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Abstract: The interface between stump and liner (socket) is subject of high pressure in different moments
of gait cycle due to loading variation in body movement. The liner is the interface between socket and
skin along with soft tissue and bones in a cycling loading. The result is a friction effect combined with
pressure that conduct to the heating of skin and liner. The effect is and increasing of pressure and friction
and the increasing the temperature again, in a cascading cycle than can conducts to fracture of liner and
scars on stump.

There are models that describe the fracture development and prediction of crack propagation but in the
last years, an increased attention is given to phase field models applied to fracture development as a
better solution for analysis of fracture in different materials of composites. A simplified approach that
uses Caginalp model with memory is used to predict the fracture of liner under cycling loading. The
numerical results of simulations are presented as outcomes of the theoretical approach.

Key words. Caginalp model, phase fields models, finite element method, crack development, fracture
analysis, numerical methods, finite difference method.

1. INTRODUCTION condition of quasi-static loading in condition ofrmal

. _— . . . loading. Th li d to relief thesqune
The main objective of prosthetic by patient’s paht iga;ibIEI% heaedc[(zJTp ances are used fo reliet the

view is related to comfort [1]. A correct measuffetie
patient's satisfaction is difficult to be made besa

S;Jearlé):{t tsizléj:ggi? a‘ﬂfo‘;’iﬂsefacg?g gzs;ndeziuremgug subject of FEM simulation and the displacements of
’ L ; toe residual tibia and fibula from simulations are datied
response to more or less subjective questions from . :
by MRI measurements. The internal strain, stresd an

standardized questionnaires [1]. . . : g
: . train energy density are measured in most crigioaits,
The pressure at tegument level is a major part o
under truncated bones [3].

discomfort and as follow, medical problems: scars, : .
P Very few articles refer to aspects of tribology

inflammation and so one. The interface at leveblaht- interf bet K dli . lex thsas th
liner has a distinctive achievement in a comfortabl 'M€'ace DEIWEEN SKIn and finer in a complex €

prosthesis for a person with the level lower limb stump-liner socket assembly [4]. In the kn(_)wn caatls
amputation. Amputation is a surgery that involves t the research aspects refer only to experimentalltses

section of anatomic parts: bones, muscles, bloagale ~and simulation using FEM in order to describe a map
and nerves. After the surgery, the tissues areitsens Pressure and stress over the stump surface [4].
and will bear heavy pressure and shear stressesedd The analysis of pressure and friction at interfavel
by prosthesis. In order to avoid these problems,iasic ~ Petween skin and liner or between skin and soah)(
solutions are taken into account: adjustment of thdS one of the greatest for patient's health comati An
actually prosthesis during wear and constructiosashe ~ inadequate contact interface can produce affectafns
improvements that relief the pressure in the aéféct teguments like scars that are _pa_rt|cularly difficchses
zone, e.g. compliant prosthetic sockets [2]. for treatment. Wear and friction for healthy and
Finite element method (FEM) is used in many papersamputated member is studied in [5]. The authorsl @se
that deal with prosthetic aspect and analysis refsstin ~ micro-tribometer in order to obtain experimentaiuis.
soft tissues, bones, interface levels or gait cyfe-4]. The usually approach for skin in FEM modeling is
A FEM model is used for analysis of patellar tendon ~homogenous and isotropic material. Some of the
approaches use a hyperelastic model (e.g. Mooney-
" Corresponding author: str. Kogalniceanu, nr. 9148, Romania, RIVIm)' Th? elasticity ”.‘Od“'us of skin has the oraj
Tel.: +40.232.213.573 influence in model with FEM for assembly soft-
E-mail addressesiragos_aro@yahoo.com (D. Arotaritei) tissue/skin/liner or soft-tissue/skin/socket [6].

A study about the internal mechanical condition in
soft tissue is done in [3]. Transtibial amputeeths




40 M. Turnea et al. / Proceedings in Manufacturing Systems, Vol. 10, Iss. 1, 2015/ 3944

Fracture in materials can happen in various forms i The dotted lines in Fig. 1 indicate a possiblerfiaize
different medical applications. In recent yearsg th between two phases.
introduction of phase field model that describes th An analytical solution is very difficult to find,ni
kinetic of transition between two phases (in owsecewo  many engineering approaches as biomedical engimgeri
different materials) was proven to be useful foackr  numerical values over a definition domain are ataiglp
modeling. A parameter makes distinction between twosolution.
phases of the material, the solid one and the ‘#rbk We consider the problem of initial values and baund
one, the crack. that is the Caginalp model of phase transitions for
Sharp fracture presents discontinuities that createnaterials with memory:
difficulties in computational model for crack topgies.
Based on crack surface density function, the asthor
proposed to use a function that describes at meapas t _Ez Ad(t. X) + 1 .3_ t x) =
level the crack surface in material [7]. ¢ (t.X) T R E((b 0)(t.x) =
ABAQUS is a suitable CAD software to develop own 2
model for fractures. UEL and UMAT subroutines can b :?u(t,x) +H(xt), t, ) OR, xQ
used to develop phase field model for brittle fuaet ¢
numerical approa.ch [8]. A regularizatipn parameter (u(t,x)+|— o(t, X)), - J’ a(t - 9)Au(s, X)dx = g(t, X)
controls the diffusion process and diffusion ecuratis 2 i
solved numerically by Newton—Raphson method [8]. A
2D phase-field model with no anisotropy is proposed
[9] using a numerical solution. The assertions wthars
are proved numerically in an application case, siyger {d) O, x) =o(x), u(0O,x)=uy(x), xOQ

@)

cooled solidification [9]. _0 ©
FEM is used in modeling the crack pattern in alging uto) =u't), (EL)HR xQ
or composite material [10]. The crack pattern is
described by the field variable. The coupled eaunsti P (t,x) =0,(x)
that are used in this approach are based on Gigzbur du .
Landau (and Allen-Cahn) phase field equations from U(t,X)+0(a—9t,X):h(X), XUR, xQ
phase field theory and elasticity equations [10]. v
An interesting approach is proposed in [11]. The ]
authors proposed a phase-field model for cohesive There.Qisan open bounded subspace BRI -
fracture and Dirac function is used to do the pHadd  are positive constantsy > 0 is a positive kernef, g:
approximations [12]. R. x Q-R, 0o, U Q-R, Up: R x Q - R, and¢,,
In what follows we propose an originally approach, h: ' - R are given functions, an@/ov is the normal
an phase field model, Caginalp based approachcdrat oriented to inward. In a classical Stefan’s probléeinms
be used for materials with memory in conjunctiothwi  process is governed by equation:
temperature evolution due to frictional caused rad t
phase field interface.

®3)

UL o), =kau, inRxQ. @
2. CAGINALP PHASE FIELD MODEL APPLIED 2

TO CRACK DEVELOPMENT . S
whereu(t) = u(t, X) is the temperature distribution of the

Based on Landau-Ginzburg approach, Caginalpregion occupyind region and may be in one of the two
[11-14] proposed a phase-field model that incorfgata phases, solid and liquid (if the melting temperatis
surface tension, anisotropy, curvature and dynamfcs made O degreeK is the thermal diffusion, that is the
the interface (Fig. 1). thermal conductivity of the heat capacity per woitume

Phase field is practically in our case a matherahtic (taking heat capacity per unit volume equal to ynit
tool that converts a moving boundary problem intted  which for simplicity may be assumed to be the same
of partial differential equations, which can bevsal  solid and liquid, andlis the latent heat.

numerically. In order to made differentiation in (4), let us pape
that internal energe and heat fluxq is given by the
equation:
e=u+|—p(u), g=-k,u, (5)
I 2

and the heat balance is satisfied,

e=0,0. (6)

Fig. 1. Material that occupies a zofecan exists in two ) i o
phasesQ; — liquid orQ, — solid. The phases are separated by If instead of Fourier law we use the constitutive
an interfacd’. equation with memory for heat flux, we obtain:
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q(t,x) = - _t[a(t -s)0,u(s,x)dx, (tL,X)OR,xQ. (7)

—00

and using (5)—(6) we obtain:

(u +|—2¢(U))t (t,x)=- j'a(t -s)Au(s,x)dx, (8)

—00

t,x)0R, xQ.

In a particular case foa andu = 0 fort < 0, the
equation (7) becomes:

a(t) =Kge™®, Kp,gp>0, 9)

O sy +el wr o) = Ketu. (10)
a2 2 ot 2 o=

A simplified variant is used for the classic stuoify
problem:

u 0 |
—+e—(U+—0(u)) = K,Au.
P at( 2d>( ) = Ko

(11)

According to classic theory Lanc-Ginzburg, ¢
depends on temperatuoeby equation (1). By the oth
hand, (7) and phasic field equatig(t, x) instead ofg(u)
conduct to second equation in (1). The conditidrigrat
o = 0, ¢:=1, u = h show thatl" is in a liquid phase ¢
temperatureh, meanwhilea = 0 correspond to he
transfer process througholit E.g., taking into accoul
(7) andu for t <0, the heat transfer law is given

j. a(t-s)(u+ a@)(s, x)ds =r (t,Xx).
ov

—00

12)

In can be proved the equation (1) has a uniquéisal
and the solution is asymptotic fors co.

In the phase field model, the fracture is indicabyda
scalar order parameter, which is coupled to theerizd
properties, in order to shape change materialnsti
between broken and unbroken zonAt interface level
between rupture and undamaged terial, the order
parameter interpolatesnoothly between values assigr
to different phases of materialThe width of this
transition zone, which surrounds the fracture stags
controlled by a rgularization parameter (Fig.

d(x) = ex;{MJ.
I0

Phase field method proved to be a very powerfull
to solve moving boundary methods when nume
method are used to solve the equation that des the
behavior of interface between materials Numel
methods with finite differences are used to solke
equation (1). In this paper, a 2D approach is cmrsd
and a finite difference method for discrete timenain is
developed as in [14 and 15]. &hmain results ar
presented in the next section.

(13)

|-l

Fig. 2. Phase field of fracturg for different levels ofj.

__ Tibia
,,- Fibula
—— Liner

- Stump

__——— Socket

Fig. 3. The parts of modeled assembly sti-liner-socket.

3. EXPERIMENTAL RESULTS

Data were collected from a lot of two transtik
amputees, each one having a set of 32 repetitiayaé
(8 cycles for normal walking, 8 cycles for up theirs, 8
cycles for down the stairs and 8 cycles normal ingll
with no rotations). The walking cycle including atibn,
walking on difficult terain and up/down the stairs are
subject of the future research.

The stump is MRI scanned and NURB curves
used to approximate the 3D shapes. Detection com
algorithms are used to separate the various sh
involved in prosthesis: bones, sksoft tissue, liner and
cup.

Manual corrections wer added when parts are
insertedone in another in order to avoid incompati
mesh in FEA analysisThe bodies are inserted one i
another taking into account the friction coeffide
between surface. Bhbones and soft tissue are modke
as bonded bodies and skin and soft tissue are enbde
tied bodies (friction coefficient 1.0). The coefént of
friction between skin and liner is set to a valwween
0.5-0.7 depending on the material of liner. e
properties of skin are modeled to be the same [fdha
patients without customization. The coefficient
friction between cup(socket) and liner is set to a value
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Fig. 4. The assembly cup-stunijmer in sectior

between 0.7-0.8 depending botof liner and cuj
materials.

The soft tissues is supposedbe a materiethat have
the hyperelatc, homogeneous, and isotro properties
and they are modeled using the Generalized Mc-
Rivlin Solid strain energy function [1!

W= Cio(l; =3) + Cuy(l1 —1a)+(UD))[ -1)° (14)

The liner is soft Pelite material (Young’s module
0.38 MPa, Poisson coefficient = 0.39) and the cu
PP/PE (90% Polypropylene, 10% ethylene), You
module = 1.5 GPa, Poisson coefficient = (

The pressure sensoase located (approxinely) in
the areas of most stressed areas based on FEMasion
in each case. The most stressed area is pc to be
other that the four basic positions: (a) Pateliedte; (b)
Popliteal depression; (c) Lateral tibiand (d) Medial
tibia (Fig. 4).

Even these locations are known to be solicitouasa
from pressure map during gait cycle, some areasbe:
susceptible to liner fracture®uring wear, the stum
donning into liner are slipping with very small
displacement and crealocal friction with cup. Thes
frictions along with friction between liner and stp
increase, event very little in a single gait cyttie local
temperature for the same area and cascading
increasing friction coefficienfthere are known nonline
relationships  between friction coefficient and
temperature) that increaske temperature again. Ev
these evolutions are very small, tliese actions ta
place a long period of time, they can proddamage in
liner, practically a crack.

Our study propose a method to identify the n
mechanical solicited areas and even to createrarbfey
of these locationainder cycling loading. The loadit
cycle vary from cycle to cycle for the same perdol
different moment of walking, or differedays. We have
been chosen an average value withrfaycles (= 120)
recorded in similar @nditions for the same perscThe
peaks (Fig. b happen for a short period of ti, so we
propose a more adequate measure, the sum of meal
work in the selected stress areas (F)g. 6

320
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Fig. 5. Pressure in popliteal depression (F

a00
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L L
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Fig. 6. Pressure record by sensor in location 6 (experiah
results)

In return we can see that the waveforms can
very different forms, depending on recclocation. In
our approach we used six sensors distributed atbe
stump uniformly. In a second experim, we placed the
sensor in locations where the peaks of pressureha
highest. The third experiment considers the mecia
work calculated by fanulas (15-(17).

The area of sensor that records the pressure isrk
and the entire small area that surrounds the seis:
supposed to have the same value of pressure a&fiver®
moment of time. Te formulas used are the classic ol
as in:

Xf XI
Le = [F X = [F coso @ , (15)
XD x0
F=P[A x=v[i, (16)
Xg
Le = AC[ Pdx.. (17)

Xo
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The Caginalp phase field system (based on
Ginzburgtandau theory of phase transition) has
been used yet for fracture modeling 12]. In this stage
of research, we approximate the small rectangle sl
from liner that have variable surface (I 7) with a

selected rectangle from a cylindrical sh

4a0

———sensor2
sensar 3
........ sensar 5

400

0f

Pressure (kPA)
o= (o5}
[45] [}
= o

b
=
=

[}
=
T

100 . . .
a

10 20 30 40 a0 60 70 g0 a0 100

gait cycle (%)

Fig. 7. Pressure record by sensor in location 2, 3, 8
(experimental results).

Fig. 8. Map of pressure on stump liner interface in sectiith
selected area for crack developm

\S

Fig. 9. 2D shell used in modeling of crack propagation @
cycling loading.

Fig. 10. Crack propagation on 2D surface (left kplane).

There are some numerical solutions that are prak
by some authors, most of them being based on
element methods, moving grids, discrete Fot
transform or finite difference metha

We have been chosen combination of finite
difference  methods: forward difference, central
difference and Cranliicolson methot

Two patients with unilateral transtibial amputat
are subject to experiments. The subject A has #s
old, 74 kg and subject B has 29 yearskg.

The results are presented only for a liner usec
patient A, in a cycling loading, durirl 200 000 times.
In order to accelerate the visualization of cr
development a proportionalerloading was used that
not vey realistic situation but the timrequired for
simulations must be a feasible one. In the futesearct
we plan to use a model of crack that 's into account
the temperature development due friction :

4. CONCLUSIONS

Finite element method was used to conduct a s
analysis ad show the force distribution along the part:
a stump-linereup assembly. A method to quantify 1
most susceptible areas ttamag due to pressure and
friction was proposed in order to evaluate the cr
prediction in liner.Convergence of phase fiemodel in
the corners and more generally to its sharp limitill a
problem for proposed method but in the future rede
we will apply an method adapted from known «
developed for Cahhtilliard one

The results are presentéat a particular 2D case.
the future research a 3D solution will be devela

Some details have not taken into account in
study. A composite material with differeryoung’s
modulus can be a solution for a liner that is vesistant
to wear. Other aspects, suals stump deformation in
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time will be also a subject of research. The rssult [7]] C. Miehe, L. Schanzel, H. UimePhase field modeling of

contribute to a better understanding the desigrarof
optimized prosthesis that increases
performance along with a god choice of liner, mage
an appropriate material that fits better to a palar
blunt. The study of prosthetic application is aritng
and important topic in research and will profit
considerably from theoretical input.

The result interpretation has been a permanent

collaboration between math’s and medical orthopedic
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