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Abstract: The purpose of this work was to determine the influence of kinematic
evidence, based on the trajectories of the instantaneous center of rotation (ICR)
on the optimization of the functionality of selected prosthetic knee mechanisms.
For the research 11 commercially used knees based on the articulated quadrilateral
mechanism were used to visualize the operation of mechanisms with two methods:
analytical and graphic. The generated paths were compared in terms of position
changeability and shape. It was found that depending on the position of the ICR
related to the axes of the mechanism, prosthetic knees obtained different level
of stability and energy expenditure. The results have also shown that ICR point
position and shapes of its trajectories are variable for particular classes of mecha-
nisms. An analysis of the obtained results suggests that manipulation of the posi-
tion of the instantaneous center of rotation by a suitable design of the linkages
length of the mechanism enable to achieve the desired features, corresponding
to the real needs of patients.
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5.1. Introduction

Nowadays, choosing the suitable knee prosthesis for people after amputation is a com-
plex and complicated task, which depends, among others, on the user’s activity,
required gait stability, as a sense of security and has an individual character. The lit-
erature presents that these features have a strong relation with instantaneous centre

of rotation (ICR) and its trajectory, which also allows to determine different func-
tional properties of the whole prostheses [1, 17]. There are a number of knee solutions

for four-bar mechanisms on the market, but rarely at the construction stage they are

subject to in-depth kinematic analysis, including the one based on the description

of the trajectory of the instantaneous centre of rotation (centrode).
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A kinematic analysis of one of the basic parameters, namely ICR, enables to vis-
ualize the operation of mechanisms, so that the gait is more cosmetic and control-
ling the limb becomes easier and less tiring. The articulated quadrilateral concept
is widely used in knee prostheses due to its simplicity and a low price as well as high
functionality, and determination of the length of the linkages allows to obtain vari-
ous types of mechanisms. In the four-bar knee mechanisms an ICR is created simi-
lar to the human knee, allows the combination of rotation and translation motion
of the knee joint in sagittal plane, so it has been used in the prosthetic knees to imi-
tate the complex function of the knee joint for the creation of orthotic and rehabilita-
tion devices [24]. Well-documented research shows that the achievement of stability
is possible through appropriate prosthesis structure [3, 12], containing mechani-
cal braking mechanisms [2], blocking the knee under load or through geometric
design [15]. Radcliffe [20, 21, 22] developed a stability diagram, which in combination
with the instantaneous centre of rotation trajectory is used to classify mechanisms
to adapt to the needs and capabilities of different groups of amputees. The design
of mechanism linkages and the position of the prosthetic knee axis (approximate
to the anatomical position) affect ICR manipulation, and thus can obtain beneficial
features [14, 23, 25].

The instantaneous centre of rotation is the point where, with a small change
in the knee bending angle, the femoral part rotates around this point, while at the same
time straightening relative to the part of the shin, which appears temporarily stationary.
During a natural gait cycle with larger changes in the bend angle, the ICR changes its
position, thereby generates a specific trajectory of the moving centrode [13]. The ICR
path provides valuable information about the kinematic properties of the knee. This
means that a well-designed prosthesis recreates the ICR trajectories of the knee mecha-
nism, and the more the ICR path is similar to a natural knee joint, the better is the bio-
mechanical performance of the prosthesis [3, 16, 24] Therefore, for path-generation
purposes, the optimization of knee mechanisms is required.

There are many methods for the generation and optimization of the design of four-
bar prosthetic knee mechanisms based on ICR, such as techniques using mathemat-
ical algorithms [9, 18], a computer simulation connected with solid modelling [5]
and random dimensions generation [25]. According to the abovementioned studies,
it is essential to determine appropriate dimensions of the linkages to obtain the tra-
jectory of ICR, which follows the precision points. However, research on trajectory
changes and comparative characteristics in relation to different mechanisms available
on the market are not widely developed [24]. Catalogues of knee prostheses provide
no accurate information that could be used to evaluate the functionality of the mech-
anism and to fit the proper prosthetic knee to an amputee’s needs.

The problem of kinematics of prosthetic knee mechanisms is currently rarely
undertaken, and if it is, rather based on classical analyses from the late 20" century,
e.g. on the basis of the father of prosthetic biomechanics — Radcliffe. Hence, there
exists a modest number of articles on this subject, despite its significant importance,
which the authors want to show in this publication. Taking the above aspects into
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account, the authors — by generating ICR trajectories with analytical and graphic
methods - have made a comparison of selected knee mechanisms in terms of their
usability tailored to the needs of a particular amputee and the possibility to apply
the results to design new mechanisms or to optimize the existing solutions.

5.2. Materials and methods

In the analysis, eleven types of four-bar knee mechanisms were considered, differen-
tiated, among others, in terms of mobility (values of the maximum bending angle),
dimensions and construction masses, as well as limits to the user’s weight and activ-
ity level (Tab. 5.1). The selection of the mechanisms was made on the basis of appro-
priate catalogue photos (side views of models), then structural diagrams were created
to be used for determining basic structural dimensions (length of linkages and their
mutual location), necessary for further analysis. An example of one of the analysed
models with its created structural model is shown in Fig. 5.1. A detailed description
of the given prosthetic knee is available in the 2020 Ossur catalogue [19].

FIGURE 5.1. Example of the structural model adapted on the Ossur Cheetah knee mechanism [19]
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TABLE 5.1. A list of analysed knee mechanisms with basic technical data

Max LY Patient
Manufacturer, Weight Height . user's .
No. Name bend . activity
Country [a] [mm] .1 | weight
angle [°] level
[kg]
1 | Ossur, Iceland Balance Knee 590 160 154 125 K1, K2
2 | Ossur, Iceland 0P2 650 160 160 125 K2, K3
3 | Ossur, Iceland Cheetah Knee 620 110 108 100 K4
4 | Ossur, Iceland Balance 640 150 107 136 K1, K2
OFM1
5 | Ossur, Iceland Balance OM8 450 160 76 136 K1, K2
6 | ST&G, USA 1321 652 135 108 125 K1, K2
7 | Endolite, India KX06 1230 160 230 150 K3, K4
8 | Endolite, India PSPC E4BKD 888 125 230 100 K1, K2, K3
9 | D-Rev, USA Remotion 618 160 154 80 K1
10 | Proteor, 1P200KD 743 170 195 125 K2, K3
Burgundy
11 | Roadrunnerfoot, | RRF Rodilla 520 165 195 130 K1, K2
Italy

5.2.1. Analytical method

To determine the trajectory of the instantaneous centre of rotation by the analytical
method, SAM Designer (Artas Engineering Software, the Netherlands) and Excel
(Microsoft Office) were used, where calculations based on the articulated quadrilat-
eral model were the key assumption. The scheme of the analytical model of the artic-
ulated quadrilateral mechanism, which was used to determine the ICR coordinates,
is presented in Fig. 5.2.

The L1, L2, L3 and L4 refer to the length of the connecting elements of the mech-
anism, 02 and 64 indicate the angles formed between the links L2, L4 and the X axis,
and 03 is the output angle of the link. The L1 link is treated as fixed, where the coordi-
nates of the end points assume the values: A- (0.0), B- (L1.0). The alpha (a) is the angle
formed between the link and the perpendicular line in its original position [4, 7, 23].

The coordinates of point C and D were determined by the following formulas [8]:

X, =L,cosQ,, (5.1

Y. =L,sinQ,, (5.2)

58



X, =L,cosQ, + L,cos (a + Qa) , (5.3)
Y, =L,cosQ, + L,sin (a + Qz) . (5.4)
Alternatively, the following formulas can be used for point D:
X, =L +L,cosQ,, (5.5)
Y, =L,sinQ, . (5.6)

After aligning and simplifying both forms of the X, Y coordinate formulas for point
D, the following relationships are obtained:

L,cosQ, =L,cosQ, + L, cos(a + Q3) -L, (5.7)
L,cosQ, =L,cosQ, +L, sin(a + Q3) . (5.8)

Then, using trigonometric functions, the equation is reduced to the following form:

AsinQ, + BcosQ, = C, (5.9)
wherein
A=2LL;sin(a +Q,), (5.10)
B=2L,L,cos(a +Q,)—L,, (5.11)
C=L L ~(L,cos(a +Q,)~L,) ~(L,sin(a +Q,)) . (5.12)

The solution of the above equations refers to the tangent semi-angular trigono-

metric functions:
LAENVA B -C

Q, =2tan B1C (5.13)
Q, =tan™ XDYi L (5.14)
IC position coordinates are described by the following formulations:
Y, =X, tanQ,, (5.15)
Y, =X, tanQ, — L tanQ, . (5.16)
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Solving the above equations results in obtaining the final coordinate equations
of the IC point:

_ LtanQ, (5.17)
IC (tanQ, —tanQ,) ’ '
Y, = X tanQ,. (5.18)

The SAM Designer program was used to determine the changes in the angular val-
ues of the linkages (tan 02 and tan 04) necessary to generate the ICR trajectory. Based
on the constructed structural models, the movement path of the mechanism was visu-
alized during 90° bending. Then, a list with changes in angular values of linkages dur-
ing bending and extension of the mechanism was generated by this program. A fur-
ther calculation was conducted using the Excel-Microsoft Office program to define
the X, and Y, coordinate values during the bending movement by subsequent degrees.

Y4 ICR (Xic, Yic)
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FIGURE 5.2. Scheme of the analytical model of the articulated quadrilateral mechanism [21]

5.2.2. Graphical method

To determine the trajectory of the instantaneous centre of rotation by the graphical
method (diagrammatic), a student version of SolidWorks 2020 was used. The created
structural models perform the functions of equivalents of real mechanisms, which are
used for descriptive operations, thanks to which it was possible to generate the ICR
path. Anchoring the appropriate segments allowed to simulate the rotation - i.e. bend-
ing the mechanism by an angle of 90 degrees, thereby to generate motion paths and,
consequently, to draw the ICR trajectory.
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5.3. Results

5.3.1. Analysis and comparison of analytical
and graphical methods

In In the first part of the research the charts with changes in angular values of link-
ages (02 and 64) during bending and extension (from 0° to 90°) of the analysed knee
mechanisms were generated by SAM Designer Artras software together with a course
of mechanism movement paths. The results obtained for the Cheetah mechanism are
presented in Fig 5.3. Also, the values of the angular changes presented in the charts
were converted into a number format in the form of lists.

a)
A(1) [deg] ~ 200.0
~113.86
A(3) [deg]  100.0
81.56 \/
0.0
-100.0
-200.0
~3004)5 2.0 4.0 6.0 8.0
Time [s]
7.08
b)

Y

g X
FIGURE 5.3. Angular changes chart (a) together with the trajectory of Cheetah mechanism seg-
ments (b) [19]
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TABLE 5.2. Angular values of linkages and coordinates of the ICR

No.| Time|s] Q4 Q2 tanQ4 tanQ2 X Y.
0 0 102.25 95.13 -4.60572 |-11.1389 -30.3138 337.6631
1 0.1 99.75 91.59 -5.81966 (-36.0258 -8.28457 | 298.4586
2 0.22 97.25 88.07 -7.86064 | 29.6757 9.004809 | 267.224
3 0.33 94.75 84.56 -12.0346 | 10.50064 22.96351 | 241.1316
4 0.44 92.25 81.07 -25.4517 6.364064 34.39877 | 218.916
5 0.56 89.75 77.57 229.1817 | 4.536933 43.86843 | 199.0281
6 0.67 87.25 74.08 20.81883 | 3.505882 51.70753 | 181.2805
7 0.78 84.75 70.59 10.88292 | 2.838073 58.1696 | 165.0896
8 0.89 82.25 67.1 7.347861 | 2.367332 63.43864 | 150.1803
9 1 79.75 63.6 5.530072 | 2.014487 67.63969 | 136.2593
10 1.1 77.25 60.09 4.419364 | 1.738351 70.88092 | 123.2159

In order to determine the ICR trajectory, numerical values were imported
to the Microsoft Office Excel program, and then the X, and Y, coordinates were cal-
culated, showing the changes in the position of the ICR. Table 5.2 shows exemplary
final results. On this basis a graph showing the trajectory of a moving centrode was
created (Fig. 5.4).
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FIGURE 5.4. Trajectory of ICR - analytical method
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The graphical method was also based on the created structural models, where after
importing into the SolidWorks program, the ICR path with an immediate visualiza-
tion of the results was generated (Fig. 5.5).

FIGURE 5.5. Trajectory of ICR - graphical method

In order to verify the accuracy of the results, the trajectories of the analysed mech-
anism obtained from the both methods were compared by superimposing (Fig. 5.6).

analytical method
graphical method

FIGURE 5.6. Comparison of ICR trajectories of all mechanisms - analytical method
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For preliminary interpretation, the ICR trajectories of all mechanisms were also
compiled in a graph to determine differences in stability and energy expenditure based
on the shapes of the ICR trajectory and an initial point position (Fig. 5.7).
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FIGURE 5.7 Comparison of the trajectory of the instantaneous centre of rotation (ICR) of analysed
knee mechanisms, using the analytical method. A - increased support stability; B - decreased
energy consumption when having to keep the knee straight while placing the foot on the ground,
increased stump lever - greater control over the movement of the prosthesis; C - decreased
energy consumption during flexion at the start of the gait cycle

5.3.2. Comparative analysis of stability and energy expendi-
ture of knee mechanisms

At the end of this research, to evaluate the mechanisms with respect to stability
and energy expenditure, a comparative list with scores (1-10, where 10 points is the best
result) of both criteria was adopted. Tab. 5.3 contains a list of obtained points, con-
sidered individually for each mechanism. There is some additional information about
the maximum bend angle and construction weight, which can be used as further
aspects for assessment. For summary, the sum of points scored for each mechanism
was calculated, according to which the mechanisms were ranked.
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TABLE 5.3. Summary of mechanisms with comparative scoring

Patient o Ener ;
No. Name activity level S(t1a :'I(;;y consumﬁion TOtal_';%')" ts

(K1-K4) (1-10)
1 Ossur Balance Knee K1, K2 10 10 20
2 Ossur Cheetah Knee | K4 7 7 14
3 D-Rev Remotion Knee | K1 9 5 14
4 Ossur Balance OFM1 | K1, K2 7 6 13
5 Proteor 1P200KD K2, K3 4 9 13
6 | OssurBalance OM8 | K1,K2 8 4 12
7 Endolite PSPC E4BKD | K1, K2, K3 2 8 10
8 | OssurOP2 K2, K3 4 4 8
9 Endolite KX06 K3, K4 1 6 7
10 | ST&G 1321 K1, K2 4 2 6
1 RRF Rodilla K1, K2 4 1 5

Fig. 5.8 presents a comparison between stability and energy consumption

in the form of bar charts, generated in the Excel program. The charts are based on val-
ues related to the adopted scoring.
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5.4. Discussion

The following article presents a comparison of ICR positions and the trajectories
of the four-bar prosthetic knee mechanisms in relation to the stability and energy
expenditure. These trajectories are a valuable source of information about the kinematic
properties of the knee; therefore it is true that a correctly constructed prosthesis should
reproduce the ICR trajectory design for the knee mechanism, and the greater the simi-
larity to the natural knee, the better the performance of the prosthesis [3, 11]. However,
it should be remembered, that the authors were guided by only two of the many impor-
tant aspects of lower limb prosthesis.

Currently, there are no studies that clearly determine the optimal prosthetic knee
mechanism for a specific user in terms of the above criteria, which would facili-
tate the selection for amputees. One of the closest studies is the analysis conducted
by Munoz-Cezar and Hernandez-Gomez [16], where the authors carried out the opti-
mization of the designed mechanism with the Taboo Search Algorithm. This work con-
sisted in the exploration of random combinations of the length of the linkages within
the range of stability, and based - on this information - the prosthesis was manu-
factured and adapted to a patient. Unlike the above mentioned research, the authors
of this article proposed a visualization of ICR trajectories and an assessment of the suit-
ability by graphical and analytical methods, not only in terms of stability but also
of energy consumption. Energy expenditure is a measure of walking that reflects
the functionality imparted by the prosthesis to the user. The measurement of energy
consumption is sufficiently sensitive to changes in the designs of prosthetic com-
ponents [6]. The paths from both methods are characterized by considerable simi-
larity, which confirms the correctness and accuracy of the results. Further exam-
ples of research, such as a design of a linkage gait trainer [23] has been developed
with the use of a four-bar mechanism to generate normal gait trajectories, where
the linkage parameters are considered on the basis of the N-precision points to solve
a loop-closure equation. The real trajectories are taken with respect to a global refer-
ence frame. However, the obtained dimensions should not exceed the design values
proposed in this study and there is a need of the usage of control technology.

The variability of ICR path shapes testifies to a different functional property
of mechanisms [4, 10]. The shapes and location of the ICR is characteristic of each
mechanism, some paths had a gentle course, while others fell sharply at the initial
stage of bending, where with each increment by subsequent degrees, the ICR moved
in the direction: down and forward. Paths, which quickly fall close to the knee axis
with the initial bend movement also provide good cosmetics while sitting. However,
a too rapid fall is not safe as it leads to an increase in the moment of muscle forces
responsible for control of the leg [6, 18]. The greater the elevation of the instanta-
neous centre of rotation towards the hip, the lower the value of the force required
to manipulate the prosthesis, which facilitates the recognition of the ground before
the transfer of weight to the artificial limb [3]. In order to design an efficiently work-
ing mechanism, the ICR should be placed as high as possible in the rearward direction
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when it is in a fully extended position, but also the appearance of the natural knee
when bent by 90° should be preserved [22, 23]. For example, the Balance Knee mech-
anism obtained the greatest stability — its trajectory in the initial bending phase was
the farthest from the axis. However, Remotion Knee, Balance OMF1, Cheetah Knee
and Balance OM8 mechanisms also achieved good stability, while the lowest values
were obtained by the Endolite PSPC E4BKD and Kx06 - knee joints for the most active
users who have the strongest stump muscles and the greatest control over the pros-
thesis, so they do not need so much stability built into the prosthesis. It could even
limit their activity. The knee for active users (K3, K4) should provide stabilization
at the first 10° of flexion, for less active users (K1, K2) the stabilization should cover
the range of up to 30° of flexion.

From the point of view of the energy expenditure, Ossur Balance Knee, IP200KD,
PSPC E4BKD and Cheetah Knee were characterized by the lowest energy consump-
tion necessary to initiate the mechanism bending - they had the highest elevated
ICR points, while RRF Rodilla, 1321, Balance OM8 and OP2 mechanisms required
higher energy input during usage. This is due to the fact that these are safe knee
mechanisms intended for users with a low activity class, in this case a large amount
of energy needed to bend the joint is a kind of brake and provides safety for a less
active user of the prosthesis.

Additionally, by visualization of the ICR trajectories it was possible to determine
mechanism classes. In this study, most of them were classified as a type with elevated
and retracted initial ICR position during full extension, while the knees for which
this point was located in the area in the front of the axis were defined as a mechanism
with controlled flexion movement combined with low energy expenditure. The right
selection of a prosthetic knee depends, among others, on the age, health condition,
expected level of activity and lifestyle of the amputee [4]. The achieved results showed
that the latest or advanced technologies (1P200KD, PSPC E4BKD, Kx06) will not
be an ultimate solution for every person, they are mainly suitable for active people
who expect a higher function level and the possibility of smooth movement at vari-
able speeds and terrain. Surprisingly, good results were obtained by the Cheetah
Knee prosthetic knee, which is intended for runners - despite the fact that it scored
7 points on the scale of stability and 7 on the scale of energy consumption, it is worth
taking a closer look at the kinematics of this mechanism. The prosthetic knees like
OP2 can be classified as four-axis mechanisms for typical, moderately active users,
with a wide application in clinical prosthetics, which — due to increased support
stability — allow for a natural, efficient movement. Mechanisms with very high sta-
bility (Balance Knee, Remotion Knee, Balance OM8, Balance OFM1) are intended
for the elderly, less mobile people, for whom the sense of security is more important
than functional performance. Prostheses of this design also help in the initial stages
after the amputation procedure, while learning how to use a new knee, which is cru-
cial to avoid discomfort and fear of tripping or falling [6].

A collective comparison of the mechanisms (Tab. 5.3) with the adopted scoring
shows that the Balance Knee obtained the highest total points and the highest results,
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at the same time regarding the two analysed criteria. However, it should be remembered,
that the authors were guided by only two of the many important aspects of the lower
limb prosthesis. It should be also borne in mind that the instantaneous centre of rota-
tion for the Balance Knee, at a 90° bend, is distant from the anatomical axis of the knee
joint — which results in an unnatural position of the prosthesis, because these points
should coincide. Due to the fact that such a large distance has to be covered, the ICR
must be quickly moved towards the X axis during the bending movement in the joint.
At the moment of an unpredictable event, when the burdened knee bends by several
degrees, there is a sudden change in characteristics, which may be unintuitive and also
dangerous for the user. One parameter is always obtained at the expense of the other,
hence it is worthwhile to conduct a comprehensive evaluation of the mechanism
to obtain its full characteristics.

It can be concluded that the most optimal solutions are Cheetah Knee and Balance
OFM1 knees, which had similar values for both considered criteria. The least favora-
ble parameter values were obtained by 1321 and Rodilla RRF knees.

5.5. Conclusions

This article has demonstrated how manipulation of the position of the ICR by appro-
priate length and arrangement of the linkages and the location of the axis contrib-
utes to the achievement of the desired features and help to understand how four-axis
mechanisms affect stability, energy expenditure, comfort, and the cosmetics of gait
of the amputee. This analysis, along with the indicated dependencies, may also lead
to further research on the design method for the specific user of the prosthetic knee
mechanism, as well as may be used to assess and compare the suitability of models
available on the market.

Nevertheless, the presented study, which is necessarily based on a limited num-
ber of examples, clearly shows that the analysed mechanisms differ greatly in terms
of the position and shape of the centrode. This means that the mechanisms have
probably not been optimized in order to minimize the patient’s energy expenditure
and also to ensure maximum stability during gait. This also means that the clas-
sic considerations of Radcliff and Green are still not reflected in the design process
of modern knee mechanisms.
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