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Abstract

This study aims to suggest an analytical indirect approach to find the pressure distribution at the stump-
socket interface in the Syme's prosthesis. The results are compared with those obtained experimentally
using the F-socket device. Finally, a finite element model was built to analyze the effect of the internal
pressure on the socket. The analysis was made in the SOLIDWORKS subprogram in both static and
dynamic solutions. The results show that there is a great agreement between the experimental and
analytical results so it is possible to dispense the results of the F-Socket device in cases of the unavailability
of it and depend on the analytical solution.
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1. Introduction

When a person loses its ability to walk because of an accident or a disease, he needs an alternative to
restore this grace. Lower limb prosthesis is used for that purpose, the most substantial parameter in this
case is the fitting between the cut section of the leg (stump) and the socket [1]. In the area between stump
and socket, pressure is usually developed, the immoderate amount of this pressure causes many problems
like tissue damage and/or an improper gait pattern [2]. The underlying soft tissues and skin of the stump
are not accustomed to weight bearing; so, there is a danger of degenerative tissue ulcer in the stump due to
constant or repetitive peak pressure which is applied by the Transtibial socket [3]. Although the great
advances in the prosthesis field during the last decades, there are many Transtibial amputees pain due to
the pressure ulcers with the use of prostheses, and other times, skin problems lead to chronic infection,
which may necessitate re-amputation. This will stop using the prosthesis for a long time, which decreases
the daily activities of prosthesis users and the quality of life [4]. Therefore, it is so important to specify that
load. Two ways were used for that which are [5]: direct measure performed exactly in the interface, which
used several types of sensors like hydraulic sensors and the indirect measure of the external properties of
the socket, where load cells and strain gauge place on a specific zone of the external surface of the socket
[6]. Marinus Naeff et al. [ 7] calculated the peak pressures at the interface between the thigh and a simulated
above-knee (AK) socket brim with the using a flexible sensor. This work aims to determine the load
distribution between the socket and stump experimentally and analytically. It represents a complementary
work to a previous research on the same subject [8] and the procedure of selecting the material presented
in [9].
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2. Residual limb-socket interface pressure

In the Jweeg et al. work [8], four groups of composite materials were tested, their details were shown in
Tablel. The higher strength group (group D) was chosen to manufacture a syme prostheses for a subject
(male) with 53 years old have Syme’s amputations in the right foot, tall = 172 cm and 91 Kg weight. The
direct measurement approach was selected to find the interface pressure between the residual limb and
socket, by using Tekscan F-Socket system, Figure 1a and b show the subject during the test. Tekscan
system employed medical sensors 9811B, which are force sensitive variable resistors and combined with
the sofiware package named Research Foot 6.70 permissions to measure the value of the pressure at the
considered point. The sensors work within a pressure between 0 and 517 kPa, and because of their small
thickness (0.1mm) and flexibility, transducers can be placed inside the socket, directly in contact with the
skin, without any effect on the pressure measurements and, without hurtful the socket. Each sensor stripe
includes 96 sensels positioned on a 6x16 matrix with a density 0.6 sensels/cm?, Figure 1¢ shows the shape
of the F-socket sensor. The test was achieved as follows,

1- The sensor was placed at the end of the stump (the end of the cut-out opening region) then, the patient
is allowed to wear the socket.

2- The patient starts to move, in the meantime the device record the average pressure value during his
walking.

3- The test was repeated another two times along the length of the socket.

Table 1. Laminates sequence of the composite material [8].

Group Name Types of layers Additives Total Number of layers

Group A 2 Perlon fiber + 1 Carbon fiber + 2 Perlon None 8 layers

fiber + 1 Carbon fiber + 2 Perlon fiber
Group B 2 Perlon fiber + 1 Carbon fiber + 2 Perlon 5 % date palm 8 layers

fiber + 1 Carbon fiber + 2 Perlon fiber nuts powder
Group C 2 Perlon fiber + 1 Carbon fiber + 2 Perlon 10 % date palm 8 layers

fiber + 1 Carbon fiber + 2 Perlon fiber nuts powder

2 Perlon fiber + 1 Carbon fiber + 1 Perlon
Group D fiber + 2 Carbon fiber + 1 Perlon fiber None 10 layers
+ 1 Carbon fiber + 2 Perlon fiber
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Figure 1. (a, b) The subject during the F-Socket test (¢) the shape of the F-socket sensor [5].

The results of the average pressure distribution of the patient were taken during its normal walking, the
peak value of pressure was found near the foot (at the beginning of cut-out opening). Figure 2 shows the
peak pressure for the subject through walking.
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Figure 2. Peak pressure distribution from F-Socket device.

3. Analysis of stump-socket forces in the below — knee amputation

To determine the forces between the residual limb and the prosthetic socket, a simple model has been
established and the following assumptions were considered [10]:

1. The socket shell would force the soft tissue of the limb into a conical shape.

ii. The internal bone was represented as a cylinder as shown in Figure 3.

iii. Tissues are elastic materials and behave as a spring support (F= Kd).

iv. The material is uniform, isotropic, linear and complete contact with the limb.

TISSUE pong  SKIN

SOCKET sn 51

Loaded forces on the limb
Figure 3. A simplified residual limb model [10].

The skin leftovers firm to the socket while the internal soft tissue is linked to the bone. The compressing
and extending the skin and the soft tissue amid socket and bone led to transfer the skeletal forces to the
prosthesis. There are two forces applied from the tissues, the first one was ‘perpendicular’ spring which is
presumed to represent the support force produced by compression of the soft tissues perpendicular to the
skin surface, while the second one is ‘tangential’ spring embodies the force produced by extending or
shearing parallel to the interface. So, the perpendicular and tangential spring constant Ky K (respectively)
can be calculated as follows [10],

Ky =2 (1)

Ky =2 @)
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where G = ——— and A = ZL1*D2)
2(14v)

the Poisson ratio of soft tissue, t is the average thickness of soft tissue, A is the area of supporting surface
of the skin, L is the length limb contacts with socket and D1, D, are the socket diameters at the upper and
lower side of the support surface respectively.

At the interface, it is assumed that there is a sufficient friction so as to stop the skin movement with respect
to the socket shell, and this assumption will be modeled in the next calculation by addition certain pre-
pressures. Generally, some pre-compression at the residual limb/prosthetic socket interface without
loading, so it is assumed that the perpendicular spring is pre-compressed by a displacement of dyy_and that
the tangential spring had to be pre-compressed by dg, .

To achieve the vertical force balance condition represented on the socket [10], N, sinf = S, cos 8 and by
applying the spring law, the equation will be as follow: dy Ky sinf = dg Kgcos 6 therefore: dg =

Kn
Xs dy,tan 6.

, E is Young’s modulus of soft tissue, G is the shear modulus, v is

. . . D,-D. L D,-D
Where 6 is the conical angle, and it is can be found from, 2 tan 6 = %, which gives 8 = tan™1 =

Now, the bone is forced by a vertical force W, which represents the body weight and the inertial force,
which results in a vertical movement d. According to the geometric relationship shown in Figure 1, the
perpendicular spring will maintain to be compressed by [10],

dy = d sin 8 While the tangential spring may be extended by, dg¢ = d cos 8. So, the total normal (N) and
shear (S) forces are given by,

N = Ky(dy, + dy) = Ky(dy, + dsin6) 3)
And

Kn
S = Ks(—ds, + ds) = K (_K_SdNU tan 6 + d cos 9) 4)

These two forces have to be balanced the weight (W), so
W = Nsinf + S cos 6 ®))

And by substituting Eq. (3) and Eq. (4) into Eq. (5) gives,
W = Ky sinfdy, + Kydsin? 6 — Kg cos X IWo SO | ki cos? 0 Or W = Ky d sin? 6 + Kg d cos?8

" Ks cos6
Therefore:
W = d (Ky sin? 8 + Kscos?6) (6)
Where
d - @)

" (Ky sin? 6+Kgcos26)

It is required to measure the capability of the anti-deformation the interface stiffness (K). The interface
stiffness equals to the force acting on the bone to the vertical displacement of the bone relative to the socket
shell. So, it consists of the geometry of the limb and elastic modulus of tissue [10].

w

K=2 (®
By substituting Eq. (6) into Eq. (8) gives,

K = Ky sin? 8 + Kscos?0 )

To guarantee that sliding will not occur at limb/socket interface, the no-slip condition must be achieved,
which means that the shear force should be less than or equal to the maximum friction force, hence [10],
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S < uN (10)

Substituting Eq. (3) and Eq. (4) into Eq. (10) gives,

K (—K—NdN tan9+dcost9) SMKN(dN +dsin9) (10a)
Kg o o
Or
Ky W cos 8 Wsin6

Ks ( Kg dNO tan6 + (K sin? 6+K5c0529)) < n Ky (dNO +d (K sin? 9+K5c0529)) (10b)
That means,
. W Kg cos @ uKyWsiné

KNdNO tand + (K sin? 6+Kgcos?6) SH KNdNO + (K sin? 6+Kgcos?6) (10c)
Or,

W Kg cos 8 _ uKyW sin @

(Ky sin? 0+Kgcos?0)  (Kp sin? 0+Kgcos?0) = KNdNO (‘u ttan 9) (IOd)
Therefore,
W KgcosO—pu KyW sin 0

(K sin2 0+Kgcos26) S KNdNO(M +tan 6) (10e)
Finally, we could find the dy, from the above equation, which equals to:

W K (cos G—uK—NsinG)
dn, = K (K—Nsinz 9+I<(:Zs29) 'KN(ujtan 0) (10)
N Kg
So, the pre-compressive displacement of the perpendicular spring is given by,
K
(cos8—pu-Lsino)

dy, =~ £ (11)

° "~ Ky (I;(—I;’sinz 9+c0526)(u+tan 0)

The average pre-pressure at skin/socket interface can be found by applying the pressure law which is equal
Force
to

where the force represented by N, so the law will be [10]:

Area’
N Kyd
PO — 7o 2 NANO (12)

Substituting Eq. (11) into Eq. (12) gives,

Ky .
(cos Q—uK—Ssm 0)

w
>
PO_A

(13)

(i—g’ sin2 9+c0529)(u+tan 0)

Now, the average pressure and shear stress acting on the limb surface could be calculated as follows [10],
N

p=— (14)

Substituting Eq. (3) and Eq. (7) into Eq. (14) gives,

p= IfTN(dNO_}_ Wsin@ ) (15)

(K sin2 0+Kgcos26)
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While the shear stress is given by [10],

T=— (16)

Substituting equation (4) into Eq. (16) gives,

(17)

_ Ks Ky
T ——(—K—SdNotanH +

W cos 6 )
A

(K sin2 8+Kgcos26)

Now, the mathematical equations were programmed in MATLAB R2008a software. The interface
stiffness, average pre-pressure, average interface normal stress and the average interface shear stress will
be found immediately after running this program. Figure 4 shows the flowchart of the Matlab program.

Start

'

Enter Poisson Ratio,
Young Modulus &
Average Thickness

of the Soft Tissue

'

Enter Socket
Diameter at
Upper & Lower
Side of the
Support Surface

'

Enter the Vertical
Contact’s
Distance with the
Socket & the
Patient Weight

}

Enter the coefficient
of friction at
skin/socket interface

+

Calculate the following:

The Interface Stiffness:

K = Ky sin® 8 + K,cos°8
The Average Normal Stress:

P= ILTII\-SI!-._ ¥ Waing J-I

(K sint B+ K co8t8)
Shear Stress:

KEef KEx o Weosd
T = T(—Eﬂﬁ;ﬂ tan & +

(K, gind ﬁn‘-:',:a-s-'ﬂulll

'

End

Figure 4. Flowchart of Matlab program.
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In order to compare the mathematical result with the experimental one, MATLAB program was used at
the same region that produces the peak pressure (at the beginning of cut-out opening; near the foot). So,
running the program, the values of normal and shear stresses are obtained directly which are
137629.146697 Pa and 55051.658679 Pa and by taking the resultant stress the value is 148.231 Kpa. This
value of stress in the static form and to do an accurate comparison it should be multiplied by the dynamic
factor 1.2, so the resultant stress will be equal to 177.877 Kpa.

4. Computer methodology

Using SOLIDWORKS program (Version 2015), Syme's socket mode was created with the real dimensions
of the subject. The model was created with an elliptical cut-out in the posterior position. The cut-out shape
and type of material were obtained from [8] as shown in Figure 5. The meshing process was tested on the
model. Finally, socket simulation is achieved to find the effect of the different internal pressures results on
the socket.

i

Figure 5. Syme’s socket with elliptical cut-out.

5. Results and discussions

5.1 Load distribution

From the experimental and numerical methods, it is found that two values for the internal stump-socket
stress, usually the mathematical result was reasonable. The percentage of discrepancy between the
measured and calculated is as follows,

actual value—measured value

Percentage of discrepancy = X100% (18)

actual value

So, the maximum percentage of the discrepancy is 27.7%, which is considered as an acceptable value.

5.2 Numerical results (SOLIDWORKS)
The sockets have been tested with two different internal loads, the first one resulted from the F-socket
device while the second one that resulted from the mathematical equation.

5.2.1 Simulation using F-Socket Device Load

According to the result of the F-socket device which gives the internal stump-socket as a pressure-time
curve, the simulation was done in two forms, the first one by applying the mean value in pressure sensor
in the maximum pressure position (representing the end of the cut-out near the ankle) which is equal to
128Kpa and the solution by a static solution, while the second one by insert the pressure-time curve and
solving it as a dynamic solution which is more accurate than the first one, the resulats of the dynamic
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simulation was taken at the last second of the test. Figure 6 shows the difference in the Von Mises stress
between the static and dynamic simulation, while Table 2 shows the maximum deflections, strains, and
stresses (components and principals) that generated in the two types of simulation. Figure 7 shows the
maximum deformation happened in the two types of simulation.

19
18
17
16

Von Mises Stress
(MPa)

Static

15
13

Dynamic

Type of simulation

Figure 6. Von Mises stress for the static and dynamic simulation.

Table 2. Maximum deflections, strains, and stresses (components and principals) that generated in the
sockets for the two types of simulation.

Simulation type Uy (mm) Uy (mm) U, (mm) &, (ue) &y (ue) &, (ue)
Static 0.089 0.015 0.174 -301.3 -330.7 -397.3
Dynamic -0.104 -0.018 -0.197 388.6 312.2 312.6
Soket Sx (Mpa) Sy (Mpa) S, (Mpa) Si (Mpa) S; (Mpa) S; (Mpa)
Static -11.102 -11.335 -12.725 11.201 -3.897 -15.196
Dynamic 16.725 12.746 11.849 18.882 -5.230 -18.623
LIZ [mirn) UZ [
0,174 0.068
l 0.155 ‘ 0.044
_ 136 L 0.022
. 0117 . 0.000
. 0.098 . -0.021
_ 0079 L -0.043
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w22 -0.109
N RE] -0.131
-0.016 -0.153
-0.035 -0.175
-0,054 -0.197
Static Simulation Daynamic Simulation

Figure 7. Contour plots of the maximum deformation for the two types of simulation.

A dynamic load can have a great effect than a static load of the same magnitude because of the structure
inability to respond quickly to the loading (by deflecting). The increase in the effect of a dynamic load is
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given by the dynamic load factor (DLF), which is found by dividing the Von Mises stress that resulted
from the dynamic solution to the Von Mises stress that resulted from the static solution.In this case, the

DLF was found equal to 1.2.

5.2.2 Simulation using mathematical equation

In this type of simulation, the maximum load was applied in the two sockets which resulted from the
mathematical equation and equal to 117 Kpa. To know the difference between the effect of the dynamic
simulation with applying the experimental result from the F-socket device, and with applying the result
from the analytical equation, Table 3 shows a comparison between the results of the two methods. Figure
8 shows the difference in the Von Mises as contour plot for the two type of simulation.

Table 3. Maximum deflections, strains, and stresses (components and principals) that generated from the
experimental and analytical load in the new sockets.

Umm)  Uymm)  Gmm) i) g(e) &)
Experimentally  -0.104 -0.018 -0.197 388.6 312.2 312.6
Analytically -0.124 -0.022 -0.225 -242.8 422.2 435.9

Sx (Mpa) Sy (Mpa) S, (Mpa) Si (Mpa) S (Mpa) S; (Mpa)
Experimentally  16.725 12.746 11.849 18.882 -5.230 -18.623
Analytically 2.718 14.688 13.109 18.318 3.872 -7.215
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—P Yield stremagth 148,370
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Figure 8. The difference in the Von Mises as contour plot for the two type of simulation.

6. Conclusions
In this study, the following conclusions are drawn,

1. The Stump-Socket load distribution by using the mathematical equation has an acceptable difference
as compared to that from an F-Socket device which is 27.7%, so it is possible to depend on the
analytical expressions only and dispense on the F-Socket device in the necessary occasions in cases of

the unavailability of the F-socket.

2. The amount of the DLF found to be 1.2, which is considered as a logical value that refers to acceptable

simulation results.
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