Applied Science and Engineering Progress, Vol. 18, No. 3, 2025, 7706 1

Research Atrticle

Biomechanical Simulation and Comparison of Scepter Plate and PHILOS Systems for
Greater Tuberosity Humerus Fracture Fixation

Ratthapoom Watcharopas

Medical Engineering Program, Faculty of Engineering, Thammasat University, Pathum Thani, Thailand
Thammasat University Center of Excellence in Computational Mechanics and Medical Engineering, Thammasat
University, Pathum Thani, Thailand

Vejthani Hospital, Bangkok, Thailand

Phongsiri Kansue

Department of Mechanical Engineering, Faculty of Engineering, Thammasat University, Pathum Thani, Thailand
Thammasat University Center of Excellence in Computational Mechanics and Medical Engineering, Thammasat
University, Pathum Thani, Thailand

Wiroj Limtrakarn*

Medical Engineering Program, Faculty of Engineering, Thammasat University, Pathum Thani, Thailand
Department of Mechanical Engineering, Faculty of Engineering, Thammasat University, Pathum Thani, Thailand
Thammasat University Center of Excellence in Computational Mechanics and Medical Engineering, Thammasat
University, Pathum Thani, Thailand

* Corresponding author. E-mail: limwiroj@engr.tu.ac.th DOI: 10.14416/j.asep.2025.03.005
Received: 24 August 2024; Revised: 10 November 2024; Accepted: 31 January 2025; Published online: 19 March 2025
© 2025 King Mongkut’s University of Technology North Bangkok. All Rights Reserved.

Abstract

This paper presents a biomechanical study of a proximal humerus locking plate (PHILOS) and a new locking
plate for the humerous fracture treatment of greater tuberosity. A new locking plate is designed in a scepter
shape. Fiber wire is applied to reduce the number of screws. The finite element model was conducted to evaluate
the biomechanical behavior of the scepter locking plate-screw-wire fixation under natural loading conditions,
i.e., contraction force 200 N and 100 N on supraspinatus and infraspinatus tendons, respectively, and compared
to the PHILOS plate-screw-wire fixation. The model consists of cortical bones of the humerus, supraspinatus
and infraspinatus tendons, both locking plates, screws, and fiber wires. The maximum von Mises stress and
factor of safety on the PHILOS plate and scepter locking plate are 334.1 N/mm?, 2.07, and 590.9 N/mm?, 1.17,
respectively. The maximum strain of two crack surfaces and maximum displacement of fracture gap of the
PHILOS system model and scepter locking plate system model were 0.3937%, 0.54 mm, and 0.492%, 0.49 mm,
respectively. The proper strain and maximum displacement of fracture gap that can promote primary healing are
less than 2% and 1 mm, respectively. The results indicate that the scepter locking plate-screw-wire fixation
exhibits comparable or non-inferior biomechanical behavior and no effect on the healing process, including
stiffness and stress concentration, but 21% smaller, 45% shorter, and 74% lower volume and weight than the
PHILOS plate-screw-wire fixation. The scepter locking plate also obtains smaller incisions and reduces soft
tissue trauma. These findings suggest that the scepter locking plate design, including screw-wire fixation, is
more specifically tailored to the humerus fracture treatment of greater tuberosity than PHILOS plate-screw-wire
fixation and may offer advantages in surgical technique and outcome. This scepter locking plate system could
be a viable alternative for the fracture treatment of greater tuberosity.

Keywords: Biomechanical comparison, Fiber wire, Finite element analysis, Greater tuberosity, Humerus
fracture, PHILOS plate, Scepter locking plate
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1 Introduction

The humerous fractures of Greater tuberosity (GT)
represent frequent injuries, comprising roughly 15%
of all humeral fractures [1]. Managing these fractures
poses a considerable challenge due to the potential for
substantial morbidity and functional limitations if not
addressed correctly. The conventional treatment
modalities for greater tuberosity fractures encompass
conservative strategies involving immobilization and
physical therapy, open reduction and internal fixation
(ORIF), or arthroplasty [2]. Nevertheless, determining
the most advantageous treatment methodology remains
a matter of contention, emphasizing the necessity for
new implant designs to enhance surgical results.

Locking plates have gained popularity as a
treatment option for humeral fractures, including those
involving greater tuberosity. Among these implants,
the proximal humeral internal locking system
(PHILOS) is frequently employed for its demonstrated
ability to provide stable fixation and favorable clinical
results [3]-[5]. Notably, it offers superior fixation
strength compared to screws, double-row trans-
osseous sutures, and tension band techniques [6].

Suture augmentation attaching the rotator cuff to
the PHILOS plate has been recommended to counter
the traction force of the rotator cuff on tuberosity,
which has been shown to lower complication rate and
improve overall fracture fixation [7]. However, it is
important to note that the PHILOS plate is not
specifically designed to address greater tuberosity
fractures, potentially resulting in plate-humerus
mismatch and postoperative issues like mal-reduction
and impingement [8]. Several investigations have
explored the use of locking plates in treating greater
tuberosity fractures of the humerus. One study
examined the biomechanical characteristics of various
locking plate designs for these fractures and suggested
that plates with a lower profile and shorter span may
offer advantages by reducing stress concentration and
enhancing fixation stability [9]. Consequently, there
remains a need for innovative locking plate designs
tailored specifically to the treatment of greater
tuberosity (GT) fractures.

Various surgical techniques [10], [11] have been
proposed for GT fractures, including suture fixation,
screw fixation, tension banding, anchor sutures, and

arthroscopic anchor sutures [12]-[14]. While
arthroscopic anchor suture fixation has yielded
satisfactory outcomes [15]-[17], it requires a
substantial learning curve and may not be suitable for
larger or comminuted fragments [17]-[19]. Currently,
no universally accepted gold standard exists for
treating displaced GT fractures. In contrast, our
scepter locking plate design is tailored to match the
proximal humeral anatomy and GT region. Compared
to traditional locking plates, its shorter length allows
for smaller incisions and reduced soft tissue trauma.
The low-profile design, adjustable length, and lateral
angle mitigate  hardware-related  issues like
impingement. Furthermore, the strategically placed
suture holes facilitate secure tension band-type
suturing to withstand the physiological load of the
rotator cuff on the GT fracture.

The finite element method has gained popularity
as a computation technique for analyzing scientific
research and industrial applications in many fields,
such as solid mechanics, heat transfer, fracture
mechanics, fluid dynamics, and biomechanics [20]-
[24]. Finite element analysis was used to study
biomechanical and elasticity behavior in the locking
plate system for proximal humerus fixation [25], [26].
Only one finite element analysis study varied the hole
shape of a locking plate [27]. Most finite element
analysis studies are based on elasticity. Several design
factors were recently studied and proposed in research
works [28]. There are several design variables for
improved locking plate biomechanical performance,
such as the geometric dimensions of plates [29]-[31],
plate position [32], [33], screw number [34], screw
angle [35], [36], and screw size [37], [38].

This study introduces a new geometric design of
a locking plate in a scepter shape. It implements fiber
wire to reduce the number of screws, optimized based
on the biomechanical performance of the PHILOS
plate with suture augmentation to the rotator cuff and
evaluated using finite element analysis (FEA) in
elasticity. We hypothesize that the new locking plate
system will exhibit biomechanical behavior
comparable to or non-inferior to the PHILOS plate
while being more compact and shorter, as well as 74%
lower volume and weight, potentially offering
improved surgical techniques and outcomes.
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Table 1: Material properties in elasticity.

Structure Modulus of Elasticity (GPa) Poisson’s Ratio Ref.
Cortical bone of humerus 16 0.3 [39]
PHILOS plate and screw 200 0.265 [40]
Scepter locking plate and screw 200 0.265 [41]
Fiber wire No.5 85 0.39 [41]
Supraspinatus tendon 0.168 0.49 [42]
Infraspinatus tendon 0.168 0.49 [42]

2 Materials and Methods
2.1 Models and material properties

The 3D geometric models of the humerus were
determined from a computed tomography (CT) scan
of a healthy 24-year-old man and then saved in Digital
Imaging and Communications in Medicine (DICOM)
format. These images were imported to Mimic 10.1
Software to generate an STL file. Finally, the model
was imported to SolidWorks 2018 software to
determine the final 3D CAD humerus model. The
shape of Supraspinatus and Infraspinatus tendons
were reconstructed from an Anatomical study [43] and
a previous report [44]. Material properties were
assigned for humerus cortical bone, supraspinatus
infraspinatus, as shown in Table 1. Cortical bone of
humerus was considered to have homogeneous
property. Linear elastic analysis was applied in this
study. Three-dimensional models of plate and screws
were constructed using SolidWorks (Dassault
Systemes SolidWorks Corp., Concord, MA, USA) and
imported in Abaqus (Dassault Systemes, Waltham
MA, USA) to create finite element model and simulate
the loading conditions and regions of von Mises stress
distribution. The dimensions of the PHILOS plate and
screws were taken from the Synthes brochure and
previous study [40]. The screws were modeled as
smooth cylinders without threads of a diameter of 3.5
mm, according to studies by Mendoza-Mufioz | [45].

A scepter locking plate is a stainless steel 316L
reconstruction locking plate at the proximal part and a
locking plate at the distal part. It is a low-profile plate
with a length of 48.3 mm, width of 23 mm, and
thickness of 2.0 mm proximal and distal. This plate
has 8 holes for 3.5 mm diameter locking screws with
four K-wires and suture holes, as shown in Figure 1(b).

The material properties of stainless steel 316L
were assigned according to ASTM standards [40], as
shown in Table 2. The GT fracture of the humerus
model was established based on the previous study
[10], [46]. A split-type GT fracture model as a single
large piece based on the study by Pisitwattanaporn et al.
[46], ensures that the fractured bone segment closely

resembles the fracture depicted in Figure 1, part D, of
the study by Zeng et al., [10]. The PHILOS plate with
rotator cuff suture with two fiber wires No.5 was
drawn according to the study of Pisitwattanaporn et al.
[46], as shown in Figure 2(a). A scepter locking plate
with two fiber wires No.5 was drawn and applied plate
at about 1 cm below the tip of the greater tuberosity,
and three 3.5 mm cylinder screws were inserted. The
Supraspinatus and Infraspinatus were sutured at 1 cm
above the greater tuberosity with two fiber wires No.5
and passed the two tails of each suture through the
most upper holes of the plate and joined together, as
shown in Figure 2(b).
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(a) PHILOS plate  (b) Scepter locking plate
Figure 1: Dimensions of PHILOS and scepter plates.

Table 2: Material properties of stainless steel 316L.

Material
Modulus of elasticity (GPa) 200
Shear modulus (GPa) 82
Poisson’ s ratio 0.265
Mass density (g/cm®) 8.027
Yield strength (N/mm?) 690
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(a) PHILOS plate (b) Scepter locking plate
Figure 2: Locking plate with Rotator cuff suture with
two fiber wires No.5.

Tetrahedral element with 4 nodes/element,
C3D4, and hexahedral element with 8 nodes/element,
C3D8, were used to construct a finite element model,
as shown in Table 3. Mesh independence was applied.
Element size was reduced until maximum magnitude,
i.e., stress, strain, and displacement were less than 1%.
If the element size is extremely small, the
computational time is too long without any significant
differences in results. The proper size is shown in
Table 3. Supraspinatus, infraspinatus, PHUILOS
plate, scepter plate, bone, and bone crack are defined
as an element size of 1 mm. While screws and fiber
wires were used 0.25 mm and 0.1 mm, respectively.
The finite element models are 430,188 nodes and
1,337,194 elements for the PHILOS plate system and
526,586 nodes and 1,240,018 elements for the scepter
plate system. The length of fiber wires in the scepter
plate system is 20% longer than in the PHILOS plate
system. Then, the total mesh of the scepter plate
system is greater than that of the PHILOS plate system.

Table 3: Element type and element size.

Part Element Type Element Size (mm)
Supraspinatus C3D4 1
Infraspinatus C3D4 1

PHILOS plate C3D4 1

Scepter plate C3D4 1

Bone C3D4 1

Crack bone C3D4 1

Screw C3D4 0.25

Fiber wire C3D8 0.1

2.2 Boundary condition and external load

The interactions bone-bone, tendon-cartilage, tendon-
suture, bone-plate, bone-screw, and screw to the plate
were modeled using a frictionless surface-to-surface
contact formation and defined a coefficient of friction
of 0.1 between surfaces according to the previous
study [42] that studied the finite element model for
geometrical and mechanical comparison of the three
suture positions, i.e., single row, double row, and
transosseous with friction coefficient equal to 0.1
between the supraspinatus and bone.

During intense activity, such as various
exercises, athletic activities and maximum contraction
of supraspinatus produced, the maximum contraction
force transmitted highest force through the
supraspinatus and infraspinatus tendons were 200 N
[47] and 100 N [48], respectively, as well as
distributed over medial surface of each tendon. The
loading direction was defined as the mean direction of
the tendon on the loading surface [49]. A tension force
of 10 N was applied to fiber wires. The humerus was
fixed at the base to avoid rigid body motion, as shown
in Figure 3.

Supraspinatus \ — Infraspinatus

s

Fiber wire

Screw

Plate

Cortical bone
Fixation —/A
Figure 3: Boundary conditions.

3 Results and Discussion

3.1 Comparisons of maximum von Mises stress of
the two fixation models

This paper specifically compared a scepter plate with
the PHILOS locking plate because previous studies
have established that locking plates provide superior
fixation strength for greater tuberosity fractures
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compared to alternative methods such as screws and
tension band wiring. The PHILOS system was
selected as a control because it is widely available and
represents the current standard of care for greater
tuberosity fracture fixation, as demonstrated in
previous research (43). While other locking plate
systems exist (10,14,45), they are not yet widely
adopted or considered standard treatment options for
greater tuberosity fractures.

After applying boundary conditions to a finite
element model, the finite element analysis was used to
solve the displacement, strain, and stress problems.
Figure 4 shows the stress distribution of the PHILOS
system model and scepter plate-screw-wire model.
The gray color explains the maximum stress, and
stress will be reduced from grey, red, yellow, green,
and blue, which is the minimum stress. The meaning
of these color contours is also used in all figures. The

S, Mises

(Avg: 100%)
+6.752e+08
+1.000e+08
+9.167e+07
+8.333e+07

+8.333e+06
+0.000e+00

(a) PHILOS plate system

maximum stress and a factor of safety of the PHILOS
system are 675.2 N/mm?, 1.02, respectively, on the
head of the screw and scepter locking plate is 590.9
N/mm?, 1.16, respectively, on the plate as shown in
Figure 5. It implies that there is no failure on both
screw and plate under this load condition. The internal
forces acting on the fiber wire in the PHILOS plate
and the scepter locking plate systems were calculated
to be 46.88 N and 48.42 N, respectively. Previous
studies [41] show that the fiber wire can tolerate a
maximum load of 620 + 29 N before failure. This
indicates that the internal forces on the fiber wire in
both models are well below the wire’s failure
threshold, ensuring that the wire remains intact. This
study is the first to calculate the forces within the fiber
wire using a finite element model, specifically in the
context of a locking plate system for treating split-type
greater tuberosity (GT) avulsion fractures.

S, Mises

(Avg: 100%)
+5.909e+08
+1.000e+08
+9.167e+07
+8.333e+07
+7.500e+07
+6.667e+07
+5.833e+07
+5.000e+07
+4.167e+07
+3.333e+07
+2.500e+07
+1.667e+07
+8.333e+06
+0.000e+00

(b) Scepter locking plate system

Figure 4: Von Mises stress on (a) PHILOS and (b) Scepter locking plate system.
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675.2 MPa

+1.667e+07
+8.333e+06
+0.000e+00

(a) PHILOS plate system

S, Mises

(Avg: 100%)
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+1.000e+08
+9.167e407
+8.333e+07
+7.500e+07
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+5.000e+07
+4.167e+07
+3.333e407
+2.500e+07
+1.667e+07
+8.333e406
+0.000e+00
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(b) Scepter locking plate system

Figure 5: The maximum stress concentration of (a) PHILOS and (b) Scepter locking plate system.
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3.2 Comparisons of stress on two plates

Figure 6 shows the maximum von Mises stress of
334.1 and 590.9 N/mm? on the PHILOS and scepter
locking plates, respectively. The internal force and
moment of the lowest screw in the PHILOS model are
higher than other screws; then the maximum stress
expresses on the lowest hole. For a scepter model, the

S, Mises

(Avg: 100%)
+3.3412+08
+1,0002+08
+9.1672407
+8,333e+07
+7.5002407
+6.6672+407
+5.8330+07
+5.0002407
+4.1672+07
+3.3332407
+2,5002407
+1.6672+07
+8.3332+06
+0.0002+00

334.1 MPa

(a) PHILOS plate system

590.9 MPa

internal force on the fiber wire at the middle top hole
is higher than others, and the maximum stress occurs
here. The yield strength of plate material is 690
N/mm?. This shows that the safety of the PHILOS
plate and scepter locking plate are 2.07 and 1.17,
respectively. This implies that both designs can
maintain the elasticity behavior or have no failure
under specified forces and constraints.

S, Mises

(Avg: 100%)
+5.90%e+03
+1.000e+03
+9.167e+07
+8.333e+07
+7.500e+07
+6.667e+07
+5.833e+07
+5.000e+07
+4.167e+07
+3.333e+07
+2.500e+07
+1.667e+07
+8.333e+06
+0.000e+00

(b) Scepter locking plate system

Figure 6: The maximum stress concentration of (a) PHILOS and (b) Scepter locking plate.

Figures 7 and 8 show the maximum strain of two
crack surfaces and maximum displacement of fracture
gap of the PHILOS system model and scepter locking
plate system model were 0.3937%, 0.54 mm, and
0.492%, 0.49 mm, respectively. The proper strain and
maximum displacement of fracture gap that can
promote primary healing are less than 2% and 1 mm
[50], respectively. The gray color explains the
maximum strain, and strain will be reduced from grey,
red, yellow, green, and blue color is the minimum
strain.

For specification comparison between the
scepter locking plate and the PHILOS plate, the

scepter locking plate is shorter by 45%, thinner by
20%, and wider by 21% than the PHILOS plate. The
volume or weight of the scepter plate is lower by 74%
than the PHILOS plate, as shown in Table 4.

This study demonstrates that the scepter locking
plate system meets the anatomical requirements for
treating split-type GT avulsion fractures, performing
similarly to the PHILOS plate with rotator cuff suture
augmentation. The maximum strain at the fracture site
for both plate systems, as shown in Table 5, is less than
2%, and the maximum fracture gap displacement is
less than 1 mm [50], facilitating primary bone healing.
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0.003937 0.001441

LE, Max. Principal
(Avg: 100%)
+3.937e-03

Crack surface #1
Crack surface #2—

(a) The strain concentration of two crack surfaces of PHILOS plate system

0.00492

LE, Max. Principal 0.00272
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Crack surface #1 —
Crack surface #2

(b) The strain concentration of two crack surfaces of the scepter locking plate system

Figure 7: The strain concentration of two surfaces of (a) PHILOS and (b) Scepter locking plate system.
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(a) PHILOS SYSTEM (b) Novel plate system

Figure 8: The displacement of fracture Gap of (a) PHILOS and (b) Scepter locking plate system.
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Table 4: Comparison of scepter locking plate and the
PHILOS plate.

Scepter Locking ~ PHILOS Locking

Plate Plate
Length (mm) 48.3 89.4
Width (mm) 23.0 19.0
Thickness (mm) 2.0 25
Volume (mm?) 820 3,130
Weight (g) 6.58 25.13

At the equilibrium point, the maximum
displacement of the fracture gap for the scapular plate
is lower than the PHILOS plate, demonstrating better
stability in bone fracture fixation. The GT bone
fragment movement results in less displacement, as
shown in Table 5. The calculated maximum stress
values were compared against the material properties.

Table 5: Comparison of maximum strain and
displacement of fracture gap of both plate systems.

Plate System Maximum Displacement of
Strain Fracture Gap (mm)

PHILOS 0.003937 0.54

Scepter 0.00492 0.49

Based on the above analysis, both plate types can
effectively fix the bone to facilitate fracture healing
without plate deformation when calculated at the
equilibrium point. However, it is necessary to conduct
further trials in real-world environments, including
cadaveric testing and actual patient surgeries, to
validate the results of this computational study.

From the results of this study, it was found that
the maximum stress occurring on the PHILOS plate is
at the location of the lowest screw. Additionally, most
of the stress is concentrated in the middle portion of
the plate, but low stress occurs around the outer edges
and lower end, as shown with the blue color contour
in Figure 6(a). Furthermore, the suture cord that
connects the PHILOS plate to the rotator cuff tendon,
which is an important tensile force for the fractured
bone, has a limited area for transferring. It implies that
the suture cord can handle the transfer force and
reduce some screws in the PHILOS system.

The PHILOS plate has a smaller cross-sectional
area than the scepter plate. This may result in a poorer
distribution of forces across various plate parts. The
above information supports the idea that the newly
designed locking plate can be made shorter, thinner,
and wider. Additionally, when looking at the
simulation results, the scepter locking plate design
exhibits better stress distribution throughout the plate.
The maximum stress at the top portion of the scepter

locking plate still does not exceed the yield point of
the material used in this study.

While previous studies have evaluated locking
plates for GT fractures [6], [10], [46], including some
using FEA [47], [51], these prior works did not
account for the impact of rotator cuff suture
augmentation in their computational models. Our
research represents one of the first efforts to
incorporate suture augmentation techniques in the
FEA of a scepter locking plate design optimized
specifically for GT fractures. By including this crucial
factor, which has been shown to improve fracture
fixation and lower complication rates [8], our study
provides a more comprehensive and clinically relevant
evaluation of the proposed implant's biomechanical
performance.

Previous studies utilized cadaveric models [45]
or compared existing locking plates to other fixation
techniques [11], [14] without conducting detailed
computational modeling and stress analysis tailored to
an optimized implant design considering suture
augmentation. By leveraging finite element
simulations that account for suture augmentation, our
research provides valuable insights into the
biomechanical performance of a scepter locking plate
meticulously engineered for greater tuberosity
fractures, addressing a critical gap in the current
literature.

This study provides valuable biomechanical
insights, but certain limitations should be
acknowledged. The FEA relies on simplified
assumptions and literature-based material properties,
which may not fully capture the complex behavior of
biological tissues and their interactions. In addition,
the simulated loading conditions also represent a
specific scenario of maximum tendon forces, whereas
the shoulder joint experiences a wide range of loading
patterns during various activities. Moreover, the study
focuses on the immediate post-operative scenario and
does not account for the effects of bone healing and
tissue remodeling over time. Further investigations,
including cadaveric studies and clinical trials, are
necessary to validate the findings and evaluate the
long-term performance of the scepter locking plate
design in vivo.

4 Conclusions
In conclusion, the scepter locking plate system

presents a viable alternative for treating split-type GT
avulsion fractures. This plate system fulfills the
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necessary biomechanical requirements for managing
isolated split-type GT avulsion fractures. Notably, it is
characterized by a low-profile design, shorter length,
lower volume and weight compared to standard
locking plates, adaptability in lateral angle and length
tailored to the humeral bone, and strategically placed
holes that allow sutures to be securely tied. Further
clinical studies are warranted to confirm the clinical
utility of this plate system in the treatment of isolated
GT fractures.
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