation pressure reduces the value of this coefficient in 

each case, however, the intensity of the decrease and its scope 

are different again. In the case of bias tires, a constant change 

was determined, while for radial tires, this change decreases 

with increasing the inflation pressure.  

All these factors taken together show the forecast for the 

cooperation of the analyzed wheels with a non-deformable 

(traction and intensity of tread wear) and deformable ground. In 

this case, the number of the tread blocks hooking edges related 

to this type of tread pattern with the value of the tread density 

coefficient, the shape of the tread blocks and the total contact 

patch area determining the pressure exerted on the ground 

(parameters partially determined in the described experiment 

but not yet analyzed) will be additionally important. 
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5. Conclusions 

The paper presents a comparative analysis of the radial 

stiffness and contact patch of non-pneumatic tires and selected 

counterparts of pneumatic tires of radial and bias constructions. 

Manufacturers of NPTs point to the main advantage of these 

structures, i.e., no need to maintain liquid or gaseous substances 

under a certain pressure. The load carrying structure used, 

consisting of the belt and the elastic structure, are components 

that reflect the properties of compressed air. However, there is 

no information available on what pressure values they 

correspond to. Based on the analysis, the following conclusions 

can be drawn: 

1. The type of elastic structure, connecting the wheel rim with 

the belt (determining the mechanism of carrying vertical 

loads), will affect the amount of energy losses during 

vertical deformations of the wheel. These will translate into 

the rolling resistance force and fuel consumption (it will be 

checked in the next stages of the research). The elastic cell 

structure of the NPT_2 caused the greatest energy losses at 

each of the analyzed load values (hysteresis coefficient 

value 0,3-0,4). A different shape of the elastic structure in 

the NPT_1 made it possible to reduce hysteresis losses and 

bring this structure closer to the properties of pneumatic 

tires. 

2. The radial stiffness characteristics of NPTs correspond to 

the pneumatic tire with: a) high load carrying capacity, or 

b) high inflation pressure. This was observed during the 

analysis of the radial characteristic center lines (fig.  10). 

The PT_4 for the inflation pressure of 120, and 145 kPa 

achieved a similar course of characteristics to the NPT_1. 

It can be expected that a similar relationship can be 

obtained for other tires inflated above the pressure 

recommended by the manufacturer. 

3. The analyzed NPTs are characterized by low deflection 

values, which may adversely affect the elements of the 

suspension system and the load-carrying structure of the 

vehicle. By analyzing the change in the deflection of the 

tested objects in a certain range, NPTs obtain a large change 

in the value of the radial force. Comparing this range of 

deflections to the expected range of deflections when 

driving on rough ground, NPTs can be a source of 

significant loads, which will also negatively affect driving 

comfort (vehicle users' loads). 

4. The source of driving comfort decreases (at higher speeds) 

will also be radial non-uniformity, which in the analyzed 

test objects is mainly due to low density and significant 

tread blocks. 

5. The change in the contact patch width of the NPTs depends 

on the shape of the tread. The NPTs reached small values 

of the contact area, which translated into large values of the 

average contact pressure. Accelerated wear of the NPT can 

therefore be expected. 

6. The use of the radial stiffness coefficient and contact 

pressures in the contact patch allows for the high results 

convergence of the contact length calculation and the 

experiment. It also allows to reveal the interdependencies 

of these features that were not previously disclosed in the 

literature analyzed in the review part of the paper. 

 

The research is part of a series of experiments planned and 

implemented in stages by the authors, which will allow for 

a detailed comparative analysis of NPTs and PTs and will be 

used in the process of vehicle motion modeling equipped with 

NPTs and PTs. Currently, other characteristics of directional 

stiffness (circumferential, lateral) and rolling of the wheel in the 

presence of lateral force (cornering) are being researched, which 

important factors, apart from the inflation pressure, will also be 

e.g. wheel structure - the inside construction of the pneumatic 

tire, type and shape of the elastic load-carrying structure and 

NPT belt as well as the density of the tread pattern. 
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Appendix 

 

Fig. 18. Contact patch with the non-deformable ground:  

a) NPT_1, b) NPT_2, c) PT_1 (45 kPa), d) PT_2 (45 kPa), e) PT_2 (95 kPa),  

f) PT_3 (45 kPa), g) PT_3 (120 kPa), h) PT_4 (45 kPa), i) PT_3 (145 kPa). 

  

   
a) b) c) 

   
d) e) f) 

   
g) h) i) 
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Table 3. Values of the radial stiffness coefficient of the research objects for a load of 3,00 kN calculated at the point 

corresponding to 100% of the normal load (according to the explanation shown in fig. 4). 

 Radial stiffness coefficient [N/mm] Radial 

stiffness non-

uniformity 

coefficient 

[%] 

Wheel 1 2 3 4 5 6 7 8 Average 

NPT_1 
159,96 

±1,04 

163,01 

±0,76 

165,21 

±1,08 

174,75 

±1,40 

170,02 

±1,73 

166,14 

±2,87 

163,83 

±0,55 

165,17 

±1,55 

166,01 

±4,25 
8,91 

NPT_2 
236,82 

±1,86 

240,80 

±5,18 

254,15 

±1,60 

254,86 

±3,78 

251,68 

±4,14 

264,90 

±3,05 

236,91 

±0,80 

273,63 

±0,89 

251,72 

±12,4 
14,62 

PT_1 

45 kPa 

125,85 

±1,80 

117,95 

±0,41 

134,15 

±0,18 

101,01 

±0,82 

131,44 

±0,63 

116,53 

±0,42 

135,65 

±0,84 

113,86 

±1,20 

122,06 

±11,13 
28,38 

PT_2 

45 kPa 

146,82 

±0,95 

155,89 

±3,76 

141,05 

±1,16 

153,33 

±2,25 

155,69 

±6,83 

146,98 

±1,00 

143,68 

±6,66 

148,16 

±0,63 

148,95 

±5,15 
9,96 

PT_2 

70 kPa 

175,59 

±2,68 

186,45 

±5,43 

170,37 

±0,01 

184,52 

±0,62 

188,99 

±0,34 

187,27 

±4,35 

191,51 

±0,12 

177,75 

±2,11 

182,81 

±6,91 
11,56 

PT_2 

95 kPa 

191,50 

±1,82 

200,84 

±1,86 

201,30 

±0,61 

203,11 

±0,30 

194,14 

±1,25 

196,72 

±2,59 

207,22 

±0,47 

196,57 

±2,54 

198,93 

±4,8 
7,90 

PT_3 

45 kPa 

91,68 

±0,89 

90,47 

±0,21 

86,76 

±0,53 

82,59 

±0,83 

87,12 

±0,04 

87,53 

±0,34 

85,68 

±0,34 

90,25 

±0,41 

87,76 

±2,77 
10,36 

PT_3 

70 kPa 

109,76 

±0,31 

107,99 

±1,10 

107,61 

±1,10 

109,51 

±0,88 

106,97 

±0,39 

113,18 

±0,32 

112,40 

±0,56 

111,09 

±1,27 

109,81 

±2,12 
5,66 

PT_3 

95 kPa 

124,86 

±2,70 

123,94 

±1,82 

121,23 

±2,62 

115,94 

±1,80 

117,06 

±3,52 

120,14 

±0,59 

123,52 

±1,27 

123,52 

±0,77 

121,28 

±3,11 
7,36 

PT_3 

120 kPa 

129,94 

±0,80 

128,59 

±1,23 

128,95 

±3,37 

125,57 

±0,69 

127,47 

±1,51 

127,84 

±1,23 

122,55 

±0,32 

129,51 

±2,79 

127,55 

±2,28 
5,79 

PT_4 

45 kPa 

151,63 

±1,66 

157,92 

±0,59 

160,56 

±0,95 

153,18 

±0,55 

155,73 

±0,83 

164,03 

±1,16 

155,94 

±0,38 

156,10 

±2,15 

156,89 

±3,70 
7,90 

PT_4 

70 kPa 

187,92 

±2,63 

188,32 

±1,19 

182,69 

±0,54 

185,22 

±2,45 

194,55 

±1,11 

189,07 

±0,94 

184,21 

±1,09 

184,39 

±2,19 

187,05 

±3,54 
6,34 

PT_4 

95 kPa 

227,76 

±1,06 

231,59 

±0,63 

220,33 

±1,54 

227,87 

±1,08 

231,37 

±1,18 

221,52 

±1,00 

225,08 

±1,33 

217,36 

±1,56 

225,36 

±4,89 
6,31 

PT_4 

120 kPa 

258,69 

±0,25 

258,37 

±1,17 

261,85 

±1,22 

250,12 

±1,74 

262,28 

±1,28 

259,83 

±0,84 

247,60 

±1,99 

239,82 

±0,51 

254,82 

±7,56 
8,81 

PT_4 

145 kPa 

276,19 

±1,22 

252,97 

±0,74 

275,07

±0,21 

242,64 

±0,47 

279,78 

±0,45 

269,47 

±0,97 

250,98 

±1,32 

252,00 

±1,12 

262,39 

±13,33 
14,15 

Potential NPT substitutes by PT in the assumed normal load range are marked with colors. 
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Table 4. The parameters determined in the research characterizing the contact patch  

with the non-deformable ground of the analyzed wheels 

Normal 

load [kN] 

Area of 

contact 

patch [m2] 

Tread pattern 

density 

coefficient [-] 

Contact 

lenght 

[m] 

Contact 

lenght – 

method 

no. 2[m] 

Contact 

width 

[m] 

Coefficient 

of the 

contact 

patch shape 

[-] 

Average 

contact 

pressure 

[kPa] 

Coefficient 

of tread 

blocks 

loading [-] 

NPT_1 

1,00 
0,00339 

±0,00018 

0,41 

±0,01 

0,065 

±0,004 

0,065 

±0,005 

0,145 

±0,009 

1,081 

±0,064 

307,01 

±16,18 

- 

2,00 
0,00490 

±0,00030 

0,41 

±0,01 

0,095 

±0,002 

0,095 

±0,002 

0,159 

±0,001 

1,212 

±0,004 

442,81 

±10,25 

- 

3,00 
0,00697 

±0,00018 

0,42 

±0,01 

0,120 

±0,001 

0,120 

±0,001 

0,160 

±0,002 

1,179 

±0,017 

432,16 

±11,03 

- 

3,75 
0,00837 

±0,00011 

0,40 

±0,01 

0,140 

±0,001 

0,140 

±0,001 

0,168 

±0,002 

1,118 

±0,018 

450,06 

±3,34 

- 

NPT_2 

1,00 
0,00201 

±0,00016 

0,27 

±0,02 

0,098 

±0,003 

0,100 

±0,013 

0,100 

±0,004 

1,354 

±0,069 

535,13 

±39,76 
- 

2,00 
0,00300 

±0,00018 

0,28 

±0,01 

0,126 

±0,003 

0,126 

±0,005 

0,116 

±0,003 

1,327 

±0,044 

676,93 

±29,29 
- 

3,00 
0,00404 

±0,00019 

0,25 

±0,01 

0,166 

±0,004 

0,166 

±0,003 

0,125 

±0,002 

1,280 

±0,048 

743,04 

±23,54 
- 

3,75 
0,00495 

±0,00013 

0,26 

±0,01 

0,181 

±0,001 

0,182 

±0,003 

0,131 

±0,001 

1,268 

±0,039 

758,47 

±19,60 
- 

PT_1 – 45 kPa 

1,00 
0,00301 

±0,00029 

0,24 

±0,01 

0,154 

±0,005 

0,154 

±0,003 

0,121 

±0,007 

1,494 

±0,093 

350,82 

±16,92 

7,80 

±0,38 

2,00 
0,00574 

±0,00040 

0,22 

±0,01 

0,232 

±0,002 

0,232 

±0,002 

0,157 

±0,007 

1,399 

±0,038 

359,29 

±19,10 

7,98 

±0,42 

3,00 
0,00815 

±0,00016 

0,22 

±0,01 

0,276 

±0,001 

0,276 

±0,003 

0,174 

±0,003 

1,266 

±0,014 

369,41 

±12,74 

8,21 

±0,28 

3,75 
0,01009 

±0,00024 

0,24 

±0,01 

0,280 

±0,001 

0,280 

±0,003 

0,185 

±0,001 

1,235 

±0,003 

371,76 

±10,60 

8,26 

±0,24 

PT_2 – 45 kPa 

1,00 
0,0031 

±0,00014 

0,19 

±0,01 

0,155 

±0,001 

0,155 

±0,004 

0,157 

±0,003 

1,431 

±0,024 

348,38 

±14,82 

7,74 

±0,33 

2,00 
0,00547 

±0,00035 

0,19 

±0,01 

0,208 

±0,005 

0,208 

±0,008 

0,178 

±0,002 

1,294 

±0,061 

379,42 

±13,34 

8,43 

±0,30 

3,00 
0,00759 

±0,00065 

0,19 

±0,01 

0,246 

±0,006 

0,247 

±0,006 

0,186 

±0,002 

1,217 

±0,018 

397,11 

±24,12 

8,52 

±0,13 

3,75 
0,00882 

±0,00068 

0,19 

±0,01 

0,262 

±0,014 

0,263 

±0,007 

0,192 

±0,002 

1,174 

±0,013 

422,68 

±24,42 

9,13 

±0,14 

PT_2 – 95 kPa 

1,00 
0,00234 

±0,00017 

0,21 

±0,01 

0,150 

±0,001 

0,150 

±0,002 

0,083 

±0,002 

1,129 

±0,032 

473,04 

±21,09 

4,98 

±0,22 

2,00 
0,00398 

±0,00016 

0,18 

±0,01 

0,191 

±0,001 

0,191 

±0,003 

0,158 

±0,001 

1,401 

±0,02 

512,47 

±13,81 

5,39 

±0,15 

3,00 
0,00573 

±0,00015 

0,21 

±0,01 

0,210 

±0,001 

0,210 

±0,002 

0,174 

±0,001 

1,324 

±0,013 

531,63 

±23,96 

5,60 

±0,25 

3,75 
0,00679 

±0,00006 

0,21 

±0,01 

0,222 

±0,001 

0,222 

±0,002 

0,179 

±0,001 

1,224 

±0,038 

556,45 

±5,17 

5,86 

±0,05 

PT_3 – 45 kPa 

1,00 
0,00672 

±0,00077 

0,43 

±0,01 

0,145 

±0,002 

0,145 

±0,007 

0,106 

±0,001 

1,139 

±0,008 

168,63 

±11,17 

3,75 

±0,25 

2,00 
0,01163 

±0,00095 

0,35 

±0,01 

0,218 

±0,001 

0,218 

±0,003 

0,161 

±0,001 

1,164 

±0,023 

179,66 

±14,6 

3,99 

±0,32 

3,00 
0,01622 

±0,00095 

0,35 

±0,01 

0,275 

±0,001 

0,275 

±0,002 

0,178 

±0,001 

1,129 

±0,021 

187,85 

±11,79 

4,17 

±0,26 
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3,75 
0,01924 

±0,00095 

0,36 

±0,01 

0,293 

±0,004 

0,293 

±0,004 

0,191 

±0,002 

1,107 

±0,011 

190,37 

±7,09 

4,23 

±0,16 

PT_3 –120 kPa 

1,00 
0,00365 

±0,00046 

0,48 

±0,01 

0,103 

±0,006 

0,107 

±0,003 

0,097 

±0,005 

1,224 

±0,017 

303,27 

±16,6 

2,53 

±0,14 

2,00 
0,00675 

±0,00062 

0,46 

±0,01 

0,150 

±0,005 

0,150 

±0,002 

0,113 

±0,002 

1,103 

±0,025 

302,94 

±13,88 

2,52 

±0,12 

3,00 
0,00945 

±0,00064 

0,38± 

0,02 

0,192 

±0,003 

0,192 

±0,003 

0,157 

±0,005 

1,154 

±0,026 

325,44 

±11,01 

2,71 

±0,09 

3,75 
0,01092 

±0,00068 

0,38 

±0,01 

0,212 

±0,004 

0,212 

±0,003 

0,164 

±0,002 

1,173 

±0,016 

336,26 

±13,37 

2,80 

±0,11 

PT_4 – 45 kPa 

1,00 
0,00576 

±0,0004 

0,38 

±0,01 

0,137 

±0,001 

0,138 

±0,002 

0,155 

±0,008 

1,367 

±0,029 

180,14 

±12,93 

4,00 

±0,29 

2,00 
0,01007 

±0,00017 

0,38 

±0,01 

0,179 

±0,001 

0,179 

±0,003 

0,178 

±0,001 

1,211 

±0,013 

207,56 

±2,73 

4,61 

±0,06 

3,00 
0,01299 

±0,00034 

0,35 

±0,01 

0,231 

±0,003 

0,231 

±0,003 

0,179 

±0,001 

1,108 

±0,001 

233,10 

±8,29 

5,18 

±0,18 

3,75 
0,01431 

±0,00021 

0,36 

±0,01 

0,249 

±0,002 

0,249 

±0,003 

0,179 

±0,001 

1,110 

±0,005 

258,96 

±2,65 

5,75 

±0,06 

PT_4 – 145 kPa 

1,00 
0,00314 

±0,00021 

0,44 

±0,03 

0,107 

±0,009 

0,107 

±0,003 

0,086 

±0,004 

1,250 

±0,019 

335,65 

±15,6, 

2,31 

±0,11 

2,00 
0,00565 

±0,00035 

0,37 

±0,01 

0,143 

±0,002 

0,143 

±0,001 

0,131 

±0,006 

1,300 

±0,014 

365,50 

±16,29 

2,52 

±0,11 

3,00 
0,00818 

±0,00030 

0,37 

±0,01 

0,165 

±0,001 

0,166 

±0,003 

0,167 

±0,001 

1,267 

±0,036 

370,55 

±9,91 

2,56 

±0,07 

3,75 
0,00955 

±0,00008 

0,37 

±0,01 

0,178 

±0,002 

0,178 

±0,001 

0,178 

±0,001 

1,213 

±0,006 

387,21 

±7,33 

2,67 

±0,05 

 


