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Abstract

Alignment of joint implants’ components have an influencing effect in achieving
successful joint replacements. Orthopaedic surgeons used the extramedullary guide
to follow the anatomical landmarks to achieve the highest alignment performance
of tibial component in knee implants. Despite the usage of the extramedullary
guide, a laterally adapted tibial tubercle appeared during the implanting process
resulting in difficulties in using the tuberosity as a landmark for implanting process.
This problem forced the surgeon to take an erratic decision to perform the right
alignment. This study presents a new approach to modify the extramedullary guide
supporting the surgeons in making the alignment decision. The new modifying
approach included designing a computational solid geometrical tool composed of
four joined parts by using the Design Spark Mechanical software. A series of
computational simulations were implemented using the mechanical ANSYS
software using the 17- 4 PH stainless steel as a material for the design parts. The
numerical results confirmed that safety factors of all the junctions are higher than 1
(minimum 1.4175 - maximum 7.6239). Maximum equivalent stresses generated on
the model are 539.68, 100.34, 328.52, 347.48 MPa (each value was for testing
different loading condition in the design). These stresses are less than the young’s
modulus of the material used. Mechanically for a safe model the safety factor
should be not less than 1 (Safety factor = yield stress / working stress (unitless)).
Maximum equivalent strains generated as a result to the produced stresses are
acceptable (2.7055x1073, 5.3803x10*, 1.8831x103, 2.0237x107). Maximum
resulted deformations (0.66458, 0.1878, 0.96947 and 1.6496 mm) were barely seen.
Using the material 17-4 PH stainless steel in this model proved to be acceptable and
safe. Regarding clinical results, the study led to the conclusion that this proposed
geometrical tool is mechanically safe and usable for cases of laterally adapted tibial
tubercle. It is mechanically dependable geometrical tool that can be used as a tibial
component rotation guide for cases of laterally adapted tibial tubercle.

Keywords: Extramedullary guide, Internal tibial torsion, Tibial tuberosity, Total
knee replacement.
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1. Introduction

Internal tibial torsion is a deformity in the alignment of knee joint causing tibial
torsion along its longitudinal axis [1]. This disorder cause extra contraction in the
quadriceps femoris muscle and patellar tendon that is attached to the tibial tubercle.

Sitting cross legged like in yoga position is a common habit among Japanese and
Indian people that cause much more tension in the same muscle [1, 2] Iraqi people as
well got used to sit the same way habitually which is noticed to cause the same
condition as Japanese and Indian people. All these reasons can cause a clinically
apparent and influential “tubercular adaptation. This condition may lead to an
adaptation in the tubercle position moving it laterally as shown in Fig. 1.

Lateral adapted
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( tibial tubercle
[ &
J

Tibia shin

Fig. 1. A leg with laterally adapted tibial tubercle [3].

In total knee replacement surgery, in order to fix the tibial component, the
medial third of the tibial tuberosity is the main landmark to ensure the optimal
rotational alignment of this component [3, 4]. The rotational alignment of the
implants’ components is very important in determining knee flexion and extension
stability, proper patellar tracking, daily activities and clinical outcome [5, 6]. Iraqi
Surgeons anecdotally experienced problems in replacing the joint for patients
having this tubercular adaptation because of its lateral new position.

The tibial tuberosity, the tibial shin and mid-talar point are normally collinear
as shown in Fig. 2. During total knee replacement TKR Surgery this collinearity is
used as a guide to cut the tibial plateau normal to the mechanical axis of the joint
using the extramedullary alignment guide [7, 8]. Knowing that the extramedullary
guide (shown in Fig 3) is more common and recommended compared to the
intramedullary guide especially for cases of bowed tibia. Besides that, the entry
point at the tibial plateau of the intramedullary guide is a critical aspect that may
lead to varus tibial alignment if slightly medially entered [3, 9].
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Fig. 2. Anterior view of free lower limb clarifying the collinearity between
the tubercle, the leg shin and the mid-talar point for a normal leg [10].

Telescoping rod

Ankle clamp

Cutting block

Ankle clamp

Side view

Fig. 3. Extramedullary tibial cutting guide [3].

Surgeons should follow the tubercle adaptation to ensure correct patellar
tracking and avoid patellar dislocation after the surgery. Yet the extramedullary
tibial guide is designed for only normal cases that do not have a laterally adapted
tibial tubercle.

Following the tubercle and the mid- talar point in cases of lateral tubercle
adaptation can cause a bone cut and, as a result a joint line that is not normal to the
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mechanical axis of the joint, as in Fig. 4. Another guide must be invented which is

the problem that might be solved in this research.
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Fig. 4. The resulting joint line of fixing the tool
(a) Following the tubercle adaptation and tibial shin,
(b) following the tubercle adaptation and to the mid- talar point [11].

During the last few years, researchers investigated solving the tibial alignment
problem by using the patient-specific instrumentation (PSI). Some of them proved
it to be better than conventional techniques (CI). Levengood and Dupee [11]
investigated the accuracy of PSI in restoring the optimum coronal alignment. Sixty
three TKR patients were included, and their tibial alignments were measured using
computer assisted navigation system. It has been found that PSI achieved neutral
mechanical alignment for 53 patients, the other 10 patients had an alignment of £2°.

Others showed that PST and CI give the same results or may be even PSI gives
worse alignment results compared to CI. Alcelik et al. [12] studied the femoral and
tibial components alignment of 538 PSI knees and 549 CI knees and showed that
specifically the tibial alignment in the sagittal plane was worse using PSI than CI
technique. Kwon et al. [13] saw that the surgical operation time was less using the
PSI (63.9 +£13.6 min) compared to CI (82.8 £24.9 min), but regarding the alignment
they proved that both techniques conduct to the same results. As well, Kosse et al.
[14] also proved that both techniques give the same results regarding stability and
alignment after they examined 42 patients pre- and post-operatively after 6 weeks
and 3 and 12 months. and took CT images to evaluate the joint alignment and
rotation. Kizaki et al. [15] made a meta-analysis study including 38 studies. Surgery
time, blood loss, patient reported outcome measures, transfusion rate and
complication rate were the parameters investigated in this study. It has been
concluded that PSI was inferior compared to conventional instrumentation
regarding surgery time, patient outcome measure and complication rate. It has been
found that PSI moderately improved blood.
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Though, Patient specific instrumentation technique may consume money
because specific tools should be designed and manufactured for each patient, takes
time for production, challenging due to the difficulty during the operation since no
case is similar to the other and that may be a risky task for the surgeon.

In this research, a new geometrical tool has been proposed. It works as a
supplementary extension to the extramedullary tibial guide only for cases of
laterally adapted tibial tubercle. It is supposed to solve the problem of accurately
fixing the tibial component in coronal plane rotation. It is designed to meet the
tubercle moderate and severe adaptation, so it is generic for all patients with this
specific deformity. A mechanical investigation has been performed in this study to
examine its mechanical safety during usage by surgeons.

2. Method
2.1.Methodology

The idea of the modification on the original tool is to make the rod of the cutting
guide tool follow two of the landmarks, the tibial tuberosity and the tibial shin as
shown in Fig. 5. If the guide rod is parallel to the shin then the cut would be
perpendicular to the mechanical axis of the limb. And the patella would be centred
in its groove in the implant ensuring appropriate patellar tracking.

Hypothetical
position of
adapted
tubercle

PATELLA

TIBIA

lines should
be parallel
for correct
alignment

TARSALS

METATARSALS

il g PHALANGES

Fig. 5. An illustration of how to adjust the cutting guide tool in a position
that ensures correct alignment. The black circle indicates the normal
position of the tibial tuberosity aligned with the tibial shin and mid-talar
point collinearly (the black line). The red circle indicates the hypothetical
position of an adapted tubercle with the virtual red line of aligning the
extramedullary guide for correct tibial component alignment [10].
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2.2.Proposed design

The model depends on the mathematical principle of parallel lines. The principle
of parallel lines is that they have an equal vertical distance separating them; never
intersect and placed within the same plane. Perpendicular lines are lines in the same
plane and intersect with an angle of 90° [16].

The model measures the distance between the leg shin line and the original tool
rod anteriorly from at least three points along the shin. Making sure that these three
distances are equal will achieve a parallel relation between the tool and the shin.
As a result, the required alignment would be accomplished.

The alteration model would be fixed over the original extramedullary guide
tool. It consists of four parts:
1. P1 Bridge: connects P2 to the original tool.
2. P2 Ruler: A ruler to measure the distance. P1 and P2 are connected by a pin.
3. P3 Connector: A connector that connects P2 to P4 via rails.
4. P4 Pointer: A pointer that points to the distance that the ruler is measuring.
All Parts are shown in Figs. 6 and 7.

P4 Pointer
Pin

P1 Bridge j

SP3 Connector

Fig. 6. The model parts separated (P1, P2, P3, P4 and the Pin).

Fig. 7. The model parts connected together.

Noticing that:

i. P1 and P2 (bridge and ruler) are connected via a pin as a hinge joint that
helps making P2 parallel to the frontal plane of the leg. This is accomplished
by the rotational movement of P2 according to P1 at the pin.

ii. P2 (the ruler) has a rail on which P4 (the pointer) is moved to make the
distance measurement.
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iii. P4 has a rail to make its length adjustable according to the angle of the
tubercle adaptation.

The junctions between the parts would be named as J1, J2, J3 and J123 (each
one is between two adjacent parts). Those names are given for clarification
purposes and to organize the results’ sections.

Some of the model dimensions have been shown in Fig. 8 to be as an estimation
for the model size.

Bridge - Ruler //,7» 2 f/ﬂ7

Pointer

TS ]

Fig. 8. Dimensions of the model parts.

The model parts had been 3D printed as a prototype (not for surgical usage)
using the PLA (polylactic acid) 3D printing polymer. The printed model parts fixed
to the extramedullary guide are shown in Fig. 9. The model parts would be fixed
over the original extramedullary guide and could be moved in several dimensions
to achieve the desired pointer location so that it would point directly on the tibial
shin. The allowed movements are shown in Fig. 10.

Connector +——Ruler

F deiudickee B A

Fig. 9. The model parts (3D printed) connected
together and to the extramedullary guide.
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Ankle clamp

Fig. 10. A view from beneath the extramedullary guide with the model parts
attached to it, clarifying the movements allowed at the model joints to adjust the
tool according to the tibia condition. The movements labelled 1,3 and 4 are linear

movements while the one labelled 2 is rotational movement around the pin.

The model material has been chosen the same as the original tool 17- 4PH
stainless steel alloy for the mechanical simulation testing purposes.

This material has the mechanical properties illustrated in Table 1.

Table 1. Mechanical properties of 17-4 PH stainless-steel.

Mechanical Property Numerical value [units]
1. Density 7.8057 (g\cm’)

2. Ultimate tensile strength 9.45x10°® (Pa)

3. Yield tensile strength 7.65x10® (Pa)

4. Yield compressive strength 7.65x10% (Pa)

5. Modulus of elasticity 2x10" (Pa)

6. Poisson’s ratio 0.272 ()

2.3. Finite element simulation and settings

The model has been made using design spark mechanical software (3D design
mechanical CAD software) as shown in Fig. 6 and 7.
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The model junctions have been examined mechanically using ANSYS 19.0 (finite
element simulation software). The mechanical system used in ANSY'S was (static
structural) since the model would be exposed to tensile and compression forces
without any thermal, fluid and time effects.

2.3.1. Junction 1 (J1)

Figure 11 shows the contact region of junction 1. Contact regions are areas of
contact between two parts at which stresses are transferred along the model.

The mesh sizing has been chosen as 0.8 mm\ element (nodes number 422731 and
elements 285009). This size had led to a stress convergence of (2.4%), deformation
convergence of (0.04%), and safety factor convergence of (2.4%). Elements’ shapes
had been chosen as tetrahedrons. Mesh sizing and shape have been illustrated in Fig.
12. Noticing that the ruler marks had been removed since they would not affect the
mechanical analysis results and would complicate the meshing process.

The inner surfaces of the bridge have been chosen as the fixed support, A force
of 100 N (the maximum load that can be applied by human fingers [17-19] has been
applied at the ruler tip as shown in Fig. 13.

000 30,00 (mm) X 000 30.00(mm) ®
— —
15.00 15.00

@ ®)

Fig. 11. Contact region of J1. (a) contact between
Bridge and pin, (b) contact between pin and ruler.

000 20.00{mrm) }—‘ ®
——
15.00

Fig. 12. Mesh sizing and shape in J1. Fig. 13. Blue labeled A fixed
support, Red labeled B the 100 N

force for J1.
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2.3.2. Junction 2 (J2)

Figure 14 shows the contact region of junction 2. The mesh sizing has been chosen
as 0.6 mm\ element (nodes number 857649 and elements 597185). This size had
led to a stress convergence of (4%), deformation convergence of (0.01%), and
safety factor convergence of (4%). Elements’ shapes had been chosen as
tetrahedrons. Mesh sizing and shape have been illustrated in Fig. 15. The ruler
contact with the pin area have been chosen as the fixed support, A force of 100 N
has been applied at the connector tip to achieve the optimum mechanical condition.
As shown in Fig. 16.

Q.00 20.00¢mm) xr? D.UU_:NIUU[mmJ
Fig. 14. Contact region of J2 Fig. 15. Mesh sizing and
ruler with connector. shape in J2.

000 20.00¢mm)
———
2000 x

Fig. 16. Blue labelled A fixed support, Red labelled B the 100 N force for J2.

2.3.3. Junction 3 (J3)

Figure 17 shows the contact region of junction 3. The mesh sizing has been chosen
as 0.8 mm\ element (nodes number 156761 and elements 93118). This size had led
to a stress convergence of (5%), deformation convergence of (0.03%), and safety
factor convergence of (5%). Elements’ shapes had been chosen as tetrahedrons.
Mesh sizing and shape have been illustrated in Fig. 18. The connector contact with
the ruler area have been chosen as the fixed support, A force of 100 N has been
applied at the pointer tip to achieve the optimum mechanical condition. As shown
in Fig. 19.
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- y. z g
000 2000 (rrm) X 0 000 (mm)
L S——
X

1000 15.00

Fig. 17. Contact region of Fig. 18. Mesh sizing
J3connector with pointer. and shape in J3.

”
.00 30.00(mm)
—— x

15.00

Fig. 19. Blue labelled B fixed support, Red labelled A the 100 N force for J3.

2.3.4. Junction 123 (J123)

Figure 20 shows the contact region of junction Ji23. The mesh sizing has been chosen
as 0.8 mm\ element (nodes number 579492 and elements 378127). This size had led
to a stress convergence of (6%), deformation convergence of (0.03%), and safety
factor convergence of (6%). Elements’ shapes had been chosen as tetrahedrons. Mesh
sizing and shape have been illustrated in Fig. 21. The inner surfaces of the bridge
have been chosen as the fixed support, A force of 100 N has been applied at the
pointer tip to achieve the optimum mechanical condition. As shown in Fig. 22.

0.000 10000 {mrm} " 0.000 10000 mrm} “
— —
5.000 /?" 5.000 /?"
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— X

(© (d
Fig. 20. Contact region for (J123). (a) contact between bridge and pin, (b)
contact between pin and ruler, (c) contact between ruler and connector, (d)
contact between connector and pointer.

20,00 (mm)

0,00 (mm} ¥
—
25.00

Fig. 21. Mesh sizing and shape in J123. Fig. 22. Blue labeled B fixed
support, Red labeled A the
100 N force for J123.

3. Results and Discussion
The mechanical examination had been led to the following results:
3.1.Junction 1 (J1)

The safety factor, equivalent stress, equivalent strain and the total deformation resulted
from testing this junction was checked yielding the results illustrated in Fig. 23.

254,80 =
[ s0s08
H s
[ zee3
n7 »
17058
|
=10 Min

10.000 () . 10.000 (rrirm) .
—— —
R:’\ 5.000 ‘f\
34

() (b)

z
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Time; 1
17/08/2021 03:38 o

Time; 1
17/08/2021 03:42

0.66626 Max

20,00(mrm)

10.000 (rrrm) »
—
‘f\ 2000
'z

(© d)

Fig. 23. Mechanical analysis results of simulating J1. (a)Safety factor
(b)Equivalent stress (c) Equivalent strain (d) Total deformation. The upper
colours in the scale indicate the higher values while the lower indicate the
lower value for each parameter results. Maximum values were labelled in
red and for safety factor the minimum value was labelled with blue. The
scale in black and white is the drawing scale.

Noticing the numerical results in Table 2 for J1.

Table 2. ANSYS results of examining Ji.

Safety factor 1.4175 (min.) The junction is safe

Equivalent stress 539.68 (MPa) (max.) Less than young’s
modulus of the material

Equivalent strain 2.7055e-003 (max.) Barely noticeable

Total deformation 0.66458 (mm) (max.) At the tip of the ruler

3.2.Junction 2 (J2)

The safety factor, equivalent stress, equivalent strain and the total deformation
resulted from testing this junction was checked yielding the results shown in Fig. 24.

Time: 1
17/08/2021 05:03 o
15 Max
96.142 Max
! 7.957 Min
1
0

0.00031712 Min]

17/08/2021 05:04 o

H X

000 20.00¢) . 000 20,004 .
——— —
1000 « 1000 «

() (b)
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0.00050053
[ coo043735

0.00025027
0.0001877

Ll o.ootasia

000 2000(mm) . 000 40.00(mm) -
— —
1000 “ 2000
z

(©) (d)

Fig. 24. Mechanical analysis results of simulating J2. (a)Safety factor
(b)Equivalent stress (c) Equivalent strain (d) Total deformation. The upper
colours in the scale indicate the higher values while the lower indicate the
lower value for each parameter results. Maximum values were labelled in
red and for safety factor the minimum value was labelled with blue. The
scale in black and white is the drawing scale.

Noticing the numerical results in Table 3 for J2:

Table 3. ANSYS results of examining J2.

Safety factor 7.6239 (min.) The junction is safe

Equivalent stress  100.34 (MPa) (max.) Much less than young’s
modulus of the material

Equivalent strain  5.3803e-004 (max.) Barely noticeable

Total deformation 0.1878 (mm) (max.) At the free end of the
connector

3.3.Junction 3 (J3)

Checking the safety factor, equivalent stress, equivalent strain and the total
deformation resulted from testing this junction yields the results illustrated in Fig. 25.

v ¥
0.00 20,00 (mm) {' 00 2000 () <‘
— —
1000 X 10.00 X
() (b)
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10.96947 Max
086175
0.73403
0.64631
05386
043088
032316
0.2154
010772

0 Min

0.0018831 Max.
0.0016739
0.0014646
0.0012554
0.0010462
0.00023693
0.0006277
0.000:1847
0.00020923
2.3173e-14 Min

N3 N3
000 2000¢mrm) <‘ 000 2000¢mrm) <‘
— —
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Fig. 25. Mechanical analysis results of simulating J3. (a)Safety factor
(b)Equivalent stress (c) Equivalent strain (d) Total deformation. The upper
colours in the scale indicate the higher values while the lower indicate the
lower value for each parameter results. Maximum values were labelled in
red and for safety factor the minimum value was labelled with blue. The
scale in black and white is the drawing scale.

Noticing the numerical results in Table 4. for J3:

Table 4. ANSYS results of examining Js.

Safety factor 2.3286 (min.) This junction is safe too.

Equivalent stress 328.52 (MPa) (max.) less than young’s
modulus of the material

Equivalent strain 1.8831x107* (max.) Barely noticeable

Total deformation  0.96947 (mm) (max.) At the tip of the pointer

3.4.Junctions 1, 2 and 3 together (J123)

The safety factor, equivalent stress, equivalent strain and the total deformation
resulted from testing this junction was checked yielding the results shown in Fig. 26.
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0001574
00013491
00011243
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25.00

30.00{mm)
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Fig. 26. Mechanical analysis results of simulating J123. (a)Safety factor
(b)Equivalent stress (c) Equivalent strain (d) Total deformation. The upper
colours in the scale indicate the higher values while the lower indicate the
lower value for each parameter results. Maximum values were labelled in
red and for safety factor the minimum value was labelled with blue. The
scale in black and white is the drawing scale.

Noticing the numerical results in Table 5. for (J123):

Table 5. ANSYS results of Ji23.

Safety factor 2.2016 (min.) The model as a whole is safe.

Equivalent stress 347.48 (MPa) (max.) Much less than young’s
modulus of the material

Equivalent strain 2.0237x107 (max.) Barely noticeable

Total deformation  1.6496 (mm) (max.) At the tip of the pointer

4.Conclusions

Safety factors of all the junctions in all cases are bigger than 1 (minimum 1.4175 -
maximum 7.6239).

Maximum equivalent stress applied on the model is (539.68 MPa) and this
maximum value is less than the young’s modulus of the material used (2x10° MPa).

The equivalent stress and safety factor results reveal that the model can be
mechanically safely used by human hand without any failure risk or tool break.
Mechanically for a safe model the safety factor should be not less than 1 (Safety
factor = yield stress / working stress (unitless)).

Maximum equivalent strain that resulted from the examination is (2.7055x107
mm\mm) which is in micrometre scale.

The maximum resulted deformation due to those applied forces was (1.6496
mm) which is moderate compared to the strong material used in the test (17-4 PH
stainless steel).

Total deformation and equivalent strain resulted from the examination in all
cases are reasonable and acceptable. Using the material 17-4 PH stainless steel in
this model proved to be acceptable and safe since it is young’s modulus is (2x10°
MPa) which is higher than the equivalent stress resulted from examining all cases.
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All previously mentioned aspects have led us to conclude that this proposed
geometrical tool is mechanically safe and usable for cases of laterally adapted tibial
tubercle. It is mechanically dependable geometrical tool that can be used as a tibial
component rotation guide for cases of laterally adapted tibial tubercle.

The model design has fine points (at the pin area and at the connector). Those
points caused a high convergence requirement and weak design areas. The
maximum stresses were high at these points. As a future development suggestion
for the design is to solve this design problem and improve the junctions
mechanically. Because the safety factor is better to be not just more than 1 but the
higher than 1 the better.

Another future work suggestion is to examine the material chosen regarding
operation theatre environment and thermal properties for the sterilization procedures.

The study needs to be continued by manufacturing the model parts using the
17-4 PH stainless steel alloy and then used in the surgery procedure to prove its
effectiveness in locating the tibial component accurately.

Abbreviations

17-4 PH  17-4 Precipitation Hardening
CAD Computer Aided Design

CI Conventional Instrumentation
PLA PolyLactic Acid
PSI Patient- Specific Instrumentation

TKR Total Knee replacement
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