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5.2.  Position Control using Proportional-Integral-Derivative (PID) 
Experimentally obtained trajectory of the ankle in the stance and swing phases was 

used as the reference trajectory for the simulation. The force plate was actuated using 

stochastic torque input data, which was used in the experiments. The stiffness and 

damping parameters of the revolute joints representing the hip and knee and the 

prismatic joints representing translation in X, Y and Z axes were set to zero. The ankle 

joint was active and its stiffness and damping in DP and IE directions was modulated 

as per the stage of the stance phase. Experimentally estimated impedance of the ankle 

at five instances of the stance phase [26] was used as the time-varying stiffness and 

damping values for the ankle joints in DP and IE. The simulation generates the ankle 

translational trajectory which was similar to the experimental data during the stance 

and swing phase, as shown in Figure 12. Figure 13 shows the absolute error in the 

translational trajectory of the ankle with a mean relative error of 3.87±1% in the vertical 

translational position. The maximum relative error of 6.51% in the vertical translational 

position of the ankle occurs in the later part of the stance phase. This is possibly due to 

the inability of the foot model to perform toe-flexion (movement about 

metatarsophalangeal joints), which causes a difference in the gait trajectory. The 

ground reaction forces exerted by the ground surface and the force plate on the foot 

modulated the ankle translational and angular trajectories. Figure 14 shows the 

experimental and simulated angular trajectories of the ankle. The absolute errors in 

tracking the ankle angular trajectories in DP and IE are shown in Figure 15. The mean 

relative error was 5.74±4.85% in DP and 4.94±3.13% in IE. The ground reaction forces 

experienced by the foot results in a reactive torque exerted by the force plate on the 

ankle. The resulting torque acting on the ankle in DP and IE during the stance phase 

was also fairly similar to the experimental data during the stance phase. Figure 16 

shows torque acting on the ankle in DP and IE. The simulated torque does not track the 

experimentally obtained torque with a high accuracy. This may be due to the inability 

of the ground contact model to vary its stiffness and damping according to the forces 

exerted on the ground surface due to the weight of the prosthesis. 
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Figure 12. Translational trajectory of the ankle 

 

 

Figure 13. Absolute Error in translational trajectory of the ankle 
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Figure 14. Angular trajectory of the ankle in DP and IE 

 

 

Figure 15. Error in angular trajectory of the ankle in DP and IE 
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Figure 16. Torque acting on the ankle in DP and IE 
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5.3.  Impedance Control 
The stiffness and damping parameters of the revolute joints representing the hip and 

knee and the prismatic joints representing translation in X, Y and Z axes were set to 

zero. The impedance ankle joint was updated according to the stage of the stance phase. 

The ankle joint was active and actuated using torque computed by the impedance 

controller. The force plate was excited using stochastic torque used in the experiments. 

Implementing inverse kinematics and using experimentally obtained trajectory of the 

shank, the translational trajectory of the ankle was computed. The position, velocity 

and acceleration data of the foot was used as the reference trajectory for the end-

effector. The impedance curve used in PID control method was used as the impedance 

of the ankle joint during the stance phase. The simulation produces ankle translational 

trajectory similar to the experimentally obtained reference trajectory as shown in 

Figure 17. The error in translational trajectory of the ankle during stance phase is 

shown in Figure 18. The mean relative error in the vertical translational trajectory 

during the stance phase was 0.53±0.3%. The simulation fairly tracks the angular 

trajectories of the ankle in DP and IE in the later phase of stance as shown in Figure 

19 with the absolute errors shown in Figure 20. The mean relative error in tracking 

angular trajectories was 37.58±31.9% in DP and 11.57±8.26% in IE. The relatively 

high error is due to tracking of the impedance of the ankle and not its trajectory during 

the stance phase. In order to maintain a certain impedance, the torque acting on the 

ankle is modulated which results in a different angular trajectory of the ankle. Figure 

21 shows the torque acting on the ankle in DP and IE. Although, the error in torque is 

higher during toe-off, the simulation generates a torque fairly similar to the 

experimentally obtained results for the remainder of the stance phase. This error is due 

to the inability of the foot model to simulate the flexion of the toes which generates the 

torque required for driving the prosthesis forward.  
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Figure 17. Translational trajectory of the ankle 

 

 

Figure 18. Absolute Error in translational trajectory of the ankle 
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Figure 19. Angular trajectory of the ankle in DP and IE 

 

 

Figure 20. Error in angular trajectory of the ankle in DP and IE 
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Figure 21. Torque acting on the ankle in DP and IE 
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6. Conclusion 
The simulation developed mimics the ankle trajectory of an individual based on 

experimentally obtained straight walking trajectories of the human ankle. The 

simulation models a two-degree of freedom prosthesis and an instrumented walkway 

that was used in the experiments conducted on human participants to estimate their 

ankle impedance. The simulation was built using ankle trajectory data from two 

individuals and tested using data obtained from two additional individuals. Inverse 

kinematics was used to compute the trajectory of the knee and the hip joints along with 

the translation of the prosthesis. A ground contact model was developed to imitate the 

corporeal interaction of the foot of the prosthesis with the ground surface. Three 

controls methods were implemented to reproduce the individual’s gait pattern, namely; 

positon control, proportional-integral-derivative (PID) control, and impedance control. 

Although providing undesirable results, position control aided the understanding of the 

foot-ground contact dynamics. Using time-varying impedance data of the ankle during 

stance phase and implementing PID control on the ankle joint, the simulation generates 

the human ankle trajectory with a mean error of 3.87±1% in the vertical translational 

position, and a mean relative angular position error of 5.74±4.85% in DP and 

4.94±3.13% in IE. It also tracks the torque acting on the ankle, which validates the 

ground contact model. An impedance controller was employed to track the time-

varying impedance of the ankle. The impedance controller mimicked the ankle 

trajectories with a mean relative error of 0.53±0.3% in the vertical translational position 

of the ankle joint. The impedance control method produced torque on the ankle similar 

to the experimental results with a maximum error occurring at toe-off. The simulation 

thus reproduces an individual’s ankle trajectory satisfactorily and implicates the need 

for toe-flexion. 

  



26 
 

7. Future Work 
This simulation was developed for straight walking gait trajectories. Since, the 

simulation allows for alteration of the orientation of the force plate, it can simulate 

different gait scenarios such as walking on tilted surfaces, side-step and turning steps. 

In future, it could simulate other gait maneuvers that include but are not limited to 

walking on uneven terrain, and ascending or descending stairs. In addition, as the 

weight of the prosthesis can be altered, the effect of the weight of an individual on their 

gait pattern can also be determined. This could help in simulating experiments where 

participants have to walk with different loads on their shank, foot and hip. The ground 

contact model could be enhanced by implementing toe-flexion motion in the foot model 

which would better imitate the real-time interaction of the foot with the ground surface. 

The simulation could help develop an impedance controller that varies the impedance 

of the ankle by using a generalized gait trajectory of the ankle, obtained by averaging 

ankle trajectories of a large number of individuals, allowing the foot to conform to the 

changes in profile of the ground surface. The simulation exhibits flexibility in 

employing other control methods, which can be initially tested on the simulation before 

implementing them on the prosthesis. By varying the impedance of the ankle in real-

time, the simulation could help identify areas of the human ankle trajectory that play a 

major role in modulation of the ankle impedance.  
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