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Abstract: In this paper, based on the finite element method, the stresses of the radius and ulna are
analyzed at different flexion angles of the elbow when playing tennis. The finite element model is
presented for the elbow position with flexion angles of 0°, 25°, 60°, and 80° according to the normal
human arm bone. In this model, the whole arm with metacarpals, radius, ulna, humerus and scapula
is considered. The calculation is simplified by setting the scapula and metacarpals as rigid bodies and
using Tie binding constraints between the humerus and the radius and ulna. This model is discretized
using the 10-node second-order tetrahedral element (C3D10). This model contains 109,765 nodes and
68,075 elements. The hitting forces applied to the metacarpal bone are 100 N and 300 N, respectively.
The numerical results show that the highest principal stresses are at the points of 1/4 of the radius,
the elbow joint, and the points of 1/10 of the ulna. The results of the maximum principal stress show
that the external pressures are more pronounced as the elbow flexion angle increases and that the
magnitude of the hitting force does not affect the principal stress distribution pattern. Elbow injuries
to the radius can be reduced by using a stroke with less elbow flexion, and it is advisable to wear a
reinforced arm cuff on the dorsal 1/4 of the hand, a radial/dorsal hand wrist, and an elbow guard to
prevent radial ulnar injuries.

Keywords: tennis; radius; ulna; finite element; principal stress

MSC: 74115

1. Introduction

Tennis is a high-intensity sport that increases the mechanical load, resulting in in-
creased bone density and life-long benefits [1-5]. In addition, tennis was included in
the Olympic Games in 1998 and became a popular sport for all, with tens of millions of
people participating worldwide [6,7]. As the number of people playing tennis increases,
the proportion of injuries and illnesses among those participating in the sport gradually
rises. Studies have shown that men and women are 45.56% and 42.49% more likely to
be injured in tennis, respectively, with up to a quarter of these injuries occurring in the
upper limbs [8]. In Peter Kaiser’s statistics on patients treated for tennis injuries, 72% of
the sample with fracture injuries happened in the upper body [9]. In tennis, upper limb
injuries are chronic [10]. Among chronic upper limb injuries, epicondylitis of the humerus
(also known as tennis elbow) is a tendinopathy of the radial, short extensor carpi radials
caused by overuse. It is the primary injury in tennis [11]. Thus, it is necessary to have a
reasonable and correct understanding of the causes of injuries and illnesses [12,13].

Momentum and impact are an integral part of the game of tennis. Gordon and Dapena
measured the joint movements of nine male tennis players in the 3D film. They found that
elbow abduction and wrist flexion had the most significant effect on the service in speed
and angle, with the elbow and wrist being the most injury-prone positions in the sport [14].
Wu et al. developed a mathematical model based on three-dimensional coordinates to
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estimate tennis contact duration and peak impact force, comparing the racquet impact
intensity of the two hitting techniques and showing that a longer backswing during the
preparation phase reduces the final peak impact force and can reduce the risk of upper limb
injury [15]. Bahamonde and Rafael used three-dimensional photography and direct linear
transformation to establish the right-hand coordinates of tennis ball motion, with most of
the angular momentum (75.1%) concentrated at the racket arm during close collisions, with
the angular momentum mainly focused at the racket segment (35.9%) and the radial, ulnar
component (25.7%) [16].

A few studies on radial ulnar injuries have been published. Ireland et al. measured
the strength parameters and muscle size of the radial-ulnar bone in tennis players by
quantitative peripheral calculations, i.e., tomography, and concluded that the maximum
stress that determines bone strength in tennis does not lie in the muscles and bones are
caused by torsional loads [17,18]. Bollen et al. studied stress fractures through case studies
and found that stress fractures in tennis are associated with backhand hitting and excessive
internal rotation and occur at 1/3th of the ulnar [19]. Jones discussed the mechanism of
injury and treatment of stress fractures of the radius and ulna. He found that stress fractures
of the distal growth plate of the radius are common and usually manifest as widening
and irregularity of the distal epiphysis and that ulnar fractures occur at the 1/3rd because
this is the region with the thinnest cortex and smallest cross-sectional region compared to
the proximal and distal ends of the bone. That impact is essential in causing differential
stress fractures in the weakest region of the ulna [20,21]. Anderson studied stress fracture
injuries by diagnostic implications, and macroscopic stress fractures develop further from
micro-injuries caused by imbalances in bone production and resorption. Ulnar fractures
are caused by forces from forearm loading and weaker regions, usually occurring in the
proximal and distal two-thirds of the ulna. Radial fractures may be present bilaterally
with additional torsional shear stress. The fracture usually occurs at the distal end of the
radius [22].

Tennis injuries are related to various factors, such as stroke action and racket grip [23].
Biomechanics can be used to effectively analyze the forces and injuries to bones in sports [24],
with the finite element method (FEM) being an effective tool for skeletal biomechanical
analysis [25]. Gislason et al. validated a finite element model of the wrist bone, showing
that it is feasible to assume that the bone is isotropic, that the elastic modulus of the cortical
bone is 18 GPa [26], that the Poisson’s ratio is 0.3, and that a tetrahedral four-node element
is the appropriate model element type [27]. Zhang et al. thought that bone was a poroelastic
material [28-30]. After combining the porous medium theory to model fractured bone with
the addition of a fixator, the effects of axial loading and fracture gap size on bone healing
were investigated. The results showed that the fracture gap size of the bone was the most
influential in mesenchymal stem cell (MSC) differentiation and that the periosteum was
the key region for early bone scab. In finite element modeling of the human wrist, Gislason
and Nash believed that the properties of the skeleton depend on the strain rate and that
for quasi-static analysis, Young’s modulus of cortical bone should be between 17.1 and
19.1 GPa, with a Poisson’s ratio of 0.25 and a unit type of tetrahedral element [31]. Lewis
et al. analyzed fracture fixation by finite element modeling. Regarding failure criteria, the
prediction of skeletal failure is usually analyzed using the minimum principal strain as the
primary indicator of fracture fixation [32]. Imai et al. used a non-linear finite element model
to predict the vertebral fracture site and also chose the minimum principal strain criterion
and concluded that the bone fails at a minimum principal strain of less than 10,000 pe [33].
Schileo et al. built a finite element model of the humerus based on CT data. They compared
the measured results of the three failure criteria of Von Mises, maximum principal stress,
and maximum principal strain [34]. While the maximum principal strain failure criterion is
the predominant criterion for skeletal failure in the study, Ota’s simulation of the femoral
fracture using the finite element method found that the maximum stress and strain location
is where the bone is most vulnerable. There was no significant difference in the final failure
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location between the maximum principal stress criterion and the maximum principal strain
criterion [35].

Based on the above background, this paper presents a mechanical analysis of the
radial and ulnar at different flexion angles of the elbow when hitting the ball in tennis. The
selected motions are straight-arm forehand catching, serving, forehand baseline hitting, and
backhand hitting. A finite element model is established according to the four movements.
Different hitting forces are set to act on the palm, the location of the maximum principal
stress distribution, the cross-sectional stress distribution at the point of maximum principal
stress, and the axial distribution are used to find the causes of injury in tennis are identified
through the location of the maximum principal stress distribution, the cross-sectional stress
distribution and the axial distribution.

2. Finite Element Method for Human Skeletal Analysis

The basic equations of three-dimensional (3D) elasticity used are considered in this
paper [36-38].
In a domain (), the equilibrium differential equation is

Vo+f=0 1)
where V is a differential operator,
o 9 9
o 0 o
0 0 45 O dy ox
o is the stress vector,
T
= [Ux Oy 0z Txy Tyz sz] 3)
f is the body force vector,
T
f=lf fy f] @)
The geometric equation is
e=1Lu (5)
where ¢ is the strain vector, u is the displacement vector,
T
&€= [8x & & Txy Vyz '}’zx] (6)
L=V"T 7)
u=\[u v w]T 8)
The constitutive equation is
o = De 9)
where
1 5 0 0 0 ]
# ;14 i 0 0 0
= M T T ! 1_02# 0 0 (10)
A+pa-2) | 00 0 gy 00
—<H
0 0 0 0 ) 1 702%
| 0 0 0 0 0 Sy

for three-dimensional problems. Here, E is the elastic modulus, and y is Poisson’s ratio.
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The boundary of the domain V is S, and
S - Sa"’Su (11)

where S, and S, are the boundaries on which the stress and displacement are prescribed,
respectively.
The boundary conditions are

no =T (onSy) (12)

u=1u(onS,) (13)
where
ny 0 0 n, 0 n
n=10 n, 0 ny ny 0 (14)
0 0 n, 0 mny ny

T is the vector of prescribed stress,
T=[T, T, T. (15)

and u is the known displacement,
u=[u v W (16)

The displacement, stress, and strain functions in a finite element are

u = Nu° (17)
& = Bu* (18)
o = De = DBy’ = Suf (19)

where #° is the node displacement vector on an element, B is the strain matrix, S is the
stress matrix, and N is the shape function matrix of the element.
The generalized total potential energy can be obtained as

m— ;(;ﬂ /Q E ;BTDBtdQue) _ Z<u€T /Q e NTftdQ> _ ;(;ﬂ /S : NTTtdS) 20)

e

where K¢ is the element stiffness matrix,
K = /Q _BTDBdO 1)
P* is the equivalent nodal load vector,
P* =P} +P§ (22)

and

P = /S N'frd0 (23)

P = / NTTtdS (24)
5t
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Substituting Equations (21)—(24) into Equation (20) yields
1
= uTEZ(GTKeG)u—uTZ(GTPe) (25)
e e

where K is the total stiffness matrix,

K=Y G'K°G (26)
e

and P is the total nodal load vector,

P=Y G'F* (27)
e

According to the variational principle, we have

oI
=0

— 2

u (28)
Then the final equation of the finite element method can be obtained as

Ku=P (29)

3. Finite Element Modeling of Different Elbow Flexion Angles in Tennis

Based on standard human arm bone data, the target geometry model is completed
using the software Geomagic Studio and Hypermesh, and a 3D finite element model of the
human arm bone can be obtained.

In tennis, the human arm is subjected to impact during the hitting process, and the
hitting action leads to different locations of impacted force and, consequently, different
locations of susceptibility to injury. The arm comprises five parts: palm, radius, ulna, elbow,
and humerus (Figure 1).

Radius

humeru: Humerus

Elbow flexion angle

Shoulder
=3

(a) (b)
Figure 1. Schematic and skeletal view of the arm: (a) Diagram of the arm; (b) Arm bones.
The straight-arm forehand catch, serve, forehand baseline stroke, and backhand hitting

motions are established for four distinct action states in the chosen tennis move. These
states correspond to elbow flexion angles of 0°, 25°, 60°, and 80°, as shown in Figure 2.
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(b)

(d)

Figure 2. Elbow flexion angle diagram: (a) Elbow flexion 0°; (b) Elbow flexion 25°; (c) Elbow flexion
60°; (d) Elbow flexion 80°.

From a biomechanical point of view, bone tissue is a biphasic composite, with one
phase being inorganic and the other being collagen and an amorphous matrix. In this paper,
bone is considered a uniformly distributed and isotropic linear elastic continuum for finite
element analysis, with a bone elastic modulus of 18 GPa and a Poisson’s ratio of 0.3 [39].

This model is discretized using the 10-node second-order tetrahedral element (C3D10).
This model includes the palm bone, radius, ulna, humerus, and scapula, where the ra-



Mathematics 2023, 11, 3524

7 of 17

dius/ulnar elements/nodes are 32,355/52,276 and 35,720/57,487, respectively. The finite
element meshing is shown in Figure 3. This model mesh has three displacements per node
(three degrees of freedom).

Figure 3. Finite element mesh.

The scapula and metacarpal are set as rigid bodies, fixed in the normal human anatom-
ical position. At the proximal part of the scapula, the translational displacements in the
X, y, and z directions are constrained; at the metacarpal bone, only the displacements in
the direction of the applied concentrated force are unrestricted, while the translational and
rotational displacements in the other directions are restricted. The elbow joint connects the
humerus, radius, and ulna, where the human body can flexibly achieve both flexion and
internal and external rotation. The forces at the elbow joint are complex, so to simplify the
calculation, a Tie-binding constraint is set between the humerus, radius, and ulna at the
elbow joint, with a specified tolerance distance of 20 mm so that the contact surfaces of the
humerus and the radius-ulna are firmly bonded together and do not separate during the
force (Figure 4).

Tie

Tolerance distance of 20mm

Figure 4. The skeletal connections of the elbow.
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The hitting force is calculated as

02
F = = - —
ma m 25 (30)

where s is the acceleration distance/m, m is the mass of the tennis ball/kg, and v is the
speed of the tennis ball after acceleration/ m-s L.

After observing the world-class tennis open tournament and reviewing relevant
references [40—42], it can be found that the hitting speed of an average-level player is about
110 km/h, and the hitting rate of a top-level player can be about 190 km/h. The mass of
the tennis ball is about 0.06 kg, the speed of the tennis ball is accelerated from 0 m/s to
30.6 m/s (110 km/h), and the distance of the accelerated movement is 0.3 m, assuming that
the acceleration magnitude is constant during the movement, as calculated in the Equation
(30), Fis 93.4 N; similarly, when accelerating to 55.6 m/s (200 km/h), F is 308.6 N. Hence,
the forces of 100 N and 300 N are applied vertically to the palm to simulate the interaction
between the handle of the tennis racket and the palm during the movement of a tennis ball.

4. Numerical Results and Analysis

The calculation results mainly include the maximum principal stress point, the cross-
sectional stress distribution at the maximum principal stress point, and the axial principal
stress distribution, and the radius and ulna are analyzed and discussed, respectively,
according to the above results.

The numerical results of the maximum principal stress of the radius are shown in
Figure 4.

It is evident from Figure 5a that the most concentrated stress region is located on the
dorsal side of the hand for compressive stress. So, when flexing the elbow at 0°, it is more
probable for the radius to sustain a fracture injury on the compression side rather than the
tension side. The distribution of the principal stress is elliptical and gradually decreases
outwards. The site is concentrated at 0-2/3, and the principal stress transfer is along the
angle of internal rotation and axially along the end of the elbow joint. When striking with a
flexion angle of 25-80°, the elbow joint on the dorsal side of the radial hand experiences
the highest principal stress value (as shown in Figure 5b—d). As the flexion angle increased,
the concentration of principal stress also increased. At 25° of flexion, there was only one
point of principal stress concentration. However, a higher concentration appeared at 60° of
flexion, and at 80 degrees of flexion, there are higher values and more noticeable regions of
maximum principal stress concentrations. In elbow flexion at 25-80°, the principal stress
maximum is at the elbow joint, and after multiple impacts over a long period, the bones
do not have enough bearing capacity, and the muscles compensate to meet the bearing
capacity of the elbow, which may be the reason for the formation of tennis elbow. As the
angle of elbow flexion increases, the maximum value of the principal stress also increases
gradually from 65.63 MPa to 123.36 MPa. This means an increase in the elbow flexion angle
increases the maximum principal stress of the radius.

Compared to hitting force at 100 N, 300 N shows essentially the same maximum
principal stress distribution, with the principal stress becoming about three times larger
than before, so the value of the force does not change the principal stress distribution
(Figure 5e-h).

The cross-sectional stress distribution at the maximum principal stress of the radius is
shown in Figure 6.
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Figure 5. The maximum principal stress of the radius: (a) Elbow flexion 0°—100 N; (b) Elbow flexion
25°—100 N; (c) Elbow flexion 60°—100 N; (d) Elbow flexion 80°—100 N; (e) Elbow flexion 0°—300 N;
(f) Elbow flexion 25°—300 N; (g) Elbow flexion 60°—300 N; (h) Elbow flexion 80°—300 N.

Figure 6a reveals that the maximum principal stress cross-section for the 0° flexion
action is on the 1/4 side of the radius, with a stratified distribution of principal stress,
mainly compressed on the dorsal side of the radial hand, with each layer graded clearly.
The maximum principal stress in the tensioned part of the radius remained unchanged.
The compressed region was evenly situated about the dorsal line of the hand, and the
compressed side bore the majority of the stress. When the elbow flexion is 25°, the radial
principal stress is directed towards the elbow joint, causing internal rotation (Figure 6b).
The medial side of the joint experiences the highest level of principal stress and is subject
to more points of compressive stress distribution. The lateral side of the elbow is subject
to a greater range of tensile but smaller tensile stress values. In the 60° flexion motion
(Figure 6¢), the medial compressive stress at the radial elbow joint gradually spreads
inwards, and in the 80° flexion motion (Figure 6d), the maximum principal stress does not
apply further to the tension side. The maximum principal stress at the radial elbow joint in
all hitting motions is the serving motion (elbow flexion 25°), with a maximum principal
stress value of 188.42 MPa.
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S, Max. Principal S, Max. Principal
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Figure 6. The cross-sectional stress distribution at the maximum principal stress of the radius:
(a) Elbow flexion 0°—100 Nj; (b) Elbow flexion 25°—100 N; (c) Elbow flexion 60°—100 Nj; (d) Elbow
flexion 80°—100 N.

In Figure 7, the radial principal stress is focused on approximately one-third of the
radius when subjected to a hitting force. Additionally, the distribution of principal stresses
is similar between 0° and 25° of elbow flexion near the elbow joint. However, when
the elbow flexion is 25°, the principal stress increases slightly. For elbow flexion in the
60-80° range, the distribution of principal stress was similar, and the maximum values
substantially increased. The principal stress distribution does not change for 300 N: the
larger the flexion angle, the larger the principal stress value.

400 Flexion angle of 80°-100N
] Flexion angle of 60°-100N
350 Flexion angle of 25°-100N
i Flexion angle of 0°-100N
= 300 4 Flexion angle of 80°-300N
E | Flexion angle of 60°-300N
< 2504 Flexion angle of 25°-300N
% | Flexion angle of 0°-300N
et
@ 200 -
'Ta" ]
'S 150 1
R=| J
g
A<100 -
50 1
O T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Wrist Position Elbow

Figure 7. Principal stress distribution of the radius.

The numerical results of the maximum principal stress of the ulna are shown in
Figure 8.
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Figure 8. The maximum principal stress of the ulna: (a) Elbow flexion 0°—100 N; (b) Elbow flexion
25°—100 N; (c) Elbow flexion 60°—100 N; (d) Elbow flexion 80°—100 N; (e) Elbow flexion 0°—300 N;
(f) Elbow flexion 25°—300 N; (g) Elbow flexion 60°—300 N; (h) Elbow flexion 80°—300 N.

In Figure 8a, the maximum principal stress can be seen on the compressed side of
the dorsum of the hand. This stress is concentrated at 1/10th on the proximal ulnar side.
The transfer of the principal compressive stress occurs along the palmar side of the hand
with a wide range of axial transfer. Additionally, the principal stress is locally rising
near the elbow joint and distributed around the ulnar joint. As the elbow flexion angle
increases, the principal stress steadily rises from 48.78 MPa to 98.31 MPa. Figure 8b shows
that the principal stress concentration distribution region rotates towards the ulnar side.
The region of principal stress concentration remains at the ulnar 1/10th, with the highest
principal stress located in the elbow joint and with a value of 57.37 MPa. Furthermore, it
is noticeable that the maximum principal stress is concentrated at the elbow in the form
of a point (Figure 8b-(I)). As the flexion angle from 60°to 80° (Figure 8c,d), the principal
stress concentration shifts from the dorsal side of the hand to the ulnar side. However,
the location of the maximum principal stress in the axial direction remains unchanged.
Comparing Figure 8e-h, the rise in principal stresses is directly linked to the growth in load
operating on the hand. Similar to the radius, the distribution of principal stress remained
unchanged despite the 300 N hitting force.

The cross-sectional stress distribution at the maximum principal stress of the ulna is
shown in Figure 9.
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Figure 9. The cross-sectional stress distribution at the maximum principal stress of the ulna: (a) Elbow
flexion 0°—100 N; (b) Elbow flexion 25°—100 N; (¢) Elbow flexion 60°—100 N; (d) Elbow flexion
80°—100 N.

At elbow flexion is 0°, the principal stress in the ulna is distributed in layers, with the
region on the tensile side being more significant than the compressive side (Figure 9a). At
elbow flexion is 25°, the maximum principal stress is at the elbow joint, where the radial
parallel ulna is compressed, and the principal stress is not transmitted medially (Figure 9b).
At elbow flexion is 60°, the principal stress on the compressed side surrounds the axial
region, and the principal stress on the ulnar side gradually increases. In Figure 9d, the
maximum principal stress cross-sectional stress distribution for the 80° flexion action of the
elbow is similar to that of 60°, with the maximum principal stress increasing to 98.31 MPa.
Changes in striking force and elbow flexion angle during striking increase the principal
stress that gradually spreads from the surface to the interior of the bone.

The ulna’s principal stress distribution is from the wrist to the elbow joint, as shown
in Figure 10.
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Figure 10. Principal stress distribution of the ulna.
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The maximum principal stress in the ulna is one-tenth of the wrist, and the values
and distribution of the maximum principal stress are similar. Changes in the elbow flexion
angle do not affect the orientation of the maximum principal stress on the length of the
ulna. In addition, at an elbow flexion angle is 25°, the principal stress value fluctuates at
the ulnar 1/2 and near the wrist end. The small cross-sectional area at the proximal wrist
end makes it vulnerable to injury.

The conclusions of the numerical simulation analysis are as follows:

o When the elbow flexion is 0°, the maximum principal stress is generated at about 1/4th
of the radius. At the elbow flexion is 25-80° range of elbow flexion, the maximum
principal stress acts at the elbow joint as compressive stress;

e  The maximum principal compressive stress is generated at 1/10th of the ulna at 0°
and 60-80° elbow flexion. At elbow flexion is 25°, the maximum principal stress is
located at the elbow joint on the length of the ulna, with the region of concentration of
the principal stress at 1/10th and at the elbow joint;

e A change in hitting force does not change the principal stress distribution, which
increases directly to the hitting force.

5. Conclusions

This paper explores the problem of injuries that occur while hitting the ball at four dif-
ferent elbow flexion angles by using the finite element method. There are some conclusions
as follows:

e  The radius is most vulnerable at a quarter of its length, and when the elbow flexion is
25-80°, it is more likely to injury. For better joint protection in the radius and elbow
joints, hitting the ball with a straight arm motion is recommended more frequently.
Additionally, wearing quarter-position impact-resistant arm sleeves and elbow pads
can provide further protection;

e Injuries to the ulna bone are most likely to occur near the wrist. To minimize the risk
of such injuries, it is recommended to wear wrist guards with reinforcements of radial
and dorsal hand-side.

e  Inrecent years, meshless methods have developed rapidly, especially the element-free
Galerkin (EFG) method and the corresponding improved methods [43—45]. Based on
the moving least-squares approximation, the EFG method can obtain solutions with
great precision, because the least-squares method in mathematics results in the best
approximation [46—48]. With the development of bone mechanics, the muscle and skin
should be considered when analyzing the stress analysis of the radius and ulna in
tennis. Then the large deformation of bone, muscle, and skin will be considered. The
meshless method has advantages over the finite element method when analyzing large
deformation problems. Then meshless method will be applied to the stress analysis of
the radius and ulna in tennis in the future.
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