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Abstract: 

 

The study of human movement has been subject of a great interest by the medical and scientific community. It was 

through this interest that new methods of study/analysis in these two areas arose. Dynamic multibody systems are an 

example of these methods and have enabled the development of more personalized orthoses and prostheses and pre-study 

of the impacts of some surgeries (e.g. orthopedic surgery). 

This work was developed in order to study the gait patterns of subjects after surgical repair of a rupture of the Achilles 

tendon. This study is relevant as there are not many data reported in this area. Thus, it was necessary to develop an analysis 

protocol in laboratory environment that allows to obtain several biomechanical parameters (kinetics, kinematics, 

spatial/temporal and muscle activations). A set of routines that allow to setup data processing were performed. This study 

considered pathological and non-pathological subjects and was carried out using the dynamic multibody systems of 

relative coordinates, using the OpenSim simulation program. These results showed consistency with the literature, but for 

example, the distribution of plantar pressure differ between the two groups and the moment in some articulations of the 

foot is lower when compared to the same moment in the control group/literature. 
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1. Introduction 

Over the last few years, the progress in the scientific 

knowledge of biomechanics and the study of human gait 

has been remarkable. Although human movements seem 

quite simple, in reality, they assume a high degree of 

complexity that is related with the involvement of the 

musculoskeletal system and the central nervous system. 

The improvements in the motion analysis area, in 

particular in the gait analysis, allowed the association of 

biomechanics with many medical areas, for example 

orthopedics. This association arose from the need that 

orthopedics have to define quantitatively what states 

qualitatively. In this area, the study of human gait is a 

concept that has developed primarily due to the need for 

perceiving and evaluating the normal and pathologic 

gait patterns and as result from this evaluation 

implement better corrections, treatments or the design of 

new orthopedic products.  

The gait analysis focuses essentially on four 

different areas classified as time-distance parameters, 

classical mechanics, pedobarography and 

electromyography analysis  [1-3]. 

In order to proceed to a gait analysis there are several 

tools that allow the calculation of the variables obtained 

by the analysis previously presented. Examples of such 

tools are Inverse Kinematics/Dynamics and Forward 

Dynamics. In the case of Inverse Kinematics, IK, the 

position data is given as the input and then the velocity 

and the acceleration are calculated, using a proper 

algorithm. In the case of the Inverse Dynamics, ID, the 

joint moments are calculated considering the forces 

applied externally and the kinematic data. In case of 

Forward Dynamics, FD, the trajectories of the 

coordinates and their velocities are calculated from 

patterns of muscle activation/forces or joint net torques 

by solving the equations-of-motion of the system: 

 

𝐌�̈� +  Փ𝐐
𝐓𝛌 = 𝐠

Փ𝐪�̈� =  𝛄
 

 

where, M is the system mass matrix, �̈� is the vector 

that contains the system accelerations, Փ is the Jacobian 

matrix of the constraints, 𝝀  is the vector of Lagrange 

multipliers, 𝐠 is the generalized force vector, which 

contains all external forces and moments, and finally the 

𝛄   is the generalized acceleration vector [4]. 

In order to computationally solve these problems, 

various software like OpenSim, Visual 3D, 

SimMechanics, Apollo can be used [1],[4-5].These tools 

allow the modelling of the musculoskeletal system, 

having in their core physiological mathematical models, 

which try to mimic the behavior of anatomic structures 

such as joints, muscles, ligaments and tendons. For 

instance, these software can be applied in the study of 

the outcome of a surgical procedure. One of the most 

popular is OpenSim, since it is a user-friendly 

open-source software, in which the users can easily 

apply the provided models or design new ones [1]. 

For this study there is a strong interest in the medical 

community trying to understand what effects a surgical 

treatment has on subject who suffered a ruptured of the 

Achilles tendon. Namely, if there are altered gait 

patterns, and if surgical treatment may or may not 

influence the results [7]. A simple search on the internet 

allows to understand that there are not so many studies 
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Figure 2.1 – Musculoskeletal model defined in OpenSim (Frontal 

View, Lateral View and Posterior View) used in the analyses. 

on gait analysis that study the gait patterns after a rupture 

of Achilles tendon. By this reason, in this work, the 

results from subjects who have suffered a rupture of the 

Achilles tendon and whose treatment focused on surgery 

and physical rehabilitation, will be the subjected to the 

evaluation of the kinetic, kinematic, plantar pressure and 

specific muscle patterns. These results will be compared 

with a control group with the objective of evaluating if 

there are or not associated changes in the human gait 

patterns of the targeted population. 

 

1.1 Literature Review 

 

In recent times, the most effective types of treatment 

(surgery or just physical rehabilitation) of the Achilles 

tendon have been discussed [7–9]. 

The tendon lesions are frequent and these are 

normally due to the excessive practice of exercise (e.g. 

running with the wrong technique), the use of 

inappropriate footwear, a sudden activation of the 

tendon after a long period of inactivity or a traumatic 

injury during a sportive event [7]. These lesions can be 

unleashed by concomitant factors that can predispose a 

patient to Achilles tendon rupture [9]. 

The symptoms include weakness, difficulty to walk, 

pain in heel and equilibrium lost. The violent stretching 

of the Achilles tendon can cause its rupture which is 

commonly treated by surgery (open or percutaneous) 

and the rehabilitation is slow [8], [10]. According to 

patients evaluated in this work, the common feeling 

when the rupture of the Achilles tendon occurs, is that 

the subject was shot in these area, some even hear the 

sound of a click.  

There are a few studies performed in the area of 

biomechanical analysis in Achilles tendon rupture. 

However, it is noteworthy the growing interest from the 

scientific and medical community in using 

biomechanical analysis to analyze what changes exist 

after an injury of this tendon. In the few published 

studies we found that the majority is based on the 

comparison between the clinical analyses (orthopedic 

perspective) and biomechanical analysis results. Almost 

all of these studies focus in the analysis of gait but do 

not perform them all in the same study (focuses, in 

generally, only type of analysis), do not distinguish the 

type of surgery or treatment of rehabilitation, and do not 

compare the results obtained with the other one of a 

control group. There are two important studies 

conducted in 2005, one conducted by Naim F. et al and 

other conducted by Kay D. et al. In the first one, only 

patients were considered and an isokinetic analysis was 

carried out (assessment of muscle force with the aid of a 

device at a constant speed). In the second one, in which 

a pedobarography analysis was performed, were studied 

14 subjects with ruptured tendon and 15 which were 

evaluated with no problems (control group) that realized 

a pedobarography analysis. 

It is not easy to conduct these studies because as 

these are time and can last from 12 weeks to 48 months 

and subjects do not always make themselves available  

for such analysis [10-11]. In conclusion, Costa et al. 

stated that one type of analysis is not sufficient to 

validate the differences observed (it is necessary to 

correlate the parameters obtained in different analyzes 

in order to obtain more reliable data) and the number of 

patients was not significant [12].  

 

2. Model and Protocol definition 

The presented methodology includes a set of 

protocols defined to analyze the joint’s articular limits, 

the static and dynamic distribution of force/pressure 

between both legs/feet, the kinematic and dynamic 

walking patterns. A set of health standard 

questionnaires, AOFAS and SF-36v2, were included to 

evaluate the recovering of the surgical procedure  

[12-13]. All trials performed in this work were evaluated 

at the Laboratório de Biomecânica de Lisboa. 

 

2.1 Questionnaires 

Three different questionnaires, which are directly or 

indirectly interconnected, were performed to acquire the 

subjects’ medical history and to evaluate the 

post-operatory recovering. The first one aims to obtain 

clinical data relevant to the analysis. It is the most 

personalized, presenting a greater clinical accuracy. The 

other two AOFAS score and SF-36v2® Health Survey 

were performed to understand the performance of the 

patients after the surgical procedure in the four weeks 

prior to the review. These questionnaires were chosen 

by taking statistics of their daily routines. 

 

2.2 Model Definition 

 

The simulation of the human movement requires the 

definition of a biomechanical model. It is important to 

note that an open-source software was applied in the 

simulation of the results. Several models are available 

inside this software, and fort that reason the first step of 

this work was to choose the best model that fit the needs 

of this study.  

The model Hammer 2012 (provided by OpenSim 

software) was the one that fulfill our needs, since it is 

whole-body model with arms. Moreover, the foot is 

modeled with three segments, which enables a better 

study of the dynamics. This model contains 18 rigid 

bodies, 37 degrees-of-freedom and 92 musculotendon 

actuators that representing 76 muscles (represented by 

red lines) of the lower body and the upper body is 

simplified. In the following figure (Figure 2.1) it is 

possible observe the virtual model used in this work.  
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The application of the current model requires the 

definition of an acquisition protocol. A marker set 

protocol was defined, which includes 47 markers (9 in 

the each foot and the rest of the markers is distributed 

throughout to the body) to enable acquire the motion of 

all the segments.  Figure 2.2 shows the marker location 

in the body of subjects. It should be noted that the correct 

definition of an object/body in space requires at least 

three points. Thus, all rigid bodies described in this work 

are described with at least three markers. In the appendix 

I shows the exactly location of the markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Acquisition Protocol 

 

The acquisition protocol includes a set of procedures 

to acquire pedobarographic, time-distance parameters, 

and kinematic and kinetic data. 

In order to study the plantar pressure distribution, 

Footscan system was used (footscan® 3D Gait –

1mx0.4m x 0.008m). The data obtained by this system 

can be statically and dynamically evaluated, providing 

information related with temporal and spatial 

parameters, location of the areas with higher and lower 

pressures and forces, maximum peak of force/pressure 

and center of pressure. 

The acquisition of the temporal and spatial 

parameters were performed recurring to the GAITRite 

system. This system provides valid and reliable 

measurements of the time-distance parameters in  

real-time. Moreover, the respective software enables 

also the statistical analysis of all the measured 

parameters. 

A Qualysis Mocap system, with 14 IR camera 

Qualysis ProReflex MCU 1000 with a sampling 

frequency of 100Hz, two video cameras Sony HC3E HD 

with a sampling frequency of 25Hz and three force 

plates AMTI-OR6-7 considered a sampling frequency 

of 1000Hz, was used to acquire the experimental 

kinematic and dynamic data. All these systems are 

synchronized, so that the force plate could be 

simultaneously acquired with the IR and video camera. 

The software used for the motion acquisition was 

Qualysis Track Manager (QTM) version 2.9. 

For the processing and analysis of the data, two 

software were considered: Matlab® (processing 

experimental data and statistical analysis of the 

OpenSim results) and OpenSim (kinematic, kinetic and 

CMC analysis). 

OpenSim is an open source software that allows the 

forward and inverse dynamics analysis and simulation 

of biomechanical models. Developed in the Stanford 

University, this software has been widely used by the 

biomechanics community, since it presents a set of 

features, models and packages, which enable a quick and 

easy analysis of the human motion. In addition, this 

software enable also the definition of new models, 

providing also a low-level computational tool, where 

users can develop or improve the current methodologies 

and algorithms implemented in the software. 

Through this software the motion acquired at the 

laboratory can be reproduced, obtaining relevant results 

such as angles, moments, muscle forces and muscle 

activations. 

OpenSim is a versatile tool that enables to solve both 

forward and inverse dynamic problems. The 

methodology discussed in this work focuses on the 

inverse dynamic problem, since are the objective of the 

study. The IK, ID and CMC algorithms are applied to 

enable the kinematic (joint angular displacements or 

7velocities) and dynamic (joint torques) study of the 

motions acquired in the laboratory. A note should be 

made regarding the use of the CMC tool. Although it 

uses forward dynamic approaches, this algorithm 

estimates the muscle activations/forces that better fit the 

experimental kinematic data that is given as input. 

 Since all these analyses are not independent 

between them, a sequence of steps should be performed 

in order to achieve the desired results. The first step 

includes the scaling of the model, which is crucial to all 

the analyses, since it is through this step that the virtual 

model (position of markers) coded by the OpenSim 

developers is adjusted to the experimental model 

obtained in laboratory. After this step, it is possible to 

perform the IK that allow one obtain the angles, ID that 

allow one obtain the moment force of the joints and 

lastly CMC that allow one obtain the electrical muscle 

patterns.  

In the Matlab® software the scripts for obtaining and 

treatment data were constructed. To the obtaining data it 

was necessary construct a script that allow one obtaining 

the forces and the marker positions that were acquired 

by the camera system software – QTM. These files were 

then used by OpenSim. On the other hand, the scripts of 

data treatment allow obtaining the graphs with mean and 

standard deviation to the IK, ID and CMC. 

 

3. Discussion of Results  

 

The kinematic and dynamic gait patterns were 

acquired for a population of ten subjects (5 male and 5 

female subjects) with no history of gait disorders were 

acquired in order to create a control group. Table 3.1 

presents the characteristics (age, weight, height and job) 

of the control group acquired in this work.  
 

 

 

 

 

 

 

Figure 2.2 – Location of the markers in subject’s body. 
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Table 3.1 – Data of Control Group. 

 

In Table 3.2 and Table 3.3, the information 

concerning 7 patients evaluated at LBL, 6 male elements 

and 1 female element can be checked. The average age 

is 46.8years, the weight 85.32kg and the height 1.73m.  
 

 

Table 3.2 – Data of Patient Group. 

 

 
Table 3.3 – Data of Patient Group. 

 

The most common cause for this injury was sports, 

especially playing football (predominantly in males). 

Most ruptures occurred in the right limb. As the patients 

have the dominant hand in the right side, these fact 

contradicts the literature that refers that the rupture 

occurs in the contralateral side to the dominant side. 

The results obtained drawn from this work were 

innumerous. 

By the analysis of the performed questionnaires, 

AOFAS and SF-v36, it was possible to conclude that the 

patients presented good physical and psychological 

conditions and the obtained results are within the mean 

values reported in the literature. There were several 

patients who reported some changes in terms of gait 

after suffering the injury and that still persists. The 

highlights were the lack of balance and some difficulty 

walking on uneven surfaces (e.g. walking in the beach). 

The variables measured experimentally, as the 

perimeter of the Gastrocnemius, showed that there is a 

decrease in the perimeter of the injured leg in all 

subjects. The percentage of reduction vary between 

1.3% and 7.6%. 

 
Table 3.4 – Perimeter of leg. 

 

The maximum amplitude of the dorsiflexion and 

plantar flexion angle was measured to assess there are 

difference in the ankle articular between the injured and 

the non-injured leg. The obtained values were within the 

average values reported in the literature, as it is possible 

to observe in the table 3.4 [16]. In this table is also 

possible visualize that only two patients, 2 and 6, show 

values of plantar flexion slightly below of values 

referenced. Regarding dorsiflexion, the values for both 

limbs are similar. Only patient 6 presents a small 

difference in this angle (~5º). The analysis of the results 

enables to observe that in general the maximum value of 

plantar flexion is lower in the injured limb 

(35.57±13.55º, 44.29±9.42º) and in the dorsiflexion 

occurs the same (11.43±4.40º, 12.14±3.64º). 

In terms of time-distance parameters (see Appendix 

II), such as cadence, speed, and step time, the obtained 

results presented values consistent with the ones 

observed in literature and the ones obtained for the 

control population [2-3]. 

In the case of the results of the plantar pressure 

analysis, it was found that there is a consistency between 

the data of static and the dynamic test. In appendix III it 

is possible visualize the dynamic pressure for all 

patients. In almost all the cases, the zone of higher 

pressure it is located on the contralateral side of the 

lesion and its location varies from patient to patient. In 

the following figure (see figure 3.1) it is possible to 

observe that the highest pressure is present in the 

contralateral side of the lesion. In this case, the highest 

pressure is localized in Heel, Meta 1 and Toes 1. By 

analyzing variables such as the force/pressure and the 

evolution of the COP in the dynamic test of the foot, the 

data showed that pathological subjects tended to present 

a more lateral progression of the COP when compared 

to the control population. This finding may suggest that 

during the IC the patients’ feet tend to contact the ground 

in a more inverted position than the control population. 

 

Subject 

(n=10) 
Gender 

Age 

(years) 

Weight 

(kg) 

Height 

(m) 
Job 

1 F 24 63 1.65 Student 

2 F 47 115.2 1.63 Housewifely 

3 F 28 59.6 1.59 Student 

4 F 22 60.7 1.70 Student 

5 F 26 77.6 1.67 Administrative 

6 M 49 85 1.80 Carpenter 

7 M 29 109.3 1.96 PhD Student 

8 M 24 86 1.82 
Research 

Fellow 

9 M 24 78.2 1.76 Student 

10 M 29 70.5 1.76 PhD Student 

�̅� - 30.1 80.5 1.73 - 

𝝈 - 9.23 18.26 0.11 - 

Subject 

(n=10) 
Gender 

Age 

(years) 

Weight 

(kg) 

Height 

(m) 
Job 

1 F 24 63 1.65 Student 

2 F 47 115.2 1.63 Housewifely 

3 F 28 59.6 1.59 Student 

4 F 22 60.7 1.70 Student 

5 F 26 77.6 1.67 Administrative 

6 M 49 85 1.80 Carpenter 

7 M 29 109.3 1.96 PhD Student 

8 M 24 86 1.82 
Research 

Fellow 

9 M 24 78.2 1.76 Student 

10 M 29 70.5 1.76 PhD Student 

�̅� - 30.1 80.5 1.73 - 

𝝈 - 9.23 18.26 0.11 - 

Subject 

(n=7) 

Rupture 

Type 

Year of 

Rupture 

Cause of 

Rupture 

Dominant 

Hand 

1 
Unilateral  

Left Leg 
2008 

Playing 

football 

Right-Handed 

2 
Unilateral 

Rigth Leg 
2004 

Playing 

football 

Right-handed 

3 
Unilateral 

Right Leg 
2007 

Playing 

football 

Right-Handed 

4 
Unilateral 

Right Leg 
2007 

Playing 

football 

Right-Handed 

5 
Unilateral 

Right Leg 
2004 

Playing 

football 

Left-Handed 

6 Bilateral 2004 Walking Right-Handed 

7 
Unilateral 

Right Leg 
2013 

Playing 

football 

Right-Handed 

Subject 

(n=7) 

Perimeter 

of Injured 

Leg  

(cm) 

Perimeter 

of Healthy 

Leg (cm) 

Difference  

(cm) 

% 

Reduction 

1 38 39 1 2.5 

2 30.5 33 2.5 7.6 

3 37 39 2 5.1 

4 34 35 1 2.8 

5 37.5 38 0.5 1.3 

6 33 35 2 5.7 

7 36.5 37 0.5 1.3 

�̅� - - 1.36 3.76 

𝝈 - - 0.74 2.23 
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Figure 3.1 – Distribution of Plantar Pressure. 

Also in this type of analysis, the static force 

distribution showed that almost all the subjects tend to 

distribute more force in the injured leg. This fact may be 

related with the type of training performed during the 

physical rehabilitation (physical therapy) treatments, 

since the usual strategies focus on the injured limb, 

strengthening only its muscle apparatus. However, the 

force distribution measured for both members presented 

approximately the same values.  

Relatively to the dynamic Ground Reaction Force it 

was possible observe that in almost all cases the force 

distribution is similar in both legs and varies between 10 

to 12N/kg, presenting typical ‘M’ shape curve. Almost 

all the subjects present the weight acceptance in the 10% 

to 15% of gait cycle and both peaks shows 1.1 to the 

weight. Figure 3.2 presents the data obtained for patient 

6 (bilateral rupture). In this case, the subject presents 

significant differences in the force distribution, 

presenting a peak of almost 15 N/kg, suggesting that he 

present some problems in controlling the impact of the 

foot with the ground. However, this was a particular 

case, since this subject presented a bilateral rupture. 

 

 

 

 

 

 

 
 
 

Figure 3.2 – Distribution of Plantar Pressure. 

 

An intra-variability analysis was performed to 

evaluate the existence of differences between the injured 

and non-injured leg. The variations in the standard 

deviation values were also analyzed to assess the phases 

in which the subject presented more variability. The 

results show that the injured leg presented a lower peak 

of knee flexion (~ -10º) during the stance phase (3rd gait 

determinant), when compared with the non-injured leg 

and the control. Differences between both legs are also 

found in the ankle angular displacement. The 

dorsiflexion and plantar flexion angles, respectively in 

the initial and final stage of the propulsion phase, 

presented lower values than the ones observed in the 

non-injured leg and in control. Variations in the 

kinematic patterns of the MTP joint are also observed. 

These variations in the ankle and MTP angle are in fact 

expected, since these are two most important joint in 

which the Achilles tendon acts. The following graphs 

show this intra-variability for patient 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3 – Knee Angle and Ankle angle. 

 

The next tables are a summarizing of the comparison 

between healthy foot and injured foot for the ankle angle 

and mtp angle. These tables shows the values for all 

patients. 
 

Table 3.4 – Comparison with health and injured foot for MTP 

angle. 

 

MTP ANGLE (Maximum º) 

 Plantar Flexion Dorsiflexion 

 
Injured 

Foot 

Healthy 

Foot 

Injured 

Foot 

Healthy 

Foot 

1 -30 –( -35) -25 – (-30) 5 0 

2 -25 -23 10 3 

3 -20 – (-25) -30 5-10 -10 – (-5) 

4 0 – (-10) -10 - (-20) 0 – 10 0 

5 -20 -20 – (-30) 0 – 10 0 -5 

6 -30 -12 30 13 

7 -20 0 - 10 -10 10 -20 

 

Table 3.5 – Comparison with health and injured foot for ankle 

angle. 

 

 

 

 

 

ANKLE ANGLE (Maximum º) 

  Plantar Flexion Dorsiflexion 

 
Injured 

Foot 

Healthy 

Foot 

Injured 

Foot 
Healthy Foot 

1 0-5 5 25 -30 25 - 30 

2 -5 -3 20 20 

3 -5 -3 22 18 

4 5 – 10 5 – 10 25 – 30 20 - 25 

5 5 0 – 5 25 – 30 20 - 25 

6 -10 -15 20 – 25 10 - 15 

7 10 5 30 30 - 35 

Injured 

foot 

Injured 

foot 
Injured 

foot 
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The dynamic analysis of the patients showed 

patterns similar to the ones observed in the control group 

and in literature [2-3]. The conclusions were the same as 

those taken in the kinematic analysis. Figure 3.4 

presents the knee and ankle torque for patient 2 (blue 

line is the injured foot and the green line is the healthy 

foot) and the control group (red line). In these graphs it 

is possible to observe that the values obtained by 

patients are slightly different to the control group and it 

is also possible to analyze that exist a variability 

between feet of the patient. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4 – Knee moment and Ankle moment. 

 

The data obtained for muscle activations presented 

patterns within the average values reported in the 

literature, however, in some subjects, the patterns of 

concentric and eccentric contractions presented slightly 

differences when compared to the control group. 

Moreover, slightly differences in the force magnitude 

were also observed between both legs (see Appendix 

IV). 

 

 

4. Conclusions and Future Developments 

This was innovative work, since there are few 

reports that discuss all the data presented in this paper 

(pedobarographic, kinematic, kinetic, time-distance 

parameters). 

The results obtained are consistent with those 

reported in the literature. However, some differences 

were observed in the values of the joint angular 

displacement and torque between the injured and  

non-injured leg. Essentially, almost all the subjects 

presented lower values of dorsiflexion and plantar 

flexion angles f in the injured leg. 

From the obtained results, no conclusion could be 

made regarding the influence of the type of surgery in 

the gait patterns, since the size of the pathological 

population was relatively small (n=7).  

Some limitations in this study can be presented, in 

particular the number of analyzed subjects, which did 

not enabled to assess whether the type of surgery may or 

may not influence the gait patterns. Unfortunately, not 

all the proposed acquisitions were performed (initially a 

group of 30 patients were contacted) due to lack of 

availability of some patients and the time available for 

the realization of all the analyses.  

As future developments would be important to 

increase the number of acquisitions of pathological 

subjects to be able to more accurately validate the results 

obtained and verify the results of each surgery. 
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Appendix I – Marker set Protocol. 

  Number Name Anatomical Location Rigid Body 

1 Frontal_Bone_R Temporal Line of Frontal Bone Thorax 

2 Frontal_Bone_L Temporal Line of Frontal Bone Thorax 

3 Occipital_Bone_R Occipital Protuberance Thorax 

4 Occipital_Bone_L Occipital Protuberance Thorax 

5 C7 Spinous Process of C7 Thorax 

6 Shoulder_R Clavicle – Acromium Thorax 

7 Shoulder_L Clavicle – Acromium Thorax 

8 Elbow_Medial_R Most Prominent Point of Medial Epicondyle of Humerus Right Humerus 

9 Elbow_Lateral_R Most Prominent Point of Lateral Epicondyle of Humerus Right Humerus 

10 Wrist_Medial_R Most Prominent Point of Styloid Process of Ulna Right Ulna 

11 Wrist_Lateral_R Most Prominent Point of Styloid Process of Radius Right Radius 

12 Metacarpus_II_R Distal Head of II Metacarpus Right II Metacarpus 

13 Metacarpus_V_R Distal Head of V Metacarpus Right V Metacarpus 

14 Elbow_Medial_L Most Prominent Point of Medial Epicondyle of Humerus Left Humerus 

15 Elbow_Lateral_L Most Prominent Point of Lateral Epicondyle of Humerus Left Humerus 

16 Wrist_Medial_L Most Prominent Point of Styloid Process of Ulna Left Ulna 

17 Wrist_Lateral_L Most Prominent Point of Styloid Process of Radius Left Radius 

18 Metacarpus_II_L Distal Head of II Metacarpus Left II Metacarpus 

19 Metacarpus_V_L Distal Head of V Metacarpus Left V Metacarpus 

20 PSIS_R Posterior Superior Iliac Spine Pelvis 

21 PSIS_L Posterior Superior Iliac Spine Pelvis 

22 ASIS_R Anterior Superior Iliac Spine Pelvis 

23 ASIS_L Anterior Superior Iliac Spine Pelvis 

24 Hip_Joint_R Center of Acetabulum Right Femur 

25 Hip_Joint_L Center of Acetabulum Left Femur 

26 Knee_Medial_R Most Prominent Point of Lateral Femoral Epicondyle Right Femur 

27 Knee_Lateral_R Most Prominent Point of Medial Femoral Epicondyle Right Femur 

28 Malleolus_Medial_R Most Prominent Point of Medial Malleolus Right Tibia 

29 Malleolus_Lateral_R Most Prominent Point of Lateral Malleolus Right Tibia 

30 Calcaneous_R Upper Ridge of the Calcaneus Posterior Surface Right Calcaneous 

31 Navicular_R Medial apex of the tuberosity of the navicular Right Calcaneous 

32 Cuboid_R Lateral apex of the tuberosity of the cuboid Right Calcaneous 

33 Metatarsal_I_R Medial aspect of the head of Metatarsal I Right Calcaneous 

34 Metatarsal_V_R Lateral aspect of the head of Metatarsal V Right Calcaneous 

35 Phalange_II_R Top head of the Phalange II Right Toes 

36 Hallux_R Medial aspect of the Hallux Right Toes 

37 Knee_Medial_L Most Prominent Point of Lateral Femoral Epicondyle Right Femur 

38 Knee_Lateral_L Most Prominent Point of Medial Femoral Epicondyle Right Femur 

39 Malleolus_Medial_L Most Prominent Point of Medial Malleolus Right Tibia 

40 Malleolus_Lateral_L Most Prominent Point of Lateral Malleolus Right Tibia 

41 Calcaneous_L Upper Ridge of the Calcaneus Posterior Surface Right Calcaneous 

42 Navicular_L Medial apex of the tuberosity of the navicular Right Calcaneous 

43 Cuboid_L Lateral apex of the tuberosity of the cuboid Right Calcaneous 

44 Metatarsal_I_L Medial aspect of the head of Metatarsal I Right Calcaneous 

45 Metatarsal_V_L Lateral aspect of the head of Metatarsal V Right Calcaneous 

46 Phalange_II_L Top head of the Phalange II Right Toes 

47 Hallux_L Medial aspect of the Hallux Left Toes 
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Appendix II – Time-Distance Parameters of Patients. 

 

Appendix III – Mechanical Power of Patients. 

 

Appendix IV – Mechanical Force of Patients. 

  
 

Subjects 
Cadence 
(steps/min) 

Velocity 

(cm/s) 

Step Time (s) 

Healthy – Injured 

% Stance 

Healthy – Injured 

% Swing 

Healthy – Injured 

1 95.4 102.8 0.62 0.63 61.4 61.2 38.6 38.9 

2 105.7 113.6 0.56 0.58 62.5 61.4 37.5 38.5 

3 103.8 106.6 0.57 0.59 62.3 62.4 37.7 37.6 

4 121.3 136.8 0.50 0.49 58.4 59.6 41.5 40.4 

5 108.2 108.2 0.58 0.59 61.4 61.2 38.5 38.9 

6 102 109.5 0.59 0.59 61.8 61.7 38.2 38.3 

7 109.2 110.4 0.55 0.55 60.1 62.1 39.9 37.9 

�̅� 106.51 112.56 0.57 0.57 61.13 61.37 38.84 38.64 

𝝈 7.37 10.37 0.03 0.04 1.33 0.84 1.30 0.84 

�̅� (𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒈𝒓𝒐𝒖𝒑) 107.68 114.72 0.56 0.56 59.84 60.6 40.25 39.41 

𝝈  (𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒈𝒓𝒐𝒖𝒑) 2.43 2.77 0.01 0.01 1.71 1.37 1.71 1.34 

 Mechanical Power (W)  

 1 2 3 4 5 6 7 �̅� 𝝈 
Control 

Group 
Reference [2] 

Soleus 500 200 250 200 250 350 300 292.86 97.94 200 300 

Lateral Gast 200 500 80 60 60 600 60 222.86 213.66 60 400 

Medial Gast 200 125 150 100 150 400 150 182.14 93.27 100 300 

Anterior Tibialis 200 50 75 60 100 200 50 105.00 62.16 40 50 

FHL 18 5 10 6 7 80 7.5 21.00 26.73 10 3.6 

FDL 20 5 6 12 10 90 5 21.14 28.54 8 1.8 

 Force Muscle (N/kg)  

 1 2 3 4 5 6 7 �̅� 𝝈 
Control 

Group 
Reference [9] 

Soleus 18.34 38.96 31.25 43.20 32.61 43.38 42.99 35.82 8.53 30.73 29.9 

Lateral Gas 5.50 7.14 4.61 4.93 17.39 8.06 7.04 7.81 4.08 3.99 5.5 

Medial Gas 11.09 16.88 7.29 11.11 17.39 19.35 16.90 14.29 4.11 8.60 13.7 

Anterior 

Tibialis 
4.5 9 10 35 10 14 8 12.93 9.38 10 5.6 

FHL 2 2 1.5 3 2 3 2.5 2.29 0.52 2.5 3.6 

FDL 1.7 2 1.5 3 2.5 3 2 2.24 0.56 2.25 1.8 


