Technical Note

Modeling of a New Percutaneous Orthopedic
Implant System to Control the Post-surgery
Osseointegration Process

Mohamed Faoussi (PhD)™*®, Salim Bounou (PhD)', Mohammed
Wahbi (PhD)?

ABSTRACT

This study presents a mechanical model of a novel medical device designed to opti-
mize the osseointegration process in upper and lower limb amputees, leading to the
promotion of optimal rehabilitation. The medical device is developed to reduce the risk
of implant failure, leading to re-amputation above the implant. The proposed model
serves several purposes: 1) to guide the osseointegration process by providing electri-
cal endo-stimulation directly to the bone-implant contact site, using an invasive elec-
trical stimulation system, which is implanted in the bone permanently, 2) to locally
transmit stem cells after implantation, without the need for opening the skin or per-
forating the bone, which is particularly useful for regenerative medicine after partial
healing of the implant, 3) to transmit necessary nutrients from the bone, also without
opening the skin or puncturing the bone, and 4) to combat infections by locally admin-
istering drugs after implantation.
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Introduction

raumatic amputations or those resulting from oncological surgery

frequently occur in proximity near to the adjacent joint, posing

challenges related to infection and wound healing. Based on a
conventional socket prosthesis, achieving optimal rehabilitation out-
comes is often difficult for the patients (Figure 1A) [1]. The traditional
socket prosthesis fails to fulfill the criteria of comfort, safety, freedom
of movement, and cosmetic considerations, significantly impacting the
amputee’s quality of life.

However, osseointegration presents an optimal solution to improve
the quality of life of amputees, this technique is widely used in dental
surgery, facial reconstructions, hearing aids, and as an alternative to the
conventional suspended prosthesis for patients suffering from upper/
lower limb amputations.

According to the principle of osseointegration, the prosthesis anchored
directly in the bone is attached to the residual limb without the use of
any contact socket, eliminating all problems related to heat, perspira-
tion, and discomfort (Figure 1 B).

Osseointegration is the direct contact between bone tissue and a bio-
material, without any fibrosis. The use of titanium as a biomaterial is
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Figure 1: Picture of two patients with traditional and bone anchored prosthesis, plus two dia-
grams of the osseointegration process. (A) a patient with a traditional socket prosthesis, (B) a
prosthesis anchored directly in the bone according to the principle of Osseointegration, (C) a
biological program of the Osseointegration process, (D) a diagram of the two phases of osseo-
integration “Mechanical phase” and “Biological phase”.

useful due to its biocompatibility and resis-
tance to corrosion [2-3]. Also, the titanium
bone during osseointegration is integrated by
plastic deformation of the bone/implant in-
terface, i.e., titanium is incorporated into the
bone permanently [4-5].

After placing the implant, the osseointegra-
tion process is a well-defined biological pro-
gram, as follows (Figure 1 C) [6-7]:

-The osseointegration process involves sev-
eral steps, including 1) an alliance forms be-
tween proteins of the inflammatory response
and blood platelets, resulting in the formation
of a fibrin network. Fibrin network serves as a
foundation for the cells required for bone re-
modeling to move into place. The second stage
is the release of chemical mediators, triggering
a cascade of cell activations, including macro-
phages and neutrophils. The macrophages and
neutrophils cells are responsible for cleaning
up the site, removing pathogens, and manag-
ing the inflammatory metabolism.

-The previously formed fibrin network also
causes Mesenchymal Stem Cells (MSC) to
migrate into the site. Mesenchymal Stem Cells
(MSCs) differentiate into osteoblasts, gradu-
ally replacing the fibrin matrix with a collagen
bone matrix. Calcium (Ca) and phosphate (P)
ions are deposited on this collagen matrix to
form crystals of Hydroxyapatite (HA).

-Finally, osteoclasts start to remodel neo-
synthesized bone tissue. The combination of
osteoblasts and osteoclasts helps to remove
small imperfections and make mature bone
stronger [7-8].

According to the well-defined biological
program of Osseointegration, the scaffold is
essential for the migration of osteoblasts and
mesenchymal cells to form a compact bone,
resulting in immediate stability of the implant
after surgical placement. To achieve this cell
migration, the implant must be immediately
stable after surgical insertion. In the literature,
this immediate stability is referred to as “pri-
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mary” or “mechanical” stability [9-10], show-
ing the level of immobility of an implant af-
ter surgical placement. Primary stability is a
mechanistic criterion that promotes bone heal-
ing [9].

After gradually decreasing the initial me-
chanical stability, it is replaced by “secondary
stability”, or “biological stability = biological
process of osseointegration” [10] (Figure 1 D).

Accordingly, the bone formation and re-
modeling at the implant interface resulted in a
larger bone-implant contact surface. However,
primary instability leads to experiencing per-
sistent micromovements of the bone-implant
interface. The important micromovements
lead to fibrointegration of the implant, syn-
onymous with implant failure. Today, it is fea-
sible to quantify the magnitude of acceptable
micromovements, typically ranging between
1000 and 2000 A (Angstroms) [11-12].

In addition, an extensive comparative study
examining various bone-anchored implant
concepts [1, 13] introduced a new implant
(Patent No. MA41535) [14]. This innovative
implant combines three techniques, namely
threading, skeletal integration through a mi-
croporous structure, and Morse fixation on
the lateral sides. The result is comprehensive
mechanical stability, as demonstrated by the
study.

Besides, many research teams have shown
the benefit of electrical simulation to consoli-
date and repair fractures [15-17], including the
activation of osteoblast differentiation in the
early stages of bone healing. In the literature
[18], three operating modes are taken into con-
sideration for this purpose:

1. Invasive mode: both electrodes are direct-
ly implanted at the fracture site.

2. Semi-invasive mode: In this mode, only
the cathode is implanted, while the anode is
placed on the skin.

3. Capacitive mode: In this mode, both elec-
trodes are positioned on the skin on either side
of the fracture.

The invasive mode of electrical stimulation,

including direct bone-electrode contact, is
highly effective, despite the risk of infection
as the doctor needs to either open the skin or
pierce the bone. Alternatively, the semi-inva-
sive mode utilizes only the implanted cathode,
with the anode placed on the skin. In the ca-
pacitive mode, both electrodes are positioned
on the skin on either side of the fracture. While
the invasive mode demonstrates effective-
ness due to direct bone-electrode contact, it
is important to consider the associated risk of
infection [19].

However, the new technique includes a
medical device that enables the osseointegra-
tion process for monitoring from t. The new
technique incorporates a medical device that
facilitates the monitoring of the osseointegra-
tion process externally following the surgi-
cal placement of the orthopedic implant. The
medical device consists of several compo-
nents, including:

1. Invasive electrical stimulation system: es-
tablishing direct contact between the electri-
cal stimulation and the bone-implant interface,
promoting osseointegration.

2. Regenerative medicine capability: transi-
tioning stem cells from the outside, offering
the potential for regenerative medicine appli-
cations after implant placement.

3. Local transmission of drugs: enabling the
targeted delivery of drugs directly to the af-
fected area, leading to the injection of neces-
sary nutrients if required.

Technical Presentation

This study introduces an intelligent medical
device model designed to regulate the osseoin-
tegration process after the surgical placement
of an orthopedic implant and subsequent clo-
sure of the skin. This device leads to medical
specialists to intervene directly at the bone/
implant interface externally to prevent implant
failure in amputee patients. Developed using
Catia V5 computer-aided design software on
the 3DEXPERIENCE platform, the novel
medical device offers doctors enhanced flex-
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ibility in implementing medical protocols for
bone healing. This includes the capability to
inject drugs, and nutrients, and apply electrical
stimulation as necessary (Figure 2 A).

An invasive system of electrodes for elec-
trical endo-stimulation, directly on the in-
ternal part of Bone-Implant contact with-

out opening the skin or piercing the bone
(Figure 2 B, C, and D). A mechanical system
with multiple functions, according to the deci-
sion of the surgeon causes the following issues
(Figures 2 B, 3 A, B).

*[.ocal administration of stem cells, in case
of regenerative medicine.

(D)

Figure 2: Compositions of our electrical stimulation system; (A) Intelligent Osseointegrated
Orthopedic Implant System, (B) A multifunctional mechanical part, which is at the same time:
mechanical fixation pin; electrical stimulation electrode or tubing for the transmission of stem
cells, drugs and nutrients, (C) An external electrical stimulation system, attached to the second-
ary cylinder and placed in contact with the initial mechanical fixation pins in order to transform
them into electrical cathodes to ensure direct electrical stimulation (DES), without the need for
intervention surgery to remove these cathodes, (D) Combination of our medical device with the
external electrostimulation system

»

GV (B)

Figure 3: Picture of injecting: stem cells, transmitting drugs or nutrients according to the
decision of the surgical specialist; (A): An external system for injecting stem cells, transmitting
drugs or nutrients according to the decision of the surgical specialist, (B): An external ancillary
injection of the desired substance (stem cells, medicine or nutrients)
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*Local transmission of drugs in case of in-
fections or bone nutrients when needed.

The new medical device encompasses sever-
al elements, and their principles and methods
of operation are elaborated as follows:

1. Osteo-integrated, intelligent, and Percu-
taneous Orthopedic Implant System (Figure
2 A), ensuring complete primary stability by
combining three techniques: threading, a mi-
croporous structure, and fixation pins. It pro-
vides direct access to the bone-implant inter-
face through conduits within the fixing pins,
leading to various interventions, such as re-
generative medicine (injection of stem cells),
administration of drugs for infections, and the
delivery of necessary nutrients. Importantly,
these interventions can be performed without
reopening the skin or piercing the bone.

* )

©

Additionally, the medical device enables
bone consolidation through direct electrical
stimulation (DES) after implant placement,
eliminating the requirement for additional
surgical procedures to implant cathodes for
electrical stimulation. Instead, the mechani-
cal attachment pins serve as direct electrical
stimulation cathodes when combined with the
external electrical system.

Moreover, the surgeon retains the capability
to access the medullary canal of the femur di-
rectly (inside the hollow main cylinder housed
in the bone, as depicted in Figure 4 A) after
implant placement, without resorting to sur-
gery. This eliminates the possibility of micro-
movements, leading to infections or implant
loosening, ultimately preventing implant
failure.

_Ti

(B)

Figure 4: Composition of the osseointegrated orthopedic implant system; (A): Hollow Main
Cylinder of our Medical Device, (B): Specific ancillary tool for positioning the hollow main cyl-
inder in the medulla canal, (C): A secondary cylinder of our Medical Device (in the left) with
Specific ancillary for it’s positioning in the hollow main cylinder, (D): A permanent spacing main-
tenance system for the secondary cylinders, with a transcutaneous side, (E): An abutment on
the transcutaneous side of the spacer maintenance system, which is an attachment system for

the removable orthopedic prosthesis
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This medical device is distinguished by the
following characteristics:

1. Hybrid mechanical system for complete
initial fixation: The device incorporates a com-
bination of three techniques - threading, mi-
croporous surface, and fixation pin - to ensure
comprehensive initial fixation of the implant.
This hybrid mechanical system enhances sta-
bility and promotes successful osseointegra-
tion.

2. Multifunction mechanical system: The
medical device features a versatile mechani-
cal system, adapted based on the surgeon’s
decision (Figure 2 B), leading to the local
administration of stem cells for regenerative
medicine without the need to open the skin or
perforate the bone. Additionally, it enables lo-
cal transmission of drugs in cases of infections
or delivery of nutritive substances to the bone,
which this investigation can be performed
without invasive procedures.

3. DC: In situations, in which bone consoli-
dation is necessary after implant placement,
the device incorporates a direct electrical stim-
ulation system. This obviates the need for sur-
gery to implant separate electrodes. Instead,
the mechanical fixing pins are transformed
into electrical cathodes, working in synergy
with an external electrical system. The elec-
trical stimulation pathway passes through the
medullary canal and inside the existing hollow
main cylinder lodged within the bone.

These characteristics collectively contribute
to the efficacy and versatility of the medical
device, offering enhanced treatment options
and avoiding the need for additional surgical
interventions. This intelligent implant system
includes:

-Ahollow main cylinder (Figure 4 A), housed
in the bone thanks to its ancillary (Figure 4 B).

-A secondary cylinder (Figure 4 C) in
four fragments, placed inside the main cyl-
inder (Figure 4 A) using a specific ancillary
(Figure 4 C).

-A multifunctional mechanical part (Figure
2 B), which is at the same time: mechanical

fixation pin; electrical stimulation electrode
or tubing for the transmission of stem cells,
drugs, and nutrients.

-An external electrical stimulation system
(Figure 2 C), attached to the secondary cylin-
der (Figure 4 C) and placed in contact with the
initial mechanical fixation pins to transform
them into electrical cathodes to ensure direct
DC electrostimulation, without the need for
intervention surgery to remove these cathodes
(Figure 2 B). This system is connected by an
electrical cable to a device external to the im-
plant, which controls the electrical stimulation
(Figure 2 D).

-An external system for: injecting stem cells,
and transmitting drugs or nutrients according
to the decision of the surgical specialist (Fig-
ure 3 A, B).

-A permanent spacing maintenance system
(Figure 4 D) for the secondary cylinders, with
a transcutaneous side.

-An abutment (Figure 4 E) on the transcuta-
neous side of the spacer maintenance system,
which is an attachment system for the remov-
able orthopedic prosthesis.

1. Intelligent Osseointegrated orthopaedic
implant system (Figure 2 A) according to part
1, characterized in that main hollow cylinder
(Figure 4 A), comprises the external cylindri-
cal face: two parts screwed at the bottom and
top of the implant (lower base and upper base);
A part impacted in the bone, thanks to a micro-
porous surface structure; A third part compris-
ing windows for the exit of mechanical parts of
multiple functions (mechanical fixation, elec-
trical stimulation, transmission of stem cells,
drugs, and nutritive substances) This cylinder
(Figure 4 A) also has, on its internal longitu-
dinal cylindrical surface, ribs for guiding the
ancillary device during its insertion (Figure 4
B). These ribs also serve as beams to reinforce
the main cylinder (Figure 4 A).

2. Intelligent Osteointegrated orthopedic im-
plant system (Figure 2 A) according to parts
1 and 2, characterized in that said secondary
cylinder (Figure 4 C), made of electrically in-
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sulating biocompatible composite materials,
to electrically isolate the mechanical fixing
pins (which become direct electrical stimula-
tion (DES) cathodes in combination with the
external electrical system) of the entire ortho-
pedic implant system, this technique allows
the surgeon to apply DES very precisely and
in the desired area (the desired fixing pins)
without passing the electric current through
the entire external implant surface. This sec-
ondary cylinder is divided into four fragments,
each fragment has windows for the installation
of multifunction mechanical parts (Figure 2 B)
according to a surgical protocol validated by
the doctor. This secondary cylinder (Figure 4
C) also has a doublé groove at the top and bot-
tom on the internal longitudinal face of each
fragment, serving as an ancillary double guide
for its placement (Figure 4 C).

3. Intelligent osseointegrated orthopaedic
implant system (Figure 2 A) according to parts
1, 2, and 3, characterized in that said a matrix
for depositing the multifunctional parts. This
matrix (Figure 5) is a 2D orthogonal projec-
tion of our 3D implant system with a distribu-
tion marking of the multifunctional mechani-
cal parts (Figure 2 B) to facilitate implantation.

The objective is to leave degrees of freedom to
the surgeon in the choice of the composition of
the secondary cylinder elements (pins, electri-
cal electrodes or transmission tubing).

4. Intelligent Osteointegrated orthopedic im-
plant system (Figure 2 A) according to parts 1
to 4, characterized in that said multifunctional
mechanical part which serves as:

-Mechanical fixing pins thanks to its me-
chanical shape (pyramid or cone) (Figure 2 B).

-Direct electrical stimulation (DES) cath-
ode even after implant placement surgery and
without the need for any other surgery, this is
feasible by combining with our external elec-
trical stimulation system which passes inside
the hollow main cylinder and which is already
impacted in the bone (Figure 2 C, D).

-Tubing for the transmission of stem cells
(regenerative medicine), nutrients, or drugs
through channels inside this mechanical part
(in the case of infections). This transmission
of stem cells, medicine, or nutrients, will be
possible by an external ancillary injection of
the desired substance (Figure 3 A, B).

5. Intelligent Osseointegrated orthopedic
implant system (Figure 2 A) according to
parts 1, 2, 3, and 5, characterized in that said

Figure 5: Matrix, which is a 2D orthogonal projection of our 3D implant system with a
distribution marking of the multifunctional mechanical parts to facilitate implantation. The
objective is to leave degrees of freedom to the surgeon in the choice of the composition of the
secondary cylinder elements (pins, electrical electrodes, or transmission tubing)

J Biomed Phys Eng 2024; 14(2)
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electrical stimulation system (Figure 2 C).
This system is connected by cable to an ex-
ternal electrical device (Figure 2 D), which
controls the process of Osseointegration after
the surgical placement of the implant and ac-
cording to a therapy protocol validated by a
medical surgeon specialist. The system (Fig-
ure 2 C) is made of an electrically insulating
biomaterial and has on the external face con-
tact points with our mechanical fixation pins
in order to transform them into DES cathodes,
even if after the implant surgical installation
and without any need for a second surgery. So
the objective is to generate DES, targeting the
desired area and without the need for surgical
deposition of electrical cathodes.

6. Orthopedic implant system (Figure 2 A)
according to parts 1, 2, 3, and 5, is character-
ized in that said system definitively maintains
the separation (Figure 4 D) of the secondary
cylinder and for the final closure of our ortho-
pedic implant system intelligent (Figure 2 A),
it also includes on the transcutaneous part of
the implant, an abutment (Figure 4 E) which is
a mechanical system in the form of an attach-
ment to fix a removable external prosthesis af-
ter a rehabilitation program is a spear.

Discussion

To better understand the principle of osseo-
integration, we have analyzed it in this work
in order to control the fundamental factors of
the success or failure of this process. We have
therefore demonstrated that the process of os-
seointegration follows a well-defined biologi-
cal program, therefore the scaffold formed by
a network of fibrins is an essential element for
the migration of osteoblasts and mesenchymal
cells to form a compact bone, this results in
immediate stability of the implant after its sur-
gical placement, which was, initially, the sub-
ject of a national patent of invention No. MA
41535, validated by the Moroccan Office of
Industrial and Commercial Property (OMPIC)
on May 16, 2018, and issued directly without
any questioning of a claim or a reply on the

technical content of this innovation.

After primary healing, we have also dem-
onstrated that secondary stability is deter-
mined by the biological response to surgical
trauma, the patient’s state of health, healing
conditions, the material of which the implant
i1s made, and its biocompatibility (properties
physical, chemical, and mechanical).

To date, the available literature refers to os-
seointegration as the responsible mechanism
that allows direct skeletal fixation of limb
prostheses; however, insufficient evidence has
been provided for most implant systems on the
degree of osseointegration achieved with the
different designs (OPRA systems, Press-fitt
systems...). It is difficult to compare the avail-
able systems, as they have undergone several
changes over time, and clinical trials continue
to be limited. Consequently, surgeons find
themselves in a situation of invisibility on the
performance of the implants chosen compared
to the others that exist.

In this article, we have modeled via the com-
puter-aided mechanical design software (CA-
TIA V5), a new medical device allowing us to
satisfy the mechanistic factors of the primary
phase of the process of osseointegration, to
obtain a complete mechanical immobilization
of our orthopedic implant (subject of patent
N° MA 41535). In addition, the second very
important thing about this new medical device
is the possibility for doctors to intervene di-
rectly at the Bone/Implant interface, during
the biological phase of the osseointegration
process following partial bone healing. This
1s without resorting to surgery in case of need
for injection of drugs (stem cells, nutrients) or
electrical stimulation to consolidate the bone
and avoid the worst scenario which is implant
failure.

Conclusion

During this preliminary study, both the me-
chanical and biological phases of the osseoin-
tegration process were thoroughly examined.
Our main objective was to gain a comprehen-
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sive understanding of the various factors that
contribute to the success or failure of implants.
This knowledge will enable us to develop an
optimal solution that has the potential to revo-
lutionize the field of orthopedic implantology.
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