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ABSTRACT

Galarza, Jose, Effects of Additional Weight on Ground Reaction Forces and Center of Pressure

for Human Squat Exercise. Master of Science in Engineering (MSE), August, 2021, 111 pp., 2

tables, 166 figures, 74 references, 37 titles.

The main focus of the study is to analyze the stability of the squat exercise. The squat is a
human common exercise. The study analyzes the time series of the normal component of the
ground reaction forces, each coordinate of the center of pressure, and knee flexion angle. Theses
time series are used to estimate the Lyapunov Exponents using Rosenstein method. MATLAB
from Mathworks is used to calculate the graphs and program the methods. We compare this
result with the literature and previous experiments. This work gives more information relating

the safety of the squat exercise when adding additional weight.
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CHAPTER I

INTRODUCTION

Human gait and stability has been the focus of studies in the past. Instability has been
associated with variability and how the system will never make the same movement [1]. Here
we defined that stability is the inverse rate of divergence of two trajectories. This definition is
called local stability and the measure used are the Largest Lyapunov Exponent. Lyapunov
Exponents are the exponential rate of divergence of neighboring trajectories which is used to
measure local stability. Recent studies focus on understand how gaits differ in healthy subjects
[1], how age affects the stability of the gait [2] or how the stability of the walking gait is affected
by a treadmill [3].

It has been observed that the cycle-to-cycle motion has inherent variability. Stergiou et al.
[1] in their paper discussed and reviewed several points of view were the previous paradigm tells
us that variability in general was associated with instability in dynamical systems. However,
Dingwell et al. [3], also discussed that there are various cases which the variability is in fact
better for a stable movement, this being observed in professional athletes and in learning of
movement experiments. The case of elderly people or neuropathic patients has reduced
variability from the normal variable data taking from the walking measurements, and the
increase of variability results in a fall. In this sense, there is a view that for an optimal movement

there should be certain amount of variability.



Stergiou et al. [1] stated that variability on the movement and stability are related.
However, they stated that it is preferable to see variability as adaptability of the system and not
noise. Dingwell et al. [3] commented that variability could be chaotic in nature and would be
corrective adjustments to maintain the movement and balance of the gait. Emmerik et al. [4]
explains that variability appears in healthy subjects. Cavanaugh et al. [5] summarizes these
points in his paper, see Table 1.

Table 1 Cavanaugh's [5] summary of most important points.

Characteristic Linear model Nonlinear model
Paradigm Stimulus response Self-organisation
Degree of postural control reflected Predicted based on input (perturbation) Dependent on initial conditions and nature
in the output signal parameters and known linear relationships  of multi-linked interactions among system
among system components components. Predicted over various time
scales
Signal variability Random error Can contain temporal structure that reflects
the organisation of the underlying control
system
Measurement implications Error magnitude is proportional to the Error magnitude is irrelevant. Temporal
intensity of the perturbation or the severity  structure is measured as patterns of
of disruption in the feedback loop variability

In this sense we can say that variability is in a sense necessary in order to have an
optimum movement. Stergiou et al. commented that is preferable to see it as the adapt-
ability of the system. Dingwell et al. in [3] commented that it is important to see that
this variability is not noise, instead we need to see them as corrective adjustments which
were created to maintain the balance and the ongoing movements of the gait. So, it is
important not to discard that this variability in the movement could be chaotic in nature
[3], and further study is needed. On a related commentary, Emmerik et al. emphasizeed
that varialibility should not be regarded as instability, as variability inherently appears

in healthy subjects as an example in Fig. 1, [4].



a) b)

AP

ML

Older individual Younger individual

Figure 1 Emmerik’s [4] example of the center of pressure between a healthy adult
a) and a healthy younger subject b)

Frequency couplings as defined by Van Emmerik et al. [6] is the ratio of two
different movements, for example breathing rhythm and breathing rhythm. In the review
Van Emmerik made [6] one can see the relationship of the number of breaths taken by
the runner per stride. These frequency couplings have ratios like 1:1,2:1,3:1, etc. These
frequency couplings for an overall speed can be seen in Fig. 2. Stability in this case in
his study is a prefer coupling, in particular 2:1 in which the runners (R1 and R4) tend to

adopt in contrast to the non runner (NR1).

R1 R4 NR1
100 100 100

4 80 80 80

g 60 60 60

% 4 40 40

® 20 20 20:']:':‘:

0 - 0 ._.,l — it E' 0+
413183221 .1NC  PC 41313221 11NC  PC 41318221 ANC  PC

Couplings Couplings Couplings

Figure 2 Van Emmerik's [6] results of the difference between frequency couplings of runner 1
(R1), runner 2 (R4) and a non runner (NR1)



The approximate entropy (ApEn) is another parameter that is used to quantify the
regularity of a time series [1]. Cavanaugh et al [5] explained the ApEn algorithm, which gives
you a dimensionless parameter that estimates the probability of a time series to repeat itself..

Dingwell et al. [7] investigated the stability of walking on a treadmill. The result were
conclusive, it does increase stability. They reported a decrease of Lyapunov Exponents values,
which means that walking in a treadmill actually makes walking more stable. Notice that every
subject choose their own speed they were they felt comfortable. Interesting enough, now the

question is, does this in general work for all different range of subjects and treadmills.
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Figure 3 Dingwell's [7] value comparison of the LyEs with normal walking (OG) and treadmill
walking (TM).
In another interesting subject was: does age affect the stability of the Gait? This question
was the topic of research of the teams Buzzi and Lochckhart [2, 8]. Dingwell et al. [9]

demonstrate that patients with Neuropathic disease tend to have slower speeds to maintain local



stability in walking. Also, as the speed increases the stability decreases as demonstrated by

Dingwell et al. [10].

Figure 4 Dingwell's [9] values on LyE for Neuropathic patients (NP) and control (CO) subjects.
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Figure 5 Dingwell's [10] result in Lyapunov Exponents values as speed changes.



In this work we investigate the effect of added weight on the stability of the human squat
exercise. A similar study done by Zink et al. [11] measured the mean myoelectric activity on the
muscles of the leg. The novelty of the present investigation is that the Largest Lyapunov
Exponent of the normal ground reaction forces and coordinates of the center of pressure are used
to assess the stability of the squat exercise. The cases to be studied are no additional weight, and
additional weights of 10, 20, and 32 kg. This study can give qualitative insight on how safe the

exercise is performed with added weight.



CHAPTER Il

METHODOLOGY

Data Acquisition
The data acquisition system in the lab are 10 Vicon Cameras and 2 AMTI OR6 Series
Force Plates as in Fig. 6. The cameras need to be calibrated each time with the Vicon system is
turned on. The force plates are used to capture the ground reaction forces during the exercise.

The software that is used to obtain the center of pressure’s coordinates is software Nexus.

Figure 6 Vicon Cameras and Force plates setup.



The subject is positioned as seen in Fig. 7. The subject for the trials has a height of 1.70
meters and a mass of 77 Kg. The origin of the global coordinate system is positioned in the
posterior and lateral corner (with respect to the subject) of the plate of the right foot of the

subject.

Figure 7 Subject on the force Plates.

Data Filtering
The double pass Butterworth filter will be used as in previous studies, Caruntu et al. [12]

The formulas used are as follows.

tan™c

w=—2L K=\2w, K, = w?, Ky =22 1)
c K,

=—7 =2 = 2

ao—(1+K+K2) y 1 = 24Qg , Ay = Qg (2)

b1 = _2a0+K3 ' bz = 1_2a0+K3 (3)

The process is to first calculate the parameter w, in which £, is the cutoff frequency and

f5 1s the sampling frequency in which in our case is 1000 Hz for force plates and a correction



factor C = 0.802. The Cutoff frequency can be sought between 1 and 15Hz. The residuals are
calculated in accordance to Winter et al.[13] in order to filtered out the noise. Equations 1-3 give

the coefficients a,, ..., b,. Having these coefficients the following formula is used:

XY(nT) = apX(nT) + a, X(nT — T) + a,X(nT — 2T) + b, X*(nT — T) + b,X*(nT — 2T) 4)

where X filtered output coordinates, X unfiltered data coordinates, nT is the nth sample,
(nT —T) is (n-1)th sample, (nT — 2T) is the (n-2)th sample and a, ... b, are the filter
coefficients as already mentioned [13] The Root Mean Square Error (RMS) of the residuals are

calculated as follows:

N
1 _
RMS = |= (X = X,)? 5)

i=1

where X; ith value of the sample and X is the filtered data ith value of the sample.

Stability Analysis

Stability of a movement has been a focus of study for several years. Orbital stability has
been used in the past by Hurmuzlu and Basdogan [14]. They used Floquet multipliers
(eigenvalues of the Jacobian Matrix) for analyzing the system of equations and by Dingwell et
al., [15]. This work used the Largest Lyapunov Exponent.

Stability can be measured as the inverse rate of the average exponential rate divergence in
a trajectory, Stegiou [1,2] and Dingwell et al. [3,9]. The formal definition can be seen in this
papers. The state space reconstruction is done from the data obtained experimentally [9]. As such

the state space can be defined as:

X)) = [x(),x(t + T),...,.x(t + (dg — 1)T] (6)



where X (t) is the dj - dimensional state vector, with x(t) one-dimensional data, T time delay,
and d; embedding dimension [13]. The time delay for the reconstruction can be chosen as the
minimum of the mutual information function [16]. However, one should analyze ranges in order
to choose an appropriate time delay. For the embedding dimension we can use the Kenel et al.
approach [17]. We choose to use the embedding dimension of 3, since we have convergent
results as recommended by Rosenstein [18] paper. From experiments the mean separation or
divergence d(t) calculated from the neighboring points in the state space is as follows

d(t) = dyet (7)
For a positive time the two neighboring points will exponentially diverge at a rate A;.

The distance of the nearest neighbors given by Rosenstein [18], is defined as:
4(0) = min|[x; - X (®)

One finds the minimum distance between point X; and points X, and call it
d;(i) at time , where the absolute value of the difference between j and k needs to be

greater that the mean period.

|j — k| > mean period 9

The idea is that we record these distances as such the distances should diverge
according to:

d; (i) ~ Cje’ll(i'At) (10)

The idea is to get the least square regression line in the most linear part of the

curve defined as:
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1
y(@) = 1 {Ind; (D)) (11)

where () denotes the averages across all j. The slope that is defined in Rosenstein method at the
end of the algorithm is a topic that need to be discussed We are going to show how some authors

tackle with the problem, since it is not defined.

Rosenstein ended his algorithm stating that you can obtain the Lyapunov Exponent via
taking the slope of least regression line vs time in his paper. The idea is to try to choose a good
linear region. Rosenstein explains that a range between 0.6 < iAt < 1.6 or in other words in
between 600 and 1600 time steps. However this only true for the Lorentz attractor and in this

range our data set reaches plateau. As such it leaves open to choose.

In order to check our results, we will also use Wolf’s algorithm . The algorithm is similar
to Rosenstein in which you need to use the reconstructed state space. The algorithm states that you
follow a reference trajectory and measure the divergence of the nearest neighbor. The first step is
to find the distance between the point and the nearest neighbor. After some fixed time that you
choose, call the evolution time, we calculate the distance again. This divergence between these
two distances is measured. The procedure is then repeated picking a new nearest neighbor and

doing the previous steps.

n

1 Ly 41
A = Z 1

(12)

where M is the total number of time steps performed. L, is the distance to the nearest neighbor and

%+1 1S the distance to the nearest neighbor after a fixed time.
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Dingwell et al. [3, 9] choose to calculate the Lyapunov Exponent using Rosenstein
method between 4 and 10 strides for all curves. A stride is approximately .83 seconds. The
explanation is that around this range for all curves it is more linear. However in Refs. [7, 9-10,
15, 19], Dingwell et al. changed the interval for which he calculates Lyapunov Exponents in

between 0-1 strides and also 4-10 strides.

Bruijin et al. [20] changed the range to fit his data, expressing that his data clearly non-
linear after 75 samples. He changed the range to calculate the Lyapunov Exponent to between
approximately 0 to 50 time steps, or in other words between 0 to 0.5 strides. Stating that the curve
is different, there was a need to change the range in order to get a more linear part of the curve.
Graham [22,23] uses this approach as well.

This strategies can change. Look et al. [21] commented that depending of the gait, they
cannot use the previous criteria. Their plateau of the divergence curve was reached in between 11
and 20 time intervals or 0.033 and 0.067 seconds. This on average a stride is 18 times larger than
that, as such they choose depending on the geometry and not a fixed interval as the case of
Dingwell [8, 10-11, 15, 19], Bruijin [20] and Graham et al. [22,23]. Similarly, Lee et al. [24] had
the same approach.

Regarding choosing of the slope, one takes into consideration the signal-to-noise ratio
(SNR). This was defined with several other alternatives first by Box et al. [25] and later on more

detail by Haralick et al. [26] as follows:

2
SNR = 10log4, (;) (13)

where u is the mean of the signal, and o is the standard deviation of the noise. We see that this
has been used before in different studies to quantify noise as an example in Alexander et al. [27]

MR images and Ducros’ work on tomography [28]. The reasoning behind this is that we need to

12



choose a suitable cutoff frequency since the filtering alters the log divergence curve. This affect
the calculation of the Lyapunov Exponent since it depends on the Least Square Regression Line.
The effect of the filtering on the log divergence curve can be seen in Figs. 8 and 9. One can see
that the initial section of the curve with low cutoff frequency will tend to be more non-linear than
at higher frequencies. In fact, one can see how the curves will try to converge to the unfiltered
divergence curve which is what is expected since at higher frequencies there is almost not noise

filtered.

Ground Reaction Forces no weight right leg cut off frequency

1Hz -
5 Hz

10 Hz —
20 Hz
—40Hz 1
60 Hz
80 Hz
100 Hz
150 Hz
200 Hz E
250 Hz
Unfiltered

< log{d) =

-3 1 1 1 1 1 1 1 1 L
0 100 200 300 400 500 600 700 800 900 1000
An

Figure 8 Ground Reaction Forces no weight right leg divergence curves filtered at high cut off

frequencies (1-250 Hz).
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Ground Reaction Forces no weight right leg cut off frequency response
5 T T T T T T T T T
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™ 4 Hz —
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12 Hz
14 Hz
16 Hz
18 Hz
20 Hz
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< log{d) =

0O 100 200 300 400 500 600 700 800 900 1000
An
Figure 9 Ground Reaction Forces no weight right leg divergence curve per cut off frequency (1-

20 Hz).

We notice that as n is large the Root Mean Square Error (RMSE) method of Winter [13]
can be associated with the SNR. This can also be seen for example in Fig. 10 where the square of

the RMS and the SNR for the case of ground reaction forces are plotted.

n n
1 1
1=1 1=1
s e
SNR = 10log;o (%) ~ 10log;o (-2) (15)
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Noticing this relationship, we now see that we can apply a similar procedure from Winter

and draw a line from the “linear part”. This is to get the correct cutoff frequency.

Ground Reaction Forces Fc vs SNR and Fc vs 10log10(RM Sz) scale 1-500 Hz

200 z g )
Right leg No Weight
Right leg 10 kg
150 leght leg 20 kg
Right leg 32 kg
— Leftleg No Weight
100 Leftleg 10 kg
Leftleg 20 kg ey
Leftleg 32 kg ===
, 50 /”—' 4
;:
75
0 B
50
-100
-150

0 50 100 150 200 250 300 350 400 450 500
Assumed Clean Frequency

Figure 10 Ground Reaction Forces Fc vs SNR and Fc vs 10Logio(RMS?) for Ground Reaction
Forces High Frequency.

However, in order to choose the segment we need to try to find the “most linear” part on
our divergence curve. To do this, we choose the approach to get the best Pearson Correlation
Coefficient. The Pearson’s correlation coefficient, sometimes simply called the correlation
coefficient, describes the linear association between two variables. In this case we can use this
coefficient to determine how linear a segment is. Onwuegbuzie [29] mentions that a correlation
coefficient of 0.8 is often used and recommends 0.9. Schober [30] however mentions that a very

strong linear association would be 0.9 or above. We can see that this in Fig. 11 in which this is

15



done so for the case of the ground reaction forces with no weight. This procedure is done for

each case and we can see each filter frequencies in Table 2.

GRF Right leg No Weight

100

90

80

70

60 e ———
SNR 50

40

30

20

10

0 50 100 150 200 250 300

Assumed Clean Frequency

Figure 11 SNR vs Assumed Clean Frequency Ground Reaction Forces of right leg with no
additional weight.

NW 10kg 20kg 32kg
GRF Right 20 20 20 28
GRF Left 20 20 20 28
COPX Right | 15 15 15 28
COPX Left 15 15 15 28
COPY Right 8 10 10 18
COPY Left 10 15 10 20

Table 2 Cutoff Frequencies for Filtering of Ground Reaction Forces and Center of Pressure

As such we are going to use segments from the initial part of the divergence curve that
gives a correlation of 0.9. To do this, we fixed the starting point at the first point of the
divergence curve. We then choose a point that is near the start of the saturation. If the correlation
of this segment is bigger that 0.9 we use it to calculate the Lyapunov Exponent. If it’s not, then
change the end point to the preceding point and calculate again. This process is repeated until

you get the segment with a correlation at or above 0.9 in order to calculate the Lyapunov

16



Exponent. We can see an example of the correlation line, Fig. 12, with correlation of 0.9 graphed

in the same plot as the divergence curve. The curves of the other cases are in the Appendix A.

Ground Reaction Forces no weight right leg Filtered with Fc SNR
5 -

|
J
|

< logld) =

2 . L L . ; . L L n )
0 100 200 300 400 500 600 700 800 900 1000

An

Figure 12 Divergence Curve of Ground Reaction Forces no weight right leg Filtered 0.9
Correlation Coefficient Regression Line.

Method Verification with stability of Treadmill and Overground Walking

We are going to check that the procedure with the Lyapunov Exponents is correct and
consistent with the literature in order to make sure that the methodology is reliable.

Taking this into consideration we are going to check stability of treadmill walking and
overground walking with another method to measure stability and compare it with the Lyapunov
Exponent approach.

First attempts to measure the stability with Floquet Multipliers was done by Hurmuzlu
and Basdogan [14]. They are used to measure orbital stability in which are the eigenvalues of the

Jacobian (Floguet Multipliers) which measure how far apart the orbits are evolving. Is important
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to notice that if the magnitude of the eigenvalues are less or equal to 1 that means that the orbits
are stable [14]. Dingwell et al. used in Ref. [15] corroborated previous studies made in Refs.
[3,9]. Hurmuzlu used a matrix for the state space representation of the system using position and
velocities. Here, however we are going to use the approach that Dingwell et al. used. For Floquet
Multipliers, we use the state space reconstruction that we used for the Lyapunov Exponent.

Let’s call the state of the vector in the kth time as S,. Let’s define the average orbit S* to
be our stable fix behavior in which we are going to find our Jacobian Matrix. Thus we have the
following relation [14, 15]:

Sk1 —S" =J(SD[Sk — 5] (16)

Notice that we have a series of column vectors in this relationship with size d; which is
the embedding dimension. Thus it follows that / (S*) € R5*4£, Notice that we can define the
following:

Sk = [Sk -5 Sk ST Sk+dg-1— S Sk+dp — 5*] (17)
Ske1 = [Sk+1 =S" Sk+2—S" o Skrap =S Skadg+r — 5*] (18)
Thus we have the following:

Sk+1 =J(S)Sk (19)

Which then we can find the Jacobian as:

J(5*) = Sk41Si* (20)

With his we can obtain the eigenvalues. We use the @ measure defined by Hurmuzlu in

[9] as:
a éi | i I ( )

18



Here we tested the Floquet multipliers for Overground Walking and Treadmill Walking
in order to verify that are consistent with the Lyapunov Exponent and with the study that
Dingwell et al. [15].

The orbits were taken from the treadmill and overground walking knee flexion angle
were the heel strike starts. As such we obtain the graphs as see in Figs 13 and 14. Is important to
notice that the subject has a hernia between disk L5-S1. We took the state pace vector when the
orbit is around 30% with an embedding dimension of 5 and a delay of 0.1 second. The «
measure, i.e. the average of the absolute values of Floquet Multipliers, obtained from the data are
0.8879 for Treadmill Walking and 0.9506 for Overground Walking. This indicates that the
orbital stability of Treadmill Walking is higher than the Overground Walking. This is in
agreement with Dingwell et al. [15]. Also, we can see how the orbits are very consistent with
each stride as seen in the previous figure.

The same investigation is conducted using Lyapunov Exponents, to compare the stability
of Treadmill Walking and Overground Walking. One can see the divergence curves in Figs 15
and 16. The Lyapunov Exponents were taken from the 0.9 Regression Line of the linear part of
the divergence curve. The Lyapunov Exponents of the curves are 0.0205 for Treadmill Walking
and 0.0240 for Overground Walking. This indicates that the stability of Treadmill Walking is
higher than the Overground Walking. This is in agreement with the predictions from a measure
obtained from Floquet Multipliers and data reported in the literature [15]. In other words, both
Floguet Multipliers and Lyapunov Exponents predicted that treadmill walking is more stable
than the Overground Walking for the knee flexion angle between heel strikes.

As such we will proceed analyzing the knee flexion angle of squatting using the

Lyapunov Exponent method that was also verified with the Floquet Multipliers.
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Flexion Angle Orbits Treadmill

data
fitted curve

Figure 13 Flexion Angle Orbits walking over the treadmill

Flexion Angle Orbits Overground
1.2

data
fitted curve

Figure 14 Flexion Angle Orbits walking overground

20



< log{d) =

< log{d) =

Treadmill Walking 3 mph Divergence Curve
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Figure 15 Divergence Curve for Walking at 3 mph on the Treadmill

Overground Walking 3 mph Divergence Curve
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Figure 16 Divergence Curve for Walking at 3 mph Overground
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CHAPTER Il

EXPERIMENTAL PROTOCOL

Warm up Procedure

The subject will do the warm as previously explained in [31]. Doing squats for 5 minutes

and resting for 3 minutes before the trials began.
Exercise Technique and procedure

Squat exercises are performed in the experimental trials. The origin of the global
coordinate system is positioned in the posterior and lateral corner of the plate of the right foot of
the subject. The anterior direction is the positive direction. The y-axis is the lateral-medial
direction. A block was positioned so the subject can maintain a regular squat depth at all times

and also the subject arms are in front at all times. We can see this in Fig. 17.

Figure 17 Subject squat configuration
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The experiment consists of 4 trials with 5 minutes rest in between with various weights.
The first trial is with the subject bodyweight only and subsequent trials are added weight of
10.16, 20.69 and 32 Kgs. With 10.16 Kg a backpack was used. A vest and backpack was used for

20.69 Kg and 32 Kg.
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CHAPTER IV

RESULTS

Center of Pressure Trajectories

The center of pressure in the right leg with no additional mass ranges from no additional
mass from in the x-axis from 100 mm to 160 mm and in the y-axis that are from 185 mm to 210
mm. The center of pressure in the left leg with no additional mass ranges from no additional
mass from the x-axis from 80 mm to 180 mm and in the y-axis that are from 620 mm to 655 mm.
We can see this in the comparison from Figs 18-22 with the additional mass and no mass.

Now the ranges with 10 kg of additional mass in the right leg, the range of movement of
the Center of pressure (COP) one can see in Fig. 18 that the x-axis ranges from to 100 mm to 180
mm, and in the y-axis from 185 mm to 225 mm, and that the COP oscillates more in x-axis
between from 100 mm to 160 mm, and in the y-axis from 195 mm to 220 mm. Fig. 19 shows that
with 10 Kg additional mass the ranges are similar for the left leg. The x-axis oscillates between
100 mm to 160 mm and in the y-axis from 635 mm to 650 mm.

The right leg with 20 kg of additional mass, the range of motion of COP the ranges
changes from the x-axis to 100 mm to 180 mm, and the y-axis from 205 mm to 220 mm, Fig. 20.
For the left leg, the ranges are approximately the same. However, the COP is contained and thus

is less than no additional weight as seen Fig. 21.
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Center of Pressure No Weight - 10 Kg right leg
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Figure 18 Position in millimeters of the Center of Pressure in the right leg with no weight and 10

Kg of added mass.

Center of Pressure No Weight - 10 Kg left leg

660

No Weight
10 Kg E

655

650

645

640

635

630

625

620

615 1 Il Il I Il I Il

Figure 19 Position in millimeters of the Center of Pressure in the left leg with no weight and 10
Kg of added mass.
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With the highest added weight of 32 Kg, one can see in fact that the COP ranged from the
x-axis to 100 mm to 180 mm, and in the y-axis from 205 mm to 220 mm as it can be seen in Fig.
22. For the left leg the COP ranged from the x-axis to 80 mm to 180 mm, and in the y-axis from
625 mm to 660 mm as it can be seen in Fig. 23. The COP ranged more in the x-axis between 100

mm to 150 mm, and in the y-axis from 630 mm to 650 mm.

_ Center of Pressure No Weight - 20 Kg right leg

e No Weight
220 f B 20 Kg

215 1

210 1

205

200 1

195 1

190 1

185

180 : L : \ \
80 100 120 140 160 180 200

Figure 20 Position in millimeters of the Center of Pressure in the right leg with no weight and 20
Kg of added mass
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Center of Pressure No Weight - 20 Kg left leg
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Figure 21 Position in millimeters of the Center of Pressure in the left leg with no weight and 20
Kg of added mass.
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Figure 22 Position in millimeters of the Center of Pressure in the right leg with no weight and 32
Kg of added mass.
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Center of Pressure No Weight - 32 Kg left leg
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Figure 23 Position in millimeters of the Center of Pressure in the left leg with no weight and 32
Kg of added mass.
Stability of the Ground Reaction Forces and Center of Pressure
As recommended by Dingwell et al. [32], the Rosenstein method [18] is used to calculate

the Lyapunov Exponents. First the Lyapunov exponents are calculated with with different time
delays and orbital times to analyze how different the Lyapunov exponents are for the right leg
ground reaction forces with no weight. The orbital time and time delay difference is negligible as
seen in Fig. 24. The exponents for this analysis were calculated using Dingwell’s et al. method of
a fix interval using 150 time steps. Noticing that the time delay will not have a noticeable
difference we proceeded on using a time delay of 3. Tenbroek et al. [33] mentioned that
Rosenstein’s method is more robust to calculate the values than Wolf’s method. Look [21]

reported values on a similar scale of our own.
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Figure 24 Lyapunov exponent values with Rosenstein method with different time delay
reconstruction for the Ground Reaction Forces with no weight.

The results from the Lyapunov Exponents predict that the Ground Reaction Forces on
both legs are more stable at 10 kg as seen in Fig. 25. Afterwards the Lyapunov exponents start
increasing reaching its maximum at the 32 kg mark. The x coordinate of the Center of Pressure
on the other hand behaves similarly for the right leg, but holding a constant and more stable
value than no weight. However, the left leg gets unstable at 10 kg, being the maximum, and later
being more stable with more weight.as seen in Fig. 26. The y coordinate, on the other hand, for
the right leg starts to increase proportionally to the weight having its maximum at the 32 kg. The
left leg then gets a maximum at 10 kg, being the maximum of all, then decreasing a 20 kg and

increasing at 32 kg again achieving a similar value to the right leg as we can see in Fig. 27.
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Figure 25 Lyapunov Analysis Ground Reaction Forces Rosenstein.
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Figure 26 Lyapunov Analysis Center of Pressure of X Rosenstein.
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Lyapunov Exponent
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005 T T T T T T T

Right leg
Left Leg
Averaged

0.048

0.046
0.044 1
0.042

0.04 1
0.038

0036 | -

0.034 © : ' : ' ‘ ' '

0 5 10 15 20 25 30 35 40
Weight

Figure 27 Lyapunov Analysis Center of Pressure of Y Rosenstein.

Knee Flexion Angle Stability Results

The Lyapunov Exponents of the right knee flexion angle was calculated using Rosenstein

Lyapunov

and Wolf’s algorithm to check consistency. Using Wolf’s algorithm [34], we calculated the

Exponents with a range of different evolution time and different time delays for the

state space reconstruction. This is done since the estimation varies depending to these values.
One can see each case for 0 kg, 10 kg, 20 kg and 32 kg of added weight in Figs, 28-31,
respectively. Having these curves, we averaged the value across the delay times at each evolution
time to get an averaged curve as seen in Fig. 32. The overall behavior is that there is more
stability at 10 kg, however we need to compare in more detail. The average of the averaged

curve was taken to compare and the result is Fig. 33.
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Knee Flexion Angle Wolf 0 kg added weight
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Figure 28 Lyapunov Exponent Curves for Right Knee Angle with 0 kg Added Weight with
Wolf’s Algorithm

Knee Flexion Angle Wolf 10 kg added weight
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Figure 29 Lyapunov Exponent Curves for Right Knee Angle with 10 kg Added Weight with
Wolf’s Algorithm
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Knee Flexion Angle Wolf 20 kg added weight
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Figure 30 Lyapunov Exponent Curves for Right Knee Angle with 20 kg Added Weight with
Wolf’s Algorithm

Knee Flexion Angle Wolf 32 kg added weight

Lyapunov Exponent

100 150 200 250 300 350
Evolution time

Figure 31 Lyapunov Exponent Curves for Right Knee Angle with 32 kg Added Weight with
Wolf’s Algorithm
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Lyapunov Exponent
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Figure 32 Lyapunov Exponent Averaged Curves for Right Knee Angle with Wolf’s Algorithm
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Figure 33 Mean Lyapunov Exponent from the Averaged Cures with Wolf’s Algorithm
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Using Rosenstein method, we proceed to calculate the Lyapunov exponents with the
procedure of finding the least regression line with correlation of 0.9. We can see the results in
Fig. 34 in which we can see that both algorithms agree in the results. The most stable case is 10
kg, where 0 kg and 20 kg of added weight are approximately the same. The most unstable case is

the 32 kg of added weight.
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Figure 34 Lyapunov Exponent Right Knee Angle from a Regression line with 0.9 Correlation.

Moreover, there were two more subjects, Subject 2 which we will call Salvador, had a
similar patter as we can see in Fig. 35. The 10 kg case is consistent with the previous subject in
which is a stable point. However, he has a more stable point 32 kg. Also, a Third Subject, which
we will call Chuy, has done the experiment and overall the results match the stability of the

previous subject and in scale as seen in Fig. 35. Individual graphs for the Lyapunov Exponents of
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Salvador and Chuy are in in the Appendix A as Figs. 165-166. Notice that Salvador’s stability
curve is actually overall more unstable comparing to the other two curves as seen in Fig. 35.

However overall the trend is that at 10 kg is the movement is more stable.
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Figure 35 All subjects Lyapunov Exponent Values
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CHAPTER V

DISCUSSION AND CONCLUSION

This research deals with the effect of additional weight on the stability of the center of
pressure, ground reaction forces, and knee flexion angle of the squat exercise. The results show
that additional weight increases knee flexion angle stability for 10 kg of additional weight. The
stability decreases then with the increase of additional weight in the cases of 20 Kg and 32 Kg.
The right leg is more stable as seen in Fig. 25 One can see the effect mentioned in the x and y
coordinate in Figs 26-27, respectively.

Moreover, we see that the range of movement of the center of pressure coordinates is
larger at 10 kg for the right leg than the left leg as seen in Figs. 18-19 Comparing the range of
movement for added weight of 10 kg, one can see that larger range of movement means a more
stable motion and lower Lyapunov Exponents when comparing the two legs. This is also true for
20 and 32 kg as seen in Figs. 20-23. The range of movement of the right leg is higher which
gives a lower value for the Lyapunov exponent when comparing the two sides.

Now analyzing the leg by itself, the range of movement on the right leg seems to
decrease in the y coordinate. The x coordinate has a major increase at 10 kg and the range is
approximately the same with 20 kg and 32 kg. On the other hand for the left leg, we see that the
range of movement of the y coordinate is constrained more with 10 kg, being approximately the

same as 20 kg and 32 kg. The x coordinate has also the lowest range of movement at 10 Kg and
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20 Kg. At 32 kg the range of movement is similar to the no weight case. This can be seen in Figs.
26-27. Stability Analysis with Lyapunov Exponent show that the highest values with 10 kg
correlates with the low range of movement of the Center of Pressure of the left leg having a
common range of movement in the orbits. It also correlates to the more stable ground reaction
forces values and with the right leg Center of Pressure values for the x coordinate. One can
conjecture that there is an adjustment from the subject to make the anterior-posterior direction (x
coordinate) more stable. This will correlate for a more stable movement and the Lyapunov
Exponents obtained. However, as the right leg makes adjustments for the x coordinate of the
center of pressure, the left leg has difficulty adjusting. The left leg only achieves more stability
until higher weights.

Similar studies [20-23] have the number subjects ranged from 6 to 30. Other studies
simulate overweight subjects with additional weight [35-37]. Future work will involve more
subjects, a larger range of additional weights. Also the procedure will be updated so we can do a
random selection from a group of volunteers in order to minimize variability in male and female
subjects, athletic to non-athletic subject, and left or right brain persons in order to generalize the

result.
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APPENDIX

The following is a list of graphs that were done as part of the study, main subject was

subject 1 for testing purposes of the MATLAB code:

Ground Reaction Forces 10 kg right leg cut off frequency response
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Figure 36 Ground Reaction Forces 10 kg right leg log divergence curve per cut off frequency (1-
20 Hz).
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Ground Reaction Forces 20 kg right leg cut off frequency response
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Figure 37 Ground Reaction Forces 20 kg right leg log divergence curve per cut off frequency (1-

20 Hz).
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Figure 38 Ground Reaction Forces 32 kg right leg log divergence curve per cut off frequency (1-
20 Hz).
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Ggound Reaction Forces no weight left leg cut off frequency response
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Figure 39 Ground Reaction Forces no weight left leg log divergence curve per cut off frequency
(1-20 Hz).
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Figure 40 Ground Reaction Forces 10 kg left leg log divergence curve per cut off frequency (1-
20 Hz).
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Center of Pressure Y 20 kg left leg cut off frequency response
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Figure 41 Ground Reaction Forces 20 kg left leg log divergence curve per cut off frequency (1-
20 Hz).
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Figure 42 Ground Reaction Forces 32 kg left leg log divergence curve per cut off frequency (1-
20 Hz).
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Center of Pressure X coordinate no weight right leg SNR
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Figure 43 Center of Pressure X coordinate no weight right leg left leg log divergence curve per
cut off frequency (1-20 Hz).
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Figure 44 Center of Pressure X coordinate 10 kg right leg left leg log divergence curve per cut
off frequency (1-20 Hz).
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Center of Pressure X 20 kg right leg cut off frequency response
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Figure 45 Center of Pressure X coordinate 20 kg right leg left leg log divergence curve per cut
off frequency (1-20 Hz).
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Figure 46 Center of Pressure X coordinate 32 kg right leg left leg log divergence curve per cut
off frequency (1-20 Hz).
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g:enter of Pressure X no weight left leg cut off frequency response
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Figure 47 Center of Pressure X coordinate no weight left leg left leg log divergence curve per
cut off frequency (1-20 Hz).
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Figure 48 Center of Pressure X coordinate 10 kg left leg left leg log divergence curve per cut off
frequency (1-20 Hz).
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Center of Pressure X 20 kg left leg cut off frequency response
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Figure 49 Center of Pressure X coordinate 20 kg left leg left leg log divergence curve per cut off
frequency (1-20 Hz).
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Figure 50 Center of Pressure X coordinate 32 kg left leg left leg log divergence curve per cut off
frequency (1-20 Hz).
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Center of Pressure Y no weight right leg cut off frequency response
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Figure 51 Center of Pressure Y coordinate no weight right leg left leg log divergence curve per
cut off frequency (1-20 Hz).
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Figure 52 Center of Pressure Y coordinate 10 kg right leg left leg log divergence curve per cut
off frequency (1-20 Hz).
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Center of Pressure Y 20 kg right leg cut off frequency response
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Figure 53 Center of Pressure Y coordinate 20 kg right leg left leg log divergence curve per cut
off frequency (1-20 Hz).
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Figure 54 Center of Pressure Y coordinate 32 kg right leg left leg log divergence curve per cut
off frequency (1-20 Hz).
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Center of Pressure Y no weight left leg cut off frequency response
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Figure 55 Center of Pressure Y coordinate no weight left leg left leg log divergence curve per
cut off frequency (1-20 Hz).
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Figure 56 Center of Pressure Y coordinate 10 kg left leg left leg log divergence curve per cut off
frequency (1-20 Hz).
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Center of Pressure Y 20 kg left leg cut off frequency response
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Figure 57 Center of Pressure Y coordinate 20 kg left leg left leg log divergence curve per cut off
frequency (1-20 Hz).
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Figure 58 Center of Pressure Y coordinate 32 kg left leg left leg log divergence curve per cut off
frequency (1-20 Hz).
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Figure 59 Ground Reaction Forces High Frequency SNR.
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Figure 60 Ground Reaction Forces SNR.
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Center of Pressure X Fc vs SNR scale 1-500 Hz
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Figure 61 Center of Pressure X High Frequency SNR.
Center of Pressure X Fc vs SNR scale 1-20 Hz
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Figure 62 Center of Pressure X SNR.
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Figure 63 Center of Pressure Y High Frequency SNR.
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Figure 64 Center of Pressure Y SNR.
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Figure 65 Ground Reaction Forces Fc vs SNR and Fc vs 10Logio(RMS?) for Ground Reaction
Force.
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Figure 66 Center of Pressure X Fc vs SNR and Fc vs 10Logi0(RMS?) for Center of Pressure X.
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C;Onoter of Pressure X Fc vs SNR and Fc vs 10Iog10(RMSz) scale 1-500 Hz
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Figure 67 Center of Pressure X Fc vs SNR and Fc vs 10Logio(RMS?) for Center of Pressure X
High Frequency.
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Figure 68 Center of Pressure Y Fc vs SNR and Fc vs 10Logio(RMS?) for Center of Pressure Y.
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Figure 69 Center of Pressure Y Fc vs SNR and Fc vs 10Logio(RMS?) for Center of Pressure Y
High Frequency.
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Figure 70 Divergence curve behavior by noise level.
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Figure 71 SNR vs Assumed Clean Frequency Ground Reaction Forces of right leg with 10 kg of
additional weight.
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Figure 72 SNR vs Assumed Clean Frequency Ground Reaction Forces of right leg with 20 kg of
additional weight.
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Figure 73 SNR vs Assumed Clean Frequency Ground Reaction Forces of right leg with 32 kg of
additional weight.
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Figure 74 SNR vs Assumed Clean Frequency Ground Reaction Forces of left leg with no
additional weight.
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Figure 75 SNR vs Assumed Clean Frequency Ground Reaction Forces of left leg with 10 kg of
additional weight.
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Figure 76 SNR vs Assumed Clean Frequency Ground Reaction Forces of left leg with 20 kg of
additional weight.
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Figure 77 SNR vs Assumed Clean Frequency Ground Reaction Forces of left leg with 32 kg of
additional weight.
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Figure 78 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of right leg with no additional weight.

66



GRF Right leg 10 kg

80
70
60

SNR 50
40

30
20
10

0 |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Assumed Clean Frequency

Figure 79 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of right leg with 10 kg of additional weight.
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Figure 80 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of right leg with 20 kg of additional weight.
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Figure 81 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of right leg with 32 kg of additional weight.
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Figure 82 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of left leg with no additional weight.
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Figure 83 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of left leg with 10 kg of additional weight.
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Figure 84 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of left leg with 20 kg of additional weight.
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Figure 85 Zoomed in initial section of the SNR vs Assumed Clean Frequency Ground Reaction
Forces of left leg with 32 kg of additional weight.
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Figure 86 SNR vs Assumed Clean Frequency Center of Pressure X of right leg with no
additional weight.
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Figure 87 SNR vs Assumed Clean Frequency Center of Pressure X of right leg with 10 kg
additional weight.
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Figure 88 SNR vs Assumed Clean Frequency Center of Pressure X of right leg with 20 kg
additional weight.
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Figure 89 SNR vs Assumed Clean Frequency Center of Pressure X of right leg with 32 kg
additional weight.
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Figure 90 SNR vs Assumed Clean Frequency Center of Pressure X of left leg with no additional
weight.

72



COPX Leftleg 10 kg

100
90
80
70
60

SNR 50
20 7__‘__.—‘—‘7
30 I
20

10

0 50 100 150 200 250 300
Assumed Clean Frequency

Figure 91 SNR vs Assumed Clean Frequency Center of Pressure X of left leg with 10 kg
additional weight.
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Figure 92 SNR vs Assumed Clean Frequency Center of Pressure X of left leg with 20 kg
additional weight.
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Figure 93 SNR vs Assumed Clean Frequency Center of Pressure X of left leg with 32 kg
additional weight.
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Figure 94 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of Pressure
X of right leg with no additional weight.
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Figure 95 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of Pressure
X of right leg with 10 kg additional weight.
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Figure 96 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of Pressure
X of right leg with 20 kg additional weight.
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Figure 97 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of Pressure
X of right leg with 32 kg additional weight.
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Figure 98 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of Pressure
X of left leg with no additional weight.
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Figure 99 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of Pressure
X of left leg with 10 kg additional weight.
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Figure 100 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure X of left leg with 20 kg additional weight.
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Figure 101 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure X of left leg with 32 kg additional weight.
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Figure 102 SNR vs Assumed Clean Frequency Center of Pressure Y of right leg with no
additional weight.
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Figure 103 SNR vs Assumed Clean Frequency Center of Pressure Y of right leg with 10 kg
additional weight.
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Figure 104 SNR vs Assumed Clean Frequency Center of Pressure Y of right leg with 20 kg
additional weight.
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Figure 105 SNR vs Assumed Clean Frequency Center of Pressure Y of right leg with 32 kg
additional weight.
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Figure 106 SNR vs Assumed Clean Frequency Center of Pressure Y of left leg with no
additional weight.
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Figure 107 SNR vs Assumed Clean Frequency Center of Pressure Y of left leg with 10
additional weight.
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Figure 108 SNR vs Assumed Clean Frequency Center of Pressure Y of left leg with 20
additional weight.
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Figure 109 SNR vs Assumed Clean Frequency Center of Pressure Y of left leg with 32
additional weight.
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Figure 110 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of right leg with no additional weight.
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Figure 111 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of right leg with 10 kg additional weight.
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Figure 112 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of right leg with 20 kg additional weight.
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Figure 113 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of right leg with 32 kg additional weight.
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Figure 114 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of left leg with no additional weight.
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Figure 115 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of left leg with 10 additional weight.
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Figure 116 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of left leg with 20 additional weight.
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Figure 117 Zoomed in initial section of the SNR vs Assumed Clean Frequency Center of
Pressure Y of left leg with 32 additional weight.
5Ground Reaction Forces no weight right leg Filtered with Fc SNR

< log{d) =
N

-

-

1 Il I I I 1

500 600 700 800 900 1000
An

Figure 118 Divergence Curve of Ground Reaction Forces no weight right leg Filtered with cut
off Frequency using SNR Analysis.
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Ground Reaction Forces 10 kg right leg Filtered with Fc SNR
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Figure 119 Divergence Curve of Ground Reaction Forces 10 kg right leg Filtered with Filtered
with cut off Frequency using SNR Analysis.
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Figure 120 Divergence Curve of Ground Reaction Forces 20 kg right leg Filtered with cut off

Frequency using SNR Analysis.
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Ground Reaction Forces 32 kg right leg Filtered with Fc SNR
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Figure 121 Divergence Curve of Ground Reaction Forces 32 kg right leg Filtered with cut off

Frequency using SNR Analysis.
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Figure 122 Divergence Curve of Ground Reaction Forces no weight left leg Filtered with cut off

900 1000

700 800

Frequency using SNR Analysis.
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Ground Reaction Forces 10 kg left leg Filtered with Fc SNR
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Figure 123 Divergence Curve of Ground Reaction Forces 10 kg left leg Filtered with cut off

Frequency using SNR Analysis.
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Figure 124 Divergence Curve of Ground Reaction Forces 20 kg left leg Filtered with cut off

Frequency using SNR Analysis.
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Ground Reaction Forces 32 kg left leg Filtered with Fc SNR
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Figure 125 Divergence Curve of Ground Reaction Forces 32 kg left leg Filtered with cut off
Frequency using SNR Analysis.
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Figure 126 Divergence Curve of Center of Pressure X coordinate no weight right leg Filtered

with cut off Frequency using SNR Analysis.
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Center of Pressure X coordinate 10 kg right leg Filtered with Fc SNR
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Figure 127 Divergence Curve of Center of Pressure X coordinate 10 kg right leg Filtered with

cut off Frequency using SNR Analysis.
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Figure 128 Divergence Curve of Center of Pressure X coordinate 20 kg right leg Filtered with
cut off Frequency using SNR Analysis.
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Center of Pressure X coordinate 32 kg right leg Filtered with Fc SNR
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Figure 129 Divergence Curve of Center of Pressure X coordinate 32 kg right leg Filtered with

cut off Frequency using SNR Analysis.
Center of Pressure X coordinates no weight left leg Filtered with Fc SNR
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Figure 130 Divergence Curve of Center of Pressure X coordinates no weight left leg Filtered

with cut off Frequency using SNR Analysis.
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Center of Pressure X coordinate 10 kg left leg Filtered with Fc SNR
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Figure 131 Divergence Curve of Center of Pressure X coordinate 10 kg left leg Filtered with cut

off Frequency using SNR Analysis.
Center of Pressure X coordinate 20 kg left leg Filtered with Fc SNR
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Figure 132 Divergence Curve of Center of Pressure X coordinate 20 kg left leg Filtered with cut

0 100 200

off Frequency using SNR Analysis.
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Center of Pressure X coordinate 32 kg left leg Filtered with Fc SNR
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Figure 133 Divergence Curve of Center of Pressure X coordinate 32 kg left leg Filtered with cut

off Frequency using SNR Analysis.
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Figure 134 Divergence Curve of Center of Pressure Y coordinate no weight right leg Filtered

with cut off Frequency using SNR Analysis.
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Center of Pressure Y coordinate 10 kg right leg Filtered with Fc SNR
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Figure 135 Divergence Curve of Center of Pressure Y coordinate 10 kg right leg Filtered with

cut off Frequency using SNR Analysis.
Center of Pressure Y coordinate 20 kg right leg Filtered with Fc SNR
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Figure 136 Divergence Curve of Center of Pressure Y coordinate 20 kg right leg Filtered with

cut off Frequency using SNR Analysis.
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Center of Pressure Y coordinate 32 kg right leg Filtered with Fc SNR
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Figure 137 Divergence Curve of Center of Pressure Y coordinate 32 kg right leg Filtered with

cut off Frequency using SNR Analysis.
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Figure 138 Divergence Curve of Center of Pressure Y coordinates no weight left leg Filtered

with cut off Frequency using SNR Analysis.
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Figure 139 Divergence Curve of Center of Pressure Y coordinate 10 kg left leg Filtered with cut

off Frequency using SNR Analysis.
Center of Pressure Y coordinate 20 kg left leg Filtered with Fc SNR
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Figure 140 Divergence Curve of Center of Pressure Y coordinate 20 kg right leg Filtered with

cut off Frequency using SNR Analysis.
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genter of Pressure Y coordinate 32 kg left leg Filtered with Fc SNR
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Figure 141 Divergence Curve of Center of Pressure Y coordinate 32 kg left leg Filtered with cut

off Frequency using SNR Analysis.
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Figure 142 Divergence Curve of Ground Reaction Forces 10 kg right leg Filtered with Filtered
with cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Ground Reaction Forces 20 kg right leg Filtered with Fc SNR
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Figure 143 Divergence Curve of Ground Reaction Forces 20 kg right leg Filtered with cut off
Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Figure 144 Divergence Curve of Ground Reaction Forces 32 kg right leg Filtered with cut off
Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Ground Reaction Forces no weight left leg Filtered with Fc SNR
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Figure 145 Divergence Curve of Ground Reaction Forces no weight left leg Filtered with cut off

Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Figure 146 Divergence Curve of Ground Reaction Forces 10 kg left leg Filtered with cut off
Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Ground Reaction Forces 20 kg left leg Filtered with Fc SNR
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Figure 147 Divergence Curve of Ground Reaction Forces 20 kg left leg Filtered with cut off

Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Ground Reaction Forces 32 kg left leg Filtered with Fc SNR
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Figure 148 Divergence Curve of Ground Reaction Forces 32 kg left leg Filtered with cut off
Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure X coordinate no weight right leg Filtered with Fc SNR
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Figure 149 Divergence Curve of Center of Pressure X coordinate no weight right leg Filtered
with cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Center of Pressure X coordinate 10 kg right leg Filtered with Fc SNR
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Figure 150 Divergence Curve of Center of Pressure X coordinate 10 kg right leg Filtered with
cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure X coordinate 20 kg right leg Filtered with Fc SNR
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Figure 151 Divergence Curve of Center of Pressure X coordinate 20 kg right leg Filtered with
cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Center of Pressure X coordinate 32 kg right leg Filtered with Fc SNR
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Figure 152 Divergence Curve of Center of Pressure X coordinate 32 kg right leg Filtered with

400
cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure X coordinate no weight left leg Filtered with Fc SNR
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Figure 153 Divergence Curve of Center of Pressure X coordinates no weight left leg Filtered
with cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Center of Pressure X coordinate 10 kg left leg Filtered with Fc SNR
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Figure 154 Divergence Curve of Center of Pressure X coordinate 10 kg left leg Filtered with cut

400
off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure X coordinate 20 kg left leg Filtered with Fc SNR
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Figure 155 Divergence Curve of Center of Pressure X coordinate 20 kg left leg Filtered with cut

off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Center of Pressure X coordinate 32 kg left leg Filtered with Fc SNR
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Figure 156 Divergence Curve of Center of Pressure X coordinate 32 kg left leg Filtered with cut
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off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure Y coordinate no weight right leg Fi
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Figure 157 Divergence Curve of Center of Pressure Y coordinate no weight right leg Filtered

with cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Center of Pressure Y coordinate 10 kg right leg Filtered with Fc SNR
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Figure 158 Divergence Curve of Center of Pressure Y coordinate 10 kg right leg Filtered with
cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure Y coordinate 20 kg right leg Filtered with Fc SNR
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Figure 159 Divergence Curve of Center of Pressure Y coordinate 20 kg right leg Filtered with

cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Center of Pressure Y coordinate 32 kg right leg Filtered with Fc SNR
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Figure 160 Divergence Curve of Center of Pressure Y coordinate 32 kg right leg Filtered with

100 200 300 400 500 600
cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure Y coordinate no weight left leg Filtered with Fc SNR
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Figure 161 Divergence Curve of Center of Pressure Y coordinates no weight left leg Filtered
with cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Figure 162 Divergence Curve of Center of Pressure Y coordinate 10 kg left leg Filtered with cut
off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Center of Pressure Y coordinate 20 kg left leg Filtered with Fc SNR
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Figure 163 Divergence Curve of Center of Pressure Y coordinate 20 kg right leg Filtered with

cut off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
Center of Pressure Y coordinate 32 kg left leg Filtered with Fc SNR
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Figure 164 Divergence Curve of Center of Pressure Y coordinate 32 kg left leg Filtered with cut
off Frequency using SNR Analysis and 0.9 Correlation Coefficient Regression Line.
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Lyapunov Exponent

Salvador Lyapunov Analysis Knee Angle Rosenstein

T T

0.073 T

\/ _’/
// =
0.069

0.068 [ \ T

0.066 [ T
0.065 [ \ T

O'OM 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Added Weight
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