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Walking is human's natural means to move from one place to another. 

Walking or gait cycle involves the motion of many of the body limbs and 

joints. Knee plays such an important role in the gait cycle. Motion of knee 

joint is not that simple kind of motion. It involves planer rolling and 

gliding motion as well as out of plane motion. Artificial limbs are used to 

enable amputees to function normally. Knee unit is a very critical 

component of the above knee prosthetic limb. . 

In this work an artificial knee was designed consisting of a four bar 

linkage in which motion was controlled by a suitable Electro-rheological 

(ER) damper. A complete analysis of the kinematics of motion for the four 

bars and the ER damper was made. Stability moment required to control 

the artificial knee during walking was obtained, and comparison between 

the performance of artificial and normal knees was elaborated. 

KEYWORDS: Human, Artificial, Electro- rheological, Mechanisms, 

Walking, Knees, Legs 

 

INTRODUCTION 

An artificial leg is required to function like a normal leg. It has to provide a means of 

support and ability of walking. The ideal artificial leg resembles a normal leg closely in 

how it allows the amputee to walk. The first artificial leg, the peg leg, caused a pole 

vaulting effect during walking. This was due to the user who has to raise the normal 

ankle to allow the peg leg to swing clear of the ground through the swing phase. 

Similarly the user tended to tilt the pelvis for the same reason. These actions caused 

bad walking styles, while consuming a lot of energy 

Appoldt and Bennett [1] measured the loading on an above knee fiber-glass 

socket by building the socket with pressure transducers incorporated. Unfortunately 

their results are only accurate for the single socket used in the experiment. This is 

because all modern sockets have different geometries and external loadings due to 

differences in the amputees. 

Bielefeldt and Schreck [2] found the difference in loading of four different 

sockets, during stance, for one patient. Their sockets were also built with transducers 

incorporated. From these results a general feel for the load paths can be gauged. 

Dorious [3] investigated the dynamic response of the leg in torsion with 

application to snow ski injuries. A biomechanical model of the leg system was 

developed and injury mechanisms to the ankle, knee and tibia were presented, the 
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objective was to determine how torsoional leg system dynamics influence injuries to 

the ankle, knee and tibia under impulse loading. 

Rohrle and Sollbach [4] calculated the forces in the hip, knee and ankle joints 

during walking. The knowledge of the three dimensional movements of the human 

body and of the forces between foot and ground was a prerequisite. 

Hunter [5] studied the behavior of the leg during oscillation by using a free 

oscillation method. The lower leg was represented by a simple mass, spring and 

dashpot model. Forty-five subjects underwent free vibration tests on their right legs. 

The force amplitude and the time period, for successive oscillations enabled calculation 

of the stiffness to mass ratio  values .It was found that the time period for the second 

oscillation cycle was significantly lower than that of the first, implying a corresponding 

increase in stiffness. 

Wen Liu and Nigg [6] reported that the simple spring damper mass models 

have been widely used to simulate human locomotion. However, most previous models 

have not accounted for the effect of non-rigid masses (wobbling masses) on impact 

forces. A simple mechanical model of the human body developed in this study 

considering the upper and lower bodies with each part represented by a rigid and 

wobbling mass. Spring damper units connected different masses to represent the rigid 

and wobbling masses. 

Nisell [7] suggested that in turn the leg segmentation and the initial conditions 

may be a consequence of metabolic and bone stress constraints .In his study, the 

theoretical predictions were verified experimentally with respect to initial conditions 

and elastic joint characteristics in human running. Kinematic and kinetic variables were 

measured and the joint torques was estimated by inverse dynamics stiffness whereas 

elastic non-linearity describing the resulting joint characteristics were extracted from 

parameter fits. The results clearly supported the theoretical prediction and the knee 

joint was always stiffer and more extended than the ankle joint. 

Various investigators (e.g. Hatze [8]; Kim and Pandy [9]) attempted to 

determine the passive elastic moments about the knee joint. Most of these studies 

differed in purpose and protocol and as a result much of the database remained 

incomplete and unclear.  

 Radcliffe [10] studied of the bio-mechanics of human walking, alignment 

principles, and methods of fitting for above-knee prostheses. 

Notable examples were found in the work of Braune and Fischer [11] on 

human gait, and the publications of Schede [12] on scientific principles of fitting and 

alignment. 

The objective of this study is to develop a theoretical leg model for use in an 

actively control algorithm using an Electro-rheological fluid damper. Before reaching 

this objective, force analysis has to be done, and dynamics in general of the artificial 

leg has also to be performed. 

 

DYNAMICS OF THE ARTIFICIAL LEG 

The suggested artificial leg Figure (1) consists of shank-foot and knee joint. The knee 

is represented by a four bar mechanism ABCD, where its motion is controlled by 

Electro -rheological (ER) fluid damper. 
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Figure (2) indicates the manner in which the rotation of knee center (K), 

plotted when the moving socket changes its position during a full walking cycle.  

MB 

Fig.1 Schematic Representation of Artificial Leg 
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In order to study the forces and moments acting on the artificial leg during 

walking Figure1, let us define the following parameters: 

Fc =Hydraulic controller force (N) 

e = Unit vector in direction, (B-D) 

ms = Mass of the shank (kg) 

g = Gravitational acceleration (m / s 
2
) 

MB = Stability moment (N m) 

Is = Mass moment of inertia of the shank, (kg m
2

) 

s s,      = Angular velocity and angular acceleration of the shank, (rad/s, rad/s
2
) 

S = Acceleration of the mass center of the shank (m/s
2
) 

Applying Newton second law and taking moments about the center of rotation 

K, the following equations are obtained:  

B s s C s
ˆM I (BK) F (e) (SK) m (g S )                                     (1)  

The acceleration of mass center of moving shank can be calculated in terms of 

acceleration of point C, and  kinematics variable , s s
 as:, 

2

s

.. ..

S = C+ × (SC) (SC)    s                                              (2) 

Fig.2 Change in Knee Center (K) During Walking [13]  
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The acceleration of point C can be written as a function of link CD parameters 

and hip and thigh motions. This reads: 
2 2( ) ( ) ( ) ( )         t t c cC h DH DH CD CD              (3) 

Where: 

h = Absolute acceleration of the hip joint, (point H). 

 ,t t  = Absolute angular velocity and acceleration of the thigh. 

 ,c c  = Angular velocity and angular acceleration of the link CD, 

 3

3

c t

c t

  

  

 

 
 

 3 ,3 = angular velocity and acceleration of link CD relative to AD. 

The velocity of point B can be written as a function of link BA parameters and hip and 

thigh motion 

( )

( )

a

t

B A AB

A h HA





  

  
                                                                               (4) 

B,A= velocity of points B,A                                                                                                           

1a t                                                                                             

a =angular velocity of link AB  

 1 = angular velocity of link AB relative to AD 

 h =absolute velocity of the hip joint (point H) 

 To find the stability moment ( MB ), analysis of four bar mechanism is required 

to obtain the velocities and accelerations during walking for artificial leg. Also a 

control force 
cF  must be calculated according to a selected suitable model of (ER) 

damper. 

 

ANALYSIS OF FOUR BAR MECHANISM 

During swing phase the prosthesis swings in space about the knee center K as a 

compound pendulum. Consider a four bar mechanism ABCD, Figure (3) in which AB 

= a, BC = b, CD = c, and DA = d. The link DA has a fixed position. Let the links AB, 

BC, and CD make angles θ, β, φ, along axis’s of link DA.The link BD represents ER 

damper  

The relation between the angles and link lengths may be developed by 

considering the links as vectors [14]. The expressions for displacement, velocity and 

acceleration analysis are derived below: 

Let, 

ω1, ω2, ω3     be the angular velocities of links AB, CB, CD relative to AD  

α1, α2,   α3      be the angular accelerations of links AB, CB, CD relative to AD 
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Fig. 3 Four Bar Mechanism. 

Center of knee rotation 
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 (5)

2 2 2

1 1 2 3
2

sin( ) cos( ) cos( )

sin( )

a a b c

b

         


 

      



 

2 2 2
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


 

 

Take,      a = 60    mm       b = 46.6    mm      c = 65    mm   d = 33.3 mm 

The flexion angle of knee during swing phase can be obtained according to the analysis 

shown in Figure (4) 

 

 

 

 

 

 

 

 

 

 

  Figures (5) and (6) represents the variations of velocity and acceleration of link 

CD during walking (stance phase to maximum knee flexion).These variations were 

studied at different values of shank angular velocities (- 0.35, - 0.65, -1 rad/s). These 

values of angular velocity represented slow, medium and fast walking. Also these 

variations were studied when the human body moved with variable velocity. 

 

 

 

Fig.4 Variation of Flexion Angle of Knee during Walking [4] 
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The variation of shank acceleration S  during the (stance phase and maximum 

knee flexion) is shown in Figure (7).  

 

Fig.5 Angular Velocity of Link CD versus Swing Angle 
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Fig. 6 Angular Acceleration of Link CD versus Swing Angle 
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HYDRAULIC CONTROL UNIT OF ARTIFICIAL KNEE 

To realize the stability of artificial knee during walking, a hydraulic control unit 

(damper) is required to be fixed in the four bar mechanism, and a special (ER) damper 

model must be selected. A control force (damping force) is to be calculated by this 

model as follows: 

e u r e u r er u rF K (Z - Z ) +C (Z - Z ) +F sign(Z - Z )C                                  (6) 

Where: 

2

r
e

g

A
K =

C
= the equivalent stiffness of ER fluid.    e 3

w

12ηL
R =

b h
 = the fluid resistance.    

o
g

o d

V
C =

P k
      .

2

e p r eC = (A -A ) R = equivalent damping of the ER fluid.         

u r(Z  , Z )  = upper and rear excitations displacement of damper piston. (m)  

 
u r(Z  , Z )  = upper and rear excitation velocity of damper piston.(m/s) 

 er p r erF = (A -A )P                                                 
2LαE

P =er
h



 

Table 1 shows the different values of ER damper parameters for the selected 

model. 

  Fig. 7 Acceleration of Shank S  versus Swing Angle 
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Table (1) ER damper parameters [15] 

Parameters Value Units 

Initial volume of gas chamber ( Vo
) 625 10  

3m  

Initial pressure of gas chamber ( Po
) 25 Pa 

Specific heat ratio (kd). 1.4 --- 

Piston rod area (Ar). 0.00025 2m  

Piston area (Ap). 0.00071 2m  

Electrode length (L) 0.258 m 

Electrode width (bw) 0.01 m 

Electrode gap (h) 0.00075 m 

Fluid viscosity (η)for ER –100 at 60 degree C 120 mPa 

Intrinsic value of ER fluid () 1.42 --- 

Intrinsic value of ER fluid (α) 0.8 --- 

Value of e.m.f (E) 0 - 4 V 

 

Results and Discussion 

Referring to equation (1) the stability moment (MB) for the artificial leg during walking 

can be obtained, knowing the following:- 

1. The control (damping) force 
cF can be obtained from equation (6). 

2. The acceleration of shank S  and angular acceleration can determined from 

analysis of the four bar mechanism. 

3. The flexion angle of knee during swing phase can be obtained from the 

analysis of human walking shown in Figure (4)   

4. Moment of inertia and mass of shank and its dimensions are obtained from 

Table (2), 
 

Table (2) Moment of inertia and mass of the shank and its dimensions [11, 16, 17] 
 

C.G location  

% Seg. Length 

Mass moment of 

Inertia(  kg
2m ) 

Mass ( kg ) Segment 

0.35 -210 0.987 * 1.068 Foot   

0.433   
-210   3.167 * 2.884 Shank 

0.433 -210 7.402 *  6.516 Thigh 

 
Figure (8) describes the relation between damping force and the velocity of 

damper during swing phase (quadriceps action).  
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The variation of damping force during swing phase is shown in Figure (9). 

This variation was obtained when the human body moves with slow, medium, and fast 

motion.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9 Variation of Damping Force During Walking with Swing Angle   
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Fig. 8 Damping Force versus Piston Rod Velocity  
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From this figure it is seen that the compression force decreases throughout a change of 

swing angle from 0- 65
0
 with a compression ratio of 4.5 in the case of fast walking and 

3 for the case of slow walking. Also when the human body moves with variable 

velocity the damping force is decaying slightly during walking.  

Figure (10) demonstrates the stability moment of artificial knee during swing 

phase for different methods of motion. These are, slow, medium, and fast walking 

.Also this figure shows the stability moment when the human body moves with 

variable velocity. It is shown that, when the human body moves with constant velocity 

the stability moment increases reaches a maximum value then decreases before the end 

of swing phase. But when the human body moves with variable velocity the stability 

moment increases to a maximum at the end of swing phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The stability moment of artificial knee between toes –off and maximum knee 

flexion for different means of control unit is shown in Figure (11). These are, 

pneumatic swing control (slow and fast walking), hydraulic swing control with linear 

extension bias [18], normal leg [19], and artificial knee using ER damper (present 

work).On comparing the patterns of variation, it is clear that the values of stability 

moment in the case of pneumatic and hydraulic swing control are less than that 

required for normal human walking. (ER damper) as a control unit in artificial knee 

gives more stability for artificial leg similar to that of normal walking. This means that 

using ER fluid damper is more realistic than the other classical types  
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CONCLUSIONS 

Several factors are involved in selecting the most appropriate knee for a particular 

patient. When deciding between single-axis knee and a four-bar linkage knee using ER 

fluid damper these factors include stance-phase stability, swing-phase control, and 

weight of the knee unit, durability and cost. The final conclusions, drawn from present 

study, can be summarized as follows: 

1- ER damper used for artificial knee is suitable to achieve the stability of knee 

during walking. 

1. The trend of stability moment for artificial knee using ER damper is the same 

as of stability moment for normal knee during walking. 

2. The ER damper used in artificial mechanism is more realistic than the other 

classical types. 
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 هيدروليكى  يعمل بالمجال الكهربى لرجل صناعية بأستخدام مساعد رياضينموذج 

تصميم نموذج لساق إنسان صناعية مكونة من قدم و ساق و مفصل الركبة ,  هذا البحث كيفيه يتناول
, وذلك  مساعد هيدروليكي جــــديد يث تم دراسة تصميم مفصل متطور و ذلك عن طريق إستخدامح

 . المناسب  لحركه الإنسان المعاق أثناء السير تاانالا لتحقيق
مفصل الركبة حركة تعتبر حركة  أثناء السير . و مهما  مباشرا و لإنسان دورا لركبة مفصل الو تلعب 

ولذلك يحتاج الإنسان المعاق لتركيب الأجااء الصناعية  لتمكنه  تحليلها معقد  لكنو  فى مظهرها  بسيطة
 من الحركة الطبيعية . أقرب مايمكن  صورة من الحركة في
لإنسان معاق عباره عن قدم , ساق , ركبه  كامله صناعية شاملة لمكونات نموذج لساق تم عمل دراسة

يتم التحكم في خواص الايت حتوي علي مساعد هيدروليكي تضلاع  و تركيبة ألية رباعية الأمكونة من 
تركيبة الألية الإنسان المعاق. وتم دراسة حركة  داخله بواسطة مجال كهربي يتغير مع طبيعة حركة

وأجريت مقارنه بين عام الإتاان للركبه أثناء سير كل من الإنسان  .لماعئمة حركة الإنسانالرباعية 
  . المستخدم لرجل صناعية  الطبيعي و الإنسان المعاق
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