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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. 

 

     Key Words: stress, dynamic loading, socket , prosthesis, above knee, finite element. 

 

خلال انخطىج انىاحذج ىقة انطشف انصُاػٍ أػهً انشكثحن الأجهاداخ ذحهُم  

 

 تكش َىسٌ خضش
 يذسط يساػذ

 قسى انهُذسح انًُكاَُكُح-كهُح انهُذسح-جايؼح انًىصم
 

 انخلاصح
 نًؼشفح أػهً انشكثحنىقة انطشف انصُاػٍ نؼُاصش انًحذدج هُم افٍ هزا انثحث ذى أجشاء ػًهُح ذح      

انشكم  تاسرخذاو هزا انُىع يٍ انطشف الأػًال انساتقح ػهً أجشَد. خلال انطشفانًرىنذج  ذىصَغ الأجهاداخخاسطح 

انرحهُم  ػًهُح دفٍ هزِ انذساسح كاَ انساكُح. الػهً حساب الأجهاداخ ترأثُش الأحً كثُشا انًرًاثم كًا كاٌ انرشكُض

.  (ANSYS 12.1) َايجثشن كثُشجان ألإيكاَُاخيٍ  تالاسرفادجًَزجح شكم انىقة قشَثح جذا يٍ انشكم انحقُقٍ و

 نهخطىج وهٍ يشحهح ياانثلاثح شئُسُح انًشاحم ان ترأثُش الأحًال انحشكُح ػُذ ضًُد انذساسح ػًهُح ذحهُم نلأجهاداخذ

 وهٍ أصاتغ انقذو ػٍ الأسض اترؼادتقهُم  انرٍ ذسثق ًشحهحاننكؼة الأسض ويشحهح ذسطح انقذو وا ذهٍ يثاششج ضشب

انفؼم الأسضٍ  حساب انحًم انحشكٍ تحساب قىي سدػهً انذساسح  واػرًذخ. يشاحم ذقهُذَح دأب ػهُها انثاحثىٌ

انشئُسُح  انًشاحم ػُذ ػظى انفخز صؼىدا انً نقذويٍ ا وانذوساٍَوانقىي وانؼضوو انحشكُح انًصاحثح نهرؼجُم انخطٍ 

ذشكضخ  قًُها انؼظًًانًُاطق انًخرهفح نهىقة ونىحظ أٌ  ذى انحصىل ػهً صىسج ذىصَغ الأجهاداخ ػهً نهخطىج. حثلاثان

 انًُاطق الأخشي تأَها راخ يسرىَاخ أجهاد يرذَُح. فٍ يُطقح انحافح انؼهُا فًُا ذًُضخ يؼظى
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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. VSP 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] . 

 

mmHlengthHeel

mmHlengthThigh

mmHlengthShank

mmHlengthFoot

70039.0

3602.0

443246.0

274152.0









 
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: 

mmHlengthHeel

mkgI

mmlengthSegmentmassofCenter

kgmassBodyMass

70039.0

.01135.068.1)274.03.0(

9627435.035.0

68.1022.0

22









 
 

Shank: 

22 .064.06.3)433.03.0(

192433433.0433.0

6.3045.0

mkgI

mmlengthSegmentmassofCenter

kgmassBodyMass







 
 

Thigh: 

22 .1026.08.8)36.03.0(

157360435.0435.0

8.811.0

mkgI

mmlengthSegmentmassofCenter

kgmassBodyMass







 
 

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. 

 

 
Table (2) The accelerations of the body segments 

[4]
 

 Foot  Shank Thigh 

ya  
za     

  
ya  

za      
  

ya  
za     

  

Heel strike -2.17 2.42 19.03 -6.86 -0.28 15.53 -6.24 -0.18 -15.71 

Foot flat 0.22 0.11 -2.23 0.59 0.15 -0.66 0.01 -1.16 3.44 

Tow off 2.37 1.16 -23.41 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. 

 

 

 

Soon after heel strike           Foot flat                          Just before toe off 

Figure (1) Geometry of the segments at the three main gait cycles 
[4]

 

 

99 ° 92 ° 
70 ° 

87 ° 50 ° 

 

70 ° 

43.8 N.m 

73.7 N 

28.0 N.m 
89.44 N 

869.35 N 

860.9 N 548.66 N 

558.9 N 

938.7 N 

940.3 N 

21.56 N.m 

33.92 N. 

33.32 N.m 34.0  

128.6 N 

97.17 N.m 

79.9 

N.m          

105.93 N.m 

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

x
 

081.0  045.0  095.0  

y
 

0083.0  0036.0  0109.0  

z  
204.0  115.0  239.0  

VonMises
 

19.0  108.0  223.0  

             

          
 

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

gait cycle. 

  

         
 

Figure (6) Stress distribution in lateral medial (y-direction) developed during three main gait 

cycle. 

 

              
 

Figure (7) Stress distribution in transverse (z-direction) developed during three main gait cy-

cle. 
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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 σx  and  σz 

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 σy 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 

 

 

 

0.2(80)9.81 N 

 

128.6 N 
 

8.8(6.24) N 
 

M Fz 

M 

938.7  N 
 

97.17 N.m 
 

8.8(0.18) N 
 

Fy 

M 

9 ° 
937.7 N 

 

153.3 N 
 11.34 N.m 

 

3 ° 

3.6(6.86) N 
 0.064(15..53) N.m 

 3.6(0.28) N 
 

Fy 

1.68(2.17) N 
 

0.01135(19.03) N.m 
 

1.68(2.42) N 
 

Foot 

 

Thigh 

 

Shank 

 

Figure (A.1) Free body and kinetic diagrams of foot, shank, and thigh respectively 

soon after heel strike.                                                                                       

 

0.1026(15.71) 
N.m 

 

Fz Fz 

1.2(80)9.81 N 
 

Fy 
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Foot 

 

 

 

 

 

 

 

 

 

 

 

 

Shank 
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

















NF

F

amF

F

F

amF

mNM

M

damIM

z

z

zz

y

y

yy

7.937

42.268.181.9)80(2.1

3.153

)17.2(68.181.9)80(2.0

.34.11

07.0)17.2(68.1096.042.268.103.1901135.007.081.9)80(2.0

]7[

]7[

]7[






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




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


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NF

F
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F

amF

mNM

M

damIM

z

z
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y

y
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7.938

)28.0(6.37.937

6.128

)86.6(6.33.153

.17.97

3cos192.0)86.6(6.3

3sin192.0)28.0(6.3)53.15(064.034.113sin443.07.9373cos443.03.153




















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
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F

amF
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M
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z

z
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y

y
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3.940

)18.0(8.87.938

7.73

)24.6(8.86.128

.9.79

9sin157.0)18.0(8.8

9cos157.0)24.6(8.8)71.15(1026.017.979sin36.07.9389cos36.06.128


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At Foot Flat 

 
 

Foot 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shank 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

33.92 N 
 

Fz 

M 

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

at foot flat.                                                                                                           
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Just Before Two off 
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Figure (A.3) Free body and kinetic diagrams of foot, shank, and thigh respectively 
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