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Biomechanical evaluation
of a novel Limb Prosthesis Osseointegrated Fixation System
designed to combine the advantages
of interference-fit and threaded solutions
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Purpose: The study was aimed at biomechanical evaluation of a novel Limb Prosthesis Osseointegrated Fixation System
(LPOFS) designed to combine the advantages of interference-fit and threaded solutions. Methods: Three cases, the LPOFS (de-
signed), the OPRA (threaded) and the ITAP (interference-fit) implants were studied. Von-Mises stresses in bone patterns and
maximal values generated while axial loading on an implant placed in bone and the force reaction values in contact elements
while extracting an implant were analysed. Primary and fully osteointegrated connections were considered. Results: The results
obtained for primary connection indicate more effective anchoring of the OPRA, however the LPOFS provides more appropriate
stress distribution (lower stress-shielding, no overloading) in bone. In the case of fully osteointegrated connection the LPOFSs
kept the most favourable stress distribution in cortical bone which is the most important long-term feature of the implant usage
and bone remodelling. Moreover, in fully bound connection its anchoring elements resist extracting attempts more than the ITAP
and the OPRA. Conclusions: The results obtained allow us to conclude that in the case of features under study the LPOFS is
a more functional solution to direct skeletal attachment of limb prosthesis than the referential implants during short and long-term

use.
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1. Introduction

Nowadays, the most widely used method of at-
taching external prosthesis to a lower limb stump is
to use a prosthetic socket with appropriate mecha-
nisms attached, for instance, frame locks, which
makes it possible to attach the prosthesis connectors
with a socket [4], [6], [13], [20]. It is most com-
monly performed on the basis of measurements
taken from the amputee’s cast which allows for
creating a negative and ultimately a positive to ac-
curately reflect the state of the limb after amputa-
tion [6]. Originally made socket requires a quick

exchange due to the stump’s tendency to change the
volume after the surgery. This process is caused by
a bad circulation of body fluids and postoperative
edema, which stabilise during the healing period
[4], [6], [13], [20].

Due to the continuous work, the geometry of the
stump can be changed under the influence of various
loads acting on it. For this reason, it is advisable
to supervise the prosthetic socket every three years and
take the appropriate adjustments or replacing it if re-
quired. Improperly fitting connection may result in,
among others, irritation and abrasion of the skin (in
case of too tight connection) or sliding the funnel from
the stump (if coupled less tightly) [4], [6], [13], [20].
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The processes and related activities mentioned
prove a necessity of developing new stump-external
prosthesis connection techniques. One such solution
may be known, but rarely used implanting system,
which examples can be the OPRA (Osseointegrated
Prostheses for the Rehabilitation of Amputees) and
the ITAP (Intraosseous Transcutanecous Amputation
Prosthesis) [15]. Implanting systems as the prosthesis
suspensions are the development of the dental implant
concept [4], [13], [15], [24].

Implanting system is a single-element (the ITAP)
or multi-element (the OPRA), also known as modu-
lar, solution and is permanently implanted in bone
during surgery after reaming marrow cavity [4], [6],
[13], [16], [20]. In order to anchor the implant more
effectively, interference-fit connections are used
(with irregular shapes and splines increasing interac-
tion with surrounding bone), as in the case of the
ITAP solutions or a suitable thread used in the
OPRA. Each of these connections has its advantages
and disadvantages. In the case of an interference-fit
invaluable advantage is the reduction of the stresses
in the radial direction of bone (that cause its cutting),
which are very high in the case of the threaded con-
nection [13]. However, excessive bone stress that
arises at the bone—implant contact causes the local
resorption [11], [21], [22], which after some time
results in loosening of the implant connected to bone
with an interference-fit. This phenomenon also oc-
curs in the case of a threaded connection [13] even
though it is firmly anchored in bone by the thread
teeth which provide a larger implant-bone contact
area.

Apart from the risk factors mentioned above, the
use of the implantation system may cause infections
around the implant [4], [8], [20]. However, it also
provides invaluable advantages [10], [18], [23],
often impossible to obtain while using the pros-
thetic socket. The advantages include: user’s com-
fort, quick fastening, no skin abrasions, no need of
constant putting in and removing the prosthesis
connecting element and others [4], [6], [16], [18],
[20], [23]. A properly designed implanting system
can provide new, yet unexplored advantages of
fixing prostheses, and therefore a growing interest
in this method is visible.

The purpose of the present paper is to introduce
a new design of an implant for direct skeletal attach-
ment of limb prosthesis that ensures a better stress
distribution in bone (than the implants of the refer-
ence) while preserving anchoring elements. These
properties have been confirmed by finite element
analyses presented in the following sections.

2. Materials and methods

2.1. The design of the new type of implant
for direct skeletal attachment
of limb prosthesis

Structure

The Limb Prosthesis Osteointegrated Fixation Sys-
tem (LPOFS) consists of two parts: the glass-particle-
reinforced PEEK (Polyether Ether Ketone) fixture
screwed in bone and the abutment placed in the fixture
(Fig. 1). The fixture is hollow and consists of: a blocking
cap, a cylindrically shaped segment A, and a triple-
notched segment B of a conical shape with the spiral
teeth on the outer part which increase in height with
distance from the cap (the outer diameter of the teeth ¢,
is equal to the diameter of the outer segment A — it pre-
vents rubbing the teeth against bone tissue during im-
plantation of the fixture). Inside the segment A there is
a metric thread for attaching the abutment and outside
a properly scaled thread for cortical bone type HA [19].
Additionally, in order to provide better osteointegration
Ti-coating is used on the fixture’s external surface.

The abutment (made of Ti6Al4V) consists of: the
head (description of the exact shape of the head is omit-
ted, as it can be freely selected according to the needs of
the connection with the exoprosthesis), the head’s shaft,
the blocking cap, the cylindrical segment C notched
outside with the metric thread and the conical segment D
that ends with the closure cap whose diameter (¢,) is
equal to the inner diameter of the cylindrical segment A
of the fixture. A porous layer (e.g., Ti-coating) is applied
to the head’s shaft in order to allow the soft tissue (skin)
to ingrow the surface of the implant, which will reduce
the risk of potential infection.

The efficiency of the materials considered was con-
firmed by Tomaszewski’s implant project [21]. How-
ever, it differs significantly from the design described in
terms of less beneficial way of implantation. The indi-
vidual elements of the LPOFS are presented in Fig. 1.

The method of implantation process

The first step is reaming the marrow cavity for the
length of the fixture and a diameter slighly smaller
than the outer diameter of the fixture’s segment A (the
diameter of the bottom of the thread’s notches). The
next step is pushing the fixture into the drill hole until
the start of the thread and finishing the implantation
by screwing in the implant. It is followed by placing
the abutment inside the fixture and pushing it in to the
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Fig. 1. The LPOFSs structure: W1 — the fixture (view): (A) cylindrical segment A; (B) conical, triple notched segment B;
(a) blocking cap; (b) the implant thread for cortical bone; (c) helically cut teeth with an outer diameter equal to the outer diameter ()
of segment A (bottom of the thread’s notches); (d) Ti-coating; W2 — the fixture (cross-section):
(e) metric thread for attaching the abutment; L — abutment (view): (C) cylindrical segment C; (D) conical segment D; (f) head;
(g) head’s shaft with a porous layer; (h) abutment’s blocking cap; (i) metric thread for fixture attachment; (j) closure cap

Pressing the abutment in the fixture screwed in bone
: causes expansion of B segments and thrusting its teeth
= into cortical bone. The aim is to preserve the benefits of
—[ the threaded and interference-fit connections.

2.2. Three dimensional CAD
and FE models
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WM 4, A v were made in SolidWorks2015 software (Fig. 3).

Fig. 2. The method of implantation:
(a) long bone after amputation; (b) reaming the marrow cavity;

(c) pressing and then screwing the fixture in bone; @
(d) pressing and then screwing the abutment j
in until it shuts the closure cap ”

— thrusting the teeth into cortical bone tissue
beginning of the thread. The final step is to screw the . )

. o Fig. 3. (a) CAD models of the LPOFS and the implants
abutment in until it shuts the closure cap Oft the abut- of the reference (from left: the LPOFS, the ITAP, the OPRA);
ment at the end of the fixture. A schematic way of (b) their positioning in cortical bone
implantation process is presented in Fig. 2. — made in SolidWorks2015
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Table. 1. The overall dimensions of the CAD models

Parameter LPOFS OPRA ITAP Parameter Cortical bone

Length of cortical bone implanted section Outer diameter 30
I n%] P 100 100 100 | |[mm]

Marrow cavity 18
Outer diameter of cortical bone implanted diameter [mm)]
section (Designed implant, ITAP) / Di- 20 20 20
ameter of the top of the thread’s notches Length [mm] 200
(OPRA) [mm)]

In order to get comparable results, modelling in-
cluded implants’ overall dimensions and identical
cortical bone dimensions. Each implantation system
includes the same, simplified head’s shape of an im-
plant, to which an external prosthesis is attached. In
the case of the ITAP system the healing cap was
omitted, as it does not affect the load transfer and
serves only for ingrowth of the skin. Overall dimen-
sions of the models are summarised in Table 1.

2.2.2. FE models based on CAD designs

Previously created CAD models were exported to
ANSYS Workbench 16.2. Materials used for analyses
and their properties are shown in Table 2.

To consider bone orthotropic properties a cylin-
drical coordinate system was used. Discretisation of
models was performed using tetrahedral, 10-node
finite elements Solid187 [1]. Face and edge sizing

was performed in the spots where cortical bone re-
mained adjacent to the implant’s surface. This al-
lowed more accurate results to be obtained in regions
where the expected stresses in cortical bone were
supposed to be the greatest. Due to implants’ sym-
metry it was possible to divide the models into two
symmetrical parts (using symmetry region operation)
and analyse one of them. These changes resulted in
decreasing the total number of elements in the mesh
which lead to hastening the calculation process.
Contact elements (Contal74 and Targel70) were
also applied to include reciprocal interaction between
the bone and the implant [1]. The parameters of FE
models are included in Table 3.

The differences in the quantity of nodes and ele-
ments are the result of the implants’ constructions. For
this reason, the ITAP of the simpliest construction has
the lowest quantity, while the OPRA the highest due to
the thread noched on the whole length of its fixture.

Table 2. The mechanical properties of cortical bone and Ti6Al4V

Part . , Poisson’s Shear modulus Density
name Material model Young’s modulus [GPa] ratio [GPa] [ke/m’] Ref.
Isotropic
(Glass-particle- 12.5 0.400 4.46 1320 [21]
e reinforced PEEK)
Isotropic
OPRA (Ti6AI4V) 110.0 0.330 41.35 4500 [5], 17]
ITAP
. x (radial) 12.0 0.376 4.53
1 Q
Cg:}‘l‘;al Orthotropic é’ E| y(ransvers) | 134 | 0222 5.61 1910 | [21,[9]
z (longitudinal) 20.0 0.235 6.23

Table 3. Number of nodes in finite element net and number of elements
in finite element mesh for different implant models

Model of implant | Quantity Quantity of 10-node Quantity
placed in bone of nodes tetrahedral elements of contact elements
LPOFS 175066 100659 10349
OPRA 194537 108447 17479
ITAP 136578 78647 14879
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2.2.3. Boundary conditions
and loadings

To determine the implant-bone connection effec-
tiveness the following cases were analysed:
Case 1 — primary connection between bone and the

implant:

o Variant la — axial loading on the implant’s

head;

o Variant 1b — extracting the implant from bone.
Case 2 — fully osteointegrated connection between

bone and the implant:

o Variant 2a — axial loading on the implant’s

head;

o Variant 2b — extracting the implant from bone.

Case 1 — the primary connection between bone
and the implant. It is characterised by the absence of
osteointergration resulting in friction between the
surfaces of the implant and bone. In this case mutual
sliding between the contact elements of adjacing sur-
faces was allowed. The friction coefficient between
bone and the implant was set to 0.4 [22]. The calcula-
tions were conducted using a Gauss point detection
method and augmented Lagrange formulation.

0.1
p= 2 2 l (M
R[r +R R
— |t [t (=)
E,\r, —R E,
where
p — implant-bone pressure in the interference-fit

connection [MPa];
o, — radial intererence between the implant and
reaimed marrow cavity [mm];

7 — interference-fit connection area of contact;

R — nominal radius of connection [mm];

E; — Young’s modulus of the implant material
[MPa];

E,— Young’s modulus of bone in radial direction
[MPa];

r, — external radius of bone [mm];

v; — Poisson’s ratio of the implant material;

vy, — Poisson’s ratio of bone in radial direction.

Due to the space between the B segment’s notches of
the LPOEFS the interference-fit connection area of contact
(7) is descreased by 22.17% comparing to ITAP-bone
connection, effectively lowering the pressure (Table 4).

Case 2 — fully osteointegrated connection between
bone and the implant. To illustrate the assumed con-

Table. 4. Pressure of interference-fit connections and used calculation values

6,. R E,' Eb 'y 0 P
Model | /1 | [mm] | [GPa] | [GPa] | [mm] Vi ve 781 | vipaj
LPOF 125 0.400 83 .
OFS | 0.1 10 12 15 0376 |- 26.62
ITAP 110 0330 100 | 40.00

Analysing interference-fit connections (in the
cases of the ITAP and the LPOFS) required deter-
mining the primary influence of the implant on bone
tissue (Fig. 4). To achieve this, the pressure during the
post-operative period of the implant-bone connection
was set as an additional boundary condition on bone
adjacent, external surfaces of the implants. The re-
spective pressure values were estimated using formula
(1) adapted from [3].

Implant

Marrow Cortical

cavity bone
\ 5 A
AR
F
—p CT Y
1| ExVe

Fig. 4. Implant-bone interference-fit parameters

ditions, the implant-bone connection was set as fully
bound which also resulted in binding the contact ele-
ments to prevent their mutual sliding. The bone ad-
justment to the implant in the post-implantation pe-
riod, resulting in significant lowering of pressure in
interference-fit connection was also taken into ac-
count. Consequently, the pressure described in Table 4
was omitted in the analysis.

The fixed support was established at the distal
surface of cortical bone in case 1 as well as in case 2
(Fig. 5).

Two variants of loadings were considered in
both cases. In “variants a” axial force was applied
on the head of each (Fig. 5a) to evaluate the im-
plant’s displacement and stress pattern in bone.
The hip joint carries the load 2 to 4 times greater
than the weight of the body during gait [7], [12].
Based on the data presented the force affecting the
head of the implant was estimated from 2000 N to
4000 N. The assumptions correspond to a human
of a weight of 50 to 100 kg. In order to obtain ref-
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Fig. 5. Fixed support, force and displacement locations a) variants a; b) variants b

erential data, a stress pattern in loaded non-im-
planted bone was also considered.

In “variants b” the values of force reaction (lon-
gitudinal direction) in contact elements on implant
—bone interface were obtained while extracting the
implant from the bone. The purpose of the test was
to evaluate the efficiency of anchoring elements
on the basis of the obtained force values. To simu-
late the extraction process, a model was created in
which the implant was extracted from bone, while ap-
plying the displacement value from 0 mm to 0.1 mm
(Fig. 5b).

3. Results

3.1. Determining
the primary stability

The obtained results of maximal values of von-
Mises stresses in bone, implants axial displacements
during implant loading as well as force reaction (lon-
gitudinal direction) in contact elements during implant
extraction are presented in Table 5.

Table 5. Maximal values of von-Mises stresses in bone,
implant axial displacement (bone loading)
and force reaction in contact elements (implant extraction) — primary stabilisation

Max. values Implant axial displacement
Variant la of von-Mises stress in bone p X[mm] p
[MPa]
Force F[N] | LPOFS | ITAP | OPRA |. Non- LPOFS | ITAP | OPRA
implanted
2000 9.80 15.60 4.70 4.42 0.027 0.035 | 0.026
2500 11.79 | 18.28 5.97 5.52 0.035 0.042 | 0.032
3000 15.38 | 20.96 7.27 6.63 0.042 0.048 | 0.039
3500 19.54 | 23.65 8.58 7.74 0.050 0.054 | 0.045
4000 24.07 | 26.33 9.90 8.84 0.057 0.061 0.052
. Max. values of force reaction (longitudinal direction)
Variant 1b . . .
in contact elements on implant-bone interface [N]
Implant displacement LPOFS ITAP OPRA
Ad [mm]
0.02 578.75 559.55 564.88
0.04 1049.50 646.50 1131.30
0.06 1518.70 769.84 1698.00
0.08 1986.00 775.78 2265.00
0.10 2451.70 778.81 2832.20
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The stress patterns for the least favourable variant
(F = 4000 N) and comparison of obtained force reac-
tion values in contact elements during implant extrac-
tion (Ad = 0.02 up to 0.1 mm) are shown in Fig. 6 and
Fig. 7.
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9,8966 Max

2,1994 0 00018501 Min

Fig. 6. The stress patterns in bone [MPa] (primary stabilisation)
upon axial loading of the implant’s head with a force of 4000 N:
(a) LPOFS; (b) ITAP; (c) OPRA

Force reaction (longitudinal direction) in contact elements on
implant-bone interface (primary stabilisation)
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Fig. 7. The force reaction (longitudinal direction)
in contact elements on implant-bone interface [N]
(primary stabilisation) while displacing the implant

by 0.02 up to 0.1 mm

To increase the precision of analyses of the
stresses in bone upon axial loading on the implant’s
head, the stress patterns for the path set 12 mm
away from bone’s axis were studied (Fig. 8). Com-
paring these patterns with the results obtained for
intact bone allow one to evaluate stress-shield-
ing.

The results obtained are presented in Fig. 9.

Von-mises stresses in implant-close cortical bone (primary

stabilisation) at 4000N load
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Fig. 9. Von-Mises stresses
in an implant-close cortical bone
(primary stabilisation) at 4000 N load

3.2. Fully osteointegrated
connection analysis

The results for fully osteointegrated connections
are presented in Table 6.

Just like in the primary stabilisation case, optimal
stress distribution and the presence of anchoring ele-
ments in fully osteointegrated connection are equally
important. For this reason stress patterns, implant
displacement and force reactions were analysed for
the same loading conditions (considering two variants
“a” and “b”) as in the primary stabilisation’s case
(Figs. 10, 11).

150

Stress path

12

Fig. 8. Stress path length and location
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Table 6. Maximal values of von-Mises stresses in bone,
implant axial displacement (bone loading)
and force reaction in contact elements (implant extraction)
— fully osteointegrated connection

. Max. values of von-Mises stress Implant axial displacement
Variant 2a .
in bone [MPa] [mm)]
Force F [N]| LPOFS | ITAP | OPRA | Non-implanted | LPOFS | ITAP | OPRA
2000 12.74 | 4024 | 11.31 4.42 0.023 | 0.024 | 0.022
2500 1592 | 50.30 | 14.14 5.52 0.028 | 0.030 | 0.028
3000 19.11 | 60.36 | 16.97 6.63 0.034 | 0.036 | 0.033
3500 2229 | 70.42 | 19.80 7.74 0.040 | 0.042 | 0.039
4000 2548 | 80.47 | 22.63 8.84 0.045 | 0.048 | 0.044
. Max. values of force reaction (longitudinal direction) in contact
Variant 2b . .
elements on implant-bone interface [N]
Implant displacement LPOFS ITAP OPRA
Ad [mm]
0.02 699.93 600.39 606.85
0.04 1399.86 1200.80 1213.70
0.06 2099.79 1801.20 1820.60
0.08 2799.72 2401.60 2427.40
0.10 3499.65 3002.60 3034.30
Following the methOd presented in Figure 8 the Force reaction (longitudinal direction) in contact elements on
. . . ? implant-bone interface (full osteointegrated tion)
stresses patterns in implant-close cortical bone was | .0
determined, as shown in Figure 12. 3500
g 3000
% 2500
£ 2000 ‘ —m—O0PRA
8 1500 = ——ITAP
:é 1000 / - LPOFS
g 500 T/
._g._ 00,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 01

Implant displacement [mm]

25,479 Max 1 3,0378
22,674 5,8429 0,23267 Min

Fig. 11. The stress patterns in bone [MPa] (fully osteointegrated
connection) while displacing the implant by 0.02 up to 0.1 mm:
(a) LPOFS; (b) ITAP; (c) OPRA

b)

Von-Mises stresses in implant-close cortical bone (fully
osteointegrated connection) at 4000N load
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Fig. 10. The stress patterns in bone [MPa] o0 8 0 0 o © o0 o o
(fully osteointegrated connection) Bonelength [mm]
upon axial loading of the implant’s head
with a force of 4000 N: Fig. 12. Von-Mises stresses in implant-close cortical bone

(a) LPOFS; (b) ITAP; (c) OPRA (fully osteointegrated connection) at 4000N load
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4. Discussion

The paper presents the design of the Limb Pros-
thesis Osseointegrated Fixation System (LPOFS) and
compares it with two reference implants: the ITAP
and the OPRA [15].

The A segment’s notched thread and the B segment’s
spiral teeth are among the LPOFS’s features that in-
crease the primary and secondary stability of the im-
plant. Along with the length of the fixture, the teeth in-
crease in height, allowing for better anchoring of the
implant at the point where the highest stresses occur in
farther bone—implant contact area. The implant pene-
trates soft tissues after implantation. For this reason,
a porous layer is applied onto the shaft’s head of the
abutment to enable skin—implant integration.

The influence of implants’ geometry on stress
patterns in cortical bone, as well as the effectiveness of
anchoring elements in the primary and fully osteoin-
tegrated connection cases were observed in the analy-
ses presented. Based on the results, the biomechanical
evaluation of the LPOFS in comparison with the im-
plants of the reference (the OPRA and the ITAP) was
conducted.

In terms of the stress concentration (in the case
of primary connection) while axial loading of the implant
with a force of 4000 N (the least favourable case) the
ITAP ranks last. The stresses of high values, reaching
26.33 MPa, are visible in the distal part of the implant
—bone connection. These values exceed approximately
3 times the stresses in a loaded, non-implanted bone.
A similar concentration of stresses is visible in the
OPRA system, however their maximal values are sig-
nificantly lower, reaching 9.90 MPa. Meanwhile the
concentration of stresses in the LPOFS’s case occurs
near the highest (the most distal) spiral tooth of the
fixture, reaching a peak value of 24.07 MPa, placing it
in between the reference implants. Additionaly, the
stress paths indicate that in terms of stress distribution
the most effective is the one with the LPOFS (Fig. 9).
The curves prove that the initial (implanted) part of
bone (0-100 mm) carries higher loads than in the
OPRA implant (lower stress-shielding). This suggests
the presence of the proper initiating bone-remodeling
impulse, lowering bone’s mechanical damage vulner-
ability. In the case of the ITAP’s stress pattern a large
overloading is noticeable at the whole length of the
analysed section of bone (12.38 MPa up to 14.33 MPa,
considering 0-100 mm segment). The lack of an-
choring elements results in transferring the load by
the implant’s blocking cap only. Increased stress
value (10.85 MPa) in relation to the other cases

(around 8.84 MPa for: the LPOFS, the OPRA, intact
bone) that appears over 100 mm is caused by the inter-
ference-fit pressure. For this reason, bone is exposed to
overloading that may exceed the natural loads even by
19%. Therefore, the stress distribution for the ITAP is
worse than the stress distribution for the designed
LPOFS. Despite the interference-fit pressure of the
LPOFS, bone is not overloaded beyond 0-100 mm
section. It is a consequence of the multi-element con-
struction, where the fixture screwed in bone is made of
the low Young’s modulus material (PEEK — 12.5 GPa).
Implants’ microdisplacement values while axial load-
ing are similar in each case reaching 57 um on averge.
The obtained values of force reaction (longitudinal
direction) in contact elements, while extracting the
implant from cortical bone (implant displacement by
0.02 up to 0.1 mm), allow the effectiveness of anchor-
ing elements to be estimated. In the case of primary
connection the OPRA had the most effective anchoring
elements, while the LPOFS’s anchoring elements were
worse by around 13.4%. The ITAP’s anchoring effec-
tiveness was the least favourable (worse than the
OPRA’s by 73.5%) which was caused by the lack of
thread or teeth that are cut into bone tissue after im-
plantation and that are opposing extraction attempts.

In the analysis of fully osteointegrated connec-
tion, the concentration of stresses while axially
loading the implant were slightly different for the
LPOFS (25.48 MPa), and the OPRA (22.63 MPa)
cases. The ITAP’s case notes the most significant
change increasing from 26.33 MPa to 80.47 MPa.
The concentrations were situated in the distal seg-
ment bone—implant connection. Similarly to the pri-
mary connection, the implant displacement (in fully
osteointegrated connection) upon axial loading
slightly differs in each case, but its average value
decreased to 46 um. The most beneficial stress dis-
tribution in bone (the lowest stress-shielding) occurs
while loading the LPOFS. During that process the
stress values transferred by the initial section of bone
(0 mm—80 mm) are estimated to be 26% higher than
in the reference implant, providing a more beneficial
initiating bone remodeling impulse. The effective-
ness of combining interference-fit and threaded con-
nection features in the LPOFS proves itself during
implant extraction in fully osteointegrated connec-
tion. The obtained values of force reaction (longitu-
dinal direction) in contact elements allow us to con-
clude that in terms of analysing features the LPOFS
is characterised by the most favourable anchoring
elements. Received force reaction values are around
15.3% higher than in the cases of extracting implants
of reference. It means that the LPOFS’s anchoring
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elements put more resistance to extracting attempts
than the ITAP’s and the OPRA’’s.

The results were obtained using the idealised model
of cortical bone. The purpose was to determine the
effectiveness of the bone—implant connection without
the influence of bone’s geometry. In real conditions,
the anchoring elements’ position in relation to the
anatomical curves of the bone will affect the stress
patterns. If it changes, so will the stress patterns. For
this reason, in the next stages of the LPOFS’s stud-
ies, the most optimal in-bone position should be op-
timised to obtain its maximal functionality after im-
plantation.

Both solutions, the ITAP and the OPRA, have
been applied in practice [15], therefore, it can be
stated that the structure developed will function prop-
erly in in-vivo conditions. Because of the unique fea-
tures, the implant developed by the authors has been
submitted as an invention to Polish Patent Office (ap-
plication no. P.416266) [14].

5. Conclusions

The biomechanical evaluation confirms the effec-
tiveness of the Limb Prosthesis Osseointegrated Fixa-
tion System designed by the authors. It allows us to
conclude that the designed implant will be potentially
a more functional solution in comparison with the
reference ones presented.
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