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Abstract: This study presents the mathematical Modeling of gait. This model is for the lower limb exoskeleton. The exoskeleton has wide
scope in hospitals, physical training, and army. The comfortable gait with exoskeleton requires a good mathematical model of gait. This
Modeling of this study starts with a C3D file which is taken from a hospital. This Modeling uses MLS viewer, MOKKA, Any Body, and Matlab
software. The basic information of the C3D file read with the MLS viewer software. This software tells the type of force plate, name of maker
points, the number of force plate and marker points use in the gait analysis. The motion of marker points visualizes in MOKKA software. These
visuals in MOKKA software give the position of all marker points. The MOKKA software also gives information about the starting frame
number and last frame number for the gait on the force plates. The information collected from the MLS viewer and MOKKA software uses for
modification of Any Script of the inbuilt model of Any Body software. The kinematic and inverse dynamic analysis of C3D file data performs in
Any Body software after proper changes in Any Script of the model. The linear position and velocity data obtained from kinematic analysis use
in Mat lab Modeling. Mat lab Modeling has two-step: curve fitting and curve plotting. The sum of sine equation fits on this linear position and
velocity data using the curve fitting app of Mat lab. Another velocity equation is evaluated by the differentiation of the position equation. These
equations of linear position and velocity simulate using Mat lab software. The plot of kinematic analysis data and plot of modeled equations
compare in the Mat lab software. The goodness of the results of all these equations is decided based on root mean square error (RMSE).
Keywords: Gait Analysis; Biomechanics; C3D files; Anybody Software; Root mean square error (RMSE); Electromyography(EMG); Open
Sim; Mokka Analysis; Any Body Analysis; MLS viewer; Mat Lab Modeling.

ILINTRODUCTION

The exoskeleton is an external suit that is used for assistance or increase in the working capacity of a human. In other
words, the exoskeleton is a robot system that is a brand new type of human-robot cooperation system. It fully combines human
intelligence and robot power to enhance robot intelligence and human operator's power. The invention of the wheel was a great
millstone for transportation and other assistance for human. The wheeled vehicle can do almost all transportation work.
However, many environments, such as rocky slopes and staircases, pose significant challenges to wheeled vehicles®.
Exoskeleton robots can classify according to muscle strength supporting parts: upper limb systems, lower limb systems, upper
and lower limbs integrated systems, and specific joint muscle strength support system Such robots develop for old and disabled
persons for assistance and rehabilitation of injured persons. Power augmentation systems are to amplify the power of wearers,
enabling them to perform the tasks that they otherwise cannot easily perform by themselves. These systems are developed for the
army®. Elementary technologies for the development of exoskeleton robots include mechanism design technology, human intent
measurement technology, and human-robot cooperation control technology. Along with these, we have to knowledge of the
biomechanics of the human body. Consideration of the application field, the purpose of power support and the body part to
which the robot would give support are also need for the successful development of exoskeleton robot systems®. This work is
focusing only on the lower limb exoskeleton. This section starts with the discussion of gait related terms, basic knowledge and
elementary technology required for the lower limb exoskeleton. This section also has a brief introduction of marker protocols
that use in the motion capture method. The data of the motion capture method stores in the C3D file. This data of gait analysis
simulate in software like OpenSim, AnyBody software.

I.MATERIAL AND METHODS

The primary thing for the modeling of the lower limb exoskeleton is the study and analysis of the human gait. There are
two methods of gait analysis: (1) camera-based motion capture method and (2) sensor method. In this model, we are using the
first method. The direct experiment is not done for this, but we take a C3D file of human gait. The C3D file data are studied and
analyzed using MLS viewer software, Mokka software, and Any Body software. This analysis gives a large number of data of
linear velocity and position for each marker. It is very difficult to handle this large data for further analysis. It is very easy to
remember and handle an equation than large data. So, the main aim of this modeling is to fit an equation for this large data. This
curve fitting is performed with the help of MATLAB.

MLS viewer Analysis:

The C3D file opens in MlIsViewer software to see its property. The Mls Viewer software show all information of C3D
file like the number of markers, number of force platform, type of force platform, etc. as shown in figure.3.2.1. The naming of
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marker points can view in the video data option. But this software is not able to visualize the C3D file. So the C3D file opens in
Mokka to visualize the marker position on the body.
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Fig.3.2.1 Header Information of C3D file in MlsViewer software

Mokka Analysis:

The Mokka software shows the actual movement of all marker points when the file plays in this software. The white
points in figure 3.3.1 show the marker position on the body. The white curved line in the figure shows the path for the full path
of the sacrum maker point movement. The vertical yellow line represents the reaction force from the ground. It also not gives
data of joint torque and force. This Mokka software provides the value of the starting frame (when the first step put on the force
plate) and the last frame (when the last step put off from the force plate).
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Fig.3.3.1 C3D fil

Any Body Analysis:

The Any Body software already has inbuilt models for the various analysis of the human body movement. But these
models are needed some modification in Any Script code according to project requirement. The lower extremity model was
chosen from inbuilt models for the analysis. The C3D file was given as an input for the gait analysis in Any Body. Some
information of the C3D file (like the type of force plate, markers name, starting frame number when the ankle put on the force
plate, etc) should be known before giving the C3D file as input in AnyBody. The information of the C3D file from MLS viewer
and Mokka is used in Any Body to modify Any Script of the lower limb model. The Helen Hayes marker set’s name and its
locations regarding the anatomical reference frame were defined in the software. The number and type of force plates were also
changed. An Extra Driver named Pelvis Thorax Rotation was switched ON as there were not enough markers on the upper body
to get the sufficient information of the movements. The Optimization of the Trunk Height was switched OFF for the same
reason. The data of position, linear velocity and acceleration are collected after full kinematic analysis in Any Body software.
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This data is further used for modeling in Mat Lab software.

Fig.3.4.1 Model view in AnyBody Software during Analysis

Mat Lab Modeling:

The recorded data of linear position and velocity from Any Body is import in Mat Lab using ‘import data’ command.
These data points are again plotted in Mat Lab. After plotting these points, we try to fit an equation with the help of the Curve
Fitting Tool. This Curve Fitting Tool is inside the apps option of MatLab.

This Curve Fitting Tool can fit a curve using the input of X data, Y data, Z data and weights as input. There should at
least two axis input and weight is optional. The modeling data has a 2D plot without weight age to any axis data. So X data and y
data give as input from the imported data in the Mat Lab program. There are 4 suitable options in the curve fitting tool for these
data (1) Fourier (2) Interpol ant (3) Smoothing Spline (4) Sum of sine. The number of equations is very large in the case of
Interpol ant and smoothing spline to express the data. So these two options obsolete for modeling. The Fourier has less value of
31 SSE (sum of square error) and RMSE (root mean square error) than the sum of sine but the difference of these errors of the
sum of sine and Fourier are not very high. The sum of sine has a simple form of the equation. So we decide to go with the sum of
sine to curve fit for all data of linear velocity and position.

4 Cure Fiiog bl - 8 x
B Bt View ek Dekirp Wrdow Heg -
vl WA D0 EE 2 HOE

unied e 1 =

i Sorm o e v 2 Bttt
Fename cnisted it |
Sharsbes ot §
At b
Eopusier ATART T _ o R R cE]
¥t it r
[ Cemeran scale

FiOptiern..

Fit narret Deta Ficoype i 3 A spuare OFE AdiRs FNEE # Coelt Vabdien Dutn Walidation 558 Wilkdation FMSE
I usitied it i1 ank Los4 ¥R m 0985 (008

Fig.3.5.1 Curve fitting on knee data in Curve Fitting Tool of MatLab

The mathematical model is formed for human gait. The Mls viewer, Mokka, Any Body and Mat lab software are used in this
modeling. The The Mls viewer and Mokka software is used for checking the property of C3D file. The Any Body software is
used for getting the data of gait. The sum of sine equation for all marker points is modeled in mat lab software.

The modeling of equations for gait uses MLSviewer, Mokka, Any Body, and Mat Lab software. The method of modeling has
explained in the previous chapter. The kinematic operation on the lower exoskeleton model using the C3D file was performed in
Any Body software. This simulation in Any Body software provides large data for curve fitting. The equations obtain after
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curve-fitting on this data are simulated in Mat Lab.

Any Body Simulation:

The C3D file was having a total of 3301 frames, 18 standard markers according to the Helen Hayes Protocol, 8 Force
Plates each of Type 2. The first and last frame value of the C3D file is filled in the Any Script so that the initial position of the
markers and ground reaction is consistent with its original position in Any Body model. The first frame chosen was 1280 and the
last frame was 2400. We use 16 marker points in Any Body excluding two shoulders marker because this analysis is only
concentrated on the lower limb. The weight of the subject was 53.2 kg and the height was 1.66 m. The kinematic and inverse
kinematic simulation performs on the modified model of lower limb exoskeleton with C3D in Any Body. The results of the
linear position, velocity and acceleration are saved in csv format file.

The kinematic and inverse kinematic simulation performs on the modified model of lower limb exoskeleton with C3D
in Any Body. The results of the linear position, velocity and acceleration are saved in csv format file. The csv file has data of two
gait cycle. Each data file has 1097 rows and 4 columns. The four columns represent data of time, X-direction, Y direction and Z-
direction respectively. The gap between two consecutive rows of time column is 0.002s. The X-direction, Y-direction, and Z-
direction data is in between 2.584 sec and 4.776 sec. Tables 4.2.2 and 4.2.3 presents 20 data points of linear position and velocity
of the left knee marker as a sample. Figures 4.2.2 and 4.2.3 present plot of left knee linear position (m) vs. time (s) and left knee
linear velocity (m/s) vs. time (s) respectively. All graphs are plotted for two complete Gait- Cycle. The first Cycle is from Time
t1 = 2.584s to t2 = 3.642s and the second is from time t3 = 3.642s to t4= 4.700s.

The blue, green and red line represents X, Y, and Z position data respectively. The Xax is position is continuously
increasing. The variation in Y-axis and Z-axis position is small but cyclic. The plot has this nature because gait is in a straight

direction.

Fig.4.2.1 Placement and naming of marker points

Table: 4.2.2 Linear position data of the left knee

Time M-Axis Position Y-Axis Position Z-Axis Position
Component Component Component
2.584 -0.542304645348191 0.491715258258185 0.172535647411435
2.586 -0.540229935903338 0.49157246 1498850 0.172424877959376
2.588 -0.538119743044738 0.491431575323493 0.172308158801682
2.590 -0.535974365261405 0.491292196904814 0.1721853878060018
2.592 -0.533793059352426 0.491154230066418 0.172056426375772
2.594 -0.531575083895603 0.491017575163702 0.171921132842312
2.596 -0.5293 19862904335 0.490882420129531 0.171779404133978
2.598 -0.527026337 148806 0.490748093477465 0.171630989127226
2.600 -0.524693953019744 0.490614768165952 0.171475803193032
2.602 -0.522322002492309 0.490482337416003 0.171313695150820
2.604 -0.519909794077086 0.490350696080147 0.171144511509547
2.606 -0.517456657307874 0.490219742659608 0.170968096425764
2.608 -0.514961947049470 0.490089380912112 0.170784291592348
2.610 -0.512425046986 146 0.489959520925430 0.170592936191517
2612 -0.509845372287562 0.489830079846093 0.170393867038317
2.614 -0.507222371857078 0.489700982503531 0.170186918975590
2616 -0.504555530675904 0.489572162105483 0.169971925511439
2.618 -0.501844372563888 0.489443561083142 0.169748719632668
2.620 -0.499088463338494 0.489315132100636 0.169517134743874
2.622 -0.496287414259284 0.489186839285463 0.169277005795684
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Fig.4.2.2 Left knee Position (m) vs. Time(s)
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Mat Lab Simulation:

The result of kinematic analysis in Any Body is further plotted in Mat Lab software. Figure 4.3.1 presents the linear
position vs time plot in Mat Lab by using Any Body data. The sum of sine curve fits on this plotted data using the inbuilt app of
Mat Lab. Each sum of sine equation has 8 sine term and 24 constant.

Fig.4.3.1 Linear Position vs. Time plot m MatLab by using AnyBody data

The figure 4.3.2 is showing the method of finding sum of sine equation in curve fitting app and figure 4.3.3 presents the plot of
sum of sine equation for left knee position in Mat Lab. The following sum of sine equation can be evaluated for x coordinate of
position of left knee in curve fitting app. The figure 4.3.4 is showing the plot for comparison of sum of sine graph and original
data graph.

f(t) = al*sin(b1*t + c1) + a2*sin(b2*t + c2) + a3*sin(b3*t + ¢3) + ad*sin(b4*t + c4) + a5*sin(b5*t + ¢5) + a6*sin(b6*t + c6) +
ar*sin(b7*t + c7) + a8*sin(b8*t + c8)

Where, t = time
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Fig.4.3.2 Fitting sum of sine equation for x-axis position of the left knee in Curve Fitting app

In figure 4.3.4 Blue, red and green lines are representing X, Y and Z coordinate of the position vector.
The colored lines are the original curve. The overlapped black lines are showing the sum of sine curve.
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Fig.4.3.4 Sum of sin equation curve and original data plot in MatLab software for the left
knee position
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IHI.RESULT
First, we compare position data of Any Body software and position data getting from the sum of sine equation. We also
compare velocity results from three approaches: 1) Original data of velocity getting from Any Body software 2) Velocity data
getting from the sum of sine equation that is fitted on original Any Body software velocity data 3) Velocity data getting from the
differentiation of position vector.

Position Result:

There are two sets of data of position. The first set of data for the position is obtained from Any Body software and the
second set of data for the position is obtained from the sum of sin equation. These both set of data is plotted in 3D in Mat lab to
compare as shown in figure 5.2.1.

Fig.5.2.1 Comparison of data in xyz plot

The root mean square error (RMSE) of curve fitting is also calculated. Table 5.2.1 presents the RMSE between Any Body data
and the sum of sine data in X, Y and Z directions. We can see in the table that RMSE is in between 102 and 10

Table 5.2.1 RMSE in curve-fitting on the Position data

Marker point [ RMSE in X — axis | RMSE in Y — axis | RMSE in Z — axis
position data data data

Sacrum 3.223908e-03 7.498353e-04 1.182588e-03

Left Knee 8.877263e-03 2.444954¢-03 5.532199e-04

Left Ankle R.474181e-03 1.184377e-03 0.841457e-04

Left Heel 1.007874e-02 2.322458e-03 7.411364e-04

Right Knee 4.594543e-03 2.635771e-03 1.287347e-03

Right Ankle 4.666512e-03 2.245084e-03 1.997649¢-03

Right Heel 4.743142e-03 3.271387e-03 1.857471e-03

Velocity Result:

The sum of sine equations also fits on velocity data. The goodness of fit of the sum of sine equations is compared on the
basis of RMSE. The RMSE of fit for seven main marker points is shown in table 5.3.1. The RMSE is in between 10 and 10 .
The overlapped plot of the sum of sin equation and original data is the plot for comparison. The plot for the sacrum, left knee,
left ankle and left heel is presented below in fig.5.3.1, fig.5.3.2, fig.5.3.3 and fig.5.3.4 respectively. The blue, red and green lines
in these figures are original data lines and overlapped black lines are representing the sum of sine equations.

Fig.5.3.1 Sum of sin data vs Onginal AnyBody data for the sacrum
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Table 5.3.1 RMSE in curve fitting on the Velocity data

Fig.5.3.4 Sum of sin data vs Original AnyBody data for the left heel

Marker point RMSE in X — axis RMSE in Y — axis RMSE in Z — axis
position data data data

Sacrum 8.884284¢-03 2.356184e-02 1.080047e-02
Left Knee 4.642207e-02 2.128216e-02 9.248609e-03
Left Ankle 4.121544¢-02 3.720438e-02 2.247265¢-02
Left Heel 5.330950e-02 7.085726e-02 1.611346e-02
Right Knee 3.460818e-02 1.655327e-02 1.045238e-02
Right Ankle 1.338552e-01 6.807124e-02 2.698927e-02
Right Heel 1.155914e-01 4.05244 e-02 3.8203%94¢-02

The velocity equation can also get by differentiation of position equation. So we differentiate the fitted of the sum of sin
equation on position data. Then the result of velocity from this is compared with original data on the basis of RMSE. The plot for
the sacrum, left knee, left ankle and left heel in fig.5.3.5, fig.5.3.6, fig.5.3.7 and fig.5.3.8 respectively. Table 5.3.2 presents the
RMSE for seven marker points’ data. The RMSE is between 10 and 103
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Table 5.3.2 RMSE in velocity that obtains from differentiation of fitted equation on Position

data

Marker point RMSE in X — axis RMSE in Y —axis RMSE in Z — axis
position data data data

Sacrum 1.133579¢-01 2.086109e-02 4.265271e-02
Left Knee 3.386093¢-01 5.686079-02 1.819554e-02
Left Ankle 2.945429¢-01 3.876167e-02 2.398222¢-02
Left Heel 3.359507e-01 6.674262e-02 2.484918e-02
Right Knee 1.682198e-01 8.599537e-02 4.828219e-02
Right Ankle 1.609708e-01 7.676557e-02 7.498401e-02
Right Heel 1.773578e-01 8.842452e-02 6.540609e-02
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The velocity equation can be obtained in two ways. The RMSE of both equation data is different as we can see from tables 5.3.1
and 5.3.2. Some RMSE values in table 5.3.1 and table 5.3.1 for the corresponding marker position has similar value. But some
values of RMSE in table 5.3.2 are ten times the corresponding value in table 5.3.1. From this, it can be said that equations for
velocity obtained by curve fitting are more suitable than equations for velocity obtained by differentiation of position equation.

IV.DISCUSSION
The RMSE in the fitted curve on position data is in between 10 and 10°. So these equations can be used in those
designs where the error in between 10 and 10 is allowed for position. If error around 107 is allowed in velocity then
differentiation of fitted equation on position data can be used. The accuracy will increase if we use a fitted equation on velocity
data rather than equation obtains from the differentiation of fitted equation on position data.

VV.CONCLUSION
The kinematic and inverse dynamic analysis of C3D file data performs in Any Body software after proper changes in
AnyScript of the model. The linear position and velocity data obtained from kinematic analysis use in Mat lab Modeling. Mat lab
Modeling has two-step: curve fitting and curve plotting. The sum of sine equation fits on this linear position and velocity data
using the curve fitting app of Mat lab. Another velocity equation is evaluated by the differentiation of the position equation.
These equations of linear position and velocity simulate using Mat lab software. The plot of kinematic analysis data and plot of
modeled equations compare in the Mat lab software.
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