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Abstract: This article describes the development of a temporary protective glenoid prosthesis placed
between the augmentation and humeral head prosthesis during the healing phase of shoulder
prosthesis revision with necessary reconstruction of the bony structure of the glenoid. The glenoid
protection prosthesis ensures the fixation of the augmentation material and protects the screws
from contact with the metallic humeral head prosthesis. Another approach of the development is a
reduction of the resorption of the augmentation by targeted mechanical stimulation of the tissue. The
aim should be to achieve significantly improved conditions for the implantation of a new glenoid
component at the end of the healing phase of the augmentation material in comparison to the current
standard method. The development of the protective prosthesis was carried out according to specific
needs and includes the collection of requirements and boundary conditions, the design and technical
detailing of the implant, the verification of the development results as well as the validation of the
design. For the verification, FEM simulations (Finite Element Analysis) were performed to estimate
the mechanical stability in advance. Mechanical tests to confirm the stability and abrasion behavior
have been carried out and confirm the suitability of the protective implant. The result of the present
work is the detailed technical design of two variants of a glenoid protective prosthesis “GlenoProtect”
for use in revision procedures on shoulder joints—with large-volume defects on the glenoid—treated
by arthroplasty and the necessity of augmenting the glenoid, including a description of the surgical
procedure for implantation.

Keywords: glenoid implant; implant development; finite element analysis; 3D modelling; abrasion
test; glenoid defect

1. Introduction

The annual number of shoulder arthroplasties increases continuously. In 2017, an
estimated number of about 800,000 patients were living in the United States with a shoulder
replacement with a prevalence of 0.258%, increasing markedly from 1995 (0.031%) and
2005 (0.083%) [1]. In 2008, 27,000 shoulder arthroplasties (total endoprostheses only) were
performed [2]. Although the number of shoulder arthroplasties performed is still far below
that of knee or hip arthroplasties, the indications for shoulder arthroplasties are much
more varied and range from rheumatoid arthritis, degenerative arthroses and osteonecrosis
to posttraumatic osteoarthritis or osteoarthritis [3,4]. Due to the increasing demand for
total endoprostheses to the shoulder, the revision of the glenoid is becoming increasingly
important and demonstrates the need for basic research and development in this field.

Problems with arthroplasty or reimplantation of glenoid prostheses consist of the
large-volume combined with central-peripheral glenoid defects. Due to the destroyed
glenoid with bony defects, immediate insertion of a prosthesis is not possible because
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primary stability cannot be guaranteed by anchoring the prosthesis. So far, there have been
several attempts to correct the bony defects with augmentations, however with moderate
success [5–12].

A common problem was identified in connection with the screws used to fix the
augmentation material. In one study, complications were reported in 78% of the observed
cases of screw fracture, bent screws or metallic abrasion [13]. The main reason given
for performing revision surgery is loosening of the glenoid prosthesis in 32% to 39% of
cases [14–16], followed by instability in 23% to 30% and periprosthetic fracture in 11%
of cases [14,17]. The success rate over shorter periods of time (<5 years) is given as up
to 98% to 99%, which drops drastically to between 33% and 51.5% with a follow-up of
>10 years [18–21]. Eccentric loads and the resulting high micro-movements at the boundary
between bone cement and cortical and trabecular bone play a major role in loosening the
glenoid component. Over a longer period, a phenomenon occurs which is referred to in
pertinent literature as the “Rocking Horse Phenomenon” [22,23] and can subsequently lead
to bone resorption and massive bony defects in the area of glenoid anchorage. When the
glenoid is loosened, patients often suffer increasingly from load-dependent pain after an
interval that is sometimes very long and symptom-free [24]. In the case of a confirmed
loosening of the glenoid prosthesis, there is in principle an indication for a one-stage
changes of the glenoid component, provided that stable anchoring is possible. However,
the biggest problems with revisions of the glenoid with a new prosthesis (implant) are
large bone defects or deficits in which both the cancellous part and the cortical layer are
affected [25]. In these cases, insertion of a new glenoid component is often not possible
because it cannot be sufficiently attached to the scapula and glenoid.

In addition to other options for augmentation with calcium phosphates, bio-glass,
hydrogels, human bone allografts and biocomposites made by bioactive elements [26],
there are some experimental studies about cell-instructive bioengineering procedures to
support and restore preexisting bone repair and osseointegration [27,28]. An option that
is commonly used as a standard is still a two-stage procedure by means of building-up
the defective glenoid with autologous bony augmentations [5–7,10,11,29,30]. The defec-
tive glenoid component is removed, and large-volume bone deficits are built up with
cortigospongious chips from the iliac crest.

In the case of extensive defects and thus large augmentations, it is necessary to fix the
augmentation with screws. After sufficient osseous integration of the cortigospongious
augmentation material in the glenoid (about 3 months), a new glenoid component is in-
serted into the bone material [31,32]. A retrospective examination of 16 revision procedures
of shoulder arthroplasties with glenoid build-up showed a settlement or atrophy of the
augmentation in all cases [25]. The observed shrinkage is 5 mm in 3 patients, 5 to 10 mm in
six patients and more than 10 mm in two patients. All four cases of the investigated group
in which the augmentation was fixed with screws showed such a large shrinkage in which
the screws were exposed and touched the metallic humeral head of the humeral prosthesis.
In one case, the screw even broke due to the additional load.

In cases where the screws used to fix the augmentation material comes into contact
with the metallic humeral head, abrasion may occur, which may subsequently lead to
complications such as metallosis [33,34].

In this paper, we propose the application of temporary protection implants for the
augmentation of shoulder prosthesis revision procedures. This paper describes the devel-
opment of two kinds of temporary prosthesis which support the correction of bony defects
and shall significantly improve the result of glenoid augmentation. This is intended to
ensure a high degree of primary stability during insertion of a glenoid prosthesis, even
during revision, and consequently to achieve more effective rehabilitation.

The goals of this study are as follows: to protect screw heads against direct contact with
the metal joint ball of the implant (humeral head), to prevent screws from being unscrewed,
to form a sliding partner during the healing phase, better “cohesion” of the bone fragments
and to provide a more even force introduction and even pressure on the augmentation
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material (functional load). In the following sections, the material and methods used in this
study are described.

2. Materials and Methods

GlenoProtect is a glenoid component made of a suitable material that was developed
to protect the augmentation in shoulder prosthesis revision procedures. Two variants have
been developed to ensure the above-mentioned capabilities.

2.1. Variant 1: Multidirectional Angle-Stable Screw Connection (Rigid Fixation)

The screws have a thread in the head area and can be placed at an angle to the implant
(multidirectional). To achieve angular stability, the thread cuts into the implant material
and thus fixes the screw. The inclined position of the individual screws results in greater
stabilization and resistance to dents (medial/proximal) and withdrawal (Figure 1).
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Figure 1. Rigid fixation of the augmentation material.

Resorption is the greatest unknown factor despite the protection of the augmentation.
The resorption leads to a reduction of the functional pressure on the augmentation material
and possibly to an increased resorption. The original design was adapted and improved in
detail in several processing and optimization steps, with the aim of maximizing mechanical
stability while reducing the profile cross-section (thickness or height of the implant). For
this purpose, the originally designed curved oblong holes for screw connection were
replaced by circular holes, as the intended cutting of the thread of the screw heads did not
provide sufficient stability in this case. In addition, the radius of the implant surface was
adjusted to achieve an even lower implant height. The result of the detailed design can be
seen in Figure 2.
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Particular attention was paid to the design of the fixing holes. The exact geometry
of these holes is important to ensure that the screw heads are held securely and that the
screw heads do not project beyond the implant surface. The implant or the fixing holes
were designed for the use of osteosynthesis screws “Locking Screw 3.5 mm” from the
Small Fragment Locking Compression Plate (LCP) System (DePuy Synthes Companies,
Zuchwil, Switzerland, and Warsaw, IN, USA, https://www.jnjmedicaldevices.com/en-
EMEA/companies/depuy-synthes, accessed on 8 July 2022). The screws can be introduced
in multiple directions, i.e., at different angles to each other, in order to adapt to the respective
anatomical situations and to increase the mechanical stability of the fixation (Figure 3).
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Figure 3. Multidirectional screw positioning possibility.

2.2. Variant 2: Dynamic Fixation (Angular Stable Pins)

To compensate for the risk of functional underloading of the augmentation material, a
dynamic system is proposed. Instead of screws, pins are used which only have a thread in
the head area that cuts into the implant material. The pins should be placed at a right angel
to the implant backside (defined by the geometry), as shown in Figures 4 and 5.
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Figure 4. Dynamic fixation using angle-stable pins: (a) initial post-operative situation; (b) dynamic
load results in compression and functional stimulus of the augmented bone.

Only shear and torsional forces in the medial or sagittal plane are absorbed. The
entire unit can sink if the bone block atrophies and the dynamic load and thus a functional
stimulus is maintained. This is to reduce bone resorption. The dynamic version can be
fitted with up to five pins, and the most appropriate pins should be used depending on the
specific circumstances.

https://www.jnjmedicaldevices.com/en-EMEA/companies/depuy-synthes
https://www.jnjmedicaldevices.com/en-EMEA/companies/depuy-synthes


Materials 2022, 15, 6457 5 of 16

Materials 2022, 15, 6457 5 of 16 
 

 

Figure 4. Dynamic fixation using angle-stable pins: (a) initial post-operative situation; (b) dynamic 
load results in compression and functional stimulus of the augmented bone. 

Only shear and torsional forces in the medial or sagittal plane are absorbed. The en-
tire unit can sink if the bone block atrophies and the dynamic load and thus a functional 
stimulus is maintained. This is to reduce bone resorption. The dynamic version can be 
fitted with up to five pins, and the most appropriate pins should be used depending on 
the specific circumstances. 

 
(a) (b) 

Figure 5. Visualization of dynamic variant of GlenoProtect on glenoid/scapula (a) digital model for 
simulation purpose (bone defect, augmentation not shown) and (b) analog model for development 
purpose (foam material simulates the bone augmentation). 

As an implant material, the use of a plastic material should be considered as the most 
sensible option. Metallic materials are critical due to the sliding pairing with the also me-
tallic humeral head [35,36]. PE (polyethylene) and PEEK (polyetheretherketone) are pos-
sible plastics [37–39]. PE is the most commonly used material for primary glenoid compo-
nents, where ultra-high molecular weight polyethylene (UHMWPE) is used. PE has good 
sliding properties, is easy to process and is comparatively inexpensive. With PEEK, the 
raw material is more expensive, however, it has more suitable mechanical properties than 
PE. Thus, the modulus of elasticity is closer to that of bone. This results in a better or 
natural distribution of force on the bone [40,41]. PEEK is a high-performance biomaterial 
suitable for long-term implantation. It is used to manufacture a wide variety of medical 
devices and human implants (dentistry, orthopedics and traumatology) and is used in a 
variety of ways in these applications [42–45]. Due to its chemical composition, PEEK is a 
very pure and inert material. Extensive biocompatibility tests do not provide any evidence 
of cytotoxicity, systemic toxicity, irritation or acroscopic reactions [31–35]. In addition, the 
very low levels of residues and extractable metal ions minimize the potential risk of aller-
gic reactions commonly associated with nickel or other metal ions. In addition, PEEK can 
be sterilized using all common methods. PEEK is suitable for gamma, ethylene oxide and 
saturated steam sterilization [46]. 

In order to determine the mechanical strength, corresponding simulations were car-
ried out. The selected implant variants were analyzed using FEM (Finite Element 
Method), also known as FEA (Finite Element Analysis) [47]. The simulation program 
Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France, http://www.3ds.com, accessed 

Figure 5. Visualization of dynamic variant of GlenoProtect on glenoid/scapula (a) digital model for
simulation purpose (bone defect, augmentation not shown) and (b) analog model for development
purpose (foam material simulates the bone augmentation).

As an implant material, the use of a plastic material should be considered as the most
sensible option. Metallic materials are critical due to the sliding pairing with the also
metallic humeral head [35,36]. PE (polyethylene) and PEEK (polyetheretherketone) are
possible plastics [37–39]. PE is the most commonly used material for primary glenoid
components, where ultra-high molecular weight polyethylene (UHMWPE) is used. PE has
good sliding properties, is easy to process and is comparatively inexpensive. With PEEK,
the raw material is more expensive, however, it has more suitable mechanical properties
than PE. Thus, the modulus of elasticity is closer to that of bone. This results in a better or
natural distribution of force on the bone [40,41]. PEEK is a high-performance biomaterial
suitable for long-term implantation. It is used to manufacture a wide variety of medical
devices and human implants (dentistry, orthopedics and traumatology) and is used in a
variety of ways in these applications [42–45]. Due to its chemical composition, PEEK is a
very pure and inert material. Extensive biocompatibility tests do not provide any evidence
of cytotoxicity, systemic toxicity, irritation or acroscopic reactions [31–35]. In addition, the
very low levels of residues and extractable metal ions minimize the potential risk of allergic
reactions commonly associated with nickel or other metal ions. In addition, PEEK can be
sterilized using all common methods. PEEK is suitable for gamma, ethylene oxide and
saturated steam sterilization [46].

In order to determine the mechanical strength, corresponding simulations were carried
out. The selected implant variants were analyzed using FEM (Finite Element Method), also
known as FEA (Finite Element Analysis) [47]. The simulation program Abaqus (Dassault
Systèmes, Vélizy-Villacoublay, France, http://www.3ds.com, accessed on 8 July 2022) was
used. A material approved for medical applications in the human body and repeatedly
proven in implants is PEEK-Optima from Invibio Ltd. (for properties, see Table 1: Material
properties PEEK, Invibio Ltd., Lancashire, UK). These material properties were used as a
basis for the FEM analysis.

http://www.3ds.com
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Table 1. Material properties PEEK.

Property Units PEEK-OPTIMA

Tensile Strength (Yield) MPa (ksi) 115
Tensile Elongation (Break) % 20

Flexural Modulus GPa 4
Flexural Strength MPa 170

Izod Impact (Unnotched) kJm−2 Does not break
Izod Impact (Notched) kJm−2 4.7

The load and force assumptions for the simulation were selected by Westerhoff and
Bergmann [48] according to the measurements at the Julius Wolff Institute. For the FEM
analysis, the data set “Lifting a weight of 10 kg” was used, since the measurement results
here show the highest values. The data give a maximum value of 1500 N for the force
acting normally on the implant surface. After consultation with shoulder surgeons, a
maximum realistic force of 500 N is to be assumed for the intended application. The
simulation was performed with 1500 N as well as with 500 N. In the FEM simulation,
static forces/loads are applied and the resulting stresses, displacements (elastic) or plastic
deformations are determined. For this purpose, a so-called substitute model must be
created, which represents a section of the entire situation, reflecting the relevant force
application. For the calculation of the stresses in the protective implant, the replacement
model was in the form of a hemisphere representing the humeral head with an equally
distributed load application.

For the simulation of the rigid version, a joint ball made of stainless steel, with a
diameter of 48 mm, and its support centered on the implant was modelled (Figure 6).
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Fixation of the implant was assumed with four screws. The posterior implant surface
was assumed without bone support, so the implant is only held in place by the screws.
Thus, the determined displacement (corresponds to “deflection”) of the implant can act
as a stimulus on the augmentation. At the simulation model for the dynamic variant, the
joint ball is resting eccentrically on the implant. The fixation of the implant was assumed at
the end of the conical pins. The eccentric loading and clamping of the pin ends result in a
displacement and thus a (rotational) moment at the connection points of the pins with the
implant main body. This in turn represents the load situation that occurs when the implant
is attached to the bone via the pins and “tilts” the implant surface away due to an eccentric
load (with corresponding movement of the shoulder).

Mechanical testing was performed in order to confirm the results from the simula-
tion and to demonstrate the effective strength of the implant variants and the respective
fixing methods. For the mechanical tests, a specific test stand was built at the Center for
Medical Physics and Biomedical Engineering of the Medical University of Vienna at the
AKH Vienna.
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The test bench is used to simulate the movements of the shoulder joint. For this
purpose, the test stand was primarily designed as an actuator-controlled pendulum system.
Thus, it is possible to perform cyclic movements of a simulated humeral head prosthesis in
relation to the glenoid protective implant. The contact force (force normal to the implant
surface) and the type of movement of the ball of the humeral head (from rolling on the
implant surface to a pure friction movement at one point) are adjustable.

The first mechanical test is intended to confirm the mechanical stability of the combi-
nation of the implant itself and the fastening elements (screws in the rigid and pins in the
dynamic variant) under static loading. The implant itself as well as the fastening elements
and the connection of the implant with the fastening elements must be sufficiently strong.
In particular, the connection of the implant with the screws or pins represents a critical
point. With a static implant, the screw heads must not protrude beyond the implant surface
under load.

Following the static load test, a dynamic load test was carried out. For this purpose, the
pendulum frame was oscillated with an angular deflection of ±30◦. Due to the dynamics
of the system and the centrifugal forces that occur when the pendulum frame is loaded
with the additional weight, the test was carried out with a maximum load of 1000 N.

Comparative measurements were carried out to determine differences in the abrasion
behavior of different materials. The following test materials were examined in Table 2:

Table 2. Overview of test objects for abrasion measurement.

Test Object No. Material

Test object 1 Test sample of a glenoid protective prosthesis made of technical
PEEK: KETRON PEEK-1000 (not medical grade)

Test object 2 Test plates made of medical grade PEEK No. 1
Test object 3 Test plates made of medical grade PEEK No. 2

Test object 4
Comparison sample of a glenoid component of an anatomical

shoulder prosthesis (Global Advantage Keeled Glenoid, DePuy)
made of PE (1020 XLK UHMWPE)

To create largely real conditions, the test objects were placed in a shell filled with a
physiological solution of H2O, agar-agar and NaCl during the pendulum motion. Agar-agar
was added to increase the viscosity of the liquid, as the synovial liquid is also more viscous.

A high-precision galvo scanner (scanner galvanometer) was used for the tactile mea-
surement of the surface [49] to quantitatively determine the abrasion. The galvo scanner
has a resolution of 200 nm. This means that any abrasion in the form of “material shrinkage”
can be measured at the relevant point. This method does not determine the abrasion as
detached particles, but whether there is abrasion on the implant surface. These depres-
sions in the material can be very precisely measured with the galvo scanner and are thus
displayed quantitatively.

The test objects were clamped on a cross table. The galvo scanner was fixed via a 3D
articulated tripod so that its lever arm rests on the test object (Figure 7). Now the cross table
was moved manually, and the output signal was recorded with a DAQ measuring system
(DEWE-43 from DEWESoft, Trobvlje, Slovenia, http://www.dewesoft.com, accessed on
8 July 2022).

http://www.dewesoft.com
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3. Results

In this chapter, the results for the simulation (FEM), mechanical testing results and the
abrasion measurements are summarized.

3.1. Simulation

The results of the FEM simulation for both implant variants are presented in Table 3.

Table 3. Summary of FEM simulation results.

Tensile Elongation Rigid Variant Dynamic Variant

max. Tensile Elongation PEEK-Optima 20% 20%
Analysis Sample Material 24% 24%

Result FEM (500 N) 2.2% -

Strain Rigid Variant Dynamic Variant

Tensile Strength PEEK-Optima 100 MPa 100 MPa
Analysis Sample Material 117 MPa 117 MPa

Max. Strain FEM (500 N) 60 MPa ~100 MPa (168 MPa
peak)

Max. Strain FEM (1500 N) 90 MPa >100 MPa

Displacement Rigid Variant Dynamic Variant

Max. Displacement (deflection/sag) at 500 N FEM 0.1 mm 0.95 mm

With the rigid variant at 1500 N load, stresses greater than 90–100 MPa occur selectively
in the material (Figure 8).

Since these areas are rather small and surrounded by areas of significantly lower
stress, it can be assumed that structural integrity will be maintained. However, it is to be
expected that superficial damage may occur (the areas of high tension lie on the surface of
the implant in contact with the joint ball).

Peak strain values of up to 168 MPa occur selectively in the material of the dynamic
variant (see Figure 9).
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However, these areas are very limited and are justified by the fact that the ends of the
pins were firmly clamped for the simulation. This is exactly where these high stresses occur.
It is more realistic to distribute the forces over a larger surface of the pins. The maximum
strain values occurring over a large area are in the range of 100 MPa. However, this is
already at the limits of the material.

The simulation with a load of 1500 N resulted in peak strain values well above 100 MPa.
This would mean that the implant would no longer be able to withstand the load. The high
stresses occur again in isolated areas and could occur due to the modeling (clamping only
at the tip of the conical pins would distribute the dissipation of forces along the pins).

Summary:
The results of the FEM analysis of the rigid variant show that there will be no perma-

nent damage (plastic deformation) when the load is 500 N. Under a load of 1500 N, plastic
deformations or material damage can occur on the contact surface with the joint ball, but
the overall strength of the implant and the screw connections would still be guaranteed.
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The results of the FEM analysis of the dynamic implant variant show that loads of
500 N do not lead to any damage to the implant or that the entire structural integrity is
preserved. At a load of 1500 N, the maximum permissible stresses in the material would be
significantly exceeded. In such a case, modeling becomes very difficult, and it is very likely
that the resulting stresses arise due to the model assumptions. However, since a maximum
of 500 N can be assumed as a realistic force, the simulation of the dynamic implant variant
also shows that it has sufficient mechanical stability.

3.2. Mechanical Testing
3.2.1. Rigid Variant

For the test, the protective glenoid implant was attached at a distance from a test
block with three angular stable osteosynthesis screws (Figure 10). This simulates the case
where the protective glenoid implant was attached to the scapula above the graft and the
graft was already slightly resorbed. This creates a small gap and the forces applied to the
implant are transmitted exclusively via the screws into the scapula, which is the worst case
from a mechanical point of view. In this case, the force is transmitted in the area of the
small thread onto the head of the osteosynthesis screws. The screw heads must remain
securely fixed in the implant and not “tear out” so that the screw heads protrude beyond
the implant surface.
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Figure 10. Fixing the test implant at the test block (represented is only one screw before insertion, the
test implant was fixed with three screws).

The test implant was loaded with 1300 N. There was no damage to the implant and
the threaded connections also withstood the load. This result corresponds to the behavior
expected from the FEM simulation (no permanent deformation, maintenance of overall
stability up to 1500 N).

The implant and the threaded connection were also stable in the test with dynamic loads.

3.2.2. Dynamic Variant

The dynamic implant variant with the conical spikes for fixation, which allow the
implant to sink, was also fixed in a test block. This test block has a convex surface and
parallel holes to accommodate the fixing pins; see Figure 11.
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Figure 11. Test abutment for the dynamic implant variant: (a) view of the actual test setup;
(b) schematic view of the test block.

The test implant was loaded in the same way as in the static loading test of the rigid
implant variant. The load did not cause any mechanical damage to the test implant.

The dynamic test implant was also tested with dynamic loads, where it was attached
to the test block and the pendulum frame was made to vibrate. This resulted in a fracture
of the conical pins in the area of the thread transition. However, the fracture did not occur
until a forced extreme load was applied, with the force being applied eccentrically and
transversely (pivot point of the joint ball outside the central axis). Such loads are not to
be expected under real conditions, so this test also confirmed the stability of the dynamic
implant variant.

3.3. Abrasion Measurement

The summary of all abrasion measurement results is shown in Figure 12a–d. The
different diagrams show the measurement curves of test objects 1–4 (compare Table 2).
Figure 12a contains additional descriptive elements.

The position along the implant surface (geometric longitudinal axis) is plotted on the
x-axis and the deflection (normal distance) of the galvo scanner measuring tip is plotted
on the y-axis. The y-axis thus represents the measured abrasion. A standardized abrasion
value in µm/100 cycles is exhibited for each object. Sudden, strongly deviating signals
correspond to depressions in the surface and are a direct measure of the abrasion occurring
at this point.

The results clearly show that the abrasion to be expected with the glenoid protec-
tive prosthesis is much lower than with a standard glenoid component of an anatomical
shoulder prosthesis made of PE.
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This result corresponds to the order of magnitude of a study already carried out,
in which a wear factor was determined that is 10 times higher for a friction pairing
of UHMWPE with CoCrMo steel than for PEEK with CoCrMo steel [50], as compared
in Table 4.



Materials 2022, 15, 6457 13 of 16

Table 4. Total Wear Factors (values times 10−6 mm3/Nm) for Carbon Fiber-Reinforced PEEK-
OPTIMA against different Counterparts and UHMWPE against CoCrMo steel [47].

CFR PEEK-
OPTIMA/CFR

PEEK-OPTIMA

CFR PEEK-
OPTIMA/Alumina

CFR PEEK-
OPTIMA/CoCrMo

Steel

UHMWPE/
CoCrMo Steel

0.34 0.18 0.1 1.1

The difference between the result with the technical PEEK (test object 1) and the medi-
cal grade PEEK (test objects 2 and 3) can be explained by different mechanical properties
due to the use of different starting materials for the synthesis. The technical PEEK used for
the test has a notched impact strength of 3.5 kJ/m2, whereas the medical grade PEEK has a
notched impact strength of 5.5 kJ/m2.

4. Discussion

Within the scope of the present paper, two variants of a glenoid protective prosthesis
were developed, with the following functions in the foreground:

Protection of the screw heads against direct contact with the joint ball of the metal
humeral head prosthesis, prevention of unscrewing or loosening of the screws, formation of
a sliding partner during the healing phase, better “holding together” of the bone fragments
as well as targeted application of force and uniform pressure on the augmentation material
(functional load).

The development was carried out based on specific known problems with the method
currently used and potential improvements based on the selected design. The results are
prototypes, which were first validated in mechanical tests and then tested in a clinical
pilot study. These two variants were developed for the research program for prosthetics,
biomechanics and biomaterials research at Paracelsus Medical University, in order to take
the second question into account and to enable a direct comparison within the framework
of a clinical study. The specific question is whether significantly better results can be
achieved with a dynamic system of fixation of the protective prosthesis or the augmentation
compared to a rigid fixation. From a biomechanical point of view, it was postulated that
the atrophy of the augmentation should be lower with dynamic fixation. This was justified
accordingly in the presented research carried out.

Both implant variants were tested for stability and strength by means of FEM simula-
tion. In addition, based on the results of the FEM simulation, it can be assumed that the
rigid design of the protective denture also has advantages in terms of osseointegration of
the augmentation, since the modulus of elasticity of the implant material used (PEEK) is
similar to that of cortical bone tissue and thus exerts a natural load on the augmentation,
which in turn is intended to reduce atrophy.

Final mechanical tests confirmed the results previously obtained in the FEM simula-
tions regarding the stability of both implant variants. In addition to checking the stability,
the abrasion behavior was also measured during the mechanical tests, since in contrast
to the surface loading in a total prosthesis with a form-fitting ball and ball socket, the
present protective implant with only a slight concave curvature is subjected to a theoretical
point load. Despite the compressibility and elasticity of the material, the contact surface
is relatively small, so that an experimental test of the abrasion properties is necessary.
Here, too, the result was positive to the extent that the abrasion determined was very low
(significantly less than with the material of a commercial glenoid prosthesis measured
in comparison).

In addition to the actual development of the glenoid protection prostheses, appropriate
documentation was carried out to register and conduct a clinical study to test the implants.
The documentation has also been prepared in accordance with applicable standards and
guidelines for the development of a medical device in order to facilitate possible approval
and marketing.
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As mentioned above, a clinical pilot study will be carried out following the discussed
activities with the results obtained. The purpose of this study is to demonstrate that the
use of a glenoid protective prosthesis can significantly improve the outcome of glenoid
revision in shoulder prostheses. Depending on the findings of this study, various fur-
ther developments would be conceivable. A promising option would be to not solely
use a protective prosthesis during the healing period of the augmentation material (still
two-stage procedure): The old glenoid component is removed and the glenoid is rebuilt
using the protective prosthesis, followed by the insertion of the new glenoid component in
a second surgery, but, in addition, a “revision glenoid prosthesis” is inserted which remains
permanently implanted.

The theoretical background and the basics for it were determined and corresponding
potential suggestions for improvement were implemented in the form of a glenoid pro-
tective prosthesis. “In silico” (FEM simulations) investigations and mechanical tests on
prototypes served to verify the (bio)mechanical properties of the protective prostheses. A
particularly interesting result was the abrasion measurements. It was found that the abra-
sion of the protective implants made of PEEK is significantly lower than that of the glenoid
component of a standard anatomical shoulder prosthesis. This fact opens up the possibility
of further developing the proposed protective prosthesis in such a way that it could be
used as a permanent revision implant, thus avoiding the need for a second intervention.

Two variants were designed in the development of the protective prosthesis, and
the subsequent clinical trial will show whether the dynamic variant has the postulated
advantages over the rigid variant.

Author Contributions: Conceptualization, D.S. and P.S.-G.; Investigation, D.S. and D.R.; Methodol-
ogy, D.S.; Resources, K.E. and D.R.; Supervision, P.S.-G.; Validation, D.R.; Writing—original draft,
D.S.; Writing—review & editing, K.E. and P.S.-G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable. The presented study did not involve humans
or animals. The proposed clinical pilot study was submitted to a competent lead ethics committee
(Ethics Committee Salzburg) for evaluation and a positive vote was issued (business number 415-
E/1834/8-2014). The study was registered with the competent authority (BASG—Austrian Federal
Office for Safety in Heath Care) and the study was granted (proceedings number 9221175). The
execution of the study is still pending.

Acknowledgments: We would like to express our sincere thanks to Herbert Resch, acting rector of
Paracelsus Medical Private University Salzburg at the time of the study and an experienced specialist
in traumatology and shoulder surgery, for his kind support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Farley, K.X.; Wilson, J.M.; Kumar, A.; Gottschalk, M.B.; Daly, C.; Sanchez-Sotelo, J.; Wagner, E.R. Prevalence of Shoulder

Arthroplasty in the United States and the Increasing Burden of Revision Shoulder Arthroplasty. JBJS Open Access 2021, 6,
e20.00156. [CrossRef] [PubMed]

2. Kim, S.H.; Wise, B.L.; Zhang, Y.; Szabo, R.M. Increasing Incidence of Shoulder Arthroplasty in the United States. J. Bone Joint Surg.
Am. 2011, 93, 2249–2254. [CrossRef] [PubMed]

3. Wiater, J.M.; Fabing, M.H. Shoulder Arthroplasty: Prosthetic Options and Indications. J. Am. Acad. Orthop. Surg. 2009, 17, 415–425.
[CrossRef] [PubMed]

4. Sanchez-Sotelo, J. Glenoid Bone Loss: Etiology, Evaluation, and Classification. Instr. Course Lect. 2019, 68, 65–78.
5. Hill, J.M.; Norris, T.R. Long-Term Results of Total Shoulder Arthroplasty Following Bone-Grafting of the Glenoid. J. Bone Joint

Surg. Am. 2001, 83, 877–883. [CrossRef]
6. Neyton, L.; Walch, G.; Nové-Josserand, L.; Edwards, T.B. Glenoid Corticocancellous Bone Grafting after Glenoid Component

Removal in the Treatment of Glenoid Loosening. J. Shoulder Elb. Surg. 2006, 15, 173–179. [CrossRef]
7. Steinmann, S.P.; Cofield, R.H. Bone Grafting for Glenoid Deficiency in Total Shoulder Replacement. J. Shoulder Elb. Surg. 2000,

9, 361–367. [CrossRef]

http://doi.org/10.2106/JBJS.OA.20.00156
http://www.ncbi.nlm.nih.gov/pubmed/34278185
http://doi.org/10.2106/JBJS.J.01994
http://www.ncbi.nlm.nih.gov/pubmed/22258770
http://doi.org/10.5435/00124635-200907000-00002
http://www.ncbi.nlm.nih.gov/pubmed/19571297
http://doi.org/10.2106/00004623-200106000-00009
http://doi.org/10.1016/j.jse.2005.07.010
http://doi.org/10.1067/mse.2000.106921


Materials 2022, 15, 6457 15 of 16

8. Brown, M.; Eseonu, K.; Rudge, W.; Warren, S.; Majed, A.; Bayley, I.; Higgs, D.; Falworth, M. The Management of Infected Shoulder
Arthroplasty by Two-Stage Revision. Shoulder Elb. 2020, 12, 70–80. [CrossRef]

9. Zhang, B.; Niroopan, G.; Gohal, C.; Alolabi, B.; Leroux, T.; Khan, M. Glenoid Bone Grafting in Primary Anatomic Total Shoulder
Arthroplasty: A Systematic Review. Shoulder Elb. 2021, 13, 509–517. [CrossRef]

10. Sheth, U.; Lee, J.Y.J.; Nam, D.; Henry, P. Early Outcomes of Augmented Glenoid Components in Anatomic Total Shoulder
Arthroplasty: A Systematic Review. Shoulder Elb. 2021, 14, 238–248. [CrossRef]

11. Ghoraishian, M.; Abboud, J.A.; Romeo, A.A.; Williams, G.R.; Namdari, S. Augmented Glenoid Implants in Anatomic Total
Shoulder Arthroplasty: Review of Available Implants and Current Literature. J. Shoulder Elb. Surg. 2019, 28, 387–395. [CrossRef]
[PubMed]

12. Gohlke, F.; Werner, B. Humeral and glenoid bone loss in shoulder arthroplasty: Classification and treatment principles. Orthopade
2017, 46, 1008–1014. [CrossRef] [PubMed]

13. Iannotti, J.P.; Frangiamore, S.J. Fate of Large Structural Allograft for Treatment of Severe Uncontained Glenoid Bone Deficiency. J.
Shoulder Elb. Surg. 2012, 21, 765–771. [CrossRef] [PubMed]

14. Bohsali, K.I.; Wirth, M.A.; Rockwood, C.A.J. Complications of Total Shoulder Arthroplasty. J. Bone Joint Surg. Am. 2006, 88,
2279–2292. [CrossRef]

15. Chin, P.Y.K.; Sperling, J.W.; Cofield, R.H.; Schleck, C. Complications of Total Shoulder Arthroplasty: Are They Fewer or Different?
J. Shoulder Elb. Surg. 2006, 15, 19–22. [CrossRef]

16. Cofield, R.H.; Edgerton, B.C. Total Shoulder Arthroplasty: Complications and Revision Surgery. Instr. Course Lect. 1990,
39, 449–462.

17. Hernandez, N.M.; Chalmers, B.P.; Wagner, E.R.; Sperling, J.W.; Cofield, R.H.; Sanchez-Sotelo, J. Revision to Reverse Total Shoulder
Arthroplasty Restores Stability for Patients With Unstable Shoulder Prostheses. Clin. Orthop. Relat. Res. 2017, 475, 2716–2722.
[CrossRef]

18. Fox, T.J.; Cil, A.; Sperling, J.W.; Sanchez-Sotelo, J.; Schleck, C.D.; Cofield, R.H. Survival of the Glenoid Component in Shoulder
Arthroplasty. J. Shoulder Elb. Surg. 2009, 18, 859–863. [CrossRef]

19. Kasten, P.; Pape, G.; Raiss, P.; Bruckner, T.; Rickert, M.; Zeifang, F.; Loew, M. Mid-Term Survivorship Analysis of a Shoulder
Replacement with a Keeled Glenoid and a Modern Cementing Technique. J. Bone Joint Surg. Br. 2010, 92, 387–392. [CrossRef]

20. Walch, G.; Young, A.A.; Melis, B.; Gazielly, D.; Loew, M.; Boileau, P. Results of a Convex-Back Cemented Keeled Glenoid
Component in Primary Osteoarthritis: Multicenter Study with a Follow-up Greater than 5 Years. J. Shoulder Elb. Surg. 2011,
20, 385–394. [CrossRef]

21. McLendon, P.B.; Schoch, B.S.; Sperling, J.W.; Sánchez-Sotelo, J.; Schleck, C.D.; Cofield, R.H. Survival of the Pegged Glenoid
Component in Shoulder Arthroplasty: Part II. J. Shoulder Elb. Surg. 2017, 26, 1469–1476. [CrossRef] [PubMed]

22. Franklin, J.L.; Barrett, W.P.; Jackins, S.E.; Matsen, F.A. 3rd Glenoid Loosening in Total Shoulder Arthroplasty. Association with
Rotator Cuff Deficiency. J. Arthroplast. 1988, 3, 39–46. [CrossRef]

23. Karelse, A.; Van Tongel, A.; Verstraeten, T.; Poncet, D.; De Wilde, L.F. Rocking-Horse Phenomenon of the Glenoid Component:
The Importance of Inclination. J. Shoulder Elb. Surg. 2015, 24, 1142–1148. [CrossRef] [PubMed]

24. Grob, A.; Freislederer, F.; Marzel, A.; Audigé, L.; Schwyzer, H.K.; Scheibel, M. Glenoid Component Loosening in Anatomic Total
Shoulder Arthroplasty: Association between Radiological Predictors and Clinical Parameters—An Observational Study. J. Clin.
Med. 2021, 10, 234. [CrossRef]

25. Scalise, J.J.; Iannotti, J.P. Bone Grafting Severe Glenoid Defects in Revision Shoulder Arthroplasty. Clin. Orthop. Relat. Res. 2008,
466, 139–145. [CrossRef]

26. He, L.-H.; Zhang, Z.-Y.; Zhang, X.; Xiao, E.; Liu, M.; Zhang, Y. Osteoclasts May Contribute Bone Substitute Materials Remodeling
and Bone Formation in Bone Augmentation. Med. Hypotheses 2020, 135, 109438. [CrossRef]

27. Hussain, Z.; Ullah, I.; Liu, X.; Shen, W.; Ding, P.; Zhang, Y.; Gao, T.; Mansoorianfar, M.; Gao, T.; Pei, R. Tannin-Reinforced Iron
Substituted Hydroxyapatite Nanorods Functionalized Collagen-Based Composite Nanofibrous Coating as a Cell-Instructive
Bone-Implant Interface Scaffold. Chem. Eng. J. 2022, 438, 135611. [CrossRef]

28. Ullah, I.; Hussain, Z.; Zhang, Y.; Liu, X.; Ullah, S.; Zhang, Y.; Zheng, P.; Gao, T.; Liu, Y.; Zhang, Z.; et al. Inorganic Nanomaterial-
Reinforced Hydrogel Membrane as an Artificial Periosteum. Appl. Mater. Today 2022, 28, 101532. [CrossRef]

29. Phipatanakul, W.P.; Norris, T.R. Treatment of Glenoid Loosening and Bone Loss Due to Osteolysis with Glenoid Bone Grafting. J.
Shoulder Elb. Surg. 2006, 15, 84–87. [CrossRef]

30. Antuna, S.A.; Sperling, J.W.; Cofield, R.H.; Rowland, C.M. Glenoid Revision Surgery after Total Shoulder Arthroplasty. J. Shoulder
Elb. Surg. 2001, 10, 217–224. [CrossRef]

31. Elhassan, B.; Ozbaydar, M.; Higgins, L.D.; Warner, J.J.P. Glenoid Reconstruction in Revision Shoulder Arthroplasty. Clin. Orthop.
Relat. Res. 2008, 466, 599–607. [CrossRef] [PubMed]

32. Bonnevialle, N.; Melis, B.; Neyton, L.; Favard, L.; Molé, D.; Walch, G.; Boileau, P. Aseptic Glenoid Loosening or Failure in Total
Shoulder Arthroplasty: Revision with Glenoid Reimplantation. J. Shoulder Elb. Surg. 2013, 22, 745–751. [CrossRef] [PubMed]

33. Wolfson, M.; Curtin, P.; Curry, E.J.; Cerda, S.; Li, X. Giant Cell Tumor Formation Due to Metallosis after Open Latarjet and Partial
Shoulder Resurfacing. Orthop. Rev. 2020, 12, 60–63. [CrossRef]

34. Lederman, E.S.; Nugent, M.T.; Chhabra, A. Metallosis after Hemiarthroplasty as a Result of Glenoid Erosion Causing Contact
with Retained Metallic Suture Anchors: A Case Series. J. Shoulder Elb. Surg. 2011, 20, e12–e15. [CrossRef] [PubMed]

http://doi.org/10.1177/1758573219841057
http://doi.org/10.1177/1758573220917653
http://doi.org/10.1177/17585732211032922
http://doi.org/10.1016/j.jse.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30392937
http://doi.org/10.1007/s00132-017-3484-5
http://www.ncbi.nlm.nih.gov/pubmed/29063145
http://doi.org/10.1016/j.jse.2011.08.069
http://www.ncbi.nlm.nih.gov/pubmed/22305919
http://doi.org/10.2106/JBJS.F.00125
http://doi.org/10.1016/j.jse.2005.05.005
http://doi.org/10.1007/s11999-017-5429-z
http://doi.org/10.1016/j.jse.2008.11.020
http://doi.org/10.1302/0301-620X.92B3.23073
http://doi.org/10.1016/j.jse.2010.07.011
http://doi.org/10.1016/j.jse.2016.12.068
http://www.ncbi.nlm.nih.gov/pubmed/28161240
http://doi.org/10.1016/S0883-5403(88)80051-2
http://doi.org/10.1016/j.jse.2014.12.017
http://www.ncbi.nlm.nih.gov/pubmed/25769904
http://doi.org/10.3390/jcm10020234
http://doi.org/10.1007/s11999-007-0065-7
http://doi.org/10.1016/j.mehy.2019.109438
http://doi.org/10.1016/j.cej.2022.135611
http://doi.org/10.1016/j.apmt.2022.101532
http://doi.org/10.1016/j.jse.2005.06.004
http://doi.org/10.1067/mse.2001.113961
http://doi.org/10.1007/s11999-007-0108-0
http://www.ncbi.nlm.nih.gov/pubmed/18213509
http://doi.org/10.1016/j.jse.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23116927
http://doi.org/10.4081/or.2020.8522
http://doi.org/10.1016/j.jse.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21652225


Materials 2022, 15, 6457 16 of 16

35. Sedrakyan, A. Metal-on-Metal Failures–in Science, Regulation, and Policy. Lancet 2012, 379, 1174–1176. [CrossRef]
36. Smith, A.J.; Dieppe, P.; Vernon, K.; Porter, M.; Blom, A.W. Failure Rates of Stemmed Metal-on-Metal Hip Replacements: Analysis

of Data from the National Joint Registry of England and Wales. Lancet 2012, 379, 1199–1204. [CrossRef]
37. Seaman, S.; Kerezoudis, P.; Bydon, M.; Torner, J.C.; Hitchon, P.W. Titanium vs. Polyetheretherketone (PEEK) Interbody Fusion:

Meta-Analysis and Review of the Literature. J. Clin. Neurosci. Off. J. Neurosurg. Soc. Aust. 2017, 44, 23–29. [CrossRef]
38. Honigmann, P.; Sharma, N.; Schumacher, R.; Rueegg, J.; Haefeli, M.; Thieringer, F. In-Hospital 3D Printed Scaphoid Prosthesis

Using Medical-Grade Polyetheretherketone (PEEK) Biomaterial. Biomed Res. Int. 2021, 2021, 1301028. [CrossRef]
39. de Ruiter, L.; Rankin, K.; Browne, M.; Briscoe, A.; Janssen, D.; Verdonschot, N. Decreased Stress Shielding with a PEEK Femoral

Total Knee Prosthesis Measured in Validated Computational Models. J. Biomech. 2021, 118, 110270. [CrossRef]
40. Morrison, C.; Macnair, R.; MacDonald, C.; Wykman, A.; Goldie, I.; Grant, M.H. In Vitro Biocompatibility Testing of Polymers for

Orthopaedic Implants Using Cultured Fibroblasts and Osteoblasts. Biomaterials 1995, 16, 987–992. [CrossRef]
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