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Abstract—In one of the prosthesis designs for lower limb Due to design complexity they are quite expensiwet

transfemoral amputations artificial knee joints hwipolycentric
mechanisms are used. Such prostheses are chamedtdry high
stability during the stance phase of the movem@&hie existing
variety of polycentric mechanisms indicates thespmbty of finding

the optimal prosthesis design satisfying severalityucriteria.ln this
paper we present a multicriteria method for thetlsgsis of the
artifical polycentric knee mechanism based on thiéorm systematic
study of the design parameters space and on thHesanaf Pareto
optimal solutions.
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|. INTRODUCTION

compared to the single-axis provide a high levektability
and functionality. Generally prostheses with pohtce
mechanism of the artificial knee joint (PMAK) prade greater
maximal angle of knee flexion. In the sitting pasit the
effect of the thigh length reducing is implement&dich
makes the appearance of the amputee with a longpstu
(including amputation with disarticulation of th&@de) more
natural. Walking with such prostheses is more cotafide
and less tiring for amputees [3].

One of the major drawbacks of traditional PMAK is
relatively low ability to simulate the natural merent of the
knee. That is, increasing the functionality of fhresthesis is
achieved by reducing the cosmetic aspect of thenstoucted

FORa long period of time mankind has attempted totereamotion. But, obviously, in the process of designitige

artificial devices (prostheses) capable to repkctully as
possible natural human organs lost or damagedaluarious
reasons. First of all such devices were createdstmre motor
functions lost due to loss of the lower limbs. Qreside, this
problem seemed the most simple on a technical ,|levethe
other side - the restoration of motor activity altoa person to
carry out vital actions even with quite simple ded. The
obvious drawbacks of such devices have stimuldtegéarch
for new, more sophisticated designs that could awprthe
quality of life for amputees. However, despite thege
technological progress made to date in this amaet limb
prostheses are still not correspond to biologicshl@gues
from different points of view [1].

Lower limb prostheses for transfemoral amputatidiffer
by the kind of thigh and shank joint (single-axisda
polycentric) and by the control methods [2].Singkes
prostheses have a fixed center of rotation of thadiative to
shank, are relatively inexpensive and with high usacy
simulate the motion of the knee. However, thesestheses
have low functionality and are not sufficiently s during
the stance phase.In the polycentric prosthesesigrosif the
instant center of rotation (ICR) continuously chesgwith
changing of the angle of knee flexion.
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optimal from a cosmetic point of view PMAK, this
disadvantage can be eliminated or at least minithize

To date, PMAK studied in detail [3, 4]. Commercgyahhere
is available a set of designs offered by the wddadbwn
manufacturers of prosthetic devices: Ossur, OttockBo
Hosmer, Endolite, Teh Lin and others. Howeverhibidd be
noted that almost all of them are significantlyfeliént from
each other, not only by constructive but also bycfional
characteristics. As an example, Fig. 1 shows sarherses of
the four-bar PMAK and their centrodes at motion $iank
relative to the thigh.

Thus, it can be stated that, despite the advantaigtdeese
design options, none of them is globally optimabwéver, all
of them, obviously, satisfy certain quality criteriaken into
account when designing.

Approaches to the solution of the PMAK optimization
problems which described in the literature are tase
traditional methods of the mechanisms theory, trectral
realization of which was made possible by the uhtiion of
computers in computational practice.

In [5, 6], considering the biomechanics of walkirthe
authors decided to set the PMAK optimization prablby
minimizing the proximity criterion of the desirednd
practically implemented centrodes of the relatiwetion of
thigh and shank:

®, =eU +6Xp +&Yyp 1)

where®, - the value of the objective functidm;- the
maximum distance from the ICR at any input anglethte
desired ICR at the same anglex,- - the maximum

horizontal displacement; y,,- the maximum vertical
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displacementg, e, e, - variable coefficients.In this approacl

variety of optimization methods can be used: Rossoi|[7],
Powell [8], Fletcher and Reeves [9], etc.
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As it was noted by the authors, the final mechanishich
can befound by this method, depends on many factorsfi
among them are the quality of the initial approxiora and
the compliance of the realized and desired censtoler the
final version it is proposed to improve the initedsumption
until the appropriate solution is found [5].

A similar approach can be used in the formulatibotber
quality criteria. For example, in [10] authors seggPMAK
optimization procedure based on functional and etier
requirements.

Thus, unlike [6], the coordinates tife centrode were used
in the objective functio®, indirectly inthe form of penalty

functionsf;, taking into account it®cation relative to th
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permittedvoluntary control area. Thus,
function was presented the following form

@, :Z::(fi )+iZ::[(XRF.’ ~Xp )2 +(yRE‘ ~Yr )2] @)

whereN — the total number of different knee positions dul
the stance phasdf, - penalty functions that are equal to z
if ICRjlies within voluntary control area and takil
sufficiently large values otherwi; Xp, Y

experimental and implemented coordinates of thepleo
points, tightly associated with the femoral compunef the
prosthesis, respectively.

The initial data of the optimization process weneeg:

- the coordinates of the experimental pciXgp, Yrpjfor

the object

Xrpr Yrp)

each experimental flection an g, , i =1...,N;
- the feasible values regioof the design parameters

Xpinj < Xj < Xpaj » ) = 2...10, (3)
limited by minimumx_, .. and maximun x..; values;
- limitations of the voluntary control ar
Per = P » @)
(aH‘P‘_amax)s'BICRS(aH.R+ama>s)' ®)

wherep,s , oy - current and minimum distances from -
ICR to the center of pressure (COP), respectiva,,, - the

anglebetween the line connecting the center of the hip
the COP and the axis of the global coordinate syst¢a,,, -

the maximum angle between the direction of the orecf the
ground reaction force (GRF) and the straight liresging
through the center of the hip and the COP, limiting
permitted voluntary control area, defined for tlaele stage c
the stance phase taken into accc

To minimize function (2) it is recommended to upedfic
algorithms, taking into account the facat its range has many
gaps due to the presence of penalty functionsef@ample
genetic [11,12], neural networks [13], control
deviation[14], etc.

Sufficiently detailed analysis of the examples aballows
assertinghat similar PMAK optimization ce be performed in
accordance with other criteria of quality. But la¢ same time
some of the possible criteria may be controverarad as :
result will be received mechanisms with contradig
characteristics.

Correct solution of the engineering probs with a given
set of criteria (possibly controversial) can beaifed using
multicriteria optimization techniques. For example,[15] a
hybrid multicriteria genetic algorithm w used for Pareto
optimum synthesis of fo-bar linkages considering the
minimization of two contradictory objective functio
simultaneously: the function of tracking error ghd function
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of transmission angle deviation from 90 degree. abtthors
found that the hybrid Pareto optimum synthesis of
mechanisms could unveil very important design traffe
between conflicting objective functions which wouldt have
been found by other methods.

For the first time genetic algorithms have beers@nged by
J. Holland [16, 17], and then were successfullyliapgpto
solve many optimization problems. For the probleofs
mechanisms synthesis they were adapted by the dwetho
proposed by W. Fang [18]. As noted in [11], the mai
advantages of these methods are their simplicity
implementing the algorithms and their low compuatadil cost.
At their using no need for a deep knowledge abavameters
space, such as whether or not it is continuousemts local
minimums etc. However, these advantages are sinadtesly
the disadvantages in the solution of problems whibie
properties of the parameters space are importamgnwhis
space should be investigated as fully as posdiblparticular,
this task is the synthesis of optimal PMAK in ac@rce with
a set of quality criteria.Significant advantagestindecision
can be achieved using the Parameter Space Invastiga
method (PSI method), developed by I. Sobol andt&nikov

in

Yicr

where

based on the sequences of points uniformly isted in the F, =sin(g,), F, :005(93)_ﬁ F,=- XX X=X +ﬁcos(gg).
X3

multidimensional cube opened by them [19, 20, 21].

The main purpose of this work is to develop a bida
universal algorithm of PMAK multicriteria synthesi the
base of PSI method.

Il. FORMULATION OF MULTICRITERIA OPTIMIZATION PROBLEM

A. PMAK mathematical model

Let an optimized PMAK has a four bar linkage stawetlts
design scheme is shown in Fig. 2.

In this mechanismAB is the input link. It is assumed that it
is tightly associated with the hip and moves plane-
parallel relatively to arbitrarily still [ink0,0,, fixed to
the shank, whichis associated with the moving esysbf
coordinate€),x y, . During the motion relative to the joiAt,
link ABrotatesat an  anglg,which istaken asan
independent generalized coordinate. This: 62(93) and
6,=6,(8,) - the functions of the generalized coordirte
. Rotation angles of all links are measured frome ttie
positive direction ofthe x-axis and considered ifpos if
directed counterclockwise.

In order to unify, we introduce the following natat [10]:
loso1 =X, lqA:XZ’ | g =X, |Bo3 =X Xg = Xs5s Yo T %6
Vi=Xe, 3=6- =X, lpp =%y, V3 =X, Here the symbol
denotes the length of the links indicated in thalekes ;
Xo,1 Yo, - the global Cartesian coordinates of the ja@int y; -

the inclination angle of the linRO, relative to the x-axis of

F,+F,

Fli1/F12+F22—F32]

g, = 2arctarE

(6)

g, = arcsi{ X, sin(92)+ Xq sin(Hg)j @)

X4

N tan(é’4 + x7)cos(x7)—sin(x7)

tan(g, +x,)-tan(g, +x,) e

Xicr = %5

+ tar(‘gz X )[tar(94 + X7)COS(X7)_ Sin(x7 )]
tar(94 + X7) - tar(ez + X7)

=%

®

(3, (9)

Xp = X5+ X, Coiez +X7)+X9005(93 +X10+X7): (10)

Yo = X, + X, Sin(6, + X, )+ Xg sin(6, + x5 + %, ), (11)

2%X, X3
y() \
o\
aICR The moving ctntrode
Wwoe®
\\\\ ® W
\ [ ]
LU °
\ \
\ \
\ \ °
\ N °
\\ \ Y
\ A M
\ \ °
\ \
The trajec¢tory of |

reference point P

X

Yi

X0

the global coordinate system;y, -the angle between
the segment#B andAP ; g_ - the knee flexion angle.

From the conditions that the circu® ABO,O, is closed, we
obtain [10]:
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Fig. 2 Calculated scheme of a four-bar PMAK model
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B.PMAK quality criteria (objective functions), paratrie C.Multicriteria optimization problem
and functional constraints The design variable (3), functional (13) and critef12)
Assume that PMAK must satisfyn=2the quality criteria constraintsdefine the feasible solution seDOI.
(1) and (2)simultaneously.At the same time in {8 penalty Letusformulatethebasicproblemofmulticriteriaoptiation:
functions f can be considered constant and equal to zerib,is necessary to define the feasible solution Befl M and

while in (1) find a set POD such thatD(P):r)pDiQ[CDl(X),...,dJm(X)]
where P is the Pareto optimal set.
N . . . . . .
PointX. ODis called Pareto optimal if there is no point

U =Z[(XDICR ~Xicr )2 +(yDICR ~Yicr )2], ' P P

=) XOD, such that OkO[Lm]: ®, (X)<d,(X,)and
e=1¢=6=0. ko, (X) <, (X,).
Taking into account the expressions (6-11), theega (1) Ill. THE ALGORITHM OFPSIMETHOD

and (2) can be computed unambiguously if theregaen The main peculiarity of the PSI method is the pdubst of
coordinates of the desired centrfeigg. Yo fand the 5 systematic study of the n-dimensional paramgiaces of

coordinates{xRE,, yRE,} of the desired trajectory of the poiRt ~ Points uniformly distributed in it.
for a set of values., , i =1...N . Independent design variabbes j=1...,n get out as co-

At this stage information about the dependence hef t
criteria not required. In addition, if they deperidey can be dimensional spacé,. Clearly, for reception of the authentic
coherent or contradictory. When solving more compledecision of a task, the space of parametrshould be
problems the greater number of quality criteria bentaken investigated as more as possible full, otherwigmissible loss
Into account. . o L of really optimum solving, from the point of viewf the

The exact sqlutlon of the multicriteria optlmlgatlproblem chosen criterions. Offered by I. Sobol and R. Skatrthe
of complex objects, as a rule, cannot be obtaiiéerefore, LP, sequences of the uniformly distributed points ie th

initially, you must specify a valid accuracy of thelution in ] i ) ) )
the form of constraints of the quality criteria fioobjective dimensional cube, is allow regularly to investigtte space of

ordinates of pointsX,, i =1...,s in uniformly distributed n-

point of view parametersP, that gives the chance greatlyto reduce number
of trial points at synthesis to the minimum.
O (X)S P k=1.m, (12)  Let ! - is a number of poinX;, and j - one of its co-
ordinates. Then for set is calculated an auxiliary parameter
where®d_ ., - is the worst value oﬁ)k(x) acceptable to an Ini

expert. These constraints can be repeatedly revisethg M :1+E' and then for j=1..n - is calculated co-

solving of the problem.
As a design variables we assume=10independent

parameters;, j = 1...,n, which constraints are specified by
(3). The set of these parameters represents at poin D e R o (1) k=11

=32 — i2 R"2 , (14
X(xl,...,xn)of the n-dimensional design variable space and 3 kZ‘ 2§[2{ }][2{ : }] 14
boundary values,, define a parallelepipefil in
this space. From the expert's perspective, the thayrvalues whereRf')- coefficient of numerators tablez— number in
can be modified, if that leads to improvement of thasic square or figurate bracket{;z]— whole part,{z}— fractional

criteria. part of numbee. Co-ordinates of trial pointX; (variable

Functional limitations are usually given in the rforof )
inequalities of the form parameters of synthesis) are calculated then uhddormula

ordinates of points§ ; of theLP, sequence [19]

and x

max

Crinr < fr(x)SCmaxr ,r=0... (13) Qi = Xinj +(Xmaxj _Xminj)s,j . (15)

In this task, as functional limitations the conaliti(4) and At X, :(au’----am)are calculated the expressions (6-11)and
(5) are accepted. FunctiofiX) together with ¢, and yerified functional limitations (13). If they aratfisfied, then

Craxs @€ some requirements of the designed object thide point X, shown as a trial and in it is calculated the values

sometimes an expert can successively revise inromle of the quality criteria (12).Otherwise, this poisitdiscarded.

improve the basic performance criteria. Let the number of selected pointsrisp< n. For each of
the computed criteria of quality is constructedhble of tests
in which
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D, (XN <D, (X¥) ... D, (X)), (16)
Where the numbelislk 2... knspin general, differ for eac
k=1..m.

According to the study of the parameter space ca

constructed the correlation matri>HrW, rae’r,, the

coefficients of pair correlation of the criteri® (X)and

@,(X), u#v. This matrix allows us to estimate the dec
of linear relationship between any two criteri, forexample,
r, =lthen the criteria dJﬂ(X)anch,,(X)are linearly

dependent and, when changing coordinates of thet | X:
cDV(X)= K BD#(X), whereK - some consta. If K <0, then

the above criteria - contradictory i.decrease the value of o
of them leads to an increase in the other.

The scheme of algorithm for determining the feas
solution setD O 1M is shown in Fig. 3.

©
Start

Al
Process: PMAK Synthesis

The number of synthesis parameters: j=1,...,n

The number of functional limitations : r=1,...,|

The number of quality criteria :

The initial number of the trial points

of the parameter space: i=ls -13c-

T ES+S

2-
nsp=0, i=0
Parametric constraints
Functional constraints
Criterial constraints

-13b-
Loosen
constraints

=i+l -13a-
Loosen
constraints

!

-12-
Assessment of the situation
The recommendations of
the expert

Calculation of the
trial points

process are
satisfactory

-6-
The functional
constraints are
satisfied

e
The criterial
constraints are
satisfied

nsp=nsp+1
X(nsp)=X(i)

Fig. 3 The scheme of algorithm for determinthe feasible solution
set

Finally, the analysis of the feasible solution :D O
allows us to construct a Pareto optimal solutiadrP O D .
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IV. CASE STUDY

The program to implement the procedures for
multicriteria synthesis ofPMAK was developed based on
PSI method.The testing of program was carried out
accordance with the objectives set out in [5] add]|
However, the desired centrode and the referengectoay of
the point P at the knee bending were taken at randomr
general. It was assumed that the relevant poithefdesire
centroids belong to the segment of a straight lemed the
point of reference trajectories lie on the arc ofciecle,
oriented in a certain way in thecinity of the synthesized
PMAK. At first supposed to explore the parametgrsace,
which includes 1bsampling point:

In addition to the abovdescribed functional constraints |
and (5) in the program was provided a procedure
calculating the boundgrconfigurations of the mechanism
cases where the Gias conditions not implement[23].

The parametric constraints (3) were chosen baseth®
known dimensions of the realizfour-bar PMAK.

In Fig.4 is shown a variety of configurations ofe
synthesized foubar PMAK, the moving centrode and 1
point P trajectory.

JE .
150 i . The desired centrode

. - = The centrode of the
* synthesized mechanism

. = = The reference (desired)
trajectory of the point P

. The trajectory of the point P
1004 ' of the synthesized mechanism

50

LA R B ',\, X, mm
-20-10 0 10 20

Fig. 4 The test solution of the PMAK multicriteria syntrs

V.CONCLUSIONS

Fourbar mechanism obtained in the result of synthesie
not be considered as optimal in terms of its uslewer limb
prosthesis for transfemoral amputees. However,
mechanism is close to optimal, taking into accoacteptec
criteria of quality andthe desired functional characteristi
which in this example were chosen arbitr: At the synthesis
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was obtained the set of Pareto optimal solutiond @s [15]
analysis allowed to select the most appropriatengtom the
perspective of the authors.

To achieve a truly optimal PMAK at the initial stagf
synthesis is necessary to specify the real desiréd]
characteristics, which can be obtained as a resiilt
biomechanical gait analysis not only of differeategories of
disabled persons, but under different conditiontheir life.In
formulating the quality criteria should take intocaunt the
dynamic characteristics of the prosthesis, as askspecially
in the design of the proposed control system.

It should be noted ease of implementation of thd PS
method and a high level of its informativeness. treogue

[16]

(18]

[19]

[20]

process of solving the problem allows us, finaltypbtain the [21]
most appropriate design.Moreover, PSI method, wisarery (22]
important, allows the designer to analyze and "bptions"
that may be optimal for other quality criteria.

The disadvantages are the relatively large comipntt [23]

cost. However, given the growth speed of modernpmders
and the importance of the tasks which should beegptheir
canbe considered insignificant.
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