
	 16	 International Journal of Online and Biomedical Engineering (iJOE)	 iJOE | Vol. 20 No. 2 (2024)

iJOE  |  eISSN: 2626-8493  |  Vol. 20 No. 2 (2024)  | 

JOE International Journal of 

Online and Biomedical Engineering

Serna-Landivar, J.L., Risco Sernaqué, M.V., Rivas Moreano, A.B., Algoner, W.C., Anticona-Valderrama, D.M., Zúñiga Porras, W.E., Guevara, C.O. (2024). Static, 
Dynamic, and High Cycle Fatigue Analysis of Crossed Spherical Gearing for Robotic Arm Ball Joint: A Finite Element Analysis Approach. International 
Journal of Online and Biomedical Engineering (iJOE), 20(2), pp. 16–30. https://doi.org/10.3991/ijoe.v20i02.46817

Article submitted 2023-09-16. Revision uploaded 2023-11-08. Final acceptance 2023-11-25.

© 2024 by the authors of this article. Published under CC-BY.

Online-Journals.org

PAPER

Static, Dynamic, and High Cycle Fatigue Analysis 
of Crossed Spherical Gearing for Robotic Arm Ball 
Joint: A Finite Element Analysis Approach

ABSTRACT
Crossed spherical gearing is used in the joints of robotic arm prostheses and allows mobility 
in 3 degrees of freedom. This paper aims to evaluate the design of a cross-spherical gear 
with three different materials, PEEK, AISI 304L, and Ti-6Al-4V, for a robotic arm prosthesis 
by finite element analysis. ANSYS mechanical software (version 2021 R1) was used to per-
form the static analysis and evaluate the deformations and stresses, modal analysis of natural 
frequencies and vibration modes, and high cycle fatigue analysis to determine fatigue resis-
tance. The results obtained in the static analysis show that the maximum stresses are in the 
same zones for the three materials and have similar values. However, the Ti-6Al-4V and ASI 
304L materials have a higher safety factor than PEEK, with a value of 5.17. In conclusion, the 
crossed spherical gearing is numerically validated using the finite element analysis so that 
the prototype can be later manufactured at an experimental level, and the values obtained for 
the crossed spherical gearing of the robotic arm prosthesis can be verified.

KEYWORDS
crossed spherical gearing, static analysis, modal analysis, fatigue analysis, robotic arm 
prosthesis

1	 INTRODUCTION

Amputation of the upper limb is one of the leading causes of disability and prob-
ably occurs at all levels of the limbs. This problem urgently needs to be addressed 
and solutions found to provide a better quality of life to the millions of people who 
face the same conditions [1].

There are several mechanical design proposals to solve the problem of spher-
ical rotational motion of a ball-and-socket joint. Spherical motion often occurs in 
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mechanical systems such as robotic wrists, arms, orientation mechanisms, exoskel-
etons, etc. [2]–[5].

Spherical gears with multiple degrees of freedom are an emerging field that 
needs to be developed, which is why there are several designs, such as the one pro-
posed by [6], where the spherical gears changed the discrete bevel teeth into circular 
arc teeth. The motion is transmitted through the meshing of convex circular arc 
teeth and concave circular arc teeth. Then, in [7], the authors designed spherical 
gears with a continuous convex-concave drum-shaped involute tooth profile. Other 
authors proposed a spherical gear with a different ring-shaped development tooth 
profile [8]. In another study by [9], the authors present a new type of spherical gear, 
which consists of the smooth development of the tooth surface of an annular devel-
opment ring and the spherical development of the surface of a spherical bevel tooth 
with 3 degrees of freedom.

Similarly, the investigations of [10] and [11] addressed the Abenics design of a 
3-degree freedom ball joint, comprising a crossed spherical gear and two monopolar 
gears; they used PEEK material for arm or wrist joint applications. However, they 
still need to address the static, fatigue, and dynamic analysis of the spherical gear 
in other materials used in the industry; therefore, more research must be evaluated 
using the finite element method.

Finite analysis helps predict and control the behavior of engineering materials 
and mechanical parts in various applications. Biomaterials are crucial in develop-
ing components that are durable and compatible with the human body. For exam-
ple, PEEK (polyether ether ketone) polymers, AISI 304L stainless steel, and titanium 
alloys such as Ti6Al4V [12] and [13]. Research has shown that finite element mod-
eling is an essential factor in the application of engineering materials because the 
behavior of unique materials can be accurately predicted before experimental vali-
dation, eliminating trial-and-error costs [14] and helping to predict mechanical and 
vibration properties of materials produced in the laboratory.

This paper aims to evaluate the mechanical strength of the three-degree-of- 
freedom ball and socket cross-spherical gear in terms of stress-strain behavior in 
a linear regime (static analysis), dynamic (modal analysis), and high-cycle fatigue 
behavior for static stress-strain behavior using a finite element analysis (ANSYS 2021 
R2), Ti6Al4V titanium alloys, PEEK polymer, and AISI 304L stainless steel were used 
in the spherical crossover. In addition, the dynamic behavior was evaluated under 
the natural conditions to which the crossed spherical gear was subjected.

2	 MATERIALS AND METHODS

2.1	 3D finite element model

The simplified three-degree-of-freedom robotic prosthesis with a ball-joint con-
sists of the prosthesis, the base of the spherical gear system, the cross-spherical gear, 
and the two monopolar gears (see Figure 1). The prosthesis serves to replace missing 
body parts or to make body parts function better.

Figure 2 shows a detailed 3D model of the ball joint with three degrees of free-
dom, with precision servomotors allowing the two monopolar gears to rotate, i.e., 
they are the drivers, so the spherical gear is the driven gear. This roll allows rota-
tional rotation and is ideal for simulating a shoulder joint (ball and socket joint). 
However, it has its limits of rotation and turns, and the restriction is the base that 
supports the crossed spherical gear.

https://online-journals.org/index.php/i-joe
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Fig. 1. 3D model of the three-degree-of-freedom ball-joint robotic arm prosthesis

The modeling of the ball joint was done in the CAD INVENTOR 2023 software. 
The modeling of the spherical gear took into account the research of the authors Abe 
et al. from their design of the ABENICS model [10], [11]; the crossed spherical gear 
is obtained from the principle of the straight tooth gearing, wich being the number 
of teeth equal to 30, the module is 3 mm, and the monopolar gears have 15 teeth 
with the same module (see Figure 3). It is then rotated through 360° in one plane, 
and then in another orthogonal plane, another cutting revolution is performed on 
the teeth generated in the first revolution. In addition, it consists of a coupling of the 
prosthesis to the spherical gear.

The numerical model of the crossed spherical gear is modeled in computer-aided 
software (CAD) called INVENTOR, then exported to ANSYS in step or igs format; these 
formats are ideal for the ANSYS simulation software to recognize the geometry and 
corresponding measurements. ANSYS is a powerful and complete software simula-
tion that, using the finite elements method, allows us to solve mechanical problems 
and complex designs; its results are also reliable and fast.

Fig. 2. 3D model of a three-degree-of-freedom ball-joint

Fig. 3. Cross-section of the assembly of the spherical gear and the two monopolar gears

https://online-journals.org/index.php/i-joe
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Table 1 defines the mechanical properties of PEEK material, Ti-6Al-4V titanium 
alloy, and AISI 304L stainless steel; these values were entered in the “engineer data” 
module. The entered values are modulus of elasticity, yield strength, Poisson’s ratio, 
and density, which are sufficient variables to execute the simulation correctly.

For the fatigue strength and stress cycle number (S-N) curves of the three mate-
rials mentioned, the literature on fatigue strength of these materials was found; tita-
nium alloy Ti-6Al-4V was found in references [15]–[18], PEEK material in [19] and 
stainless steel material AISI 304L [20].

In the meshing of the research object, a mesh convergence study was performed 
so that the entity is discretized, and the mesh is refined so that the value of the result 
does not have a significant deviation value. The result is 48404 nodes with 29325 
elements. The average quality of the elements is 0.88, in the Ref. [21] a minimum 
mesh size of 0.7 is recommended. This shows that the quality of the elements is good, 
as shown in Figure 4, the modeling of the loop intersecting spherical gear, and in 
Figure 5, the tension loop convergence curve against the number of nodes.

Table 1. Mechanical properties of the material PEEK (Polyether ether ketone),  
Stainless steel (AISI 304L), and Titanium alloy Ti-6Al-4V

Material Modulus of 
Elasticity (Gpa)

Yield 
Strength (Mpa) Poisson Ratio Density (Kg/m3) References

PEEK 3.45 95 0.4 1300 [22]–[24]

AISI 304 L 190 210 0.29 8000 [25]–[29]

Ti-6Al-4 V 114 880 0.31 4500 [14], [30]–[34]

Fig. 4. Meshing of the cross-spherical gear
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Fig. 5. Mesh convergence of finite element analysis

The boundary conditions used in the finite element analysis of the ANSYS 
Workbench platform are necessary because they determine the degrees of freedom 
of the object under study and the loads applied to it (see Figure 6).

https://online-journals.org/index.php/i-joe
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Fig. 6. Boundary conditions. a) static analysis and fatigue analysis b) modal analysis

2.2	 Static analysis

On the other hand, with the static simulation carried out with ANSYS, the stresses, 
deformations, and safety factors will be found. This analysis is in the elastic range, 
i.e., linear. The mathematical equation that allows us to solve this problem is Eq. 1. 
[35], [36]:

	 F = Ku	 (1)

Where:

	 [F]: Matrix Force 
	 [K]: Matrix stiffness 
	 [U]: Vector displacement

2.3	 Modal analysis

It is essential to mention that it is vital to know the behavior of each engineering 
structure; with modal analysis, the dynamic behavior, such as natural frequencies 
and modes of vibration, can be determined under the condition that friction (damp-
ing) and external forces are neglected [37]–[39]. In the simulation, we will use ten 
vibration modes to capture the crucial frequencies and modes of vibration of the 
object of the research study.

Then, Eq. 2 is the linearized differential equation governing the dynamic behav-
ior of the crossed spherical gear [40]–[45].

	 F t Mu Cu Ku( ) [ ] [ ] [ ]� � �  	 (2)

Where F(t) is the time-varying force, [M] the mass matrix, [C] the damping 
matrix, [K] the stiffness matrix, and u the acceleration, velocity, and nodal displace-
ment vectors, respectively [46]–[48].

Simplifying Eq. 2, to find the natural frequencies of the object of study, reduc-
ing and considering that the damping value equals zero, we obtain the following 
equation 3, [45], [49]:

	 F t M K u
i

( ) ([ ] [ ]){ }� � ��2 	 (3)
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Where w is the natural frequency, and u is the displacement vector, F(t) is the 
time-varying force, [M] the mass matrix y [K] the stiffness matrix.

2.4	 Fatigue analysis

Regarding fatigue analysis, the stress-life method was considered to evaluate the 
cross-spherical gear based on stress levels only; the object is subjected to repeated 
forces or loads of varying magnitude. This stress-life method is prevalent for applica-
tions in the design area and adequately represents high-cycling applications.

The S-N curve is a material fatigue curve that indicates the relationship between 
stresses and the number of cycles. Usually, the graph of the curve can be divided into 
two parts: one is the finite life region, and the other is the infinite life region. The 
infinite life region means that the stress level of the components is less than or equal 
to the fatigue limit, while the finite life region means that the stresses are higher than 
the fatigue stress limit of the material [21], [50], [51].

Equation 4 gives the steel’s fatigue strength or yield strength ′S
e
, which can be 

approximated from the tensile strength data Sut.

	 � �S S
e ut

0 50. � 	 (4)

This property of the fatigue strength limit is fulfilled when the base material has 
an ultimate tensile strength [52].

The actual fatigue limit of a part may differ significantly from the one obtained 
from the S-N curve. This is because each S-N curve is obtained by experimentally 
testing in a laboratory a specific sample with a particular geometry with a unique 
surface finish, often very different from that of the part under conditions of load, 
temperature, etc. According to Marín [53], the new fatigue limit will be calculated 
from the previous theoretical limit obtained from the tests but affected by the dif-
ferent correction coefficients that consider the influence of the other factors accord-
ing to the actual working conditions. Therefore, the Marin equation is expressed 
as follows:

	 S K K K K K K S
e a b c d e f e
� � 	 (5)

Where:

	 Ka : Modification factor due to surface condition. 
	 Kb : Modification factor by size. 
	 Kc : Modification factor by load. 
	 Kd : Modification factor due to temperature. 
	 Ke : Reliability factor. 
	 Kf  : Modifying factor for miscellaneous effects. 
	 Se : Fatigue strength limit of laboratory sample specimen tests. 
	 ′S Fatiguestrengthlimit for rotating beam steeltree

e
: � � � � � �( � ).

In the crossed spherical gear, the established factors of the Marin equation are 
considered, as it is essential to correct the fatigue strength limit to perform the finite 
element analysis in ANSYS Workbench.

https://online-journals.org/index.php/i-joe
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3	 RESULTS

3.1	 Static analysis

The results obtained in the static analysis are the maximum stresses, as shown 
in Figure 7. The maximum stress of Ti-6Al-4V material is 13.32 MPa; the maximum 
stress of the PEEK material is 12.87 MPa; for AISI 304L material, the maximum stress 
is 13.37 MPa. In these three cases, the stress concentration is located at the gear 
tooth; thus, the safety factors for each material are 66.0, 7.38, and 15.7.

Fig. 7. Static analysis. a) Maximum stresses AISI 304L b) Maximum stresses Ti-6Al-4V  
c) Maximum stresses PEEK

Fig. 8. Static analysis. a) maximum deflection AISI 304L b) maximum deflection Ti-6Al-4V  
c) maximum deflection PEEK

On the other hand, the deformations obtained in the static analysis are shown 
in Figure 8, and their values are the following: for the material AISI 304L, it has a 
value of 0.0083 mm; for the material PEEK, it has a value of 0.4646 mm, and finally, 
for the material Ti-6Al-4V, it has a value of 0.0079 mm; these values are within the 
permissible limits for this type of machine elements.

3.2	 Modal analysis

The results of modal analysis using ANSYS shown in Table 2 and Figure 9 show 
that as the vibration mode order increases, the frequency also varies from 1002.1 Hz 
to 23664 Hz. Each material has its own natural frequency and vibration mode, so 
analyzing the behavior of each one, vibration mode 1 has a torsional behavior con-
cerning the “Z” axis since it has mass participation of 98. 9 % of the total and vibra-
tion mode 3 has a bending behavior in the direction of the “Y” axis, as it has mass 
participation of 71 % of the total mass. These vibration modes are of interest as they 
behave similarly to the one the crossed spherical gear would be subjected to in nat-
ural conditions (See Figure 10).

https://online-journals.org/index.php/i-joe
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Table 2. Natural frequencies and modes of vibration of the three materials studied

Mode PEEK – Frequency [Hz] AISI 304L – Frequency [Hz] Ti-6Al-4V – Frequency [Hz]

1 1002.1 3090.6 3172.7

2 2287.2 6762.1 6996.1

3 2414.6 7376.1 7586.6

4 2556.7 7817.3 8037.4

5 3119.9 9303 9609.3

6 4068.7 11841 12278

7 4398.3 13319 13717

8 4560.1 13725 14150

9 5622 17469 17912

10 7652.1 22912 23664
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Fig. 9. Modal analysis: Frequency vs Mode shape vibration

Fig. 10. Modal analysis: mode shape 1 and 2

3.3	 Fatigue analysis

The stress-life method was considered in the high cycle fatigue analysis, as it is 
appropriate for this type of machine element. In Figure 11, the life of the crossed 
spherical gear is observed; it has a value of 106 in the whole object of study, so no 
stress is above the fatigue limit, which we can ensure that the element will not fail 
by fatigue.

https://online-journals.org/index.php/i-joe
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Fig. 11. Fatigue analysis: the life of the cross-spherical gearing of the three types of materials

The safety factor in the high cycle fatigue analysis is 5.17 in PEEK material (see 
Figure 12), considering that the fatigue strength limit is lower than the creep resis-
tance in the static regime since the Marin factors were considered in the fatigue 
regime. However, stress concentrations exist in both fixed and fatigue analyses at 
the base of the teeth and tooth contact, as stated in the articles [54]–[60]. At the junc-
tion of the crossed spherical gear and the coupling, the teeth of the crossed spherical 
gear have an essential influence on the fatigue strength of a mechanical component.

Fig. 12. Fatigue analysis: factor of safety

In Figure 13, the fatigue sensitivity of the crossed spherical gear is observed, eval-
uating an increase of 50% up to 600% of the established critical load; for that value 
of the increment, we have several cycles 1.39*105 for the PEEK material, but eval-
uating an increase of 50% up to 3000% of the established critical load we obtained 
4.27*105 for Ti-6Al-4V material, and 5.39*105 for AIS 304L material. This indicates 
that the cross-spherical gear life decreases, which agrees with the reference [61], so 
the minimum value recommended is 106 cycles. However, the increase limit for each 
material not to fail is 4.2 times the established load for PEEK material, 14 times for 
Ti-6Al-4V material, and 25 times for AISI 304L material.

Fig. 13. (Continued)

https://online-journals.org/index.php/i-joe
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Fig. 13. Fatigue analysis. a) Fatigue sensitivity AISI 304L. b) Fatigue sensitivity Ti-6Al-4V.  
c) Fatigue sensitivity PEEK

4	 CONCLUSIONS

In this study, simulation and finite element analysis of the cross-spherical gear, the 
central part of the ball joint with three degrees of freedom in a robotic prosthetic arm, was 
carried out using INVENTOR for modeling and ANSYS mechanical for numerical anal-
ysis. It was evaluated with three different materials to manufacture the cross-spherical 
gear considered under certain loading conditions like natural conditions; the results 
showed that the smallest value of total deformation and stresses occurred on the 
cross-spherical gear made of Ti-6Al-4V titanium alloy at the load value. This material 
has a higher safety factor than PEEK and AISI 304L due to the maximum performance, 
which is higher than titanium alloy. Similarly, with the high cycle fatigue analysis, the 
results indicate that they have good behavior and resistance to fluctuating and variable 
loads that produce fatigue failure. In addition, in the dynamic modal analysis, the natu-
ral frequencies and relevant vibration modes of the object of study were obtained, with 
vibration modes 1 and 3 having the highest mass participation. It was also observed that 
as the order of the vibration mode increased, so did the natural frequency. The stress 
concentration always occurs on the surface of the sphere and the base of the spherical 
gear tooth. Therefore, the maximum stress and strain values are acceptable to meet the 
design requirements, which gives us a good safety factor that the crossed spherical gear 
will work safely and correctly. In this way, the research objectives of the static, dynamic, 
and fatigue evaluation of the crossed spherical gear in a linear regime are fulfilled.

Finally, it should be noted that the gear modulus is inversely proportional to the 
number of gear teeth. This parameter is vital, as the number of teeth decreases as 
the modulus increases. Thus, the steps are greater, and the movements are sharper. 
Conversely, if the number of teeth decreases to obtain fine movements, the step is 
smaller, and the resistance of the gear tooth decreases. Consequently, a balance must 
be found between the prosthesis movements’ resistance and fineness.

It is recommended that the effect of different lubricants, lubrication conditions, and 
wear on the crossed spherical gears be investigated to improve efficiency and prolong 
their service life. An operational modal analysis (OMA) must also be considered to 
determine the crossed spherical gear’s dynamic behavior and operating frequencies.
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