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Abstract: The displacement of different parts during gait cycle as force and pressure effect can contribute
to developing and increasing of lesions. In present paper we investigate the viscoelastic model for pros-
thetic skin using a rheological model, the Maxwell slip model. We propose a Maxwell model for hysteret-
ic behavior of skin (force vs. displacement) at the interface of stump-socket in transtibial prosthetic case.
Various methods for parameter optimization in the Maxwell model are discussed and a novel method is
proposed: genetic algorithm with multiple separated chromosomesin order to find the minimal number of
elasto-elements with maximum performance of model. The Force and displacements are measured using
Finite element model (FEM ) and simulations. The experimental results of simulation take into account
two different form of hysteresis for two different locations on stump.

Key words: Hysteresis, Maxwell model, genetic algorithms, stump-liner and stump socket interface,
trangtibial prosthess, finite element model.

1. INTRODUCTION in order to repair or change the blunt will be reskdin
order to avoid these changes, the prosthesis meist b
designed in such a way so that the sensitive aretwe
amputated limb would bear a smaller pressure opdine
of the prosthesis and the socket, while the mosiieat
aegions would bear a higher pressure.

The displacement of different parts during gaitleyc
as force and pressure effect can contribute toldpivey
and increasing of lesions. The characteristichefindi-
vidual skin have an influence over the resistarfcekin,
that is, the skin can be more resilient or not, &mg
model used for skin representation should take &tto
count these particularities.

Literature in tribological behavior of skin and esp
cially scar skin is reduced to few papers well doented
and the data provided by these papers are rehativel
scarce. An interesting paper is that deal withotobical
aspect of scar skin in prosthetic application i [the
authors used for experiments an MT-II Micro-
Tribometer in order to simulate the rubber betwskin
and prosthesis for three kinds of skin. The seosati
experienced by the patients is translated into feuels
of qualitative opinion: Normal, Slight, Marked aig#®-
vere. The shape of curves force and displacement ar
different when hysteresis is constructed, thahésfbrce
is represented as function of displacement (théabkr
time is eliminated from equation for force and thse-
ment).

Tribology of healthy skin by quantitative experi-
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The interface of the pressures of blunt-liner hassa
tinctive and important achievement of a comfortable
prosthesis for a person with the lower level linnbpata-
tion. An amputation is a surgical sacrifice of atam of
anatomic parts: bones, muscles, blood vessels an
nerves.

Tribology at the level of skin plays a very imparta
role in patient’s comfort. If the friction coeffiemnt is too
high, the pressure due to load in the cycle gaitlcco
cause damages at the tissue level and even degptiesn
in the stump. Counterpart, a low friction coeffitiecan
cause the slip of the socket out of stump andptoblem
can lead to serious injuries or major patient'sdisfort.

A tradeoff between these two requirements is pract
multiobjective optimization problem that requirefead-
back form patient about the optimum of this comfort
The most common evaluation of patient's comfort is
Prosthetic Evaluation Questionnaire (PEQ) that uses
scale from 1 to 5 in order to evaluate the qualigatom-
fort, where 5 is the greatest level [1].

If the construction of prosthesis will not be cdated
with the training of the residual for functioningspecial-
ly after the definitive prosthesis is placed, thegpam of
recovery of strength and muscle tone will not betice
ued, and the blunt prosthesis system will be alte@nce
the tissues are destroyed, practically it is n@érpossi-
ble to use the prosthesis and a new surgical iategion
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the contact pressushowed a large dispersion in caa-
tion based on experimental results, suggestingatttie-
sion friction modekan explain this resu [3].

In [4], OLS 1100 microscopy wassed tcin order to
see the microscopichanges in the skiunder friction.
Mechanicalfriction, comfort sensation, scoring of u-
ries (erythema and edejnbased visual evaluation &
also made [4]. Four socks fabric in evaluationradtion
of skin against textiles.

The relation betweealastic modult of skin and sur-
face area of contact is essenfial rules that define th
design of surfaces [5]. A completeechanical model ¢
skin must take into account all the characteristtghe
skin: anisotropic, nonlinear, andscoelasti. When the
length of scale increasedyet elastic modulus decree
also with few orders of magnitude [5].

Friction at human skin level is investigatec [6].
The main objective of the paper is to present a pen-
able tribometerthat is used to investigate the fricti
between skin and different materials [

A 2D finite element model faransfemore prosthetic
stump includingskin in proposed in [. The friction/slip
conditions between skin and socket are simulatéualyi
interface elements [7]. The influence of loacnsfer is
studied and the graphics that results from simutal
(pressure distribution, shear stress, slip valuessus
different coefficienbof frictions) are showed [

In present paper we investigate the viscoelastidatr
for prosthetic skin using a rheologicaodel, the Max-
well slip model.

2. HYSTERESISIN TRANSTIBIAL PROSTHETIC
MODEL

The most important source of injuries of skin is-
thetic interface is due friction between skin andket.
Two objects in frictional contact will always prozk a
displacement due to tangential forces dependingon-
tact stiff. During the gait cycle, the local points areb-
ject of cyclic load force that produckscal displacemer
of skin, Fig. 1.

One of the most plausible models of the skin it
on viscoelastic property of it. Viscoelastic prdyers
often associated in mechanics with combinatiorpoihg
and dampers in different connection schema, bui
some viscoelastic models based étfon schemas ca
be constructed. The force that aictdifferent points or
the stump has various forms Fig. 2.
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Fig. 4. F-D curve, medial locatic.

The curves that form the hysteresis are made
two curves ff) = Fy(t) and gf) = D(t) by eliminating the
variablet (time). Depend on location, and load (cr-
mined basically by patient’s weight but also correct-
ness of patient's walkjhe hysteresis shape can hi
different forms, Figs. -3}. The geometry of the stun
along with residualbones (tibia and fibulaplays an
important role in hysteresis cur

The coefficient of friction deperbasically of the ma-
terials used in construction of liner/socket by als@ia
particular dependence daftrinsic patient’s skin proper-
ties. The pre-pressuiie needed in order to prevent s
when the maximum vertical load supported by stump
(a typical value is around 8(N, depending on the pa-
tient).
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Fig. 5. A single elasto-slide element and its model.
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Fig. 6. The force-displacement variables in Maxwell slip
model.
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Fig. 7. F — The Maxwell slip model used for concatenated
formula.

The skin modeling can be useful in modern prosghesi
that uses a control of pressure depending on lbachc-
teristics. Adaptive control engineering based oanpl
model is a suitable one for this situation. Codingl
force, the displacement is calculated and it carrese
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3. MAXWELL MODEL FOR SKIN UNDER
CYCLICLOAD

A hysteresis function with nonlocal memory can be
modeled by a superposition of many elementary cempo
nents. Generally, the hysteresis is characterigedaba-
bles related by a non-single value function retattdp.
One of the most common representations is theioelat
ship between force and displacement.

The model is defined by elasto-elements in parallel,
Figs. 5-7. The each elasto-elemarttas the same input
and one outpuf; and it is characterized by a maximum
force, a linear spring constaktand a state variable
describing the position of element The behavior of
each element is described by:

k(x=d)if [k(x=d)I<f
F= fisgn(x—di)anddi=x—%sgn(x—di) de U

)

The presliding friction modeling is practically a
weighted superposition d¥l piecewise linear massless
operators. In practical implementation we will apgal
more convenient formula, given by [7]:

9, (t +1) = sgnx(t +1) — x(t) + &;(t)] tmin{] x(t +1) -

X(t) +3; (t)|.A}. ®
F kA, D):izijki 3, 4)
k=[k. K,,....k, 1", (%)
A=[AA,,...A,T, (6)
D=[J,.0,,....5,1". (7)

If n goes to infinite we have a generalized Maxwell
slip model. In order to identify the model paramste
several methods have been proposed: the lineaesegr
sion (LR), dynamic linear regression (DLR), the livos
ar regression (NLR), NARX models, neural networks,
local models, dynamical networks [8].

Two methods were chosen, the LR that is very simple
and a proposed methods the uses genetic algorithms,
more complex but that can have the advantage te opt
mize all the parameters simultaneously.

4. GENETIC ALGORITHM WITH MULTIPLE
SEPARATED CHROMOSOMES (GA-M SC)
FOR GLOBAL OPTIMIZATION OF
PARAMETERSIN MAXWEL MODEL

Genetic algorithms are powerful tools for single ob

duced or increased in order to prevent lesion ofi sk jective or multiobjective optimizations {20]. We pro-

(fractures, like ragadaes).

Simulations can be used for determinationDoaf;
curve in order to use a mathematical model fordrgst
sis.

pose to use novel algorithm, genetic algorithm vaitii-
tiple separated chromosomes (GA-MSC) in order to
optimize bothK andD parameters. There are few papers
that deal with multiple chromosomes [12].
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Fig. 10. 3D model of assembly stuntimer-socket meshed.

The population is made by individuals and eacli-
vidual has two distinct chromosomes of same fi
length. At each generation, selection is maderfdivid-
ual based on tournament method, and crossovel
mutation operation are made separately on eachmo-
some, Fig. 8.

Each generation has two similar operes that oper-
ate at each set of chromosomeébkere are many crco-
ver operators, each of them bdtaving merits and s-
advantagesSingle Point Crossover, Two Point Cro-
ver, Intermediate Crossover, Arithmetic Crossowsi-

form crossover, elitist crossoviand so one [13]. De-
pending on the problem, this heuristic search carels
better solution itomparison with other methods or |

We chose the single point crossover algorithm. E
gene from chromosome is binary coded and ite-
sponds folk; for chromosome of A type ar & for chro-
mosome of B type. Each allele is ‘0’ or ‘1’ and agim-
ple restart mechanism with new random populatiol
made to overcome the saturation algorithm for I
minima. Premature convergence is avoided by gangr
initially an enough diversity as individuals andnmigra-
tion method for saturation in a point thats a tolerance
greater that a prescribed vali

The fitness objective is made by two objectives
apparently are in opposition: the minimum erronad-
el and minimum of elastelements. It is known that tt
precision of algorithm increase with the nwer of
elastoelements, but if the number of ele-elements are
too high usually more than few hundred, the contrdn
of small elements to general total is diminished #re
results are not satisfactory.

5. EXPERIMENTAL RESULTSOF
SIMULATIONS

Data vere collected from a lot of two transtibiem-
putees, each one having a set of 32 repetitioryd&d8
cycles for normal walking, 8 cycles for up the a8
cycles for down the stairs and 8 cycles normal imgl
with no rotations). The walking cyclncluding rotation,
walking on difficult terrain and up/down the sta@ne the
subject of the future research. The stump is MRhgeec
and NURB curves are used to approximate the
shapes.

Detection contours algorithms are used to sep
the various Bapes involved in prosthesis: bones, s
socket, liner. Manual corrections were one objecn-
serted in another in order to avoid incompatiblesimiz
FEA analysis. The bodies are inserted one intoem
taking into account the friction coefficienibetween
surfaces that are put in contact. The bones aridissdie
are modeled as bonded bodies and skin and sofie
are modeled as tied bodies (friction coefficier)1The
coefficient of friction between skin and liner istdo a
value between 0-8.7 depending on the material
liner.

The properties of skin are modeled to be the sam
all the patients without customizaticThe coefficient of
friction between skin and liner is set to a valeween
0.5-0.7 depending on the material of Ii.

The reconstruction of the bodies is made
SolidWorks 2012 Premium using cloud of poi The
individual parts are showed in Fig. 9. Both assgndil
tibia, fibula, soft tissue, skin, liner and sockéing with
meshed as assembly for FEA analysis resented in
Fig. 16-12.

The systems start conventionally for (0, 0) ini
point. The first curve that start from (0,0) anddeat
hysteresis contour is namedgin curve. If the curve is
smooth, the model fit very well, Figs.-15.

In order to constret the D-F; curve a simulation
model and FEA stress analysis is used in SolidW
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We remark that is not practically possible to eott
the displacement of tetrahedral nodes at the bte
' level from skin surface, Figs. -12. The usage of sec-

oal
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Displacement [um] tion from 3D isnot feasible because of difficulties giv

by SolidWorks software that cannot permit the eottta

Fig. 14. Maxwell-Slip modelM = 10 elements, piez-electric values from nodes from a shell that are located&
actuator, GAMSC algorithn. other shells.
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Fig. 18. LR-solid line, GAMSC algorithm- dashed line.

Our approach is to extract a thin shell (in ourectee
thicknessis set to 5 mm, by empirical trials) and ti-
vide the force that acts on upper, and lower pEct®d-
ing to area covered by this shell in the upper pad
lower part of the stump, Figl3. The lateral parts a
considered fixed boundaries and it are marked enlakt
shell by socket walls (that are rigid in all theogthetic
applications).

The algorithm for measurement F; and displace-
mentis made at each step from start idiscrete moment
of timet, andt + 1 the next and so one. Tsolution that
usesour proposed algorithm is compared with the sin
one, the linear regression (LRLR use¢s preassigned
values ford;, each value is given by [

A, :l\i/l—ljmax{|x|}, i=1..M, (8)
F) :ih B (1) +e(t). 9)

The presliding force is represented by M, k) mod-
el (linear model)given by (9) subject ' (3). Minimiza-
tion of errore(t) leadsto a linear estimator fck.

We use Normalized Mean Square Error (NMSE
overall estimatobetween experimental values and mc
values. The fit model is given by éamples

fitye =1— NMSE,

NMSE

(10)

NMSE=\/§(yi % /\/i(yi -y . (1)

The valuey represert the mean of experimental di

and the caret denotes the estimatatue. Thi results
showed that for the first hysteresigrve in somesitua-

tions genetic algorithms give better results in compar
with LR method, Figs. 161.8.

6. CONCLUSIONS

A model for skin hysteresis in prosthetic applical
is proposed in this papdfor some hysteresis curves,
method can reduce the er@nmc as sequel to improve the
fithess of model.

The results are very encouraging, but we can see
these preliminar results that in order to obtain a fit d-
el, the experimental data must preprocessed in order
to obtain a smoother curve.

REFERENCES

[1] M. W. Legro, et. al.Prosthesis Evaluation Questionnaire
for Persons With Lower Limb Amputations. Assessing
Prosthesis-Related Quality of Life, Arch. Phys. Med.
Rehabil.,Vol. 79, August 1998, pp. 9-938.

[2] W. Li, M. Kong, X.D. Liu, Z.R. ZhouTribological behav-
ior of scar skin and prosthetic skin in vivo, Tribology In-
terndional, Vol. 41, 2008, pp. 6-647.

[3] S. Derler, L.-C. Gerhardflribology of Skin: Review and
Analysis of Experimental Results for the Friction Coeffi-
cient of Human Skin, Tribol Lett, Vol. 45, 2012, pp.-27.

[4] W. Li, X.D. Liu, Z.B. Cai, J. Zheng, Z.R. Zh, Effect of
prosthetic socks on the frictional properties of residual
limb skin, Wear, Vol.271, 2011, pp. 28(-2811.

[5] J. van Kuilenburg, M. A. Masen, Emile van der He
Contact modelling of human skin: What value to use for
the modulus of dasticity?, Proc. IMechE Part J: J. Ei-
neering Tribology, 2012, pp-13.

[6] M. Zhang, A.F. T. MakA Finite Element Analysis of the
Load Transfer Between an Above-Knee Residual Limb and
Its Prosthetic Socket-Roles of Interface Friction and Dis-
tal-End Boundary Conditions, IEEE Transactions on Re-
habilitation Engineering, Vol. 4, No. 4, 1996, [33.7-346.

[7] D. D. Rizos, S. D. FassoiPrediding friction identifica-
tion based upon the Maxwell Sip model structure, Chaos,
Vol. 14, 2004, pp. 43441.

[8] U. Parlitz, et. al.,ldentification of pre-siding friction
dynamics, Chaos, Vol. 14, 2004, pp. £-431.

[9] Z. Michalewicz, Genetic Algorithms + Data Structures =
Evolution Programs, Springer, 199

[10] K. Deb, Multi-Objective Optimization using Evolutionary
Algorithms, John Wiley & Sons, LTC2001.

[11] R. Cavill, S. L. Smith, A. M. TyrrellVariable length
genetic algorithms with multiple chromosomes on a vari-
ant of the Onemax problem, Proceedings of the 8th anni
conference on Genetic and evolutionary compute
GECCO '06, ACM New York pp. 14051406, WA, USA,
July 2-6, 2006, Seattle, US/

[12] R. Chow,Evolving genotype to phenotype mappings with
a multiple-chromosome genetic algorithm, Genetic and
Evolutionary Computation GECCO'06, Lecture Notes in
Computer Science Vol310z, 2006, pp. 1006017,
Seattle, USA.

[13] A.J. Umbarkar, P.D. ShetByossover Operatorsin Genet-
ic Algorithms: a review, ICTACT Journal on Soft Compu-
ting, 2015, Vol .06, Issue 1, pp. 10-1092.



