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Abstract: Three-dimensional (3D) printing technology
has the advantages of fast design and fabrication in clin-
ical orthopedics. This study proposed the application of
3D-printed personalized reverse shoulder prosthesis in a
reverse total shoulder arthroplasty for a patient with
tuberculosis of the shoulder joint. Traditional and perso-
nalized shoulder prostheses were compared and studied.
The mechanical simulation analysis was conducted on
the individualized prosthesis and scapula. A persona-
lized reverse total shoulder prosthesis was fabricated by
3D printing technology. Finite element analyses were
conducted for implantation of traditional and persona-
lized prostheses. The numerical results show that the
maximum equivalent stress of screws inserted into bone
tissue is 43.23 MPa in the personalized prosthesis. But in
traditional prostheses, the maximum equivalent stress
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of screws performing the same function is 246.50 MPa.
The structural advantages of the personalized prosthesis
effectively reduce the local pressure of the screws to ensure
the safety and effectiveness of the material during service.
At the same time, the scapula paired with the personalized
prosthesis also shown a smaller mean equivalent stress
that can reduce patient stress. The postoperative evalua-
tion of implant stability and patient status was good.
The results indicated that 3D printing technology has
important application value in orthopedic surgery.
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1 Introduction

Bone tuberculosis (TB) is a destructive disease caused by
the invasion of bone or joints by Mycobacterium tubercu-
losis, which is generally divided into two types of articular
and spinal TB. The location of the formation of articular TB
includes the hip, knee, foot, elbow, etc., among which TB
of the shoulder joint is a rare disease with an incidence of
only 0.9-1.7%, and it is difficult to cure [1]. There is no
standard treatment plan for TB of the shoulder joint at
present. Traditional treatment methods include surgery
and anti-TB drug therapy [2]. However, in some specific
serious cases, joint transplantation or shoulder replace-
ment implants are required to reconstruct shoulder func-
tion. Especially, for the end-stage shoulder diseases, the
treatment of artificial shoulder replacement is quite chal-
lenge for clinician [3]. The shoulder joint has a complex
anatomical structure, which is very difficult to operate in
the replacement process. Unsuitable implants are at a high
risk of instability and dislocation. It may lead to joint
infections, loosening of the prosthesis, and fractures in
adjacent bones [4-7].

Three-dimensional (3D) printing is a type of rapid
prototyping technology, also known as additive manu-
facturing, which builds 3D entities by stacking printable
materials layer by layer based on computer digital models.
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In recent years, with the rapid development of 3D printing
technology, the shapes of implant can be personalized
design according to the characteristics of the patient’s
disease data and match the bone tissue defect of the host.
3D printing provides a new solution for the orthopedic
implantation and artificial prosthesis [8—11]. Personalized
design of human bone tissue implant based on 3D printing
technology is conducive to rapid diagnosis and treat-
ment of bone diseases [12,13]. In some special orthopedic
diseases, the conventional standardized products cannot
meet the clinical needs and need to customize the person-
alized tissue repair implants to treat. Traditional equal-
material manufacturing and subtractive manufacturing
are suitable for small batch processing of simple compo-
nents, but difficult to produce complex medical implant
devices with high precision requirements. In contrast,
3D printing can produce high-precision, high-quality com-
plex shape parts, shorten the manufacturing cycle, save
materials, and reduce costs, especially for the preparation
of medical implants with precision requirements. In
addition, titanium alloy has become the main choice
for orthopedic implant materials because of its excellent
mechanical and biological properties [14-17], such as
high strength, good corrosion resistance, good heat resis-
tance, and good biocompatibility. Titanium implants are
usually fabricated by selective laser melting (SLM) 3D
printing technology. SLM is a main technique in additive
manufacturing of metal materials. This technology uses
laser as the energy source and scans the metal powder
bed layer by layer according to the path set in the 3D
CAD slice model, so as to melt and solidify the metal
powder and finally form a complete 3D entity. In this
study, the titanium alloy artificial shoulder prosthesis
was customized design based on the SLM technology,
and the structure of traditional prosthesis was innova-
tively improved. The finite element analysis technology
was used to simulate the force of both prostheses after
implantation, and it was confirmed that the mechanical
properties of the customized prosthesis were optimized
compared with the traditional prosthesis, and it could
play a better role in mechanical support and damage
repair. Similar scientific research usually simulates the
local stress distribution after shoulder prosthesis implan-
tation through finite element analysis, and its research
generally focuses on the influence of the fine-tuning of
prosthesis structure or implantation mode on the simula-
tion results. However, this fine-tuning, such as screw size
and angle, basically does not change the gross structure
of the prosthesis and is only applicable to the general
situation of total shoulder joint replacement surgery.
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When facing patients with special symptoms such as large
bone defects, the traditional prosthesis is no longer sui-
table. It is necessary to redesign the prosthesis structure
according to the characteristics of disease lesions and
evaluate its theoretical effectiveness through simulation
analysis, which is the innovation of this research.

2 Materials and methods

2.1 Customized requirements for shoulder
joint prosthesis design

The requirements for personalized customization of shoulder
prosthesis come from the clinical diagnosis of this patient.
Imaging and pathological examinations were performed
on the patient.

Imaging findings revealed a thickened acromion and
the wall of the slip capsule of patient’s left shoulder joint.
The smoothness of the articular surface appeared reduced,
accompanied with narrow articular space. Uneven and
obvious enhancement was appeared around persistent
central necrosis in the posterior lower soft tissue of
shoulder joint. Pathological findings showed coagula-
tion necrosis of her left cervical lymph node, accompa-
nied by epithelioid granulomatous inflammation and
multinucleated giant cell reaction. Further tests were
positive for TB.

Based on the above results, the patient was profession-
ally diagnosed as shoulder TB with extensive osteonecrosis.
Therefore, the patient needs to have the necrotic bone
removed and shoulder replacement surgery performed.
Therefore, a personalized shoulder prosthesis is required.

2.2 Design of personalized 3D prosthesis

Mimics19.0 was used to read the DICOM data obtained
from computed tomographic (CT) detection of the patient,
and the threshold range for hard bone segmentation was
determined so as to reconstruct the left shoulder joint
model of the patient. Based on the analysis of the recon-
structed model, together with X-ray and magnetic reso-
nance imaging results, the model is imported into 3-matic
for personalized prosthesis design [18]. Based on the
existing research reports and clinical application cases,
the traditional shoulder prosthesis structure was opti-
mized according to the specific disease characteristics of
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the patient; a new type of shoulder joint prosthesis
model was established.

2.3 3D printing of personalized shoulder
joint

The prosthesis model was imported into Materialise Magics
22.0 for slice layerization to export the data information
and printing path of each layer which were determined.
The titanium alloy prosthesis was fabricated by laser
selective melting technique with a commercial SLM
machine (MLab cusing R, CONCEPTLASER, Germany).
The raw material is medical-grade Ti6Al4V powder with
particle size of 15-45 um. The printer uses a laser system
with a wavelength of 1,070 nm and a focusing beam region
with a diameter of 50 um. According to the data informa-
tion of the current layer of the model, laser beam is used to
selectively melt the powder on the substrate so as to form
the shape of the current layer of the part. The complete
solid part was manufactured by melting and solidification
of the powders layer by layer [19]. During printing, the
parameters are set with laser power of 100 W, scanning
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speed of 900 mm/min, scanning interval of 110 um, and
monolayer powder thickness of 25 pm [20], and the ortho-
gonal scanning path and contoured thermal support are
adopted. The whole printing process is protected by high
purity argon gas, and the oxygen content in the working
space is below 0.5%. After removing the support and heat
treatment, the dimension accuracy error of the 3D-printed
personalized shoulder joint prosthesis is less than 1%.

3 Results and discussions

3.1 Design of personalized 3D-printed
prosthesis

Prosthesis and scapula models were designed based on
the CT data of the patient. As shown in Figure 1(a). The
hemispherical structure is an imitation of the patient’s
massive necrosis and humeral head defect. The gradient
base pad enlarges the contact surface, increases the
initial stability, and preserves the glenoid bone substance
to a certain extent. The multi-screw structure with an out-
ward inclined angle increases the depth, fixation range,

(a)

(b)

Figure 1: Prosthesis and scapula models: (a) the model of traditional reverse shoulder joint prosthesis that faces the glenoid; (b) the model
of scapula with implanted traditional prosthesis; (c) the model of personalized reverse shoulder joint prosthesis that faces the shoulder
joint; (d) the model of scapula with implanted personalized prosthesis.
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and stability of the implant. The traditional prosthesis is
suitable for shoulder joint replacement in which the com-
ponents of the scapula are complete and the glenoid can
bear force normally. The prosthesis is inserted into the
glenoid with screws and immediate stability was achieved;
Figure 1(b) shows how it matches with the scapula. Never-
theless, the patient had a special lesion location. Due to
the partially necrotic and defective scapula, fragile gle-
noid, and incapable of bearing strength, it was infeasible
for shoulder joint replacement due to the loss of the effec-
tive fit structure of traditional prosthesis implantation.

In view of the above reasons, a reverse shoulder joint
prosthesis is customized for the patient, as shown in
Figure 1(c). From the reconstructed model of patient’s
lesion, it can be found that the humeral head is flat,
collapsed, and necrotic, much bone tissue had lost in
the affected area, and the glenoid is severely damaged
under the long-term impact of TB of shoulder joint.
To ensure the normal function of the scapula after sur-
gery, the original residual bone tissue structure in the
red-dashed ellipse in Figure 1(d) needs to be removed.
Because the bone including the entire glenoid has been
removed, the traditional prosthesis is no longer applic-
able. Instead, a personalized prosthesis that can replace
the removed bone tissue structure is designed. This per-
sonalized prosthesis replaces the traditional hemisphe-
rical structure with a spherical structure that better
mimics the humerus head, providing greater flexibility
and a smoother connection to the prosthetic link rod.
With the aid of the main prosthesis and the auxiliary
curved handle, it is fixed on a larger surface of the sca-
pula in a Y shape through screws inserted into the bone
tissue, as shown in Figure 1(d). By fixing the prosthesis
on a larger area of the scapula, the stress on the scapular
is not concentrated near the glenoid, so that the pres-
sure of the screws is distributed to the entire scapula
and the main body of the prosthesis. It is intended to
enhance the long-term stability of the structure and
function of the prosthesis after implantation and reduce
the stress on the scapula. At the same time, to achieve
the flexibility of the joint, the size of the personalized
prosthesis was determined by referring to the size para-
meters of the traditional prosthesis and the structural
characteristics of patient’s shoulder blade. For example,
the spherical structure of the prosthesis is similar in size to
the humeral head, and the clavicular structure is similar
in thickness to the corresponding part of the scapula.
Therefore, the personalized prosthesis fits tightly with
the shoulder blade, realizing the shape replacement and
function remodeling and ensuring the joint flexibility.
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3.2 Mechanical properties simulation of
personalized prosthesis

To verify the mechanical properties of the personalized
prosthesis, the finite element method is used for simula-
tion analysis. The established structural models of pros-
thesis and scapula are input into the ABAQUS. These
models have been meshed and exported in 3-matic in
advance [21,22]. The quality of meshing plays a pivotal
role in the calculation time and simulation accuracy.
We adopted the uniform remesh with high quality and
divided the prosthesis and scapula with different material
attributes into different sizes of mesh according to the
calculation accuracy requirements, as shown in Figure 2.
The traditional prosthesis was divided into 277,266 meshes
with a side length of 0.125 mm, and the corresponding
scapula was divided into 307,278 meshes with a side
length of 0.5 mm. The personalized prosthesis was divided
into 481,148 meshes with a side length of 0.25 mm, and the
corresponding shoulder blades were divided into 249,704
meshes with a side length of 0.5 mm. It can be seen that
the grids are closely distributed in structure, orderly
arranged, and consistent in size. The ratio of height to
width of the nontwisted grid is similar. Moreover, the
transition of the grids at the corners of the structure
is natural, and there is no grid distortion. Overall, the
grids are well divided. Specifically, Figure 2(a—c) shows
the grids of the personalized prosthesis and scapula
matching model and the corresponding enlarged views.
Figure 2(d-f) shows the grid chart of the traditional
prosthesis and scapula matching model and the corre-
sponding enlarged views.

Different material properties are assigned to the pros-
thesis and the scapula. The medical titanium alloy Ti6Al4V,
which is used as the raw material for manufacturing clinical
implants, is a material conforming to Von Mises yield
criterion. By referring to relevant research and the stan-
dard manual [23-29], the parameters of Ti6Al4V are deter-
mined and assigned to the prosthesis model, with ulti-
mate yield strength of 1,000 MPa, density of 4,420 kg/m?,
Young’s modulus of 109 GPa, and Poisson’s ratio of 0.31.
Similarly, according to the medical definition of human
bones and the standard database, cortical bone para-
meters are assigned to the scapula, with ultimate yield
strength of 100 MPa, density of 1,700 kg/m>, Young’s
modulus of 13.8 GPa, and Poisson’s ratio of 0.35.

To verify the accuracy of the simulation results, the
analysis steps are implicitly created, and the stiffness
matrix is solved iteratively to make the formula converge.
When establishing boundary conditions and interactions,
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Figure 2: Mesh division and load application before finite element analysis. (a—c) Mesh chart of the personalized prosthesis and scapula
matching model and the corresponding enlarged views. (d—f) Mesh chart of the traditional prosthesis and scapula matching model and the
corresponding enlarged views.

first add constraint relationships to bind the screws ins-
erted into the prosthesis and the corresponding screw
holes on the scapula, and then couple the sphere struc-
ture of the prosthesis to a reference point on the sphere.
Subsequently, a load vector of 100N and a bending
moment of 5N M are added on the determined reference
point to simulate the stress on the human shoulder joint
movement. The force directions are shown in Figure 2(a)
and (b). This reference point is coupled to the sphere
model, and the load uniformly distributed on the sphere
structure is equivalent to the force acting on the reference
point. The Von Mises equivalent stress is selected as the
cloud chart index to analyze the stress distribution of
the contacting part of the prosthesis and the scapula,
so as to investigate the simulated mechanical properties
and the degree of fit of the prosthesis.

3.3 Comparative analysis of the mechanical
properties between personalized and
conventional prosthesis

Figure 3 shows the cloud diagrams of the Von Mises
equivalent stress distribution of the traditional prosthesis
and the scapula. In the color distribution legend in the
upper left corner, the stress gradually increases from blue
at the bottom to red at the top, covering the stress value

range from O to the maximum of the results. As can be
seen from Figure 3(a), the larger stresses are mainly dis-
tributed at the contact parts between the inserted screws
and the glenoid. After traditional prosthesis implanta-
tion, the maximum equivalent stress of scapula does
not excess 46.43 MPa, while the equivalent stress of the
part not directly contacting the prosthesis is not more
than 30.95 MPa, both were less than the ultimate yield
strength of cortical bone (about 100.00 MPa), as shown in
Figure 3(b). The larger stresses on the implanted pros-
thesis are concentrated near the screws, among which
the maximum is 246.5 MPa, at the insertion interface of
the screw and the glenoid. The stress on the rest part of
the prosthesis is smaller, below the ultimate yield strength
(about 1000.00 MPa) of Ti6Al4V, as shown in Figure 3(c)
and (d).

Overall, the simulation shows that the conventional
reverse shoulder joint prosthesis is in good state of stress,
with the stress range being less than the threshold range.
However, as mentioned above, the patient in this case
has a complex condition. It is difficult for the severely
damaged glenoid to bear force, so the traditional pros-
thesis cannot be inserted directly. Instead, the damaged
bone tissue around the glenoid needs to be removed, so
there exists necessity to design a personalized prosthesis
to replace the structure and function of the removed bone
tissue. At the same time, it is observed that although the
stress ranges within the thresholds, the large stresses on
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Figure 3: Finite element analysis results after implantation of traditional prosthesis. (a) Stress cloud diagram of the scapula after implantation
of traditional prosthesis; (b) enlarged view of glenoid; (c) stress cloud diagram of the implanted traditional prosthesis; and (d) enlarged view

of screw interface.

the scapula are mostly concentrated at the joint of the
glenoid corresponding to the inserted screws. Long-term
stress may lead to bone resorption and internal low-den-
sity cancellous bone wear, the loosening, displacement,
and detaching of the implanted metal prosthesis, joint
infection and instability, systemic fractures, sports inju-
ries, and postoperative pain. This significantly reduces
the patient’s quality of life and can lead to a second
operation and more serious consequences.

Simulation analysis of personalized prosthesis is per-
formed under the same conditions. With the material prop-
erties, analysis step parameters and resolver unchanged,
the interaction between personalized prosthesis and cor-
responding shoulder joint was constructed with the
same definition. The screws inserted into the implanted
prosthesis are bound with the corresponding screw holes
on the scapula, and the same load vector is applied to
simulate the situation of the personalized prosthesis
model after implantation. Figure 4 shows the Von Mises
equivalent stress distribution cloud diagram of the per-
sonalized prosthesis and the scapula.

As shown in Figure 4(a), by comparing the model
surface with the colors in the stress distribution table at
the upper left corner of the picture, it can be found that
most of the equivalent stresses of the scapula are below

15.23 MPa, lower than the ultimate yield strength (about
100.00 MPa) of the cortical bone. The average equivalent
stress on the scapula in the personalized prosthesis case
is smaller than that in the traditional prosthesis case,
with better simulation results. Additionally, the large
stress in the red dashed circle in Figure 4(b) is a defect
on the grid caused by single-point distortion, and its
numerical result is wrong, which cannot reflect the real
stress and has no reference value.

When analyzing the equivalent stress of the personal-
ized prosthesis, the screw structure is separated from the
main body of the prosthesis. It can be observed from
Figure 4(c) that most of the large stresses are concen-
trated at the connecting rod, the stress on which is
directly related to the length and diameter of the rod.
The maximum stress is 118.70 MPa, much smaller than
the ultimate yield strength (about 1000.00 MPa) of Ti6Al4V.
The equivalent stress on the rod is proportional to the
length of the rod and inversely proportional to the dia-
meter of the rod, which is similar to the principle of
leverage. However, in this research, we do not make
too much analysis on the force of the rod. Although
the equivalent stress of the rod is relatively large, it is
far less than the ultimate yield strength of the material,
and it has almost no influence on the stability of the
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Figure 4: Finite element analysis results after implantation of personalized prosthesis: (a) stress cloud diagram of the scapula after implan-
tation of personalized prosthesis; (b) enlarged view of a screw hole; (c) stress cloud diagram of the implanted personalized prosthesis; and

(d) stress cloud diagram of screws.

prosthetic and scapula fit, so it is not the focus of con-
sideration. By contrast, the equivalent stress of the screw is
smaller, as shown in Figure 4(d). Except for the excessive
stress induced by the distortion point, the equivalent
stress is on the whole not higher than 43.23 MPa. Com-
pared with the maximum stress of 246.50 MPa on the inter-
face of screw in traditional prosthesis, the stress on the
screw after implantation of the personalized prosthesis is
significantly reduced.

Regardless of the influence of single-point distortion,
the simulated equivalent stress analysis results of tradi-
tional prosthesis and personalized prosthesis are com-
pared, and a histogram is drawn to be shown in Figure 5.
In order to better show the force of each part, the scapula,
prosthesis (without screws), and screws are analyzed
separately. It can be observed that the maximum equiva-
lent stresses of scapula after implantation of traditional
and personalized prostheses are close, without significant
differences. However, according to the analysis in the
previous part of this study, the average equivalent stress
of scapula matched with personalized prosthesis is smaller
and more evenly distributed. The main body of tradi-
tional prosthesis bears small forces, with a maximum
of 61.62MPa, yet the bearing strengths of screws are
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Figure 5: Histograms of the maximum equivalent Von Mises stress
of the two prostheses and the corresponding scapulae under the
same load.

large, with a maximum of 246.50 MPa. For the persona-
lized prosthesis, stress on the connecting rod is larger,
with a maximum of 118.70 MPa, while the screws bear
smaller forces, with a maximum of 43.23 MPa.

The screws which are implanted or inserted into the
bone will directly contact the bone after implantation,
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and the stress on the screws directly affects the repair
performance of the implant and the patient’s postopera-
tive rehabilitation. Therefore, the equivalent stress of the
screw is an important indicator to evaluate the mechan-
ical properties of the prosthesis. By optimizing the struc-
tural design of the personalized prosthesis, the screws
were dispersed on the main body of the prosthesis.
Compared with the traditional prosthesis, the equivalent
stress of the personalized prosthesis body is increased
within the acceptable range, while the screw equivalent
stress is significantly reduced, which greatly relieves
the screw pressure. At the same time, the personalized
prosthesis reduces the burden on the scapula as well as
the risks of wear and resorption of low-density cancellous
bone due to long-term stress after implantation. It also
decreases the risks of displacement and detachment of
implanted metal prosthesis, joint infection and instability,
postoperative pain, systemic fracture, and a second
operation.
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3.4 Evaluation of surgical efficacy and
functions

The personalized customized 3D-printed shoulder pros-
thesis was highly consistent with the bone defects. After
implantation, the soft tissues around the shoulder joint
were successfully sewn into the prosthesis. The X-ray
image done one day postoperative already showed that
the prosthesis was in accurate position (Figure 6(a)).
After 3 months’ implantation, the postoperative X-ray
result showed that the position of the prosthesis was still
accurate (Figure 6(b)). The surgical incision healed well,
and no postoperative complications were observed after
surgery, including infection, fat liquefaction, and other
postoperative complications. As shown in Figure 6(c) and
(d), the range of motion (ROM) of the shoulder joint was
checked at 7 and 15 months postoperatively and met the
requirements of flexible movement. The whole arm was
able to do activities of daily living easily, such as eating,

Figure 6: (a) The first day of postoperative X-ray showed that the position of the prosthesis was in accurate position; (b) the 3rd month of
postoperative X-ray showed that the position of the prosthesis was accurate; (c) at the 7th month, the ROM of shoulder joint indicated that it
was well restored; (d) at the 15th month, the ROM of shoulder joint indicated that it was well restored.
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writing, driving, combing hair, and regular exercise. The
function of shoulder joint was gradually well restored, and
the quality of daily life was significantly improved. These
results indicated that the reconstruction of shoulder joint
function is successful, and the application of personalized
shoulder joint prosthesis is effective.

4 Conclusion

The personalized shoulder joint prosthesis not only meets
the special dimension requirements according patients,
but also achieves ideal mechanical performance than
that of traditional prosthesis. The personalized pros-
theses with high dimensional accuracy structure can
effectively distribute the local high stress at the screws
to the whole prosthesis trunk and can effectively distri-
bute the stress concentrated at the glenoid to the whole
scapula, which can reduce the risk of loosening after
implantation and increase the service life of prostheses.
At the same time, it can effectively meet some require-
ments of joint ROM while reduce postoperative risks and
complications to ensure the quality of life of patients after
surgery. Therefore, the combination of 3D printing tech-
nology and finite element analysis technology provides a
robust solution for the clinical orthopedic repair.
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