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Introduction
Since the invention of non-pneumatic tyre (NPTs) in the 1920s, they are getting more 
recognition over their pneumatic counterpart because of their advantages such as low 
rolling resistance, no flat tyres, and no need for air pressure maintenance [1, 2]. An NPT 
is made up of a hub, flexible number of spokes, a tread, and a shear ring. The tread part 
is made of synthetic rubber, and the shear ring portion is made of two components one 
is the shear band and the other includes two inner and outer steel rings. The flexible por-
tion of the NPT consists of polyurethane material spokes that connect to the hub and 
shear composite ring of NPT and are deformed mainly by tension, buckling, compres-
sion, and bending during the rolling of tyre. Because of such deformations, it is neces-
sary to minimize the stresses in spokes during driving. So, such a design needs to be 
given importance which has high fatigue resistance.
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The NPT spokes must have a high value of resilience and stiffness under the load-
ing conditions of compression or tension. The honeycomb spokes have a high value 
of strength and stiffness in normal to the plane directions, and in the in-plane coor-
dinate or direction, they have a higher resilience value and lower value of mechani-
cal resistance [3]. The honeycomb cell structures are also changeable to optimize the 
in-plane and out-plane properties of spokes that is by changing the inside angles of 
the honeycomb spokes, as well as the length and thickness of the wall of spokes to 
get variable strength and stiffness values [4, 5]. Honeycomb hexagonal spoke struc-
tures have been utilized in many applications, and also for the design of delicate 
component structures. In recent years, some in-plane structures yield strength val-
ues, their modulus of elasticities, and also their buckling behaviors, of various cell 
types including straight, triangular, hexagonal, diamond, and square ones have been 
studied [6–8].

Kim [9] has studied the structural analysis of NPTs with honeycomb spokes by 
applying vertical loads and found that, because of the high stiffness of NPT spokes, 
the contact pressure values of NPTs were lower than that of a pneumatic tyre. Ju 
et  al. [10] compared spokes of hexagonal auxetic honeycombs with conventional 
honeycomb spokes and it was concluded that under the same load-carrying capacity 
the conventional honeycomb spokes which had a highly positive cell spoke angle had 
low values of mass and also low local stresses.

Methods
Methodology

The methodology is composed of deep literature research from previous work on 
pneumatic and NPTs to design and analyze new polyurethane spoke structures 
according to standard (GBT 2977-2008) which have least amount of deformation, 
stress, and strain energy values. The material properties of all the metallic parts of 
the tyre were taken from previous research work including the non-linear material 
data of polyurethane and synthetic rubber [11]. A honeycomb NPT (NPT-A1) [12] 
was taken as a standard design to set the boundary and mesh parameters in ANSYS 
and compare the results of the stress analysis of HC-A1 based on Mooney-Rivlin 
(MR) hyper-elastic material model, with the previous research of NPT-A1, by apply-
ing a point load at the center of the aluminum hub. After the stress results of HC-A1 
matched with the stress results of NPT-A1 with minimum error, then the same 
boundary and mesh parameters were used for the newly designed spoke structures. 
The newly designed NPTs spoke structures dimensions were also designed as per 
standard (GBT 2977-2008) and only the designs of spoke structures were changed by 
keeping the mass of the spoke structures almost constant. These include the three 
positive cell angle honeycombs (HC-A1, HC-A2, and HC-A3), simple straight spoke 
type, and trapezoid type NPTs spoke structures. In this paper, the non-linear static 
structural analysis of NPTs with different spoke structures was numerically analyzed 
and simulated. The deformation modes, stress distribution in treads and spokes, and 
the strain energy parameters of different designs of NPTs were studied thoroughly.
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Properties
Geometric parameters

Two dimensional (2D) models for the finite element analysis (FEA) were modeled on Solid-
Works software and then numerically solved on ANSYS software. As shown in Fig. 1, an NPT 
consists of a rubber tread, two steel rings, a polyurethane shear band, several polyurethane 
spokes, and a central aluminum alloy hub. The NPT width and the outermost diameter were 
designed equal to 215 mm and 664 mm, according to the Chinese truck tyre standard, GBT 
2977-2008. The earlier honeycomb engineers developed the effective in-plane moduli of hex-
agonal honeycombs using the beam theory, and these developments are called cellular mate-
rials theory (CMT) [10]. The honeycomb spoke structures in-plane elastic modulus values 
were determined in the previous articles as per CMT which are also given below [13–15]:
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Fig. 1 Photo of NPT with all the components including honeycomb spokes
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where E∗
r  , E∗

∩
 , and G∗

r∩ are the effective modulus values in the radial, circumferential, 
and shear directions. As shown in Fig.  2a, the θ, l and h represent the values of the 
spokes cell angle, cell inclined length, and vertical length of the cell. The ‘a’ represents 
the cell wall thickness as shown in Fig. 2 and Es represents the value of the base mate-
rial’s young modulus.

Now to obtain the density of the honeycomb structure, we can use the below formula [12]:

Where the base material density value is denoted by ρs = 1200 kg/m3 [10, 16]. As a 
basic part of an NPT, the ratio between the height and cell inclined length in the spokes 
of honeycomb is an important variable just to design the out-plane and in-plane struc-
tures of flexible spokes under different loading conditions [10]. This is clearly shown 
by changing the honeycomb’s cell angles. In this research work, three different unique 
honeycombs have been designed including 15.76°,  12°, and  7° cell angles, θ. The HC-A2 
and HC-A3 are new designs of NPTs having a unique cell angle of  12° and  7° respec-
tively. Now the reason for choosing the different values of cell angles θ is because a 
high cell angle causes the honeycomb spoke structures to have more flexibility under 
uni-axial loading than the low cell angle spoke structures that have a low amount of 
flexibility [10]. Also, two new designs of straight spoke structures have been designed 
as well named simple spoke and trapezoid spoke based NPTs.

The cell wall thickness ‘a’ for all the spoke designs are set equal to 2 mm and the mass 
values of all the different spoke structures have been made almost equal with some small 
variations. All the geometrical and other properties of different honeycomb spoke struc-
tures are given in Table 1, and their models are shown in Fig. 3.
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Fig. 2 Geometrical and schematic pictures of spoke cells
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The simple spoke type NPT has the length of each spoke equally to 96 mm and the 
total number of spokes (N) divided at an equal angle, is 63 as shown in Fig. 2b. The trap-
ezoid spoke type NPT has an angle value of 9° between the two spokes and the vertical 
spoke is divided into parts each having a length of 47 mm as shown in Fig. 2c.

Material properties

The aluminum alloy 7075-T6, steel alloy ANSI 4340, synthetic rubber, and polyurethane 
material properties were used for the hub, two steel rings, tread, and shear bands for all 
parts of NPTs [11]. Polyurethane and synthetic rubber are non-linear hyper-elastic materi-
als and in ANSYS software these materials were modeled using the Mooney-Rivlin (MR) 
theory [17]. The mass value of all different types of polyurethane spokes was set almost 
equal with some small variations as shown in Table 2 [10, 16]. The material models of MR 
for non-linear materials use strain energy (W) equations as a function to calculate other 
variables. The strain energy (W) function can be written in the equation form while not 
taking into account the temperature and volumetric deformation changing terms [17, 18]. 
These values were neglected just to make the numerical problem simple and as this is a 
pure non-linear structural stress analysis so temperature effects were ignored and were left 
for future study purposes.

Table 1 Honeycomb (HC) spokes mechanical and geometrical properties

Type l (mm) h (mm) θ (°) ρ∗/ρs Er/Es E
∗
∩
/Es G

∗
r∩/Es

HC-A1 26.25 36.66 15.76 0.08 3.46 x  10−3 8.14 x  10−4 1.03 x  10−4

HC-A2 25.56 36.38 12 0.08 6.64 x  10−3 8.17 x  10−4 1.025 x  10−4

HC-A3 25.19 39.23 7 0.08 0.02 8.5 x  10−4 8.5 x  10−5

Table 2 Mass values of different polyurethane spoke structures [10, 16]

Sr. No. Spoke structure Mass (g)

1. HC-A1 4857.28

2. HC-A2 4856.24

3. HC-A3 4902.96

4. Simple spoke type 4852.08

5. Trapezoid spoke type 4950.56

Fig. 3 Honeycomb spokes-based NPTs with the same wall thickness with different cell angles
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The invariants of the deformation are denoted by I1, I2 and material constants are denoted 
by the term, Cij. The invariants of the deformation are written below:

The elongations along the different axis of the element are denoted by the terms λ1, λ2, λ3. 
The ANSYS software has the availability of using all the different models of MR equations 
based on the different Cij constants including the 2, 3, 5, and 9 parameters where, i = 1, 2, 
3, 4, 5, ….9 and j = 1, 2, 3, 4, 5, ….9. In this research work, the MR 9 parameter material 
model was used in ANSYS. The uniaxial, biaxial, and planar shear experimental test data 
was available in a recent research work [11]; that data was used in this research work to cal-
culate the stresses and deformation values in different spokes. Some of the basic modes of 
deformation and their relationships with other elongations are shown in Fig. 4 [17].

Assuming that the material is incompressible then:

Now taking, λ = 1 + ε, where ε is the engineering strain of the sample and putting 
this value in the above Eqs.  6 and 7, then the different deformation modes can be 
written as follows [17]:

• The deformation mode for the uniaxial term

• The deformation mode for the biaxial term
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Fig. 4 Uniaxial, biaxial, and planar shear deformation modes and relationships between the elongations
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• The deformation mode for the planar shear term

Since the strain energy (W) has been defined, we can determine the values of the 
stresses along with the different directions as a derivative, σ(ε) = ∂W/∂ε, where ε is the 
strain value and σ is the stress value. For all of the MR models, the strain energy (W) 
terms were converted to such a form which had the elongations λ along with different 
directions as well as the Cij constant terms. The MR second order, third order σ(λ), and 
ninth order  W(9) (strain energy-based) relations for only the uniaxial deformation modes 
are shown below:

1. Mooney-Rivlin 2 parameter model

2. Mooney-Rivlin 3 parameter model

3. Mooney-Rivlin 9 parameter model

The Cij constant terms can be found out by using the stress-strain data that is obtained 
from the compression/tension experimental test data for the polyurethane and synthetic 
rubber hyper-elastic materials from the previous research work [11]. In this research work, 
the Cij terms were found in ANSYS using the data fitting algorithm, that is solved using 
the least squares method. Figures 7 and 8 show the curve fit material models solved using 
ANSYS MR 9 parameter model, for polyurethane and synthetic rubber materials based on 
the experimental test data from previous research work [11]. From Figs. 5 and 6, the theo-
retical data curves calculated using ANSYS MR 9 parameter model fits perfectly with the 
experimental material test data points, so we have used the MR 9 parameter model for our 
analysis purpose. So, this validates that the material constants calculated for polyurethane 
and synthetic rubber materials using MR 9 parameter model are accurate.

Numerical methodologies
A 2D analysis type geometry option is set in ANSYS and the NPT width value is set 
equal to 215 mm (according to the Chinese GBT 2977-2008 standard). A rigid point load 
was added at the center of the aluminum alloy hub and its value is ranged from 500 to 
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2500 N, as per the load-carrying capacity of the NPT according to standard (GBT 2977-
2008) [12]. The simulation method in this regard is important and requires a few con-
siderations to be analyzed before the numerical methods. It is important to understand 
that the physical bodies are only in contact with each other instead of inter-penetrating. 
Therefore, the software solution will require the prior setting of the program in such a 
way that the relationship between contact surfaces is established.

In the details of the connections, manual contact regions were established between 
the 2D parts of the NPT assembly which included the bonded and frictional type 
contact regions. The bonded and frictional type contact was established between the 
internal peripheries of the different geometries and between the outer edge of the 
tread and the flat platform on which the whole NPT is placed. A friction coefficient 

Fig. 5 Polyurethane material model for all deformation modes (uniaxial, biaxial, and shear test data) using MR 
9 parameter model to evaluate the Cij constants

Fig. 6 Synthetic rubber material model for all deformation modes (uniaxial, biaxial, and shear test data) using 
MR 9 parameter model to evaluate the Cij constants
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value was set equal to 0.15, which is normally used to avoid the slipping conditions 
during the analysis [12]. A point contact is established between the tread and the flat 
platform and the mesh was refined around that contact area so to overcome the con-
vergence issues that occur when changing the load values on the hub, advanced con-
tact options can also be used. The physical bodies in contact do not interpenetrate. 
Therefore, the simulation program must establish a relationship between the two con-
tact surfaces to prevent the two contact bodies from penetrating into each other in 
the simulation as shown in Fig. 7.

ANSYS provides different contact algorithms to enforce contact compatibility at 
the interface. In the advanced contact options, the first thing to consider is the for-
mulation option which includes the Augmented Lagrange and Pure Penalty contact 
algorithms. For the nonlinear simulations and body contacts, the most used formu-
lations are Pure Penalty and Augmented Lagrange, normally both are penalty-based 
contact methods [19].

Fnormal is the normal contact force, knormal is the contact stiffness value so when the 
contact stiffness is high then the penetration, xpenetration value is low. In an ideal case 
when the knormal value is infinite, then there would be zero penetration between the bod-
ies. The default value of stiffness is automatically determined by ANSYS. For bulk domi-
nated analysis one can use, knormal = 1 and for bending dominated problems one can use 
knormal = 0.01 to 1. With penalty-based methods, this is not numerically possible but as 
long as the xpenetration value is negligible or small, then the solution results will be accu-
rate. For the Augmented Lagrange method, the equation used is given below [19]:

The Augmented Lagrange method is less delicate to knormal contact stiffness extent 
because of the λ term in the above equation. Contact penetration is present in the Aug-
mented Lagrange method but can be controlled to some degree. The main difference 
between Pure Penalty and Augmented Lagrange methods is that the latter augments the 

(15)Fnormal = knormalxpenetration

(16)Fnormal = knormalxpenetration + �

Fig. 7 Relation between normal force, contact stiffness, and contact penetration [19]
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contact force (pressure) calculations. The knormal stiffness value is a very important vari-
able that affects both the convergence phenomenon as well as the accuracy of the analy-
sis. When we use large values of stiffness, knormal the accuracy of the analysis is increased 
but the analysis may have some difficulties in converging the solution.

Now for the boundary conditions, fix support was applied to the flat platform part of 
the NPT assembly. A standard Earth gravity was applied to all the parts of the NPT in 
the negative Y-axis direction whose value was set equal to −9.8066  ms−2.

In the mesh section quadrilateral, dominant mesh method and quadrilateral/triangu-
lar mixed mesh elements were used for all the parts of the NPT assembly. Element size 
of 0.5 mm was set for the tread, two steel rings, hub, and the flat platform of NPT. While 
element size of 1 mm was set for the spokes and the shear band of NPT. A point con-
tact is set between the tread and the flat platform, so to avoid the convergence errors 
in the analysis, the mesh was refined around the contact region by setting the element 
size equal to 0.2 mm and the sphere radius equal to 15 mm. Refined meshing around the 
point contact region is shown in Fig. 8 for HC-A1 NPT.

Skewness term is defined as the difference between the shape of the equilateral cell 
and the shape of the cell of an equivalent volume. If the cells are highly skewed, then 
the solution accuracy is decreased and destabilized. Orthogonal quality is computed 
with vector mechanics. Calculations are done by using the face normal vector, the 
vector from the cell centroid to the centroid of each of the adjacent cells, and the 

Fig. 8 Refined meshing around the point contact region showing the orthogonal and skewness mesh 
quality
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vector from the cell centroid to each of the faces. The skewness values ranging from 
0.25 to 0.8 are acceptable and the orthogonal quality values ranging from 0.2 to 1.0 are 
also acceptable [20]. The above mesh parameters were finalized after doing the mesh 
convergence analysis on the HC-A1 type spokes. A point load of 2000 N was applied 
at the center of the hub of NPT assembly. In the mesh convergence analysis, different 
element sizes were changed accordingly to obtain the total number of mesh elements. 
The NPT model was simulated to obtain the value of maximum stress in the polyure-
thane spokes and that value was plotted against the total number of elements. Table 3 
shows the number of elements, skewness and the orthogonal quality of meshing, and 
the amount of maximum stress obtained after analyzing HC-A1 NPT. Figure 9 shows 
the mesh convergence plots for all types of NPTs used in this research work.

The percentage of error for maximum stress (MPa) between 1.93 and 1.96 is equal 
to 1.53% for HC-A1 NPT. So, the properties of mesh that were used for the maximum 
stress of 1.93 MPa were finally set for all the structures of NPT assemblies to get the 
final results. A higher number of mesh elements settings can also be used but it would 
require a lot of computing power and time to solve the analysis. So, from the above 
mesh analysis, it is validated that the mesh quality and mesh parameters are correct.

Table 3 Number of elements and nodes, skewness, orthogonal quality, and maximum stress values 
for mesh convergence analysis of HC-A1 NPT

Sr. No. Number of 
elements

Number of nodes Stress in spokes 
(MPa)

Skewness Orthogonal 
quality

01 53868 199383 1.56 0.8071 0.4467

02 113417 395570 1.57 0.8071 0.6

03 216079 743722 1.93 0.7537 0.5528
04 271473 913934 1.96 0.7537 0.5528

05 492808 1585961 1.94 0.7537 0.5528

Fig. 9 Mesh convergence plots for all types of NPTs at load of 2000 N
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Results and discussion
Vertical loads results among the NPTs

In the analysis of NPTs, all the spoke structures were designed in such a way so that mass 
of the NPT structures was almost kept equal to each other. The mesh properties were 
kept the same as of HC-A1 for all the other NPT structures in the analysis. Five types of 
NPT static behavior were thoroughly investigated by applying vertical static loads rang-
ing from 500 to 2500 N. Table 4 shows the results of all types of NPTs under the verti-
cal force/load. The stress in the spokes and treads, deformation behavior of spokes, and 
strain energy behavior in the spokes of NPTs were investigated and were compared with 
each other to choose the one which had the least amount of deformations and stress 
values. The results with brief discussion are given below for all the NPTs including the 
analysis contours with results graphs.

As per the analysis, our main focus was on revealing the relations between the hon-
eycombs’ mechanical properties as per their geometric configurations. From Table 4, it 
can be seen that among the honeycomb type NPTs, as the spoke cell angle θ decreases 
from 15.76 to 7°, the deformation of spokes decreases as well, meaning that HC-A3 has a 
higher load-carrying capacity than HC-A1. It is believed that the lower spoke cell angle 
results in a high amount of effective modulus in the radial direction, Er/Es [12]. The sim-
ple and trapezoid type NPTs have the least values of deformation, meaning that straight 
spoke structures have high load carrying ability than honeycomb-based NPTs and the 
pneumatic tyres [9]. The horizontal portions support the vertical spokes at 3 different 
points that provide a high amount of strength to the trapezoid structure and because 
of that, it has the least amount of flexibility/deformation than other spoke structures. 

Table 4 Results of all types of NPTs under vertical load/force

Results Force (N) HC–A1 HC–A2 HC–A3 Simple spoke Trapezoid Pneumatic 
tyre [9]

Deformation of spokes (mm) 500 3.78 3.87 3.62 4 1.08

Stress in spokes (MPa) 0.64 0.66 0.68 0.49 0.36

Stress in tread (MPa) 0.216 0.2 0.21 0.21 0.2

Strain energy spokes (mJ) 0.18 0.2 0.25 0.15 0.11

Deformation of spokes (mm) 1000 7.26 7.43 7.2 7.28 3.93 5.78

Stress in spokes (MPa) 1.12 1.16 1.31 0.8 1.71

Stress in tread (MPa) 0.29 0.29 0.28 0.31 0.27

Strain energy spokes (mJ) 0.65 0.75 1.02 0.52 1.81

Deformation of spokes (mm) 1500 9.96 9.91 10.1 10.56 7.05

Stress in spokes (MPa) 1.55 1.66 1.67 1.25 2.28

Stress in tread (MPa) 0.34 0.34 0.34 0.37 0.33

Strain energy spokes (mJ) 1.24 1.57 1.81 1.29 3.18

Deformation of spokes (mm) 2000 12.15 11.7 12.42 10.07 9.81 11.15

Stress in spokes (MPa) 1.93 2.13 2.14 1.62 2.86

Stress in tread (MPa) 0.37 0.37 0.37 0.42 0.37

Strain energy spokes (mJ) 1.89 2.57 3 2.18 5.02

Deformation of spokes (mm) 2500 14.56 14.3 14.2 11.7 12.56

Stress in spokes (MPa) 2.28 2.49 2.57 2.01 3.3

Stress in tread (MPa) 0.39 0.39 0.39 0.45 0.39

Strain energy spokes (mJ) 2.58 3.51 4.34 3.37 6.67
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The lower local stresses and lower strain energy values in the spokes of the simple 
and HC-A1 structures are much better for the designing of the fatigue-resistant NPTs 
spokes. The trapezoid spoke structure can absorb the maximum amount of energy when 
deformed under vertical loading because it has the maximum value of strain energy, so it 
can be used in many of the energy absorbing structure applications.

Stress distribution results among the NPTs

In the simulation of NPTs, a point load was applied at the center of the hub ranging 
from 500 to 2500 N. The main focus of the number of stresses is in the spokes and 
the tread parts of the NPTs. Figure 10 shows the number of stresses and the deforma-
tion forms in the polyurethane spokes for the honeycomb type NPTs when at the hub 
center a force or load was applied of 2000 N. Elastic type of buckling can be seen in 
the deformed NPTs spokes. Stress concentration appears at the corner joint locations 
of cellular wall edges and the maximum stress for HC-A1, A2, and A3 are about 1.933, 
2.132, and 2.141 MPa respectively at a load of 2000 N. The corner joints of spoke 
structures are weak areas and might fail first due to stress concentration. These cor-
ners must be filleted properly so that stress concentration is reduced, fatigue life, and 

Fig. 10 Maximum spoke stresses (MPa) and deformation modes under 2000 N force
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performance of the NPT is enhanced as well. The bottom half of the spoke structures 
undergo in bending or compression state while the top half is in the tension state and 
the stress is concentrated at the joint wall edges of the spokes. From the contours, it 
can be seen that among the honeycomb NPTs the HC-A3 has the highest amount of 
stress because of the lower cell angle of θ =  7o and a radial modulus of elasticity value 
Er/Es = 0.02.

In Figs.  11 and 12, it is clearly shown that the stress in the spokes of NPTs grad-
ually increases as the vertical force/load value is increased. In the graph of honey-
comb spoke stresses, the least amount of stress is in the HC–A1, and the maximum 
amount of stress is in the HC–A3. So, as we reduce the value of cell angle θ of hon-
eycomb spokes the amount of stress is increased. As per the above results, the hon-
eycomb spoke structures have the potential in the design of sandwich structures due 

Fig. 11 Force (N) vs. maximum stress (MPa) graph for honeycomb spokes of NPTs [12]

Fig. 12 Force (N) vs maximum stress (MPa) graph for spokes of NPTs
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to their superior performance. From the results shown in Fig. 12, it can be seen that 
the stress is maximum in the trapezoid type NPT while the simple spoke type has 
the least amount of stress, it is because of the out of plane spoke structure design 
or lower cell angle spokes results in the high amount of stresses [4]. Table  5 shows 
the value of stress in spokes for the standard HC–A1 NPT and comparing it with 
NPT–A1 reference NPT [12], it is investigated numerically that the error between the 
HC–A1 and NPT–A1 design is minimum which shows that the simulation results are 
accurate. Considering the amount of maximum stress, the simple spoke and HC–A1 
spoke structures are dominant over other structures. Because of the high amount of 
stress value in the spoke structure of trapezoid NPT, it has a low fatigue resistance, so 
simple spoke and HC-A1 design is given importance because of their low spoke stress 
values and high fatigue resistance.

Stress results in the tread of NPTs

The amount of stress between the flat platform and the tread is also observed. In Fig. 13, 
it is seen that as the force/load is applied, a rectangular shape contact is established on 
the tread’s surface and this rectangular surface area increases as the force is increased. It 
is observed that along the lateral direction the contact pressure amount is steadier than 
along the circumferential direction. Figure 14 shows the stress in treads (MPa) of differ-
ent NPT structures under vertical load/force. The maximum stress in the tread occurs in 
the simple spoke type structure because of the vertical spokes and no interconnectivity 
between the spokes. All the other spoke structures are interconnected with each other 
that is why the load is distributed equally between the spokes and the stress in the tread 
is almost the same for these structures.

Deformation results of NPTs spokes

The deformation of spokes or the load-carrying ability of NPTs is one of the main 
parameters in designing NPTs, which can be classified as the center of aluminum alloy 
hub displacement value. Figure  15 shows the deformation contours of all the straight 
spoke type NPTs under a vertical force of 2500 N. The straight spokes are acting just like 
columns and because of elastic buckling of spokes the maximum amount of deformation 
is at the center of the spokes equal to 12.56 mm and 11.702 mm for both the trapezoid 
and simple spoke NPTs as seen in Fig. 15. Among the honeycomb spokes, the HC–A3 
has the least amount of deformation because the radial effective modulus Er/Es value 
of HC–A3 has the highest value of 0.02 because of the low cell wall angle of 7° [21]. 
This shows that among the honeycomb types, the HC–A3 has the highest load-carrying 
capacity and can be used as high load carrying structures in various other applications. 
Honeycomb spoke structures exhibit both structural integrity as well as efficient load 

Table 5 Comparison of stress in spokes of HC–A1 and NPT–A1, NPTs [12]

Force (N) Stress in spokes % Error

HC–A1 NPT–A1

1000 1.12 1.094 2.32%

2000 1.93 2.088 7.57%
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distribution. While considering all the five types of NPTs, the simple spoke and the trap-
ezoid one have the least amount of deformation as compared to the honeycomb struc-
tures. The straight-spoke NPTs have the highest amount of load-carrying ability, so they 
have more advantages over the other types and can be utilized in other applications like 
efficient load carrying structures that have low mass compared to other structures.

If we compare the deformation amounts of the simple spoke and trapezoid type 
NPTs with that of the pneumatic tyres, it is clear that the NPTs have a low amount 

Fig. 13 Rectangular shape contact established between the tread and flat platform

Fig. 14 Force (N) vs. stress in tread (MPa) graph for NPTs
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of deformation and have a high load-carrying ability [9]. Now, this validates that our 
results are accurate and polyurethane material has a higher load-carrying ability 
than synthetic rubber material. Figure 16 shows a graph for all types of spoke struc-
tures against force (N) vs. the total deformation of spokes (mm). From the above 
results, the trapezoid type NPT is very suitable in high-load working environments 
because of its low amount of deformation.

Fig. 15 Deformation contours at a force of 2500 N

Fig. 16 Force (N) vs. max deformation of spoke structures (mm) graph for NPTs
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Strain energy (mJ) results in spokes of NPTs

When a structure is under constant load, it has some amount of energy stored in it and 
when it is removed the energy that was stored is released just like in spring. This energy 
stored in a spoke structure within the elastic limit is called strain energy. If we consider 
a body that is under a force F, the cross-sectional area is A, length is L, and is deformed 
by an amount of Δ, so the work done W on the body is stored in it in the form of strain 
energy U [22].

Figure 17 shows that the maximum amount of strain energy is at the corner joint 
locations of the honeycomb spoke structures and the maximum values for HC-A1, 
A2, and A3 are about 2.578, 3.512, and 4.34 mJ under the load of 2500 N. If these cor-
ner areas are rounded off a bit, then the strain energy value around these areas will be 
distributed properly. From the contours, it is clear that among the honeycomb struc-
tures the HC–A3 has the highest amount of strain energy and it will absorb the maxi-
mum amount of energy when deformed under vertical loading. The effective radial 

(16)W =

∫

F dL

(17)U =
1

2
F� =

F2L

2EA

Fig. 17 Strain Energy (mJ) contours for the honeycomb NPTs at a force of 2500 N
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modulus of elasticity Er/Es = 0.02, the value of HC–A3 is high, that is why it has a 
high value of strain energy (mJ).

It is proven that as the honeycomb cell angle θ value is decreased, the strain energy 
(mJ) of the structure increases. The trapezoid spoke structure has the highest value of 
strain energy (mJ) among all the other NPTs, so it will deform the least and will absorb 
all the loading energy. From the results, it can be concluded that as the strain energy 
value of a structure increases, the fatigue life of the structure decreases [23]. So for high 
fatigue life, NPT, and low load-carrying ability the HC–A1 is the best for such kinds of 
applications, and for high load carrying ability and a bit, less fatigue life than HC–A1 
the simple spoke and trapezoid type NPTs are recommended. Figure 18 shows the graph 
between force (N) and strain energy in spokes (mJ) for all types of NPTs.

Conclusions
The static behavior of different types of NPT spoke structures was numerically analyzed 
using ANSYS MR-based nonlinear methods. The focus of this analysis is mainly on the 
total deformation and stress in the spoke structures, the stress in the treads of the NPTs, 
and also the strain energy in the spokes of NPTs. Five types of NPTs with the same wall 
thickness, with different geometric parameters, and having the same amount of mass 
were considered in the analysis. Now we can conclude our investigations as follows:

1. For the five types of NPTs designed with the same polyurethane wall thickness of 2 
mm, the maximum amount of stress was found in the HC–A3 because of the lower 
cell angle, 𝜃 = 7° and the trapezoid straight spoke structure design. But the load-car-
rying ability of the simple spoke and the trapezoid type is the highest as compared to 
the honeycomb spoke designs, at 2500 N the values of the deformation are as follows 
11.7 mm and 12.56 mm.

2. The stress in the tread of the simple spoke design has the highest value of 0.45 MPa 
at a load of 2500 N. This is because of the vertical spoke design and no intercon-

Fig. 18 Force (N) vs. strain energy in spokes (mJ) graph for NPTs
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nectivity between the spokes. All the other spoke structures are interconnected with 
each other that is why the load is distributed equally among the spokes and the stress 
in the tread is almost the same for these structures equal to 0.39 MPa at a load of 
2500 N.

3. The strain energy (mJ) in the spokes of the trapezoid design has the highest value of 
6.67 mJ and HC–A1 has the lowest value of 2.58 mJ at a load of 2500 N, among the 
other types of NPTs. As the strain energy of the structure increases the fatigue life 
of the structure decreases. So for high fatigue life and low load-carrying ability the 
HC–A1 is the best for such kinds of applications and for high load carrying ability 
and less fatigue life than HC–A1 the simple spoke and trapezoid type NPTs are rec-
ommended.
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