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Abstract

In this paper the finite element analysis was achieved on the above-knee prosthesis to
investigate a picture of stress distribution in the socket. Previous works on the prosthe-
ses used the symmetry approximation in shape modeling and most of them are all about
static loading. The analysis and shape modeling in this work were achieved in high ac-
curacy with the aid of ANSYS 12.1 package software capabilities. Of this study, stress
analysis was achieved under dynamic loading at the three main gait cycle; soon after
heel strike, foot flat and just before tow off as traditional stages used in researches. This
work lies on the dynamic loading calculated with the ground reaction forces, dynamic
forces, and moments as well as the angular and linear acceleration of foot up to the
thigh during the three main gait cycle.

The stress distribution was achieved and it is imported to note that the maximum
stress induced in the socket are at the upper brim whereas most parts of the socket are
considered as a low stress region.
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1. Introduction

The long term performance of the above-knee socket prosthesis depends on the kinemat-
ics, pressure and stresses generated within the socket. Retrieval studies have shown that the
pressure between the residual limb and the socket as well as the stress distribution are the
most dominant factors in socket design. Van et al.[1] used a mathematical model to investi-
gate the dynamic behavior of an above-knee prosthesis in the swing phase and analyzed the
influence of mass and mass distribution on the maximal stump load and the required energy.
Barbara et al.[2] stated the influence of prosthetic design parameters and alignment variations
on the interface stress distribution. VVSP etal.[3] designed and built a system for measuring the
stump socket interface pressure using a strain gauged type load cell. They used a quadrilateral
ischial containment socket and found that higher pressures were recorded at the proximal
brim of the socket. Ross [4] determined the load paths of the prosthetic socket using finite
element analysis and calculated the linear and angular acceleration of foot, shank and thigh
during gait cycle. Tae Soo Bae etal.[5] studied the amputated limb dynamically from the
musculoskeletal view.

In any finite element analysis, the work can be divided into three phases; first is pre-
processing which defines the finite element model and environmental factors to be applied to
it, then analysis solver implying toward the solution of finite element model and finally post-
processing of results using visualization tools. The following sections describe the dynamic
analysis performed over AK prosthesis using the latest version ANSYS 12.1, a commercial
FE software program. The motivation of this study is to investigate the behavior of newly de-
signed socket prosthesis under body weight during gait cycle. Due to irregular geometry, the
modeling shape of the prosthetic socket is achieved by measuring the coordination of points
located at the boundary stripes in small measures. With the aid of ANSYS modeling abilities,
the shape modeling was created and manipulated. With this model, three different stages of
the gait cycle (soon after heel strike, foot flat, and just before toe off) were simulated (Fig. 1).
The loading on the thigh are calculated starting from dynamic analysis of foot up to thigh in-
cluding all loads as shown in the FB and kinetics diagrams in the Appendix A.

2. Above-knee prosthesis Description

The artificial limb consists of a foot-ankle unit which needs to be attached to the remain-
der of the amputee's natural leg or stump. The foot ankle unit is attached directly to the socket
frame. The artificial shank can be attached to the foot ankle unit and then attached to the knee
unit which in turn, is attached to the socket frame for an above-knee amputation. Today the
sockets are roughly quadrilateral in shape. They attempt to have total contact between the
stump and the socket.

3. Socket Material Properties

The material of the socket, adopted by Mosul Factory for Prosthetics and Orthotics, is
polypropylene. The mechanical properties are: Young modulus is 11.72 GPa, the Poisson's
ratio is 0.3, yield strength is 35 MPa and the density is 0.92 gm/cm3 [6] .The measured thick-
ness of the socket is 4 mm.

4. Socket Loading

In order to find the socket loading, the leg segment geometry and the ground reaction force
are required at the required phases of gait. The segment lengths, masses and inertias were
calculated.

By taking the physical subject geometry and weight, the ground reaction forces during
walking can be calculated. Using these values, all the leg joint forces can be found. The hip
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forces are then applied to the socket model. To achieve this goal, each segment should be
drawn with its own free body and kinetics diagrams. The lateral components for this study
has been neglected as it is insignificant compared to the vertical forces. Traditional theory has
the ischium transferring most of the load to the socket during stance. However, during swing

phase the ischium moves away from the limb so little contact is made and hence their load-
ings are neglected.

The subject is 173 cm high and 80 kg weight, the body segment lengths are calculated as a
percentage of height following Drillis and Contini [7] .

Foot length =0.152 H = 274 mm
Shank length =0.246 H = 443mm
Thigh length= 0.2 H =360 mm

Heel length=0.039H =70 mm
Where H = height of the subject.

The only way to find the segment mass is as a percentage of total body mass as measured
on a live subject is inaccurate. Although old, one of the best studies done on segment masses
and their inertia was by Braune and Fisher [8]. They had access to large numbers of cadavers

allowing for an accurate study. With the application of Braune approximation on the subject
of this study, the followings are calculated.

Foot:
Mass=0.022 x Body mass = 1.68 kg

Center of mass = 0.35x Segment length = 0.35x 274 =96 mm
| =(0.3x0.274)% x1.68 = 0.01135 kg.m?
Heel length=0.039H =70 mm

Shank:
Mass=0.045x Body mass = 3.6 kg

Center of mass = 0.433x Segment length = 0.433x 433 =192 mm
| =(0.3x0.433)* x3.6 = 0.064 kg.m?

Thigh:
Mass=0.11x Body mass = 8.8 kg

Center of mass = 0.435x Segment length = 0.435x 360 =157 mm
| =(0.3x0.36)*x8.8 = 0.1026 kg.m?

Table (1) Ground reaction force as a percentage of body weight[4] .

Stage Vertical Anterior-posterior
Heel strike 120% -20%
Foot flat 70% - 4%
Toe-off 110% 15%
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Fig. (1) shows the geometry of the artificial limb under three conditions; soon after heel
strike, foot flat, and just before toe off.

\99" \92" 10°

87° 50°
N ™

o

Soon after heel strike Foot flat Just before toe off
Figure (1) Geometry of the segments at the three main gait cycles ™

Table (2) The accelerations of the body segments
Foot Shank Thigh

a y a z @ a y a z @ a y a z @
Heel strike | -2.17 | 2.42 | 19.03 | -6.86 | -0.28 | 1553 | -6.24 | -0.18 | -15.71
Foot flat 022 | 011 | -2.23 | 059 | 0.15 | -0.66 | 0.01 | -1.16 | 3.44
Tow off 237 | 116 | -2341 | 6.75 | 0.11 | 11.05 | 5.19 | -0.96 | 13.96

The complete calculations of the socket loading are in the Appendix A

Fig. (2) shows the socket Loadings at the three main stages of the gait.

940.3N 869.35 N

558.9 N
l 438 N.m
737N 79.9 34.0 33.32 N.m

105.93 N.m

— 21.56 N.m

97.17 N.m
LQrss.gz N.
128.6 N 89.44

28.0 N.m
938.7N 548.66 NT 860.9 N

Figure (2) Socket loadings at the three main stages of the gait.
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5. Solution Tegnique

In above-knee socket, the ischial bone supports all loads, the loads are applied on the con-
trol nods at the ischial plane of the socket proximal end. These loads include normal loads
such as that in y and z direction as well as that of torque (Fig. 2). The boundary condition for
the socket concluded from the distal end of the socket attached to a fixed end. Thus all the
nodes at the distal end with displacements and rotations set to zero. The element is shell 63.
The shape of the socket is modeled by dividing the socket into large numbers of stripes and
measuring the coordinates of each stripes with respect to a fixed convenient origin. With
ANSYS package software these points are created as well as the lines and areas ( Fig. 3).
Having all steps of the preprocessing are achieved including the mesh operation, the bounda-
ry conditions and loads are applied to obtain the solution (Fig. 4). The postprocessing in-
cludes the ploting of contours where the stress distribution are found in different directions at
the main stages of gait cycle.

Figure 3 Above knee prosthesis socket  Figure 4 Finite element model
with ischial containment

6. Results

Through finite element models of the socket, stress distributions were obtained for differ-
ent conditions of gait cycle. Table (3) shows the maximum stresses developed at the three
main gait cycle. The maximum stresses, including Von Mises stresses obtained in the socket
at tow off were higher than those obtained at heel strike and much greater than those at foot
flat. At heel strike, the maximum stresses were 0.081 MPa, 0.0083 MPa, 0.204 MPa and 0.19
MPa in X, y ,z ,and VVon Mises respectively; the values obtained at foot flat were 56%, 43%,
56% and 59% lower respectively and that obtained at tow off were 17%, 31%, 17% and 17%
higher respectively.

The locations of maximum stress, at the three main gait cycle, are occurred at the brim of
the socket and this seems reasonable since this area receives most of the loads. However, the
stress distribution decreases down the socket.

Comparing the tow off stage with the other two stages of gait cycle, the tow off stage
demonstrated great influence on VVon Mises stress. The maximum Von Mises stress during
the three stages are occurred at the tow off stage. However, it is much less than the yield
stress of the socket material, 35 MPa.

Fig. 5 to Fig. 8 display contour plots of stress distribution in x, y and z direction as well as
that of Von Mises stress during the three main gait cycle; soon after heel strike, foot flat and
just before tow off respectively.
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Table (3) The maximum stresses at the three main gait cycle.

Stress Heel strike, MPa Foot flat, MPa Tow off, MPa
o, —0.081 —0.045 —0.095
o, —0.0083 —0.0036 —0.0109
o, -0.204 -0.115 —0.239
O-VonMises 019 0108 0223
1 ANSYS 1 ANSYS 1 ANSYS
NODAL SOLUTION oCT 22011 NODAL SOLUTION ock 23611 NODAL SOLUTION g
STEP=1 19:49:23 STEP=1 20:09:59 20:53:56
SUB =1 SUB =1
TIME=1 TIME=1
SX  (AVG) SX  (AVG,
RSYS=0 RSYS=0

DMX =.635E-06
SMN =-81333
SMX =76133

-81 33.6? -46341 -113:
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DMX =.338|
SMN =-45493
SMX =42730

-45493 25888 -6283
-16085 3520
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23125 4273
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48170 8915

-95278
-74785

-54293 308
-33800 7185

Figure (5) Stress distribution in anterior-posterior (x-direction) developed during three main

gait cycle.
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STEP=1 20:54:27
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Figure (6) Stress distribution in lateral medial (y-direction) developed during three main gait

cycle.

ANSYS

OCT 22011
19:55:28

1
NODAL SOLUTION

STEP=1
suB =1
TIME=1

Sz (AVG)
RSYS=0
DMX =.635E-06
SMN =-204389
SMX =195234

-204389 -115584 -267. 26 150832
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1 ANSYS
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1 ANSYS
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DMX =.727|
SMN =-23]
SMX =22.
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Figure (7) Stress distribution in transverse (z-direction) developed during three main gait cy-

cle.
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1 ANSYS g ANSYS 1 ANSYS
NODAL SOLUTION ocr 22011 NODALSOLUTION /———>  oc7 22011 NODAUSOLUTION. . OcT:22011
STEP=1 e 19:59:23 STEP=1 /_:- ’// 20:14:53 :‘b'ipfxx 20:55:48
SUB =1 / . / g /

* ; SUB =1 S TIME=1 / /
TIME=1 i TIME=1 x—/ SEQV (AVG) /.
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Figure (8) Von Mises stress distribution developed during three main gait cycle.

7. Discussion

Direct comparison of the results of this study with others is difficult, due to the individual
differences. The stages of gait at which the load cases are calculated referred to Ross [4] . The
change in the load distribution due to the different stage of gait increases stresses in some re-
gions and reduces them in others. It has been reported that the stress concentrates at the upper
brim of the socket [4] . However, the results of this study mimics that of Ross. At the three
main stages of gait, most of the socket are characterized as low stress region of ox and o,
and developed uniformly through all over the socket except for the concentration of stress at
the upper brim. The posterior side of the socket is subjected to high stresses oy in addition to
the maximums at the upper brim. Even the Von Mises stress are developed in low values.

8. Conclusions

From the above analysis, we can notice clearly that:
1. The stresses developed at tow off are much greater than that of other stages of gait. This
stage can be considered as a design stage.
2. The maximum stress developed in this model was below the yield stress of the socket ma-
terial altogether. hence, it can be concluded that the socket withstands loading efficiently and
there is no probability of failure.
3. As the maximum Von Mises stress developed at tow off is about 0.75% of the yield stress,
the material of the socket can be optimized by reducing the thickness of the socket without
affecting the strength of the socket and hence the cost will be decreased.

Glossary

Anterior: In front of the body.

Brim: Top lip of the socket.

Distal: Furthermost part from the center of the body.

Gait: Manner of walking.

Heel strike: When the foot touches the ground at heel strike.
Ischium: Bone on the inside posterior of the hip.

Lateral: Outside of the body.

Medial: Inside of the body on a lateral plane.

Phase: Particular instance of gait.

Posterior: rear section of the body.

Prosthetic: Artificial limb.

Socket: Interface component between the prosthesis and the stump.
Stance: Phase of gait when part of the foot is in contact with the ground.
Swing: Phase of gait when the foot is off the ground.
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Tow off: When the foot leaves the ground, to start the swing phase of gait.
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Appendix A
The Complete Calculations of Socket Loading

Soon After Heel Strike

F,
<_$~1\.f$8(2.42) N /D
145 168(217) N nor

\
0.01135(19.03) N.m

F

N7 36(6.86)N

' 0.064(15.53) N.m
6(0.28) N
153.3 N 8.8(0.18) N

1.2(80)9.81 N o377y MTA4NM 97.17 N.m

38.8(6.24) N
38(6 )

0.1026(15.71)

0.2(80)9.81 N N.m

OOt

Shank SBIN| T1286N

Thiah

Figure (A.1) Free body and kinetic diagrams of foot, shank, and thigh respectively
soon after heel strike.
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Foot

SM=la+Xmad

M —0.2(80)9.81x 0.07 = 0.01135x19.03+1.68x 2.42x 0.096 —1.68(2.17) x 0.07
M =11.34 N.m

>F,=ma, "

~F, +0.2(80)9.81=1.68(2.17)

F,=1533 —

>F,=ma, "

—F, +1.2(80)9.81=1.68x2.42

F,=937.7N

Shank

SM=lag+Ymad
M —153.3x 0.443c0s 3 —937.7 x 0.443sin 3’ —11.34 = 0.064(15.53) + 3.6(0.28) x 0.1925sin 3’

—3.6(6.86)x 0.192c0s 3°
M =97.17 N.m

z Fy = may

—F, +153.3=3.6(6.86)
F,=1286N —

Z Fz = maz

F, —937.7 =3.6(0.28)
F,=938.7N |
Thigh
>M=la+YXmad
—M +128.6x0.36c0s9" —938.7x0.365in9" +97.17 = 0.1026(15.71) +8.8(6.24) x 0.157 cos 9’
+8.8(0.18)x0.157sin 9’
M =79.9 N.m

z Fy = may

~F, +128.6 =8.8(6.24)
F,=737N —

z FZ = maz

F, —938.7 =8.8(0.18)
F,=9403N |
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At Foot Flat
F, y

M R .
1.68(0.11) N 3

Fy A
AN «--

G- k68022) 0.064(3.49) N. 0.1026(3.44) Nom 8.8(0.01) N
! 004081 N \ g --$O0O5)N
0.01135(2.23) N.m . 8.8(1.16) N

0.7(80)9.81 N 3.6(0.15) N 28 N.m

Foot 50.52 N.m 31.8 N 3.92N

548.66 N
549.2 N

Thigh
Shank

Figure (A.2) Free body and kinetic diagrams of foot, shank, and thigh respectively
at foot flat.

Foot

>M=la+Xmad

—M —0.7x80x9.81x0.096+0.04 x80x 9.81x0.07 = 0.01135(2.23) —1.68(0.22)(0.07)
—1.68(0.11)x 0.096

M =50.52 N.m

2F = may

F, —0.04x80x9.81=1.68(0.22)
F,=318N —

> F, =ma,

—F, +0.7x80x9.81=1.68(0.11)
F,=5492N

Shank

M =la+Ymad

—M +31.8x0.36 cos 20" +549.2x0.36 sin 20° —50.2 = 0.064(3.44) +—3..6(0.59) x 0.192 cos 20’
+3.6(0.15)x 0.192 sin 20°
M =28 N.m
>F,=may
—F,-31.8=3.6(0.59)
F,=3392N —

>F, =ma,

—F, +549.2 =3.6(0.15)
F, =548.66 N |
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Thigh

M =la+Ymad

—M —28-33.92x0.36 cos 2" +548.66x0.36 sin 2" = 0.1026(3.44) +8.8(0.01) x 0.157 cos 2’
—8.8(1.16) sin 2’

M =33.32 N.m

> F, =may

~F,-33.92=8.8(0.01)

F,=34N —

> F, =ma,

F, —548.66 = 8.8(1.16)

F, =5589N

Just Before Two off

FZ F FZ
M z v
y Fy
Fy 4168(1.16) N M 0.1026(13.26 N.m
1y
1% _1.68(2.37 N/D
/' hl ﬂ- ( ) —_— _ §6(675) N T >
/ 0.1p(80Y9.81 N
\ 0.064(11.05 N.m 8.8(5.19) N
0.01135(23.41) N.r  1.1(80)9.81 N
189.33 N.m 113.74 N 89.44 N
Foot — =3y
21.56 N.m
861.3 N
Shank 860.9 N Thigh

Figure (A.3) Free body and kinetic diagrams of foot, shank, and thigh respectively
just before two off.

Foot

YM =la+Ymad

—M —0.15(80)9.81x 0.07 —1.1(80)9.81x 0.210 = 0.01135(23.41) —1.68(2.37)0.07
—1.68(1.16)0.096

M =189.33 N.m

XF, = may

—F, +0.15(80)9.81=1.68(2.37)
F,=113.74N <«

>YF, = ma.,

—F, +1.1(80)9.81=1.68(1.16)
F,=8613N
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Shank
>M =la+Ymad
—M +189.33+113.74x0.433 cos 40" —861.3x 0.443 sin40" = 0.064(11.05) + 3..6(6.75) x 0.192 cos 40°

~3.6(0.11) x 0.192 sin 40°
M =2156 N.m

z Fy = may
—-F,+113.74 = 3.6(6.75)
F,=89.44N <«

z FZ = maz

—F, +861.3=3.6(0.11)
F,=8609N
Thigh

>M = la+Xmad

M — 21.56 +89.44 x 0.36 cos 20" —860.9x 0.36 sin 20" = 0.1026(13.96) + 8.8(5.19) x 0.157 cos 20"
+8.8(0.96) x0.157sin 20°

M =105.93 N.m

Zﬁ:m%

—F, +89.44 =8.8(5.19)

F,=438N «

>F = ma,

F, —860.9 = 8.8(0.96)

F,=869.35N




