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ABSTRACT 
 

Lower limb dynamic models are useful to investigate the biomechanics of the knee and ankle joints, but 

many systems have several limitations which includes simplified forces, non physiologic kinematics and the 

complicated interactions between  the foot and the ground. Many approaches in control of prosthetic 

devices use prediction algorithms to estimate ground reaction forces (GRF), which can degrade the 

performance and the efficiency of the devices due to calculation errors. In this study, the variation of the 

GRF during different gait cycles was investigated in the design of an adaptive fuzzy controller for a 
dynamic model of an active ankle-knee prosthesis, the efficiency of the controller was tested for walking 

gait, stair ascent and descent. Real experimental kinematics of the lower limb and GRF measured by forces 

platforms were selected as the controller inputs and fuzzy reasoning was used to determine the adequate 

torques to actuate the prosthetic device model. The capacity of the active prosthesis and the designed 

controller to provide walking, stair ascent and descent cycles was tested by comparing the gait kinematics 

to those provided by a healthy subject. 
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1. INTRODUCTION 
 

During gait, the ground provides reaction forces responsible for maintaining gait balance. These 

forces depend on different factors like ground contact surface condition, slope, elevation of the 
terrain and gait types [1]. These forces have been recently used in gait analysis and classification: 

an approach to movement recognition, using the vertical component of a person’s GRF was 

presented in [2], typical movements such as taking a step, jumping, drop-landing, sitting down, 
rising to stand and crouching were decomposed and recognized using the vertical component of 

the GRF signal measured by a weight sensitive floor. Another approach in [3] presented a 

comparison of gait phases detected from the data recorded by force sensing resistors mounted in 
the shoe insoles. A new method based on GRF measurements of human gait was used for subject 

recognition [4]; the classification task is accomplished by means of a kernel-based support vector 

machine. A study in [5] used also GRF in feature recognition based on fuzzy reasoning. GRF 

measurements were also a helpful tool in flat foot problem diagnosis and were used as a criterion 
to discriminate between normal and flat foot subjects [6]. Other techniques were also used to 

provide lower limb assistance like MRI which used collected clinical human data to estimate 

joints kinematics [7] [8]. In another field, many researchers considered GRF variations in 
designing lower limb prosthetic devices given its great effect on the stability, balance, and energy 

consumption of the prosthesis and consequently the user’s stability, so they have to be considered 
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in the control strategy. Accelerometers and gyroscopes have been used to detect an elevation 

change of the ground in [9] [10] [11]. A method using gyroscopes and infrared sensors was used 
in [12] to estimate the ground slope and elevation of the foot above the ground. A Terrain 

Recognition System was presented in [13] to estimate the height and slope of the terrain using 

laser distance sensors. In some few studies, complete hierarchical controllers were established. 
These controllers perceive the users locomotive intent based on signals from the user, 

environment as a first step, then translate this information to a desired output state for the device 

used as a reference input in a specific control loop that executes the desired movement [14] [15] 

[16] [17] [18] [19] [20] [21][22]. 
 

In this paper, experimental data of GRF combined with healthy limb data is used to generate the 
adequate gaits for lower limb prosthesis. The collected data is fed to a Fuzzy Inference System 

(FIS) that actuates a dynamic model of the prosthetic device. The proposed strategy is evaluated 

for different types of gaits such as walking, stair ascent and descent and validated by simulation 

results. Mathematical equations of human lower limb model, consisting of two degrees of 
freedom (Knee and ankle joints), are presented in a first section. In the second section gait 

analysis is provided for three different gait activities: walking, stairs ascent and descent. Then the 

fuzzy controller is evaluated for these different cycles and the results are presented and discussed 
finally. 
 

2. DYNAMICS OF THE LOWER LIMB ACTIVE PROSTHESIS 
 

2.1. Link-Segment Diagram 
 

In this section, the dynamics of the ankle-knee prosthesis is modeled by a link-segment diagram. 

Since total human control is assumed at the biological hip joint of the residual limb, this paper 

focuses on the dynamics and control of the ankle-knee prosthesis. 
 

Fig.1 shows the link-segment representation of the leg on the amputated side in the sagittal plane. 

The segment lengths are L1 and L2. Locations of the segment centers of gravity (cog) are 

represented by r1 and r2. Horizontal feet disturbances are assumed as a fixed acceleration x&&of 

the ground contact point. 1 and 2  are the joint torques corresponding to the ankle and the knee 

respectively. 1  and 2  depict respectively ankle and knee angles. F1 and F2 represent the 

horizontal and vertical components of ground reaction force applied to the prosthetic ankle joint. 

These forces, caused by the interaction of the foot with the terrain, influence highly the gait cycle 
and have a critical role in supporting the body weight, ensuring stability, and providing the 

necessary propulsion for the gait. The only inputs to the model are externally applied GRF and 

ankle and knee joint torques. 
 

 

 

 
 

 

 

 
 

 

 
 

 

Figure 1.  Knee-Ankle prosthesis model. 

2.2. Euler-Lagrange Equations 
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The dynamics of the prosthesis are derived using the Euler-Lagrange approach [20] for a nominal 
gait cycle. To utilize the Lagrangian method, Cartesian coordinates of the cog for each link, (x1, 

y1) and (x2, y2), are defined as: 
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The time derivative of displacement of the cog for each link is calculated according to (1) and (2): 
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The kinetic energy of the whole system, T, is the sum of kinetic energy of individual links, and 

can be written as: 
 

   2 2 2 2 2 2

1 1 1 1 1 2 2 2 2 2
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      +       
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The total potential energy of system, U, can be obtained by: 

 

                                                      1 1 2 2+ T m y m y g                                                          (6) 

 

The Lagrangian, L, is a scalar function that is defined as the difference between kinetic and 
potential energies of the mechanical system: 

 

                                                           L T U                                                                      (7) 

 
The equations of motion for the prosthesis are derived using the Lagrangian in equation (7) and 

the following equations: 
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From (7) and (8), the equations of motion can be written as: 
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3. GAIT ANALYSIS 
 

To ensure better control of the prosthesis, it is necessary, first, to study the biomechanical activity 

of the lower limb for different types of activities. In this paper, three types of gait will be studied: 

walking, stair ascent and descent. These activities are cyclical and can be broken down into 

several phases depending on the relationship between the foot and its contact point with the 
ground. 
 

3.1. Walking Cycle 
 

During the walking cycle, the considered lower limb alternates a support phase (foot in contact 

with the ground) and an oscillating phase (foot without contact on the ground). A walking cycle is 

thus composed of a support phase (approximately 60% of the cycle) and an oscillating phase 
(approximately 40% of the cycle) of the lower right and left limbs (Fig.2). 
 

 
 

Figure 2. Sub-phases of the healthy leg during walking gait cycle.   

 

3.2. Stair Descent 
 

The descent cycle begins with body weight transfer on the lower limb of support, until the single 

limb support phase. The descent is performed by a flexion of hip and knee. The center of gravity 
begins to advance, simultaneously, the ankle controls the progressive advance of the tibia. Then, 

it moves vertically down. At this moment, the ankle is in extension and has a damping role. The 

weight is then transferred to the contra lateral lower limb to begin the oscillation phase (Fig.3). 
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Figure 3. Sub-phases of the healthy leg during stair decent. 
 

3.3. Stair Ascent 
 

The cycle begins with the foot contact with the ground. Then, the weight of the body is 

transferred to the anterior leg, which extends through a concentric muscle contraction of the 
quadriceps. This causes a vertical displacement of the center of gravity. The unipodal support 

phase continues with anterior displacement of the center of mass associated with anterior flexion 

of the trunk and ends with the contact of the second foot with the ground. During the swing 
phase, the foot is ascended and placed on the upper step (Fig.4). 
 

 
 

Figure 4. Sub-phases of the healthy leg during stair ascent. 

 

4. CONTROL OF THE ACTIVE PROSTHESIS 
 

In the approach proposed herein (Fig.5), measured GRF’s combined with femur and tibia 

inclination angles are used as a training set for a FIS that enables the prosthesis model to follow a 

displacement profile similar to that of a natural leg during three types of gait. 
 

The FIS can decide the gait mode to execute from the GRF pattern and the real data of the healthy 

leg. In this work, experimental data available in [23] and [24] are used to validate the approach. 

Two other PID controllers are used as secondary controllers for knee and ankle joints to correct 
the prosthetic position discrepancies from the desired values due to disturbances like uneven 

terrain [25]. 
 

 
 

Figure 5. Control diagram for the Knee-Ankle prosthesis 
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Based on the real human healthy limb data and GRF measurements, the fuzzy controller must 

predict which phase of the gait cycle the prosthesis is in and generate nominal torques ,d k and 

,d A and reference trajectories for knee and ankle joints ,d k and ,d A . The FIS incorporates the 

human-like reasoning style of fuzzy systems through the use of fuzzy sets and a linguistic model 

consisting of a set of IF-THEN fuzzy rules. The rules of the Takagi-Sugeno FIS are expressed as: 
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where x1, x2, x3 and x4 are the FIS inputs (femur and tibia angles, vertical and horizontal ground 

reaction forces), 1 ( )ly x , 2 ( )ly x , 3 ( )ly x and 4 ( )ly x  represent first, second, third and fourth outputs 

of the ith rule corresponding to the torques and the angular positions of the prosthetic knee and 

ankle joints, ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  
1,0 1,1 1,2 2,0 2,1 2,2 3,0 3,1 3,2 4,0 4,1 4,2
l l l l l l l l l l l lc c c c c c c c c c c c  are consequent parameters 

of the first and second outputs respectively, for the lth rule;  and 
i

jphi  is defined as the phase 

fuzzy state i for the jth input. 
 

Using the training data to tune the controller, the output parameters can be achieved readily by 

the Least Square (LS) optimization method assuming the shapes and parameters of all the input 

fuzzy sets fixed ahead of time. 
 

The inputs of the Takagi-Sugeno FIS are the inclination angles of the tibia and femur and the 

horizontal and vertical GRF’s. Training data were selected from [19] for the walking gait cycle 
and from [20] for the stairs ascent and descent cycles which are partitioned based on sub-phases 

of the gait cycles of a healthy leg as shown in Fig.6, Fig.7 and Fig.8. 
 

    
 

          (a) Healthy femur and tibia inclination angles                      (b) Horizontal and vertical  ground  

                                                                                                reaction forces 

 

Figure. 6: FIS inputs for walking gait. 
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(a) Healthy femur and tibia inclination angles                                      (b) Horizontal and vertical ground 

                                                                                                            reaction forces 

 
Figure. 7: FIS inputs for stair ascent. 

         

 
 

 

(a) Healthy femur and tibia inclination angles                                 (b) Horizontal and vertical  ground 

                                                                                                                              reaction forces 
 

Figure. 8: FIS inputs for stair descent. 

 

4. SIMULATION RESULTS 
 

The anthropometric parameters of the human segments which are function of the mass and the 

length of the body were adopted from the anthropometric data given by [23] and shown in Fig.9 
and Table.1. The PID parameters are achieved by online adjustments to enhance the process 

performance. 
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Figure. 9: Human lower limb segments lengths 

 

Measure 

 

Shank 

 

thigh 

 

Mass 

 

m1 = 0.0485 *m 

 

m2 = 0.1 *m 

 

Moment of inertia I1 = m1 _ (0.302 * L1)2 

 

I2 = m2 _ (0.302 * L2)2 

 

Center of mass r1 = 0.433 *L1 r2 = 0.433 *L2 
 

Table.1: Anthropometric data for the human lower body. 
 

Comparison between FIS outputs and training data are illustrated in Fig.10, Fig.11, Fig.12 and 

Fig.13. The FIS outputs achieved very closely the desired mapping data. The results proved that 

adding GRF as inputs for the controller has enhanced the performance of the FIS. 
 
 

                   
 

                        (a) Walking                                                                                 (b) Stair descent          
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(c) Stair ascent 

 

Figure. 10: Takagi-Sugeno FIS first output vs. desired outputs for the different gait cycles. 

 

                   
                     

    (a) Walking                                                                              (b) Stair descent 
 

 
 

(c) Stair ascent 

 

Figure. 11: Takagi-Sugeno FIS second output vs. desired outputs for the different gait cycles. 
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                (a) Walking                                                                                        (b) Stair descent 

 

 
 

(c) Stair ascent 

 

Figure. 12: Takagi-Sugeno FIS third output vs. desired outputs for the different gait cycles. 

 

         
                         

       (a) Walking                                                                        (b) Stair descent 
 

 

 



International Journal of Advance Robotics & Expert Systems (JARES) Vol.1, No.5 

11 

 

 

 

 
 

(c) Stair ascent 
 

Figure. 13: Takagi-Sugeno FIS fourth output vs. desired outputs for the different gait cycles. 
 

The performance of the controller is demonstrated through the closed-loop simulation and 

depicted in Fig.14 and Fig.15 illustrating the evolution of the prosthetic knee and ankle angles 

variations compared to real healthy leg joints angles for the different gait cycles. The developped 

system is able to reproduce the real limb joint angles for the three types of gait assuring stability 
and good mapping for reference trajectories. 
 

              
 

                         (a) Walking                                                                                (b) Stair descent     
 

 
 

(c) Stair ascent 

 

Figure. 14: Ankle angle variation for the different gait cycles.                        
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     (a) Walking                                                                              (b) Stair descent 

 

 
 

(c) Stair ascent 

 

Figure. 15: Knee angle variation for the different gait cycles. 

 

The two secondary controllers corrected the prosthetic position discrepancies from the desired 
values due to environmental disturbances. 
 

5. CONCLUSION 
 

In this paper, the variation of the GRF during gait cycle was used for the design of an adaptive 

fuzzy controller for a dynamic model of active ankle-knee prosthesis. The main idea of the 
proposed strategy was to use collected GRF’s from force platforms to generate the adequate gait 

mode for the active prosthesis.  A dynamical model for the human lower limb considering GRF’s 

was established, using euler-lagrange equations, in order to simulate the human motion dynamics. 
The model parameters were extracted from the anthropometric data of a healthy human body. 

From the variation of GRF’s and healthy leg data, the controller can decide in which gait phase is 

in and actuate the prosthetic joints with the appropriate torques. 
 

Simulation results indicate that using GRF’s to train the FIS combined with femur and tibia 

angles has enhanced the efficiency of the controller in tracking the real human lower limb 

dynamic motions and generated prosthetic joint angles mimicking the real joint angles variations. 

This behaviour was guaranteed for the three different activities (walking, stairs ascent and 
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descent). The mechanical design of the prosthetic device and its clinical validation was not 

investigated in this work and can be topic of further researches 
 

REFERENCES 
 

 [1] R. Riener, M. Rabuffetti, and C. Frigo, “Stair ascent and descent at different inclinations,” Gait & 

posture, vol. 15, no. 1, pp. 32–44, 2002. 

 

[2] R. Headon and R. Curwen, “Recognizing movements from the ground reaction force,” in Proceedings 
of the 2001 workshop on Perceptive user interfaces. ACM, 2001, pp. 1–8. 

 

[3] N. Mijailovic, M. Gavrilovic, S. Rafajlovic, M. Ðuric-Jovicic, and D. Popovic, “Gait phases 

recognition from accelerations and ground reaction forces: Application of neural networks,” Telfor 

Journal, vol. 1, no. 1, pp. 34–36, 2009. 

 

[4] S. P. Moustakidis, J. B. Theocharis, and G. Giakas, “Subject recognition based on ground reaction 

force measurements of gait signals,” IEEE Transactions on Systems, Man, and Cybernetics, Part B 

(Cybernetics), vol. 38, no. 6, pp. 1476–1485, 2008. 

 

[5] S. Moustakidis, J. Theocharis, and G. Giakas, “Feature selection based on a fuzzy complementary 
criterion: application to gait recognitionausing ground reaction forces,” Computer methods in 

biomechanics and biomedical engineering, vol. 15, no. 6, pp. 627–644, 2012. 

 

[6] A. Bertani, A. Cappello, M. Benedetti, L. Simoncini, and F. Catani, “Flat foot functional evaluation 

using pattern recognition of ground reaction data,” Clinical Biomechanics, vol. 14, no. 7, pp. 484–

493, 1999. 

 

[7] C. Charbonnier, N. Magnenat-Thalmann, C. D. Becker, P. Hoffmeyer, and J. Menetrey, “An 

integrated platform for hip joint osteoarthritis analysis: design, implementation and results,” 

International journal of computer assisted radiology and surgery, vol. 5, no. 4, pp. 351–358, 2010. 

 

[8] B. Gilles, F. K. Christophe, N. Magnenat-Thalmann, C. D. Becker, S. R. Duc, J. Menetrey, and P. 
Hoffmeyer, “Mri-based assessment of hip joint translations,” Journal of Biomechanics, vol. 42, no. 9, 

pp. 1201–1205, 2009. 

 

[9] Y. D. Li and E. T. Hsiao-Wecksler, “Gait mode recognition and control for a portable-powered ankle-

foot orthosis,” in Rehabilitation robotics (ICORR), 2013 IEEE international conference on. IEEE, 

2013, pp. 1–8. 

 

[10] Q. Li, M. Young, V. Naing, and J. Donelan, “Walking speed and slope estimation using shank-

mounted inertial measurement units,” in Rehabilitation robotics, 2009. ICORR 2009. IEEE 

international conference on. IEEE, 2009, pp. 839–844. 

 
[11] M. T. Farrell, “Pattern classification of terrain during amputee walking,” Ph.D. dissertation, 

Massachusetts Institute of Technology, 2013. 

 

[12] G. G. Scandaroli, G. A. Borges, J. Y. Ishihara, M. H. Terra, A. F. da Rocha, and F. A. de Oliveira 

Nascimento, “Estimation of foot orientation with respect to ground for an above knee robotic 

prosthesis,” in Intelligent robots and systems, 2009. IROS 2009. IEEE/RSJ international conference 

on. IEEE, 2009, pp. 1112–1117. 

 

[13] F. Zhang, Z. Fang, M. Liu, and H. Huang, “Preliminary design of a terrain recognition system,” in 

Engineering in medicine and biology society, EMBC, 2011 annual international conference of the 

IEEE. IEEE, 2011, pp. 5452–5455. 

 



International Journal of Advance Robotics & Expert Systems (JARES) Vol.1, No.5 

14 

 

[14] H. A. Varol, F. Sup, and M. Goldfarb, “Multiclass real-time intent recognition of a powered lower 

limb prosthesis,” IEEE Transactions on Biomedical Engineering, vol. 57, no. 3, pp. 542–551, 2010. 

[15] L. J. Hargrove, A. M. Simon, A. J. Young, R. D. Lipschutz, S. B. Finucane, D. G. Smith, and T. A. 

Kuiken, “Robotic leg control with emg decoding in an amputee with nerve transfers,” New England 

Journal of Medicine, vol. 369, no. 13, pp. 1237–1242, 2013. 

 

[16] D. L. Grimes, “An active multi-mode above knee prosthesis controller,” Ph.D. dissertation, 
Massachusetts Institute of Technology, 1979. 

 

[17] L. Peeraer, B. Aeyels, and G. Van der Perre, “Development of emg-based mode and intent 

recognition algorithms for a computer-controlled aboveknee prosthesis,” Journal of biomedical 

engineering, vol. 12, no. 3, pp. 178–182, 1990. 

 

[18] D. Popovic, R. Tomovic, D. Tepavac, and L. Schwirtlich, “Control aspects of active above-knee 

prosthesis,” International journal of manmachine studies, vol. 35, no. 6, pp. 751–767, 1991. 

 

[19] F. Zhang, M. Liu, and H. Huang, “Effects of locomotion mode recognition errors on volitional control 

of powered above-knee prostheses,” IEEE Transactions on Neural Systems and Rehabilitation 

Engineering, vol. 23, no. 1, pp. 64–72, 2015. 
 

[20] A. J. Young, A. M. Simon, and L. J. Hargrove, “A training method for locomotion mode prediction 

using powered lower limb prostheses,” IEEE Transactions on Neural Systems and Rehabilitation 

Engineering, vol. 22, no. 3, pp. 671–677, 2014. 

 

[21] M. R. Tucker, J. Olivier, A. Pagel, H. Bleuler, M. Bouri, O. Lambercy, J. del R Millán, R. Riener, H. 

Vallery, and R. Gassert, “Control strategies for active lower extremity prosthetics and orthotics: a 

review,” Journal of neuroengineering and rehabilitation, vol. 12, no. 1, p. 1, 2015. 

 

[22] M. Windrich, M. Grimmer, O. Christ, S. Rinderknecht, and P. Beckerle, “Active lower limb 

prosthetics: a systematic review of design issues and solutions,” Biomedical engineering online, vol. 
15, no. 3, p. 140, 2016. 

 

[23] D. A. Winter, Biomechanics and motor control of human movement. John Wiley & Sons, 2009. 

 

[24] M. S. Redfern, R. Cham, K. Gielo-Perczak, R. Grönqvist, M. Hirvonen, H. Lanshammar, M. Marpet, 

C. Y.-C. Pai IV, and C. Powers, “Biomechanics of slips,” Ergonomics, vol. 44, no. 13, pp. 1138–

1166, 2001. 

 

[25] W. Abdallah, R. Boucetta, and S. Belhadjali, “An adaptive ts fuzzy-pid controller applied to an active 

knee prosthesis based on human walk,” in 2018 International Conference on Advanced Systems and 

Electric Technologies (IC_ASET). IEEE, 2018, pp. 22–27 


	Lower limb dynamic models are useful to investigate the biomechanics of the knee and ankle joints, but many systems have several limitations which includes simplified forces, non physiologic kinematics and the complicated interactions between  the foo...
	Keywords

