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ABSTRACT 

In this paper, human gait cycle dynamics analysis and a mathematical model of gait cycle is presented for 

determining the torque of the lower limb joints during complete gait cycle and its various phases. A healthy subject 

was participated in series of initial walking experiments. The experimental setup consists of a force plate and a 

video recording camera. The ground reaction force and joints' angles were measured. The parameters obtained 

from gait analysis used as an input to the presented mathematical model. Results show that the maximum value 

of torque calculated for the hip and knee joints during the full gait cycle are 64.702N.m and 25.413N.m during 

the stance phase, while the lowest value of the hip and knee joint torque are -144.641N.m and -46.8311N.m during 

the stance phase of the gait. In conclude, gait cycle modelling may help in developing of methods proposed for 

diagnoses and prevention of neurological and age-related disorders. 
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INTRODUCTION 

Human body motion is a very complex task considered as a series of cyclic events that results from skeletos' 

synergic movement around the joint and powered by several rhythmic muscles contraction [1-3]. Gait is a 

complicated activity for human beings, which requires high motor control, and gait pathologies have a harmful 

effect on personal autonomy and daily life activities [4, 5]. The term gait describes the style of walking, rather 

than the walking process itself [6]. The gait cycle is defined as the time interval between two successive 

occurrences of one of the repetitive events of walking [6, 7]. It starts at the instant at which one foot contacts the 

floor 'initial contact' [8]. One complete gait cycle begins at the heel strike of one foot and continues until the heel 

strike of the same foot in preparation for the next step [2],[9-11]. The human walking gait can be presented as 

shown in Figure 1. 

 

Figure 1. Phases of the normal gait cycle [12]. 
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The duration of a complete gait cycle is known as the cycle time, which is divided into stance time and swing time 

[13, 14]. Figure 2 shows the timings of initial contact and toe off for both feet during a little more than one gait 

cycle [4]. 

 

Figure 2: Timing of single and double support during a little more than on gait cycle, starting with right initial 

contact [6]. 

During gait, important movements occur in all three planes: sagittal, frontal and transverse. The sagittal plane is 

the most important plane, in which the largest movements occur [15, 16]. Several studies focusing on human gait 

cycle and its parameters have been presented by researchers. In (1989), Jacob Apkarian et al presented a model 

describing the kinematics and dynamics of the human gait. The lower limb is modeled as a sequence of four rigid 

links connected by three universal rotary joints representing the hip, knee and ankle joints. Each joint is modeled 

as a sequence of three single axis rotational joints thus ascribing to the lower limb a total of twelve degrees of 

freedom [17]. In (1990), Mellisa G. Hov et al developed a musculoskeletal model of the human lower extremity 

for computer simulation studies of musculotendon function and muscle coordination during movement [18]. In 

(2001), Y. DEWOODY et al developed a model for human gait for the purpose of relating neural controls to the 

state of stress in a skeletal member. This is achieved by implementing a forward dynamic model of gait in which 

the human body is modeled as an ensemble of articulating rigid-body segments controlled by a minimal muscle 

set [19].  

In (2013), Claysson Vimieiro et al proposed a computational model to analyze the dynamics of the human gait 

using a kinematic chain to represent the body segments and rotational joints linked by viscoelastic elements. The 

model uses anthropometric parameters, ground reaction forces and joint Cardan angles from subjects to analyze 

lower limb motion during the gait [20]. In (2013), S. M. Nacy et al employed the mathematical modeling approach 

to analyze the kinematics and dynamics of human lower limb during complete gait cycle including both swing 

and stance phases and also taking into consideration the variation of the ground reaction forces and their points of 

contact with the foot which include many variables [21]. In (2019), Manuel Cardona et al presented a complete 

model of the lower limb, which could be linked to MATLAB environment to facilitate the biomechanical analysis 

of the gait cycle and can be easily extended to the mechanical synthesis stage of robotic exoskeletons adapted to 

each patient and rehabilitation therapy [22]. In this paper, a new mathematical model of human gait cycle is 

presented for calculating hip and knee joints torque. Contrary to all above mentioned models, the presented 

mathematical model is employed to analyze the kinematics and dynamics of human gait during full gait cycle and 

its various phases including both swing and stance phases. 

MATHEMATICAL MODEL OF HUMAN LOWER LIMB 

All movements and changes in movements arise from the action of forces, both internal and external. A change 

in the force acting on an object is necessary for moving an object from a stationary position or for changing its 

velocity. Newton’s laws of motion give a clear relationship between the changing force and the resultant change 

in movement, and this is applicable to all forms of movement, including human locomotion [23]. Hip and knee 

joint torques can be determined by using free body diagram of these joints. Based on the anatomical model shown 

in Figure 3.a [24], a human lower limb can be modeled as a serial manipulator with rigid links as shown in Figure 

3.b to estimate internal forces of lower limb joints. A free body diagram of the whole segments including all the 
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internal and external (e.g. ground reaction force (GRF) [25]) forces acting on the joints of lower limb segments is 

mapped to the anatomical model as shown in Figure 3.c. 

 

Figure 3: Human lower limb (a) Anatomical model [24] (b) Link-segment model (c) Free body diagram. 

Generally, the human walking process includes several states, such as single support, and double support [26]. 

Mathematical models of these states are also different due to different constraints on the feet [27]. In this study, 

the right human lower limb is assumed as a three rigid links manipulator (i.e., the thigh link, the shank link, and 

the foot link), as illustrated in Figure 3.b. First of all, the three rigid links manipulator consist of three joints which 

are the hip joint, the knee joint, and the ankle joint. These three joints make three angles (θ1, θ2, θ3); where θ1 is 

the angle between the thigh link line and the vertical line, θ2 is the angle between the shank link line and the thigh 

link line, and θ3 is the angle between the foot link line and the shank link line and not considered in this study. 

The positive direction for these angles is viewed in Figure 4.  

 

Figure 4: The direction of the three lower limb joints [28]. 

The following mathematical analysis for human lower limb during gait cycle stance and swing phases is based on 

measurement of the kinematics of the body segments, often complemented with measurement of the ground 

reaction force. The main assumption used in this analysis is that the inertia forces have been ignored, hence our 

analysis can be considered as a quasi-static analysis. Using these data, the net hip and knee joint torques are 

calculated using Newton's equations of motion applied to a model containing rigid segments.  

Consider the right lower limb; the torque at hip and knee joints can be determined during different gait cycle 

phases as shown below. 

m1:  is the mass of thigh, m2: is the mass of shank, m3: is the mass of foot, l1: is the length of thigh, l2: is the length 

of shank, T1: is the torque at hip joint, T2: is the torque at knee joint. 

STANCE PHASE 

First double support 
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During double support phase, both hip and knee joints are in flexion state. So, both the hip and knee joint angles 

are positive and mainly hip joint angle is less than knee joint angle. 

 

Taking moment about hip joint (T1): 

T1 + m1*g [(l1/2)sinθ1] + m2*g [(l2/2)sin(θ1-θ2) + l1sinθ1] + m3*g [l2sin(θ1-θ2) + l1sinθ1]= -Fx [l2cos(θ1-θ2) + l1cosθ1] 

+ Fz [l2sin(θ1-θ2) + l1sinθ1]                                                                                                                                       (1) 

Taking moment about knee joint (T2): 

T2 + m2*g [(l2/2)sin(θ1-θ2)] + m3*g [l2sin(θ1-θ2)]= -Fx [l2cos(θ1-θ2)] + Fz [l2sin(θ1-θ2)]                                               (2) 

Single limb stance  

During single support phase, mainly hip joint is in extension state and the angle joint is negative. 

1- Single limb stance in case of hip joint flexion and the hip joint angle is less than knee joint angle. 

 

Taking moment about hip joint (T1): 

T1 + m1*g [(l1/2)sinθ1] + m2*g [(l2/2)sin(θ1-θ2) + l1sinθ1] + m3*g [l2sin(θ1-θ2) + l1sinθ1]= Fx [l2cos(θ1-θ2) + l1cosθ1] 

+ Fz [l2sin(θ1-θ2) + l1sinθ1]                                                                                                                                             (1) 

Taking moment about knee joint (T2): 

T2 + m2*g [(l2/2)sin(θ1-θ2)] + m3*g [l2sin(θ1-θ2)]= Fx [l2cos(θ1-θ2)] + Fz [l2sin(θ1-θ2)]                                                    (2) 

2- Single limb stance in case of hip joint extension and hip joint angle is less than knee joint angle. 
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Taking moment about hip joint (T1): 

T1= m1*g [(l1/2)sinθ1] + m2*g [(l2/2)sin(θ1+θ2) + l1sinθ1] + m3*g [l2sin(θ1+θ2) + l1sinθ1] + Fx [l2cos(θ1+θ2) + l1cosθ1] 

+ Fz [l2sin(θ1+θ2) + l1sinθ1]                                                                                                                                            (1) 

Taking moment about knee joint (T2): 

T2= m2*g [(l2/2) sin(θ1+θ2)] + m3*g [l2 sin(θ1+θ2)] + Fx [l2 cos(θ1+θ2)] + Fz [l2 sin(θ1+θ2)]                                           (2) 

Second double support 

During double support phase, hip joint is in extension condition with a negative joint angle, and knee joint is in 

flexion condition with a positive angle. 

 

Taking moment about hip joint (T1): 

m1*g [(l1/2)sinθ1] + m2*g [(l2/2)sin(θ1+θ2) + l1sinθ1] + m3*g [l2sin(θ1+θ2) + l1sinθ1] + Fx [l2cos(θ1+θ2) + l1cosθ1]= 

Fz [l2sin(θ1+θ2) + l1sinθ1] + T1                                                                                                                                       (1) 

Taking moment about knee joint (T2): 

m2*g [(l2/2)sin(θ1+θ2)] + m3*g [l2sin(θ1+θ2)] + Fx [l2cos(θ1+θ2)]= Fz [l2sin(θ1+θ2)] + T2                                           (2) 

Swing phase 

1- In case of hip joint extension and knee joint flexion: 
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Taking moment about hip joint (T1): 

m1*g [(l1/2)sinθ1] + m2*g [(l2/2)sin(θ1+θ2) + l1sinθ1] + m3*g [l2sin(θ1+θ2) + l1sinθ1]= T1                                            (1) 

Taking moment about knee joint (T2): 

m2*g [(l2/2)sin(θ1+θ2)] + m3*g [l2sin(θ1+θ2)]= T2                                                                                                         (2) 

2- In case of both hip and knee joints flexion. 

 

Taking moment about hip joint (T1): 

T1= -m1*g [(l1/2)sinθ1] - m2*g [l1sinθ1 + (l2/2)sin(θ1-θ2)] - m3*g [l1sinθ1 + l2sin(θ1-θ2)]                                               (1) 

Taking moment about knee joint (T2): 

T2= -m2*g [(l2/2)sin(θ1-θ2)] - m3*g [l2sin(θ1-θ2)]                                                                                                        (2) 

PREDICTION OF SEGMENT MASS 

Individual segment masses are related not only to the subject's total body mass, but also to the dimensions of the 

segment of interest. Specifically, because mass is equal to density times volume, the segment mass should be 

related to a composite parameter which has the dimensions of length cubed and depends on the volume of the 
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segment. Expressed mathematically, a multiple linear regression equation is seeking for predicting segment mass 

which has the form: 

Segment mass = C1 (Total body mass) + C2 (Length)3 + C3                                                                                 (1) 

Where C1, C2, and C3 are regression coefficients. For our purposes, the shapes of the thigh and calf are 

represented by cylinders, and the shape of the foot is similar to a right pyramid. Based on these data in Chandler 

et al. (1975), regression equations to predict mass can be performed [29]: 

Mass of thigh = (0.1032)(Total body mass)+ (12.76)(Thigh length)(Midthigh circumference)2 

                       + (-1.023)                                                                                                                                            (2) 

Mass of calf = (0.0226)(Total body mass)+ (31.33)(Calf length)(Calf circumference)2 

                     + (0.016)                                                                                                                                                     (3) 

Mass of foot = (0.0083)(Total body mass)+ (254.5)(Malleolus width)(Malleolus height)(Foot length) 

                     + (-0.065)                                                                                                                                               (4) 

Body segment parameters for a healthy male participated in this study were measured. The weight of the subject 

was 63Kg, and his length was 1.7m. Table 1 shows the basic information of the participant person. 

Table 1. Anthropometric data required to predict body segment parameters for the participant person. 

 

By substituting the data for the participant person in equations (2), (3), and (4), the masses of participant thigh, 

shank (calf) and foot are: 7.204 kg, 3.090 kg, and 1.054 kg respectively. 

EXPERIMENTAL SETUP AND METHOD 

All measurements were taken in Biomechanics Laboratory in Biomedical Engineering Department in Al-Nahrain 

University in Baghdad, Iraq. Theoretical investigation and the scheme of experimental work are presented in 

Figure 5 to understand the biomechanics and the dynamics behind human walking. 
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Figure 5. Theoretical investigation diagram. 

A healthy male subject with no symptoms of orthopedic and no history of neurological or muscular disease was 

participated in this study. The subject was given a full explanation, verbal instruction concerning the purpose and 

procedure of the study. The subject was participated in a series of initial walking experiments in the experimental 

setup depicted in Figure 6.  

 

Figure 6. Illustration of experimental setup: Force plate, and the recording camera position. 

The setup consists of a force plate and a video recording camera. Prior to coming up with the optimum set up and 

field of view, the camera system (Digital Camera, Sony Video Camera) was explored thoroughly. Important 

parameters such as subject's area, camera position, motion speed, capturing speed have been tested to obtain the 

best possible video quality and optimum field of view. The camera was placed on a level tripod, perpendicular to 

the center of the pathway at a distance of (3m) and approximately (0.6m) above the floor. This calibrated field of 

view covered clearly the subject’s lower limb during motion. The optimum camera lens focus point was also 

preset to produce clear and sharp two dimensions images and videos. A set of yellow markers are placed on a 

specific locations on the subject's right lower limb to view the angles of the hip and knee joints during the gait 

cycle. The subject starts walking normally at a sufficient distance from the force plate so that the self-selected 

speed was attained prior to the foot of the test (right) limb making contact with the center of the force plate.  

The AMTI Biomechanics Force Platform model OR6-7 was used to precisely measure the ground reaction forces. 

Walking protocol was repeated for fifteen times and the ground reaction force was recorded by the force plate, 

the analysis and data processing and evaluation were supported by AMIT's Bio-Analysis Software. AMTI's Bio-

Analysis Software is a fully-featured biomechanics analysis ideal for gait analysis and can be integrated with 

AMTI’s NetForce data acquisition software to provide a seamless data acquisition and analysis system. The 

horizontal GRF and the vertical GRF, which are acted on the action points on the sole of the right foot during the 

gait cycle were calculated and plotted by AMTI's Bio-Analysis Software. At the same time the motion tracking 

was recorded by the camera to be analyzed by Kinovea to determine the hip and knee joint angles during each full 

gait cycle. The following block diagram shows the steps of the solution by Kinovea. 
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ANALYSIS OF VIDEO MOTION TRACKING USING KINOVEA AND HIP AND KNEE JOINT ANGLES 

MEASUREMENT 

The computer program "Kinovea" was used to retrieve all of the video outputs from the camera. All of the recorded 

video was first playback to check for any obvious error. For the accepted videos, Kinovea was used to specify and 

analyze the position of the five markers as shown in Figure 7. Kinovea kept track the markers movement for the 

whole walking gait.  

 

Figure 7: The markers’ position on a subject. 

Figure 8 shows a sample image from a complete gait cycle. Using Kinovea, five markers were selected in order 

to measure the relative angles of both the hip and knee joints for any instance. The data is stored according to 

trials. Since the subject performed fifteen trails, in general, fifteen videos have been stored and analyzed. After 

completed all the trails, the most accurate recorded data was chosen in the calculation results.  
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Figure 8. A sample image to show hip and knee angle measurement using Kinovea. 

RESULTS AND DISCUSSIONS 

In order to estimate the applied torque at the human lower limb hip and knee joints, the variation of the lower limb 

joints angles and the variation of the ground reaction forces during gait cycle are needed as input data for the 

Matlab program. Figures 9 and 10 show the results on human sagittal plane joint angle estimation from one 

representative subject. Results are given for the right hip (flexion positive) and knee (flexion positive) joints. The 

joint's angles were determined during the complete gait cycle by using Kinovea. The relative angles of both joints 

are changed with respect to the motion. 

 

Figure 9. Hip joint angles during a normal gait cycle. 

 

Figure 10. Knee joint angles during a normal gait cycle. 

Figures 11 and 12 show the variation of the ground reaction forces which are the horizontal GRF and the vertical 

GRF, which are acted on the action points on the sole of the foot during the gait cycle. 
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Figure 11: The ground reaction force Fx during a normal gait cycle 

 

Figure 12: The ground reaction force Fz during a normal gait cycle. 

The above obtained data with the help of anthropometric data, which are functioned with respect to the mass and 

the length of human body, and the lower limb data are used in the Matlab program to estimate the torques of the 

lower limb joints. For the hip and knee joints, during the stance phase, the joints torque is produced by the hip 

and knee muscles which are generally used to counteracted the ground reaction force (GRF), while during the 

swing phase, the hip and knee joints torque is produced by the primary hip joint muscles which are in sequence 

as the hip flexor and hip extensor torques for hip joint, and the primary knee joint muscles in sequence as the knee 

extensor and knee flexor torques for knee joints. For hip joint, the estimated torque from the Matlab program 

during the whole gait cycle and its various phases are presented in Figure 13. At initial contact (IC) and throughout 

the loading response phase, the body decelerates downward and the hip joint torque increases as the weight of the 

individual is transferred from the back foot to the front foot to reach its peak value 34.835N.m during the 1st 

double support phase at 2.47% of the gait cycle.  

During single-limb stance phase, two peaks are introduced; the first and the highest peak throughout the whole 

gait cycle during hip flexion reached to 64.702N.m at 17.5% of the gait cycle due to weight acceptance and an 

increase in muscular forces as an individual transits from double support to single-limb support phase. The second 

peak presented during hip extension to reach 25.368N.m at 30% of the gait cycle followed by a reduction in torque 

relates to the foot pushing against the floor until it reach to -144.641N.m at 52.47% of the gait cycle. During the 

late stance of the 2nd double support phase, when the hip joint is in extension condition with a negative joint angle, 

and knee joint is in flexion condition with a positive joint angle, the hip joint torque increases due to the action of 

transferring force to the front foot to reach its peak value 8.541N.m at 61.377% of the gait cycle. During the swing 

phase, the hip joint torque changed to mainly control the movement direction of the lower limb. When the hip 

joint is in extension condition, the torque of the hip joint is increased from 3.7167N.m at 64.97% to 6.9457N.m 

at 67.51% of the gait cycle. Finally, when the hip joint is in flexion condition, the torque of the joint begins to 

decrease gradually to -13.4999N.m at 100% of the gait cycle at the end of the swing phase.  
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Figure 13. Hip joint torques during a normal gait cycle. 

The variation of the knee joint torque estimated from the Matlab program during the whole gait cycle and its 

various phases are presented in Figure 14. During the stance phase, torque produced and work performed by the 

knee joint were generally used to counteract GRF. Throughout the loading response phase, the calculated torque 

value for knee joint starts at 8.8222N.m initially and gradually increased to its maximum value during the phase 

to reach 17.247N.m at 1.497% of the gait cycle and then decreased to -34.8883N.m at 14.93% of the gait cycle at 

the end of the 1st double support phase. During single-limb stance phase, two peaks are introduced; the first peak 

presented when the hip joint is in flexion condition as the body weight is transferred to the lead leg and its value 

reached to 14.4647N.m at 17.5% of the gait cycle followed by a reduction in knee joint torque values until it 

reached to 10.4074N.m at 27.47% of the gait cycle.  

The second and highest peak torque throughout the whole gait cycle is presented during hip extension when the 

leg straightening and the foot being on the floor where full body weight is being supported by the leg, the peak 

value is 25.4134N.m at 30% of the gait cycle followed by a reduction in knee joint torque until it reach to its 

lowest value during the whole gait cycle -46.8311N.m at 46.41% of the gait cycle. During the late stance of the 

2nd double support phase, when the hip joint is in extension condition with a negative joint angle, and knee joint 

is in flexion condition with a positive joint angle, the torque of the knee joint starts to increase till it reach to 

10.4789N.m at 62.5% of the gait cycle due to the action of transferring force as the subject takes off the leg and 

transitions into swing. During the swing phase, the joint torque changed to mainly control the movement direction 

of the lower limb. When the hip joint is in extension condition and the knee joint is in flexion condition, the torque 

of the knee joint is increased from 6.635N.m at 64.97% of the gait to 7.8N.m at 67.51% of the gait cycle. Finally, 

when the hip and knee joints are in flexion condition, the torque of the knee joint starts to decrease gradually to -

3.315 N.m at 100% of the gait cycle at the end of the swing phase. 

 

Figure 14. Knee joint torques during a normal gait cycle. 

Figures 13 and 14 show the torque pattern for the right hip and knee joints respectively. The torque value shows 

some spikes during the transitions between phases. These spikes are caused by the rapid deceleration of the leg to 

a brief halt during the transition between phases. This is because the joint requires a large amount of torque to 
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decelerate and then accelerate in the opposite direction during the transition which explains the surge and recover 

of the torque value. These findings were in accordance with the previous study of Yunjian Zhong et al [30]. 

CONCLUSIONS  

Many advanced technologies and methods are used in the analysis of human gait cycle, especially in the field of 

medicine where objective analysis of gait cycle plays an important role in gait rehabilitation. In this paper, an 

analysis of human gait cycle dynamics is provided. A set of parameters that characterize the gait cycle have been 

extracted. These parameters include gait phases, swing and stance duration, angles of hip and knee joints, and the 

related force (GRF). A mathematical model of human gait cycle is presented to determine the torque of the hip 

and knee joints during complete gait cycle and its various phases that may help the designer for choosing a suitable 

actuator to be employed in powered lower limb orthosis. For the mathematical model, motion in sagittal plane is 

the only considered motion in order to provide the right gait cycle and not to make the control too complex. Areas 

for future research focused on the development of human gait cycle measuring technologies and methods proposed 

for diagnoses, prevention, and monitoring of neurological and age-related disorders. The mathematical model 

presented in this study can be improved, through the addition new experimental data. The model can be applied 

to a large number of healthy people to create a database that can be referenced in the future. Apply the presented 

mathematical model on people suffering from gait disorders as a result of a disease or advancing age to calculate 

joints' torque. This will help in gait rehabilitation by estimating the assistive torque they need in order to improve 

or regain their walking. 

REFERENCES  

[1] Y. Han and X. Wang, “The biomechanical study of lower limb during human walking,” Sci. China Technol. 

Sci., vol. 54, no. 4, pp. 983–991, 2011, doi: 10.1007/s11431-011-4318-z. 

[2] C. Prakash, R. Kumar, and N. Mittal, “Recent developments in human gait research: parameters, approaches, 

applications, machine learning techniques, datasets and challenges,” Artif. Intell. Rev., vol. 49, no. 1, 2018, 

doi: 10.1007/s10462-016-9514-6. 

[3] A. D. Kuo, “The six determinants of gait and the inverted pendulum analogy: A dynamic walking perspective,” 

Hum. Mov. Sci., vol. 26, no. 4, pp. 617–656, 2007, doi: 10.1016/j.humov.2007.04.003. 

[4] J. Marýn, T. Blanco, J. J. Marín, A. Moreno, E. Martitegui, and J. C. Aragüés, “Integrating a gait analysis test 

in hospital rehabilitation: A service design approach,” PLoS One, vol. 14, no. 10, pp. 1–23, 2019, doi: 

10.1371/journal.pone.0224409. 

[5] N. D. Yaseen, J. S. Chiad, and F. M. A. Ghani, “The study and analysis of stress distribution subjected on the 

replacement knee joint components using photo-elasticity and numerical methods,” Int. J. Mech. Prod. Eng. 

Res. Dev., vol. 8, no. 6, pp. 449–464, 2018, doi: 10.24247/ijmperddec201849. 

[6] M. Whittle, Gait analysis : an introduction. Butterworth-Heinemann, 2007. 

[7] H. G. Chambers and D. H. Sutherland, “A practical guide to gait analysis.,” J. Am. Acad. Orthop. Surg., vol. 

10, no. 3, pp. 222–231, 2002, doi: 10.5435/00124635-200205000-00009. 

[8] Protokinetics Team, “Understanding Phases of the Gait Cycle,” no. 610, pp. 1–9, 2018. 

[9] J. F. Lehmann, B. J. de Lateur, and R. Price, “Biomechanics of Normal Gait,” Phys. Med. Rehabil. Clin. N. 

Am., vol. 3, no. 1, pp. 95–109, 1992, doi: 10.1016/s1047-9651(18)30666-1. 

[10] J. S. Kawalec, “Mechanical testing of foot and ankle implants,” in Mechanical Testing of Orthopaedic 

Implants, Elsevier, 2017. 

[11] D. X. Liu, X. Wu, W. Du, C. Wang, and T. Xu, “Gait phase recognition for lower-limb exoskeleton with 

only joint angular sensors,” Sensors (Switzerland), vol. 16, no. 10, pp. 1–21, 2016, doi: 10.3390/s16101579. 

[12] C. L. Vaughan, B. L. Davis, and J. C. O�connor, “2nd Edition 2nd Edition Dynamics Of Human Gait 

Dynamics Of Human Gait,” 1999. 



 
A Mathematical Model Of The Human Lower Limb During A Complete Gait Cycle And Its Various Phases 

 

405 
 

[13] D. J. Perry J, “Gait analysis: normal and pathological function.” J Pediatr Orthop, p. 524, 1992. 

[14] A. Kharb, V. Saini, Y. Jain, and S. Dhiman, “A review of gait cycle and its parameters,” IJCEM Int J Comput 

Eng Manag, vol. 13, no. July, pp. 78–83, 2011. 

[15] F. Vaverka, M. Elfmark, Z. Svoboda, and M. Janura, “System of gait analysis based on ground reaction force 

assessment,” Acta Gymnica, vol. 45, no. 4, pp. 187–193, 2015, doi: 10.5507/ag.2015.022. 

[16] N. Li, L. Yan, H. Qian, H. Wu, J. Wu, and S. Men, “Review on lower extremity exoskeleton robot,” Open 

Autom. Control Syst. J., vol. 7, no. 1, pp. 441–453, 2015. 

[17] J. Apkarian, S. Naumann, and B. Cairns, “A three-dimensional kinematic and dynamic model of the lower 

limb,” J. Biomech., vol. 22, no. 2, pp. 143–155, 1989, doi: 10.1016/0021-9290(89)90037-7. 

[18] M. G. Hoy, F. E. Zajac, and M. E. Gordon, “A musculoskeletal model of the human lower extremity: The 

effect of muscle, tendon, and moment arm on the moment-angle relationship of musculotendon actuators at 

the hip, knee, and ankle,” J. Biomech., vol. 23, no. 2, pp. 157–169, 1990, doi: 10.1016/0021-9290(90)90349-

8. 

[19] Y. DeWoody, C. F. Martin, and L. Schovanec, “A forward dynamic model of gait with application to stress 

analysis of bone,” Math. Comput. Model., vol. 33, no. 1–3, pp. 121–143, 2001, doi: 10.1016/S0895-

7177(00)00234-X. 

[20] C. Vimieiro, E. Andrada, H. Witte, and M. Pinotti, “A computational model for dynamic analysis of the 

human gait,” Comput. Methods Biomech. Biomed. Engin., vol. 18, no. 7, pp. 799–804, 2015, doi: 

10.1080/10255842.2013.848859. 

[21] M. Y. H. S M Nacy, S S Hassan, “A Modified Dynamic Model of the Human Lower Limb During Complete 

Gait Cycle,” Int. J. od Mech. Eng. Robot. Res., vol. 2, no. 2, p. 12, 2013. 

[22] M. Cardona and C. E. García Cena, “Biomechanical Analysis of the Lower Limb: A Full-Body 

Musculoskeletal Model for Muscle-Driven Simulation,” IEEE Access, vol. 7, pp. 92709–92723, 2019, doi: 

10.1109/ACCESS.2019.2927515. 

[23] T. W. Lu and C. F. Chang, “Biomechanics of human movement and its clinical applications,” Kaohsiung J. 

Med. Sci., vol. 28, no. 2 SUPPL., pp. S13–S25, 2012, doi: 10.1016/j.kjms.2011.08.004. 

[24] D. A. Winter, Biomechanics and Motor Control of Human Movement: Fourth Edition. 2009. 

[25] H. Faber, A. J. Van Soest, and D. A. Kistemaker, “Inverse dynamics of mechanical multibody systems: An 

improved algorithm that ensures consistency between kinematics and external forces,” PLoS One, vol. 13, no. 

9, 2018, doi: 10.1371/journal.pone.0204575. 

[26] M. Akhtaruzzaman, A. A. Shafie, and M. R. Khan, “GAIT ANALYSIS: SYSTEMS, TECHNOLOGIES, and 

IMPORTANCE,” J. Mech. Med. Biol., vol. 16, no. 7, 2016, doi: 10.1142/S0219519416300039. 

[27] M. Li, J. Deng, F. Zha, S. Qiu, X. Wang, and F. Chen, “Towards online estimation of human joint muscular 

torque with a lower limb exoskeleton robot,” Appl. Sci., vol. 8, no. 9, 2018, doi: 10.3390/app8091610. 

[28] A. Chu, H. Kazerooni, and A. Zoss, “On the Biomimetic Design of the Berkeley Lower Extremity 

Exoskeleton (BLEEX),” Int. Conf. Robot. Autom. IEEE, 2005, doi: 10.3390/s111211305. 

[29] C. L. Vaughan, B. L. Davis, and J. C. O’Connor, Dynamics of Human Gait, 2nd Editio. 1999. 

[30] Y. Zhong, W. Fu, S. Wei, Q. Li, and Y. Liu, “Joint Torque and Mechanical Power of Lower Extremity and 

Its Relevance to Hamstring Strain during Sprint Running,” J. Healthc. Eng., vol. 2017, 2017, doi: 

10.1155/2017/8927415. 

 


