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Abstract

Six-bar linkages have been used in some prostkieties in the past years, but only a few publicativeve been written
on the special functions of the mechanism as usédnsfemoral prosthesis. This paper investigdtesadvantages of
the mechanism as used in the prosthetic knee fn@rkinematic and instant inactive joints pointsvifw. Computer
simulation and an optimization method were useth@investigation. The results show that the sixthachanism, as
compared to the four-bar mechanism, can be desigmbdtter achieve the expected trajectory of thidexjoint in swing

phase. Moreover, a six-bar linkage can be desigodaave more instant inactive joints than a four-bakage, hence
making the prosthetic knee more stable in the stagnphase
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1. Introduction

Four-bar mechanisms have been widely used in thethptic knee for many years and are a subject
of investigation by Zarrugh, Radcliffe, Hobson, awitier scientists and researchers [1-4]. Six-bar
mechanisms have been successfully used in somejéimég such as Total Knee and 3R60 Knee
produced by the Otto Bock Company; a few publicetion kinematic performance of the six-bar
knee mechanism have been reported [5, 6]. The geoenstitution of multiple-bar linkage for the
prosthetic knee was outlined by Van de Veen [51, ufurther investigations have been reported.
Patil and Chakraborty designed a particular six#ra@e-ankle mechanism to provide coordinate
motion between knee and ankle joint during walkargl squatting [6]. Compared with four-bar
mechanisms, six-bar mechanisms have much moredesigables. Therefore, with appropriate
design, six-bar mechanisms can provide advantdgdsare more functional. The basic concerns
with kinematic of a prosthetic knee include thet gaittern (especially the trajectory of ankle jamt
swing phase, which provides enough foot groundraleze), angular displacement of the shank, and
stability in the standing phase. Moreover, with thtelligent knee developed in the last several
years, the desire has been to adapt the prostbesaking speed and terrain [7, 8].

In this paper, the kinematic performance of thebsixk mechanism used in the prosthetic knee is
investigated by optimization method. First, the stdations of six-bar linkages with total revolute
joints are stated. Second, the optimum design poeds adopted for kinematic design to realize the
expected trajectory (spatio-temporal curve) of #mkle joint. Moreover, because more Instant
Inactive Joints can exist in six-bar mechanismshtban exist in four-bar mechanisms [9], the
stability in the standing phase can be ensured endar some disturbance.



2. Methods

Fundamental types of six-bar mechanisms are the tWym and Stephenson type as shown in Figure
1. Based on these two types, the knee joint hasdonfigurations (see Figure 2(a-c)). The design
parameters of these configurations are the same palticular objective is to constitute the six-bar
knee mechanism so that he shank is fixed to liok 6 while the thigh is fixed to ink 1. Otherwise,
for example, if the shank is connected to linkignt the function of the six-bar knee mechanism will
be the same as that of four-bar mechanisms.

Figure 2. Configurationsaf 1, () 2, () 3, and ) 4 of six-bar mechanism farosthetic k

The kinematic design aims to achieve the expectgéctory of the ankle joint and the locus of the

geometric center of the knee mechanism and to ertker stability in the extended position of the

knee. Meanwhile, the dimensions of links shouldvwathin an acceptable range. The geometric
center of the knee mechanism can be calculatechéyeguations (1), where xgc, ygc are the
coordinates of the geometric center of the kneehar@sm and xi, yi are the coordinates of the seven
joints of the mechanism.
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To meet the requirements just mentioned, we adapiedptimum procedure. The optimization is
based on the expected relative motion of thigh strahk. As an example, taking the configurations

shown in Figure 2(a) with the shank and link 5 amtad (Figure 3) the optimization problem is
expressed in the subsequent paragraphs.

Figure 3. Design parameters for optimization

2.1. Objective Function
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wheren is the number of selected points in a gait cyck5; X, Ypi are the calculated coordinates
of the trajectory of the ankle joint during the iopim process;X;, ¥,;are the coordinates of the

expected trajectory of the ankle joinii,xkiare the calculated coordinates of the trajectoryhef
geometrical center of the knee joint during theiroptn processX,, ¥, are the coordinates of the
expected trajectory of the knee joint; aDil,C2are the weight factors ar@ll+C2=0.9+0.1=1C1 is
much larger tha2 here, because emphasis is put on the locus aitkle joint.

How to choose the expected trajectory is a probteeded to make further studies. What we used
here is based on the gait analysis of the souredfid transfemoral prosthesis user while walking a
a normal speed (1.2 m/s), because we hope to setha level of symmetry of gait parameters.
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By defining a framexOy fixed on the thigh, shown in Figure 3, the desigameters can be
expressed as a vectbisuch that

x = [Xl'XZ’XS""’X16] = [|1'|2'|3""’|14’6'ﬂ] (3)

The variables in the vector are as indicated iuf@@. There are, in total, 16 elements, includidg
dimensions of links and two angular positions a thigh and shank and, respectively. The
coordinates of the points A, B, C, D, E, F, G, ladd P in the frame are expressed as functiotisof
design parameters in the following equations:

x, =1,,cod6) (4)
Yy, =ly,sin(6) (5)
=1, sin(6) (6)
Ya =% +1;,c046) (7)
xs =% +(1,-1,,)sin(6) (8)
Yo =% =(1;7;,)cod6) 9)
F(Xas Yas X, Ve Bil) (10)
Fy (Xar Yo e Vi Bils) (11)

I P P P
{ A B
X5 = F (X, Ye 1 Xg: YolToss) (13)
Yo = F, (X, Yo Xg. Yo.775 1) (14)
Mg =COS ( 22|3 J (15)
e =eos{ B~ 0
Ve = Fy(Xar Yar Xe, Ve f7e) (18)
X = F (X, Ye X0, Yo /76 s) (19)
Yo = Fy(Xc, Yo X0, Yo /6. ls) (20)
Ne = cos‘{—|52 ury —IGZJ (21)

24,

Xe = F (X, Ve Xo 0 Yo /76 1) (22)
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Ye :Fy(XE'yE1XG1yG1I7F1|9) (23)

|
Y = Xe +|1_3(ye - yF) (25)
10
Xp =X, +ly, co{tan‘l(uJ + a] (26)
Xg = X¢
Yo =Y, + Il4sin{tan‘1( Yo ~ Ye j+a} (27)
Xg = X¢

where “Funxy” is defined in Equation (16) as:

(%, = x,)cos7 +(y, —ys)sinz
V06 =% )+ (v, -y,

(% =%, )sing +(y, - y;)cosy
V0o =% ) +(y, -y

where | is the distance between points R and $iasdhe angle between the two lines S-R and T-R.
Equations (28) and (29) is used to calculate therdinates of an arbitrary point(Ry) based on
coordinates of the other two known points S(x1,319T(x2, y2).

Fx(xl’Y1’X2’Y21’7’|):X1+

(28)

Fy(x1’y1’X27y2’,77|):y1+ (29)

2.2. Constraints

Self-locking condition in the extended knee posisigiven by
(Vi =y )xe = %) = (ve =5 X = %) (30)
(YE ~ Ve )(XF - XG) = (yF ~ Yo )(XE Xk ) (31)

Dimensional limitation of links i8imin< |; < limax (I=1,2,...,14)whereli is the same as defined in
Equation (3) andimin andlimax are the dimension limitation to the length etk bar. The
minimum and maximum dimension ¢ig$ displayed in Table 1.

Table 1. The limited values of the design varialffes)

oL 1, b 1
| 35 90 60 55 40 35 50

i max
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5 50 30 20 15 10 25

i max 30 25 50 52 55 25 45

12 10 20 20 18 8 15

3. Genetic Algorithm

The discovery of genetic algorithm (GA) was datedhie 1960s by Holland and further described by
Goldberg [10]. The GAs have been applied succdgstol problems in many fields such as
optimization design, fuzzy logic control, neuraltwmerks, expert systems, scheduling, and many
others [11]. For a specific problem, the GA codesolution as an individual chromosome. It then
defines an initial population of those individusihet represent a part of the solution space of the
problem. The search space therefore, is defingdeasolution space in which each feasible solution
is represented by a distinct chromosome. Beforesé¢laech starts, a set of chromosomes is randomly
chosen from the search space to form the initighufadion. Next, through computations the
individuals are selected in a competitive mannageld on their fithess as measured by a specific
objective function.

The genetic search operators such as selectiorgtioutand crossover are then applied one after
another to obtain a new generation of chromosomewhich the expected quality over all the
chromosomes is better than that of the previousmion. This process is repeated until the
termination criterion is met, and the best chromosmf the last generation is reported as the final
solution.

4. Results and Discussion

The After the optimization method of genetic algan Function is applied, the design parameters
are obtained as:

X =[xy, Xpn X = [ 11500l B A ]
:[25,71,40.6,38,28.2,21.8,32,18.9,6.85,32,,38.5,14,26.9,8% ,100]

Then the six-bar knee mechanism was designed,henttajectory generated by the mechanism can
be obtained by the kinematic analysis being applléet comparison of the generated trajectory of
the ankle joint with expected ones is shown in Fegd. The mean square errors for ankle and knee
are Errankle = 1.96% and Errknee=11.43%, respdgtiidhe comparison of the trajectory of the
ankle joint in swing phase of the six-bar linkagee& is also made and given in Figure 5. The
dimensions of the four bar linkage were designdt tie use of the same procedure as that used for
the six-bar linkage knee. The mean square errankle joint trajectories of the four-bar mechanism
Is 6.71 percent, while that of the six-bar mechanis 1.92 percent.
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Figure 4. Trajectory of ankle joint by optimal s linkage
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Figure 5. Trajectory of ankle joint by optimal $»&r in swing phase

5. Conclusion

The six-bar prosthetic knee mechanism has beerstigated from kinematic point of view in this
paper. The performance of the knee mechanism wrshothe following aspects:

* The trajectory of the ankle joint and the movetwdrthe shank can be much closer to that expected
than to that of the four-bar linkage if one wereafiply the optimum design procedure proposed in
this paper.

» Since more IlIJs exist in a six-bar linkage tharaifour-bar linkage, a six-bar is more capable of
maintaining stability in standing phase under ii@emce.

The mean square error of ankle joint trajectorieghe four-bar mechanism is 6.71 percent, while
that of the six-bar mechanism is 1.92 percent.
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