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1. Linear Kinematics 

Linear kinematics describes the motion of segment centres of gravity in terms of 

displacement, velocity, and acceleration. 

Velocity 

                                             𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =
Change in displacement

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑇𝑖𝑚𝑒
                       (3.20) 

 

 

Acceleration 

                                                   𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
Change in velocity

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑇𝑖𝑚𝑒
                 (3.21) 

 

 

These equations represent finite difference numerical differentiation methods 

used to derive motion variables from displacement data.  

In gait analysis, displacement data are usually smoothed using digital filtering 

techniques to reduce measurement noise. 

Example of Centre of Gravity Data 

 

Table 3.6 is an example of the center of gravity data for one time frame for the Man. 

DST file in GaitLab. 

 Choosing the centre of gravity (CG) of one segment (the right foot) and one 

direction (Z) yields the curves seen in Figure 3.12. This figure shows how Equations 

3.20 and 3.21 function. Study the position curve at the top of Figure 3.12 first.  
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You will notice that at t = 0.0 s (heel strike), the foots CG is slightly above zero. It 

drops down almost to zero and then does not change much until about 0.6 s. This 

period is obviously when the foot is flat on the ground.  

At heel strike, the velocity is slightly negative because the CG is still moving 

downward. During foot-flat (0.1-0.6 s), the velocity is almost zero because the 

displacement is not changing (see Equation 3.20). The acceleration is quite large 

and positive just after heel strike when the foot is experiencing an upward force from 

the ground. During the foot-flat phase, when the velocity is not changing much, the 

acceleration is almost zero (see Equation 3.21). 

Important observations from the curves: 

 Velocity becomes zero at maximum or minimum points of displacement. 

 Acceleration becomes zero at turning points of the velocity curve. 
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Figure 3.12 The displacement, velocity and acceleration of the right foots center of gravity 

in the Z direction as a function of time 

 

2. Angular Kinematics 

Angular kinematics describes segment orientation and rotational motion in three-

dimensional space. 

Two main descriptions are used: 

1. Anatomical Joint Angles 

2. Segment Euler Angles 
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Anatomical Joint Angles 

Joint angles describe the orientation of the distal segment relative to the proximal 

segment. 

Three principal rotations occur at joints: 

1. Flexion / Extension 

Rotation about the mediolateral axis of the proximal segment (i.e., the z axes in 

Figure 3.10). 

2. Internal / External Rotation 

Rotation about the longitudinal axis of the distal segment (i.e., the x axes in Figure 

3.10). 

3. Abduction / Adduction 

Rotation about a floating axis perpendicular to the other two axes 

These angle definitions can be a little more easily understood by referring to Figure 

3.13, which illustrates the left knee. 
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Figure 3.13 The axis of rotation for the left knee. The proximal and distal reference frames are 

shown on the left, while the axes are highlighted on the right There are three separate ranges of 

motion: Flexion and extension take place about the mediolateral axis of the left thigh (z2); internal 

and external ritation take place about the longitudinal axi of the left calf (x4); and abduction and 

adduction take place about an axis that is perpendicular to both z2 and x4.Note that these three axes 

do not form a right-handed triad, because z2 and x4 are not necessarily at right angles to one 

another. 
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The first three columns of Table 3.7 show the anatomical joint angles for t=0.00 s 

for the Man.DST file in GaitLab, whereas Figure 3.14 concentrates on the right hip 

joint. The mathematical details describing how the rotation axes of Figure 3.13 can 

be used to generate the data in Figure 3.14 and Table 3.7 are quite complex and are 

included in Appendix B. 
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3. Segment Euler Angles 

Segment Euler angles describe the orientation of a body segment relative to the 

global reference frame. 

A rigid body in three-dimensional space has six degrees of freedom: 

 Three translational coordinates (X, Y, Z) 

 Three rotational coordinates (Euler angles) 

Figure reference 

 Figure 3.15: Linear degrees of freedom defining the CG position of a 

segment. 

 Figure 3.16: Euler angle rotations defining segment orientation. 

The Euler rotation sequence is: 

1. Rotation ϕ about the global Z axis 

2. Rotation θ  about the line of nodes 

3. Rotation ψ  about the segment z-axis  
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4. Angular Velocity and Angular Acceleration 

Once Euler angles are determined, angular motion variables can be calculated. 

Angular velocity 

 

 
Key characteristics: 

 Angular velocity symbol: ω 

 Angular acceleration symbol: ω̇ 
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 Units: 

o rad/s 

o rad/s² 

 

Another way to express change in angular position is angular position2  angular 

position1, in which angular position1 represents the body’s position at one point in 

time and angular position2 represents the body’s position at a later point: 
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5. Ground Reaction Forces (GRF) 

Three-dimensional gait analysis requires a force plate to measure the interaction 

between the foot and the ground. 

A force plate records six parameters: 

1. Force in X direction, FX 

2. Force in Y direction, FY 

3. Force in Z direction, FZ 

4. Position of resultant force in X direction, DX 



 

 

 

Al-Mustaqbal University / College of Engineering 

 

Prosthetics & Orthotics Eng. Department 

Third Class 

Subject (Biomechanics II)  

Code (UOMU0103062) 
Asst. Lec. Mariam Ghassan Al-maroof 

1st term – Lecture 5 

 

Email (mariam.ghassan.ghaffar@uomus.edu.iq) 

5. Position of resultant force in Y direction, DY 

6. Torque about Z axis, TZ 

 

Figure 3.18a depicts a foot on the plate, whereas Figure 3.18b shows the previously 

listed six pieces of information associated with the contact between the foot and 

plate. 
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Table 3.8 shows the ground reaction force information for both plates between 0.68 

and 0.72 s for the Man.DST file in GaitLab.  

Note that at 0.68 s, all the values for Plate 2 are zero. This simply means that the 

subjects left foot has not yet made contact with this plate. Note too that the DX value 

for Plate 2 is about 0.47 m greater than that for Plate 1. This simply reflects the fact 

that Plate 2 is that much further from the origin of the global reference frame (refer 

to Figure 3.4). Note also that FZ in Plate 1 is decreasing (with increasing time) as 

the subjects right foot approaches toe-off.  

The ground reaction force data may be plotted as a function of time as seen in 

Figure 3.19. There are a few observations that need to be made when studying the 

FX, F Y, and FZ curves in this figure. The range (in newtons) for the vertical force 

F Z is almost three times that of the fore-aft force FX. The mediolateral force F Y 

has a range of less than one tenth of FZ. The subjects weight is a little over 600N, 

so FZ, which has the characteristic double hump, exceeds body weight two 

different times during the stance phase. 

As can be seen from all three curves, the stance phase lasts a little over 0.75 s. It 

should be pointed out that the male subject in this example was walking slightly 

slower than his normal pace (stance time is normally a little over 0.6 s). The fore-aft 

force FX is negative (i.e., acting in a backward or aft direction) for the first half of 

the cycle. Thereafter it becomes positive as the subject pushes off, driving backward 

on the plate, and, in accordance with Newtons third law of motion, experiencing a 

forward force. The mediolateral force F Y is negative for the first 0.5 s, indicating 

that just after heel strike, the foot was acting on the plate in the positive Y direction 

(refer to Figure 3.18, and remember that all these forces F X, FY, FZ  reflect the 

force of the plate on the subjects foot and not vice versa). During most of the stance 

phase FY is positive, which means that the plate is pushing inward (or in a medial 

direction) on the subjects foot. 
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Calculation of Joint Forces and Moments 

Now that we have the ground reaction force data, we can go on to calculate the 

resultant forces and moments acting at the joints of the subjects lower extremities  

ankles, knees, and hips. First, you need to understand the concept of a Free Body 

Diagram (FBD). An FBD is a diagram in which the segment or body or interest (say, 

the right foot) is removed (or set free) from its environment and the external forces 

and moments acting on it are drawn in. Figure 3.20 shows an FBD for the right foot. 
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Joint moments are calculated using the rotational form of Newton’s second law. 

                          Σ𝑀 =
𝑑

𝑑𝑡
 (Angular Momentum) 

The moments acting on a segment include: 

 The joint moment 

 The moment produced by the ground reaction force 

 Moments generated by other external forces 

Moments created by forces are calculated as: 

                     Moment= Force× Lever Arm  

Where: 

 Force is the applied force 

 Lever arm is the perpendicular distance from the line of action of the force 

to the center of rotation. 
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Inverse Dynamics Procedure 

The calculation of joint forces and moments is performed using Inverse 

Dynamics. 

In this method, calculations proceed from the distal segment to the proximal 

segment. 

The procedure is: 

1. Analyze the foot to determine the ankle joint force and moment. 

2. Use these results to analyze the shank (calf) and determine the knee joint 

force and moment. 

3. Continue with the thigh to determine the hip joint force and moment. 

Thus, joint kinetics are obtained sequentially along the lower limb. 

 

Representation of Joint Forces 

Joint forces are three-dimensional vectors, therefore they are resolved into 

anatomical components. 

Force Components 

 Mediolateral force 

 Anterior–posterior force 

 Proximal–distal force 

These components describe the direction and magnitude of the forces acting across 

the joint. 

 

 Representation of Joint Moments 
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Joint moments are also expressed relative to anatomical axes. 

Moment Components 

 Flexion–Extension moment 

 Abduction–Adduction moment 

 Internal–External rotation moment 

Expressing moments in anatomical terms allows direct interpretation of joint 

function during movement. 

 

 Interpretation of Joint Moments in Gait 

Analysis of joint moments during walking shows that: 

 The flexion–extension moment is typically the largest component. 

 Abduction–adduction moments may also be significant in certain phases 

of gait. 

 Human walking is fundamentally a three-dimensional movement, not 

purely planar. 

 

 Limitations of Joint Force Calculations 

The calculated joint forces represent the resultant force acting across the joint. 

This resultant includes contributions from: 

 Muscle forces 

 Ligament forces 

 Bone contact forces 
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However, it is not possible to determine individual muscle forces directly from 

these equations because the number of unknown forces exceeds the number of 

available equations. 

To estimate muscle forces, additional methods may be used, such as: 

 Optimization techniques 

 Electromyography (EMG) 

 

 


