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Abstract

This paper focused on the analysis of ground reaction force (GRF) of load carriage for military through functional data
analysis (FDA) technique. The main objective of the study is to investigate the effect of 10% bodyweight (BW) load
increment for normal walking through FDA method. The experiment on GRF was carried out by ten healthy military
soldiers aged 31 + 6.2 years old; weighing 71.6 + 10.4 kg with the height of 166.3 £ 5.9 cm. Data was captured using
Vicon 1.4 motion analysis system, Kistler force plates and thirty nine body markers attached to the subjects. FDA
method mainly B-spline basis formation, time normalization, smoothing, curves registration and permutation tests were
applied to analyze the data. The results confirmed that FDA did provide a better technique of smoothing to produce
quality data in an easy manner. From this paper we conclude that registration did significantly align all the curves
according to curves features providing a better way of distinguishing the amplitude of load increment. Finally,
permutation tests confirmed that 10% BW load increased from 0% BW to 40% BW, have significant effect on soldiers
regarding their load carriage and GRF.
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1. Introduction

The paper deals with load carriage analysis using functional data analysis technique (FDA). The main objectives of this
paper are to analyse the GRF parameter using FDA technique as it is a relatively new effective method available and
also the study of the effect of 10% BW load increment on Malaysian soldiers. As far as the author is concerned,
researches regarding load analysis have never been analysed using this method. In addition, no such study has been
carried out regarding Malaysian military subject to the matter discussed. Researchers conducted regarding load analysis
include load magnitude, spine injury and posture [8], [20], [23], effects of load distribution [5], load posture and gait
[2], load and GRF [3],[13], rifle carriage and human gait [4], load carriage effects on lower limb [29], soldiers load
carriage [15], determining optimum load [10], [22], postural sway [11], load and walking gait [12], [17], [18] and load
and trunk movements [16], [21]. Malaysian military soldiers with usually smaller build-up size without exception have
to carry heavy load up to 50 kg or more. Height for Malaysian soldier is normally around 165 cm and weight around 70
kg. Excessive load can cause spine injury [23] or perhaps more serious problems when they are getting older. This
paper tries to investigate whether a 10% BW affects Malaysian military as they have to carry excessive loads while
training and also on battle ground. FDA has been applied to various fields such as in biology and chemistry [28],
plankton analysis [14], lactate curves in Biology and Medicine [19], gait analysis [27] and kinematic data [6]. Other
methods like one-way ANOVA [22], one-way MANOVA [3], principal component analysis [17] and many more have
been used in analysing load data but not FDA. Prior to this paper, an analysis for trial experiment on load GRF data by
using FDA has been completed [7]. FDA special features rely on its ability to transform data to functional forms for
further steps of the analysis. Higher derivatives products can be produced through this method. Some other unique
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features in FDA that have been applied in the study are tools for smoothing data which are discussed thoroughly in the
first part of the paper, landmark or curve registration that enable curves to be aligned according to phase or amplitude
variation. Finally, permutation test is used to confirm the significance of 10% BW load increment to Malaysian soldiers.
Besides these features, many more applications are available in order to analyse data such as functional principal and
canonical components analysis, linear models for scalar and functional responses and also functional models and
dynamics.

2. Methodology

2.1. Data acquisition

Ten healthy males, who work as military soldiers, aged 31 + 6.2 years old, weight 71.6 + 10.4 kg with height of 166.3 +
5.9 cm had volunteered to participate in the experiment. Since all of them are soldiers, they have experienced carrying
heavy load while training or in service. Hence, they did not encounter any problems while performing the experiment.
Instructions and few trials were given beforehand to familiarize participants with the procedure needed. Two to three
minutes rest time were given in between different load changes to avoid fatigue. The exercises were not much different
from the trial experiment [7] except for the number of subjects and outfit. Previously, the subject wore full military
uniform together with boots. The trial result proved that a lot of missing data and inaccurate position of markers were
due to the wearing of uniform. Therefore, in this experiment the subject wore tight outfit without boots and carried
normal military backpack with different loads. Thirty-nine body markers were attached to body joints as depicted in
Fig. 1. He was then required to walk at normal walking pace along a six meter path where force platforms were located
for every load experimented. The right feet touched the first force platform and the left touched the second platform.

Fig. 1: A Subject Holding a Military Backpack with 37 Body Markers Attached To Joints.

Loads consisting of normal military stuff such as food, blanket, cloth, additional books, etc. weighing 0% (control),
10%, 20%, 30% and 40% of each individual participant body weight (BW) were carried close to body centre of mass
(CoM). The backpack weight was included together in the percentage of load to be carried. The subject walked five
times in the same direction with each load while gait kinematics and kinetic data were being recorded using Vicon 1.4
Motion Analysis Systems comprised of seven cameras and two units of Kistler force plates. Ground reaction force
(GRF) data were recorded by forces exerted by the two force platforms. Both platforms gave almost identical results
after graphing the raw data, hence only data from the first platform that have foot struck fully on the force platforms
were chosen for further analysis. Amount of data for every load consisted of forty four to forty nine trials.

2.2. Data analysis

Data recorded were resampled at 50 Hz. Since we are interested to know the biomechanics aspects of the military gait
and load carriage, parameters collected were GRF and trajectories parameters of coordinates in x, y and z directions,
angles for everybody segments, forces, moments and powers. GRF data was in the form of normal “M” shape when
plotted (Fig. 2). Hence, the most suitable method to analyse this kind of data would be transforming it to functional
form instead of using normal statistical distribution practice. FDA could provide us the tools of converting this data to
functions followed by normal statistical verification. All trial cycles end at different period which are normal and
expected as the load and subject varies in weight, height and body feature. Time normalization was performed to
standardize the walking cycle to common values. Comparison of curves features later will be based on the same
common percentage of the cycle. Even though Woltring filter has been applied, spikes still occur whereby smoothing is
mandatory.
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Sets of basis functions together with their coefficients were used to construct functional data objects. Since the
data were not periodic functions, (again as performed in trial data analysis) [7]. B-spline basis expansion was selected to
represent the curve in the form of functional data object. The model takes the form,

K
xt)= X ek (©)
k=1

Where cy are the corresponding coefficients and ¢ (t) is a set of B-spline basis functions [25]. In this case, it was done

together with smoothing process using directly specified roughness penalty. The B-spline functions used were
polynomials basis functions with order six. The polynomials segments of basis function were jointed at specified knots
or break points strictly increasing and smoothed which was the length of the individual curves. Degrees of freedom for
these particular curves were the number of interior knots excluding lower and upper limits plus the order of
polynomials. Smoothing parameters applied were by roughness penalty, penalizing fourth derivatives, with lambda 1le-
12 amount of smoothing to be applied to estimated functional parameters. Further explanation on constructing basis
function is available in [26].

The following step was landmark or curve registration whereby all the curves were aligned according to their
peak and trough varying in amplitude. The process started with finding the precise points for peaks and valleys for all
the curves where the registration was to be done. The function used timings of these features to estimate a non-linear
transformation of the argument continuum for each functional observation called warping function [24]. For warping
and registration purposes, the B-spline functions constructed were polynomials of ten basis functions with order six.
The polynomials segments of basis function were jointed at seven specified knots or break points strictly increasing and
smoothed. Degrees of freedom for these particular curves were the number of interior knots excluding lower and upper
limits plus the order of polynomials which were thirteen altogether. Time-warping functions must be strictly increasing,
differentiable at points of interest and must satisfy the constraints h(0)=0 and h( )=T where (0,T) is the curve

interval. The registered height function or amplitude in this case is
xi 0 =xj I )],
and the aligning function h_l(t) must satisfy the functional inverse of h(t),

-1
h™[h(t)] =t
Registration was the most important process in the analysis sequence since it could align all the prominent features of
the curves which previously is not possible through other methods beside FDA. Only by applying this process, curves
of different loads could be distinguished easily which is not possible before.

Permutation test was selected to test the significance of the testing load increment. It is usually as powerful as
or more powerful than alternative approaches [9] like bootstrapping for instance. Permutation tests were carried out on
two different purposes. Firstly, test the significance of increasing the load every 10% BW and secondly test the effect of
curve registration in the overall process flow. Therefore it was done twice, after smoothing and again after curve
registration with results displayed side by side for comparison as in Fig. 3. The test done was the t-statistics calculated
point wise and the test was based on the maximal value with default of 101 equally-spaced points. It first shuffles the
labels of the curves before calculating the maximum of t(x) with the new labels [11]. It is hypothesized that there is no
difference between two mean samples. The sample here refers to load tested. The null hypothesis testing is therefore no
difference between the two population means and alternative hypothesis testing is the population means are different,

Ho: 1=t
Ha: i po
T-statistics equation takes the form of
X1-X?
2 2
51,52
ng n2
Where X the sample is mean, S is the standard deviation and n is the sample size for every load calculated
individually. Two adjacent groups of loads were compared i.e. 0% BW vs. 10% BW, 0% BW vs. 20% BW, 20% BW
vs. 30% BW and 30% BW vs. 40% BW.

t=

The programming of statistical analyses was done in R, which is also available in S-Plus and Matlab. FDA
package which is free online was used extensively in the analyses.
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3. Result and Discussion

3.1. Raw data, time normalization and smoothing

GREF curves captured from all trials of different loads yield the normal gait curve shape “M”. Fig. 2 depicts two out of
five GRF curves which are 0% BW load which act as control and 10% BW load. Gait cycle for different loads and
subjects varies in phase and amplitude. Obviously it is impossible to compare between the first and second loads by
observing those graphs. There exist phase shifts with all peaks and valleys occur at slightly different times.

GRF load 0%BW
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Fig. 2: GRF for All Trials before Time Norr%gﬁzation for Load 0% BW and 10% BW.

Walking gait cycle time period varies for different loads as in Table 1. Increasing the load had increased the period
taken for each cycle, load of 0% BW starts at 148 sec and ends at 184 sec whereby load 10% BW starts slightly later at
151 sec, 20% BW at 153 sec, 30% BW at 155 sec and 40% BW at 163 sec. An increase of 10% BW delays the start
cycle time by two to three seconds for every load.

Table 1: Range of Gait Cycle for All Military Loads Change.

Load Start gait cycle (sec)  End gait cycle (sec)
0 % BW 148 184
10 % BW 151 175
20 % BW 153 184
30 % BW 155 194
40 % BW 163 194

Time normalization is able to standardize the gait cycle to a common value and reduce phase shifting at the end of the
cycle. Somehow, it is still impossible to compare the amplitude variation occurred. Previously in the trial data
experiment [7], since the amount of data collected is limited, time normalization alone is considered adequate without
having to go through registration phase. Somehow, it proved irrelevant after actual data is collected where we observed
that time normalization alone is not sufficient to compare the result. FDA registration and warping function approach
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can overcome this problem by aligning the curves according to features of interest. In this case, we align all the curves
at three main points where maximum and minimum are located.

3.2. Registration and warping

Registration is used to separate the variation in timing of maximum and minimum GRF occurrences. The phase at the
beginning of one GRF curve to another is out by few frames or seconds. Registration is applied to shift every curve
such that every one of them starts at the same moment resulted in zero phase lag. Fig. 3 depicts the result of registration
and warping functions for each load. The first column is the smoothed data without time normalization and registration,
while the second column is the respective warping functions to be used for registration purposes. The third column is
the result of the data after smoothing, time normalization and registration. By comparing the first and third columns,
registration does tremendously improve the data whereby phase shifting has been eliminated resulting in only amplitude
variation for comparison. The highest and lowest peaks and valleys are clearly visible. In order to verify the difference
in amplitude variation, mean for every load is calculated. Fig. 4 clearly displays the mean GRF for the five loads
experimented with information tabulated in Table 2. From the graph, there exists a certain amount of differences in the
magnitude of GRF for every load increment. Load 0% BW is the lowest curve at the bottom which conveys the GRF of
a normal military while walking without carrying any load which is equal to GRF of a normal person, control BW of a
military subject. The first peak where heel strikes the force plate recorded 813.55 N GRF at 21% of the walking gait
cycle for load 0% BW. Minimum GRF of 583 N occurs at 40% of the gait cycle and second maximum is 774.94 N at
67% of the gait cycle. Increasing the load by 10% BW has resulted in an increase of the first peak GRF by 4% to 847.13
N, the minimum curve also increases by 9% to 635.63 N and the second peak increases by 9.6% to 849.67 N. Mean
GRF for 20% BW is 904.3 N at the first peak which increased by 6.75% compared to that of the previous load, the
minimum force is 694.16 N which is 9.21% more than 10% BW and 929.68 N for the second peak which also increases
by 9.42 %. Mean GRF for 30% BW are 973.46 N for the first peak, 751.02 N for its minimum force and 994.31 N for
the second peak with 7.65%, 8.19% and 6.95% increases for the first peak, minimum and the second peak respectively.
The heaviest load which is 40% BW recorded the highest mean GRF of 1011N for the first maximum, 814.29 N for
minimum force and 1069.4 N for the second maximum which are 3.92%, 8.42% and 7.55% increases for those three
points respectively.

Table 2: Ground Reaction Force (GRF) Mean Values, Generalized Time and Percentage Load Increased for the First Peak (Heel Strike), Force
Minimum and the Second Peak (Toe Off) for Load 0% BW, 10% BW, 20% BW, 30% BW and 40% BW after Time Normalization and Registration.

First peak Force Minimum Second peak
(Heel strike) (Toe off)
Mean GRF 0% BW 813.55 583.78 774.94
10% BW 847.13 635.63 849.67
20% BW 904.30 694.16 929.68
30% BW 973.46 751.02 994.31
40% BW 1011.58 814.29 1069.36
Normalized 0% BW 0.21 0.40 0.67
time 10% BW 0.22 0.44 0.70
20% BW 0.22 0.44 0.67
30% BW 0.21 0.42 0.65
40% BW 0.22 0.42 0.65
Percentage 10% BW 4.13% 8.88% 9.64%
Load 20% BW 6.75% 9.21% 9.42%
increased 30% BW 7.65% 8.19% 6.95%

40% BW 3.92% 8.42% 7.55%




GRF (N) 0% BW

GRF (N)10% BW

GRF (N)20% BW

GRF (N)30% BW

Unregistered Warping functions

International Journal of Basic and Applied Sciences

Registered

value

GRF (N)40% BW

GRF (N)0% BW

value

GRF(N) 10% BW

200 400 600 800 1000

0

GRF(N) 40% BW

Fig. 3: Functional GRF Curves for Unregistered Data (1 Column) , Warping Functions (2" Column) and Registered Data (3 Column) for Load 0%
BW, 10% BW, 20% BW, 30% BW and 40% BW Load Respectively

Normalized time.

The next step is to verify whether this 10% BW load increment is significant to Malaysian military in particular.
Permutation test is performed to identify the overall findings of the experiment towards Malaysian military load

analysis.
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Fig. 4: Mean GRF Curves after Time Normalization and Registration for 0% BW, 10% BW, 20% BW, 30% BW and 40% BW Loads Respectively.
3.3. Permutation test

Permutation test is done to determine whether 10% BW load increment is statistically significant. Again as performed
in the trial data experiment (Din. et al., 2011) sequence, permutation test is done before and after registration to test the
significance of including registration in the process flow. The test to find out the significance of 10% BW load
increment is done by comparing 0% BW to 10% BW, 10% BW is compared to 20% BW, 20% BW is compared to 30%
BW and finally 30% BW is compared to 40% BW. Fig. 5 displays the permutation tests results, the observed statistics,
pairwise 0.05 critical values and maximum 0.05 critical values, which are illustrated side by side for comparison. Points
where the observed statistics graph rise above the maximum 0.05 critical value are considered 95% statistically
significant. From the displays, all the tests before and after registration recorded a 95% significant level which means
the 10% BW load increment is significant to the Malaysian subjects. The first column of Fig. 5 depicts the results of
permutation tests from unregistered data input. We can see that even before registration is applied, 10% BW load
increment can affect Malaysian soldiers as all the tests are significant. Minimum and maximum points in the data before
testing (Fig. 2) are where the significant effects occur. However, the cycles of gait where it occurs are not the same
compared to that after registration as we can see in displays of the second column of Fig. 5. The shape of the graphs
from one test to another is not consistent without registration. Permutation tests after registration are more reliable and
prominent as all the graphs are more or less similar in shape for all the comparison which means the body position
where the data is significant is about the same gait cycle. Most of them are significant at those three minimum and
maximum points of the original data.

4. Conclusion

GRF data is in the form of curves when plotted and it leads to the appropriate way of analyzing this kind of data which
is not through finding its statistical distribution but by initially converting it to function. FDA is the most suitable
method in handling this kind of data because of its ability to convert data into functional forms for further step of
analyzing. Registration has proved to be the most significant process which enables the data to be aligned according to
their main features. Phase shifting can be removed through this process which amplifies the amplitude variation
according to load increment. Mean curves displays make the amplitude differences existence possible whereby we can
distinguish the magnitude of GRF occurrence at the peak and trough accordingly. A 10% BW load increment recorded
an increase of approximately 4% to 9% in GRF but not uniformly. In other word, percentage of mean increase is not
proportional to 10% BW load increment specifically for Malaysian soldiers in this context.

The permutation tests have proved that every 10% BW load increment is significant at 95% level. Before and
after registration apparently give different results. The results of the permutation tests before registration are significant
for the first three of 0% BW vs. 10% BW, 10% BW vs. 20% BW and 20% BW vs. 30% BW. The shape of graphs is
also different after registration is applied. The last comparison of 30% BW vs. 40% BW is not significant without
registration. This is contrary to the results of permutation tests after registration where all the tests are significant at the
first peak, minimum force and the second peak with the same shape which mean the percentage of cycle time
occurrence at 0.05 critical values are equivalent. Therefore, again it is justified that registration is recommended and
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should be included in the sequence and the permutation tests should be done after registration and not before
registration is applied. The other conclusion by comparing previous pilot study [7] where limited number of trials were
being analyzed using the same processing sequence is the time normalization whereby it is proved to be inadequate in
handling phase shifting for data at least more than thirty trials. Again registration is exceptionally good at aligning
phase. Permutation test might not be the best test for limited number of trial as in pilot study but it is confirmed the
most appropriate for this experimented data.

Finally, we conclude that 10% BW load increment is significant to Malaysian military soldiers and FDA is the best
method in analyzing the data.
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Fig. 5: Permutation Tests before (Left Column) and aftér(Right Column) Curves Registrationwz:omparing 0 % BW Vs. 10% BW (1* Row), 10% BW
Vs. 20% BW (2™ Row), 20 % BW Vs. 30% BW (3™ Row) And 30% BW Vs. 40% BW (4" Row).
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