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Abstract

The knee joint is one of the most complicated joints in the human body. Fundamental knowledge
about kinematics is essentially important in order to design knee prostheses which are
functionally similar to the knee joint. In addition, the prosthesis should carry out similar
kinematics, since only the geometrical resemblance is insufficient. As an initial step, an
experimental apparatus, a test protocol and an evaluation method were developed which allows
the investigation of the human knee joint kinematics. Based on the results of multiple
experiments, a reference function was determined, which provides guidance on how the flexion-
rotation function in the human knee joint can be described. The function also provides reference
about the kinematics which should be defined in the design of prostheses, and to what extent
does an arbitrary knee prosthesis follows the required kinematics. The definition of knee rotation
is reported in this article.
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Introduction

The goal of our research is to determine a kinematical and kinetical model of knee joint, which
intends to help in the development of better prostheses. The movement of the knee joint can be
investigated locally (sliding-rolling, etc.)' and globally (rotation, abduction, adduction, etc).” The
rotation has the most significant role in the knee joint motion from the above-mentioned knee
movements. Our current aim is to describe the rotation of the human knee joint as a function of
flexion. The reason for this is twofold. On the one hand, the knee joint kinematics can be
characterized by this result, and on the other hand, it can be used to qualify and design knee
prostheses. A suitable prosthesis has to be similar to a real knee joint regarding the carried out

movements and not the geometry.

Kinematic analyzes presented by different authors show large deviation™® (Figure 7). A mention
must be made that several flexion-rotation functions of other authors — in accordance with reality
— does not start from the origin. However, the starting point of the measured curves is
transformed to the origin by most of the authors. Nevertheless, most of them do not indicate
how this transformation is carried out. This problem will be further discussed in the article.
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— AKalan et al. (constraint based model)
—— Bull et al. (cadaver)

— Akalan et al. (reference model)
— Wilson et al. 2 (cadaver)

— Luetal. (in vivo)

Wilson et al. (cadaver)

Most et al. (GCA, cadaver)
Most et al. (TEA, cadaver)

Rotation

Flexion

Figure 1. The results of different authors

Additional reasons for the differences between the curves are the followings: biological
differences between the people, the applied experimental apparatus, the method of measurement
and evaluation, different types of motion and at last the measurement error. The separation of
these reasons is an important task in order to draw general conclusions. The diversity of
apparatuses and the evaluation methods have significant role in the differences between the
results. The upcoming errors can be significantly reduced by using simple apparatus for the
experiments. For this reason, a novel, relatively simple experimental apparatus was developed by
the Research Team. This apparatus helps the error analysis, the comparison of the measurements
and ensures the unconstrained movement of the knee joint. One of the aims was to obtain
precise and reproducible kinematical data possible about the knee joint motion.

General aim of the experimental apparatus design and construction was to carry out experiments
on cadaver knee joints, in order to provide kinematic data to the knee prosthesis design. The
apparatus was later further modified in a way that even prostheses can be clamped into the same
apparatus, thus experiments under the same conditions can be carried out in order to compare
the results of the measurements with the physiological joint kinematics. The usability of the
cadaver knee joint as experimental model have only been studied by the default installation of the
experimental apparatus in case of one motion type. This motion is the flexion of the tibia with a
horizontally fixed femur.

The experimental apparatus is multifunctional, which is suitable for the determination of the
cadaver knee kinematics and kinetics (Fzgure 2). It can be used in MR, in case of different type of
loads and it is also suitable for testing knee prostheses. In the followings, only those parts of the
apparatus will be shown which are needed regarding the investigation of the cadaver knee
kinematics. The knee joint was resected with 10-15 cm parts of the femur and the tibia also. The
joint is fixed to the apparatus with textile bakelite links (1) which are cemented into the medullary
cavity. The link is cemented into the femur, while the femur itself is fixed to the base plate (2) of
the apparatus, therefore the fixed femur is horizontally positioned. The loads acting on the joint
are the weight load and the quadriceps muscle force in case of the studied motion type. The
weight of the tibia was modeled with a concentrated force, which is connected to the tibia
through a ball joint (3) screwed into the axis of the tibial link. The other force, the quadriceps
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muscle force was modeled by rubber-muscle model (4). The suitability of this was proven eatlier.”
This muscle model is connected to the body of the apparatus via a load cell (5) and a spindle (6)
for setting the knee position, and the muscle tension. The movement of the tibia is also realized
by the spindle. The change of the tibial position relative to the extended position of the knee was
determined by the Polaris' (Northern Digital Inc., Waterloo, Ontario, Canada) optical position
measuring system after proper authentication. Two moving trackers were fixed to femur and the
tibia. One of them was rigidly bolted to the fixed femur (7) and the other one was also rigidly
bolted to the moving tibia. By this way they form a rigid body-system. The Polaris measuring
system tracks the movement of the fixed trackers in the absolute coordinate system of the
Polaris. During the experiment the tracker coordinate systems are rigidly fixed to the bones and
they are continuously recorded by the Polaris. The position is described by six data: three
coordinates of the origin in the absolute coordinate system and three angles which describes the
position of the coordinate axes. These are the so-called Euler-angles.

Figure 2. Cadaver knee test rig

Method of experiments and evaluation

In our experiments, the knee joints were obtained from five subjects between 28-60 years of age.
Experiments were performed on seven knee joints in order to create the reference function
(TUKEB 165-1/2002). The condition of the knee joints were controlled after the experiments.
All the used knee joints were in suitable, undamaged condition.

Analysis was performed using anatomical coordinate system fixed to the bones for the
comparison of the measurements on different subjects. However, there was a fundamental
problem in the evaluation, due to the missing anatomical points of the resected knee joint.
Therefore, the anatomical points had to be recorded (Figure 4) on the whole body before the
resection of the knee joint. These points are easily palpable on the tibia of the whole body, so
their detection can be solved by a simple pointer tracker. The determination of the center point
of the femoral head is more complex. It can be determined by measuring the coordinates of the
motion tracker fixed to the femur during the circling motion of the femur. A mention must be
made that these points generally move on a sphere. The center of the sphere, which is the center
of the femoral head (fh), can be calculated (Figure 4) from the coordinates of the origin of the
tracker coordinate system. The other two necessary points on the femur are the epicondylar
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points. The described method was modified during the creation of the anatomical coordinate
system. The centers of the femoral posterior condylar curves were used instead of the
epicondylar points (Figure 3). The reason of this modification is also twofold. On the one hand,
the epicondylar points are uninterpretable on prosthesis, and on the other hand, the accuracy of
the epicondylar points’ determination is much smaller than the accuracy of the determination of
the posterior condylar curves’ centers.'' Anatomical coordinate system defined by the VAKHUM
project was fitted to the recorded anatomical points'?> (Figure 4). Since the knee joint was fixed
into the apparatus in resected state, the possibility of the transformation of resected anatomical
points needed to be ensured. For this reason, the position of the secured markers, both in the
femur and the tibia, were recorded. After these measurements the joint, which was fixed in the
apparatus, was resected. The position of the anatomical points and the markers were recorded in
the apparatus as well. In the following steps, continuous measurements were performed after the
determination of the discrete points in order to determine the kinematics (flexion-rotation). The
above-mentioned measurements were carried out in 3 repetitions per joint. These repetitions
gave provided the same results, therefore the measurements are acceptably repeatable.’

The flexion-rotation data was determined by transformations using the transformation matrices.
The matrices were generated from the positions of the anatomical points, the markers, and the
current positions of the trackers. These transformation matrices can be generated from the data
measured by the Polaris as well. These processes were carried out on basis of the Grood-Suntay’s
angle definition."* The results can be drawn as the function of flexion.

femur tibialffibula
quasi-coronal plane plane quasi-coronal

hf

femur
quasi-transverse

plane tibialffibula

quasi-transverse

me plane fin mm
EN 0
Zg 5
X¢ s
femur tibialffibula
quasi-sagittal plane quasi-sagittal plane

Figure 3. Anatomical points on  Fijgure 4. The anatomical coordinate system of the femur and the tibia

the femur

The literature suggests that during knee flexion the movement can be divided into two parts. The
first 20-30° section of the flexion is the section the screw-home motion,"” where the kinematics is
governed mainly by the geometry. After this section the motion is continuously passing through
to active functional arc”’ where the movements of knee joint is controlled by the muscle forces
collectively. Accordingly, tri-linear functions were fitted to the rotation-flexion data. The first
section of motion extends between 0° and 25° of flexion angle. This is the section of screw-home
motion. The boundary of the following two segments (at about 50° of flexion angle) can be
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interpreted from Figure 5. The second section of the flexion extends between 25° and 50°. This is
a transitional section to unconstrained motion. The range over 50° of flexion is the range of
unconstrained motion, where the motion may be governed by the muscle forces.

The schematic diagram of the approximate functions can be seen on Figure 5. The fitting was
based on the principle of least squares. The parameters of the fitted functions can be calculated
from equation 1 to 9.
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Figure 5. The trilinear function fitted to the measurement data on knee no. 7
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p.(@)=po+a, (p-¢) (6)

Third section: over 50° flexion
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where

i: the sample of the measured data

@: flexion

0: rotation

a1; Oy; a3: the gradient of the fitting functions on the first, second and third sections
po: the intersection of the fitting linear function along the first section

p1: the value of the rotation at the boundary of the first and second sections

p2: the value of the rotation at the boundary of the second and third sections

@1 the value of the flexion at the boundary of the first and second sections (¢;1=25°)
@,: the value of the flexion at the boundary of the second and third sections (¢,=50°)

ni; ny; n3: the number of measured data on the first, second and third sections

Most of the authors treat the rotation as zero in the totally extended position (Figure 7). For the
sake of the comparability, both the own measurement results and the fitting functions need to be

transformed to zero.

If the points of the anatomical coordinate-system remain unchanged, then the degree of rotation
is specified by the position of the malleolus points on the tibia. The two additional points which
are needed for the tibial coordinate-system have virtually no effect on the curves, only the
position of the longitudinal axis is determined by them. These points are close to each other and
relatively far from the ankles, therefore the effect of changing in the range of the recording
accuracy is minimal. If the positions of the malleolus points are changed then the curves shift
parallel (Figure 6).
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The sensitivity of the rotation function to mallelous
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Figure 6. The sensitivity of the rotation function in case of knee no. 3

This phenomenon is interpreted as follows: according to the interpretation of Grood & Suntay,
the rotation is a so-called third angle, which describes how the coordinate-system of the tibia is
rotated relative to the longitudinal axis of the femur.

Based on these above-mentioned reasons, the fitted rotation-flexion functions can be shifted
parallel towards the rotation into the origin (Figure 7). If the measurement results begin from non-
zero flexion, the rotation value of zero flexion is determined by the intersection of the fitted
functions. With this method, the starting points of the measured rotation-flexion curves can be
transformed to the origin.

Results

The functions fitted on experimental data (involving seven knee joints) are shown on Figure 7
after the transformation described above. These curves are drawn with thin line. The coefficients
of the functions are included in Twble 7. The reference function is obtained by averaging these
functions, which is essential in the design of prostheses and in their qualification. The coefficients
of the reference function are included in Table 2.

ay | ay az | py [°] | proy [°] | P20y [°]
0,48]0,058] 0,101 -242| -12,1] -10,6
042]0,004] 0048|141 35| -1,1
0,810,020 0,028]-183] -87] -7,9
047]0,123] 0,047 -28,7] -16,8] -13,7
0,24]0,020] -0,032| 134 74| -68
0,610,088 -0,025] 11,6 3.6 5,9
0,63]0,240[0,02723| 11,9  3,7] 9,7

>
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Table 1. The coefficients of the fitted functions
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Figure 7. Reference function from the seven fitted and transformed linear functions

a | @ | o |p ] pul]| e
Reference function|0,46(0,093(0,028| 0 | 11,6 | 13,9

Table 2. The coefficients of the reference function

Discussion, Conclusion

Overall as new results we can present:

— an earlier designed experimental apparatus,
— a protocol for determining the anatomical coordinate system,

— determination of a tri-linear rotation-flexion function which approximates the measured
data and can be specified in segments,

— a function based on a large number of experiments, which describes the change of
rotation on an average human knee joint.

The results can be utilized in prosthetic design in a way, that the rotation carried out by the
prosthesis should approximate this function.
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