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KNEE IMPLANT STUDY AND EVALUATION WITH
AXIOMATIC DESIGN METHOD

Abstract. People from all around the globe get their knees injured every day either because of severe
sport accidents or because of simple misstepping. Their lives are about to change drastically and
dramatically. The pain and the limitation of their movements becomes an obstacle and treatment with
painkillers only postpones the problem. In these cases, medical doctors suggest Total Knee
Replacement surgery, in which a knee implant replaces the damaged parts of the human injured knee in
order to recover partially or fully the normal motion of the knee and therefore the everyday activities of
the person in need. In over 95% of the patients who underwent a Total Knee Replacement surgery, the
pain was overcome in sort amount of time, a high percentage of the kinematics of the knee were brought
back to normal, and the patients were able to continue their lives. In this paper, the main purpose is to
study the knee mechanics, to deconstruct the kinematics and dynamics of this complex system, to
develop a new, ambitious knee implant design for severe accidents, perform simulation tests and
evaluate it by the rules of the Axiomatic Design Method.

Keywords: knee implant design; Titanium alloy machining; finite element simulation; axiomatic
design; biocompatibility.

1. INTRODUCTION

There are various kinds of knee implants in the market, today. However, there
is always possibility for improvement. Every knee implant design needs to comply
with the knee mechanics in order to be effective. More specifically a knee implant
design should take under consideration the kinematics and dynamics of the knee,
the weight, durability and biocompatibility of the implant, as well as the constraints
of the moving parts, the co-operation with the rest of the knee parts that remain
neutral, the final cost and the installation during surgery.

The kinematics of the knee are divided in three main motion studies. The
bending and extending of the knee, the internal and external rotation and the
forward and backward movement. The constraints of these movements are equally
important to obviate injuries like ruptures, fractures and dislocations. The
dynamics of the knee can be categorized in three segments. Load transferring from
the upper part of the leg to the opposite and vice versa, vibration absorption and
friction minimization and durability in dynamic loads [1, 2]. All the above
constitute the functional requirements of the knee implant design. In Axiomatic
Design, the customer needs are converted into functional requirements, which need
to be satisfied by the design parameters in the physical world [3, 4].
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2. DESIGN

In [2] the designs and the materials used in knee implants are thoroughly
described. In this paper a novel approach is described.

The knee implant design was developed using the Solidworks Software. The
design consists of two part, the femoral and the tibial, see Figure 1. The material
used is Ti-6Al-4V with a ceramic coating for corrosion protection and
biocompatibility [5, 6].

(@) (b)
Figure 1 — (a) Femoral part (b) Tibial part and (c) views of the assembled design

First of all, the femoral part consists of the elliptic, flat surface bounds with
the femur so that the implant stays in place and bone cement plays the succorer
role, uniting implant and bone. The elliptic shape was given because the femur has
also an elliptic section in its lower point. Thus, cutting the lowest part of the femur
would leave an elliptic flat surface to match with the implant’s upper side, while
choosing the specific height to cut provides the opportunity for standardized sizes,
lowering the manufacturing cost. Secondly, the conical bulge can be inserted into
the femur after a special drilling operation in order to increase the contact surface,
hence the stability of the structure. Worth noticing is the difference in contact
surface between conical and cylinder bulges. Next comes the patella channel; its
purpose is to hold the patella in specific track during the bending and extending
movement. The last characteristic of the femur part is the twin side cylindrical
column. The two symmetrical cylindrical columns join the femur part with the
tibial part conveying loads between them, during everyday activities.

The tibial part bears two symmetrical columns, in the top of which exist two
symmetrical slots for the femur part’s cylindrical columns to be inserted, see
Figure 2(a). In that way the two parts of the implant are connected and cannot be
separated. Of course the assembling of these two parts, geometrically could not be
achieved if it was not for the separated upper half of one of the two columns of the
tibial part. This removing detail, when inserted in its column, according to its
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edged shaped design, leaves only two degrees of freedom that get fixed with two
fully thread screws. The symmetrical columns have their bodies machined in the
middle, in order to lower the final weight of the design, see Figure 2(b). The tibial
part also has the same surface as the femoral part and the same conical bulge to get
fixed with the tibia via bone cement.

All the possible and normal movements can be achieved setting the correct
boundaries. More specifically the bending and extending of the knee can be
achieved when the tibial implant is rotated around the femur implant with the
cylindrical column — slot joints to be the axis of rotation. The bending and
extension of the knee cannot be modelled as a hinge because the axis of rotation is
not stable and the design takes into consideration this unique characteristic [7]. The
geometry of the slots are semicircles in distance and include an elastic material to
absorb the vibrations and minimize the friction of the cylindrical columns in them.
This design provides the possibility the cylindrical columns to move freely into the
slots back and forth, up and down, setting different momentarily axis of rotation.

(b)

Figure 2 — (a) Detail in the tibial part and (b) design of the slots

The rest of the movements can also be achieved. While in internal and
external rotation, the cylindrical column, can be moved back and forth into the slot
in different direction as the opposite twin does. The forward and backward
movement is the same situation as before but the cylindrical column moves into the
same direction as its twin. Finally, the infinitesimal movement of up and down can
be achieved when the two cylindrical columns move into the elastic material of the
slots deforming it and taking its place.

The constraints of these movements are set via either the physical structure of
the knee system or the geometrically characteristics of the implant design. The
upper limit of the extending movement is set by the femur itself, as the patella
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reaches a dead end at its track, while on the opposite direction the limit of the
bending movement is set by the end of the patella channel. The constraints of the
internal and external rotation of the knee are achieved via the diametrically
opposite edges of the tibial part slots while the constraints of the forward and
backward movement via the symmetrically edges.

The dynamics of the knee are also satisfied. Load transferring is achieved via
the continuous contact of the femoral implant with the tibial implant, vibration
absorption and friction minimization via the elastic material in the slots, and the
durability of the implant is ensured as the simulations in the next section show.

3. SIMULATIONS

The simulation tests were performed in Solidworks software. The material
used is Ti-6Al-4V with density 4510 kg/m?® and yield strength Sy = 3.7x108 N/m?.
For each of the femoral parts, tibial part and the attachable part of the tibial, two
simulations were run. In the first simulation, a 150 kg person stands still on his leg
with the implant on, loading the implant with its bodyweight and in the next
simulation, the same person from the same position performs a squat with the same
leg, loading the implant with the amount of 7.6 times its bodyweight [8]. The
results are shown in Figures 3 and 4.
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Figure 3 — (a) First and (b) second simulation on femoral part
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Every simulation result is tabulated in Table 1. All results are acceptable since the
applied loads are lower than the yield strength of the implant material.

Table — Simulation Results

Resulting loads [N/m?]
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Figure 4 — Simulation on (a) tibial part and (b) the attachable part

4. EVALUATION

Axiomatic Design is a reliable method to design systems and products so that
from the very beginning it is possible to know whether a design is going to be
successful or not. In this way, methods like trial-and-error, which are time
consuming, are set aside. In this paper the Axiomatic Design method is used as an
evaluating measure to check if the final design of this knee implant can be
characterized as a good design. In order to achieve a good design according to
Axiomatic Design, the Design Matrix, consisting of the Functional Requirements
(FR) as rows and the Design Parameters (DP) as columns, should be a diagonal
matrix or at least a lower triangular matrix. That means that every customer need
needs to be satisfied by only one functional requirement and every functional
requirement should be achieved by only one design parameter. The second part of
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the above statement can be approved even if the design matrix is not a diagonal
matrix but lower triangular matrix. The design parameters set by this paper’s
design should match the functional requirements of the knee, see Figure 5. The
design parameters of the implant’s design are shown in Figure 6.

FR1 = Biocompatibility
FR2 = Weight
FR3 = Kinematics
FR3.1 = Bending & Extension
FR3.2 = Internal & External Rotation
FR3.3 = Forward & Backward Movement
FR4 = Restraints
FR4.1 = Upper patella’s limit
FR4.2 = Lower patella’s limit
FR4.3 = Internal & External Rotation Limit
FR4.4 = Forward & Backward Movement Limit
FR5 = Dynamics
FR5.1 = Load Transferring
FR5.2 = Vibration absorption and Friction minimization
FR5.3 = Durability
FR6 = Good collaboration with the rest of the knee parts
FR6.1 = Connection with bones
FR6.2 = Patella’s right track
FR6.3 = Find required space for implant to fit
FR7 = Cost
FR8 = Easy installation during surgery

Figure 5 — Functional Requirements

DP1 = Implants Material

DP2 = Material Removal from symmetrical columns

DP3 = Cylindrical columns — slots Joint

DP4 = Diametrically opposed movement of the cylindrical columns
DP5 = Same directional movement of the cylindrical columns
DP6 = Femur

DP7 = End of the patella channel

DP8 = Diametrically opposite edges in slots

DP9 = Symmetrically edges in slots

DP10 = Continuous contact between femoral and tibial implant
DP11 = Elastic Material

DP12 = Bone Cement

DP13 = Conical Shape of Implant inserting into bones

DP14 = Patella channel

DP15 = Broken parts removal

DP16 = Standardized styles

DP17 = Easy assembling and bone cutting

Figure 6 — Design Parameters
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5. RESULTS AND DISCUSSION

The design matrix of these FR-DP is shown in Figure 7(a). The Design
Matrix in this form cannot provide understandable results for whether the matrix is
a lower triangular matrix or not, but for sure the DM is not a diagonal matrix.
Making the necessary changes of rows and columns, moving row FR5.3 up top and
column DP11 in the second column, provides clear information that the DM is a
lower triangular matrix, see Figure 7(b). Blue cells are the diagonal cells, green
cells are the non-problematic cells and red cells are the problematic ones.

e (D)

Figure 7 — Design Matrix (a) before and (b) after transformation

According to the Axiomatic Design Method, since the DM is lower triangular
and the first axiom, the Independence Axiom is satisfied, this paper’s knee implant
design can be characterized as a good design.

6. SUMMARY

A new design for knee implant was developed based on the knee mechanics.
Simulations showed that the durability of the implant is high and can withstand
extraordinary loads. Axiomatic Design Method evaluated the implant as a good
design. The developed design is in primary stages and needs improvement.
However, the concept’s basis is strong and it may influence other designs in the
future.
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Anrenoc Mapkomynoc, Koncrantunoc P. Cynenic, Adinu, I'peris

BUBYEHHSA MEXAHIKH KOJITHHOTI'O IMIIJIAHTY TA AHAJII3
METOJOM AKCIOMATHYHOT O TPOEKTYBAHHSA

AnoTtanist. Jlioou y 6cbomy ceimi wjoOHs OMPUMYIOMb MPAGMU KOJIH 3-3a CEPUOSHUX CHNOPMUGHUX
nodiii abo uepes npocmoi nomunku. Ix scummsa opamamuuno pisko i paduxanvro aminioemoca. binb i
0OMediceHHs IX pyXie cmaoms nepeukoor, i JKYBAHHs 3HeDOII0IUUMU Tule GIOKIA0AE GUPTUIECHHS
npobaemu. Y yux sunaokax aikapi pekomeHOyIoms onepayiio 3 nogHoi 3aminu KOIHHO20 cyenoba, npu
AKIU IMPIAHMARM KOMIHHO20 CY2N00a 3AMIHIOE NOUKOONMCEHT YaACMUHU KONHA THIOOUHU, WoO YaCmKO80
abo NOGHICMIO BIOHOBUMU HOPMAJILHULL PYX KOIHHO20 Cy2n00a i, omoice, NOBCAKOEHHY OIAIbHICMb
nompebye 6i0 modunu. Binvw nise y 95% nayienmis, sxi nepeneciu onepayiro 3 NOSHOI 3aMiHU
KoNiMHO20 cyenoba, 6inb Oyna nooonama 3a OesKull 4ac, GUCOKUL 8i0COMOK KiHeMamuKu KONIHHO20
cyenoba 6y6 noseprenull, i NAYieHmu 3Mo21u NPOOOBICUMU AKMugHe Jcumms. Y yiti cmammi ochoeHa
Mema nouiseac 8 momy, woo GUEUUMU MEXAHIKY KOJIHHO20 cyenoba, po3iopamu KiHeMamuky i OUHAMIKY
yiel ck1aoHoi cucmemu, po3pooumu Hosull amoOimuul Ou3auH IMIAAHMAHMA KONIHHO20 cyenoba 0a
8AdCKUX asapitl, BUKOHAMU IMIMAyYitiH mecmu i OYiHUuMu 11020 34 NPABUNAMU AKCIOMAMUYHO20 MeMooy
npoexmysanms. Axciomamuune npoekmy6anHs € HAOIUHUM MemOOOM O NPOEKMYSAHHA cucmem i
NPOOYKMI8, MaK wjo 3 camozo NOYAMKY MOXMCHA Oi3Hamucs, yu Oyoe ouzauH ycniwnum uu Hi. Takum
YUHOM, BIOMIHAIOMbCA MAKI Memoou, sIKk Menmoo cnpod ma NOMUNOK, AKi eumazarome bazamo uacy. B
Oamiii pobomi Memoo axciomMamuiHo20 NPOEKMYBAHHSI GUKOPUCHOBYEMbCA AK MIpa OYIHKU, w00
nepesipumu, yu MO*CHA OXAPAKMEPU3VEAMU OCMAMOYHY KOHCMPYKYIIO Yb020 KOJIHHO20 IMIIAHMAHMY
AK - Xopouty KOHcmpykyil. g moeo, wjob odocaemu  2apHOi  KOHCMPYKyii  8i0nosioHo 0o
aKcioMamuuno20 NPoeKmyeants, Mampuys NPOEKMyanHs, Wo CKIA0AcmbCs 3 PYHKYIOHATLHUX 6UMO2
AK PpAOKIG | KOHCMPYKMUBHUX napamempie y 6uzisoi cmoenyie, noeuHHa Oymu Oid2OHAIbHOIO
Mampuyero abo NPUHAUMHI HUHCHbOIO MPUKYIMHOIO MAMPUYETO.

Kai04o0Bi c10Ba: xoncmpyloganis KoMiHHO20 IMIAGHMANY,; MEXAHIYHA 0OPOOKA MUMAHOBUX CHIAGI8;
MOOeNBAHHS MEMOOOM KiHYeBUX elleMeHmis,; aKCIoMamuiHe MOOen08aAnH s, OioCyMICHICIb.
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