[\S}

O o0 9 N n K~

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28
29

30

31
32
33
34
35
36
37
38
39
40
41
42

MOTOR STYLE AT REST AND DURING LOCOMOTION IN HUMAN

Juan Mantilla"", Danping Wang®*, loannis Bargiotas', Junhong Wang?, Jiuwen Cao’, Laurent Oudre®,

Pierre-Paul Vidal>!

Juan Mantilla and Danping Wang have equally contributed to the manuscript in quality of first author

1. Université de Paris — CNRS — SSA - ENS Paris Saclay, Centre Borelli, F-75005 Paris, France.
2. Institute of Information and Control, Hangzhou Dianzi University, Hangzhou, China

3. Plateforme Sensorimotricité, Paris University - CNRS — INSERM, France

4. L2TI, Sorbonne Paris Nord University, 93430 Villetaneuse, France

Corresponding author:

Juan Mantilla

J. Mantilla

juan.mantilla@idpsante.com

Université de Paris - CNRS — SSA — ENS Paris Saclay
Centre Borelli, F-75005 Paris France

Co-corresponding author:

Pierre-Paul Vidal

PP. Vidal

pierre-paul.vidal@parisdescartes.fr

Hangzhou Dianzi University

Institute of Information and Control

Hangzhou, 310018 China

Université de Paris — CNRS — SSA — ENS Paris Saclay
Centre Borelli F-75005 Paris France

Running title: MOTOR STYLE

List of authors:

Juan Mantilla

J. Mantilla

juan.mantilla@idpsante.com

'Université de Paris - CNRS — SSA — ENS Paris Saclay
Centre Borelli

F-75005 Paris

France

Danping Wang

DP Wang
danping.wang@parisdescartes.fr
*Hangzhou Dianzi University

Downloaded from journals.physiology.org/journal/jn at Biblio Interuniversitaire De Sante (193.051.085.197) on April 23, 2020.



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93

Institute of Information and Control
Hangzhou, 310018

China

3Plateforme Sensorimotricité
Paris University - CNRS - INSERM
F-75005 Paris

France

loannis Bargiotas
1. Bargiotas

i0anni

sbargiotas@gmail.com

'Université de Paris — CNRS — SSA — ENS Paris Saclay

Centre

Borelli

F-75005 Paris

France

Junhong Wang

JH Wang
junhongwang@hdu.edu.cn
*Hangzhou Dianzi University
Institute of Information and Control
Hangzhou, 310018

China

Jiuwen Cao

JW Cao

jwcao@hdu.edu.cn

*Hangzhou Dianzi University
Institute of Information and Control
Hangzhou, 310018

China

Laurent Oudre

L. Oudre
laurent.oudre@univ-paris13.fr
*Université Sorbonne Paris Nord
L2TI, UR 4443

F-93430 Villetaneuse

France

Pierre-Paul Vidal

PP. Vidal
pierre-paul.vidal@parisdescartes.fr
*Hangzhou Dianzi University
Institute of Information and Control
Hangzhou, 310018

China
"Unive
Centre

rsité de Paris — CNRS — SSA — ENS Paris Saclay
Borelli

F-75005 Paris

France

Downloaded from journals.physiology.org/journal/jn at Biblio Interuniversitaire De Sante (193.051.085.197) on April 23, 2020.



94

Downloaded from journals.physiology.org/journal/jn at Biblio Interuniversitaire De Sante (193.051.085.197) on April 23, 2020.



95
96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

SUMMARY

Humans exhibit various motor styles that reflect their intra and inter-individual variability
when implementing sensorimotor transformations. This opens important questions; such as, at
what point should they be readjusted to maintain optimal motor control? Do changes in motor
style reveal the onset of a pathological process and can these changes help rehabilitation and
recovery? To further investigate the concept of motor style, tests were carried out to quantify
posture at rest and motor control in 18 healthy subjects under four conditions: walking at three
velocities (comfortable walking, walking at 4 km/h and race walking) and running at maximum
velocity.

The results suggest that motor control can be conveniently decomposed into a static
component (a stable configuration of the head and column with respect to the gravitational
vertical) and dynamic components (head, trunk and limb movements) in humans, as in
quadrupeds, and both at rest and during locomotion.

These skeletal configurations provide static markers to quantify the motor style of
individuals because they exhibit large variability among subjects. Also, using four measurements
(jerk, root mean square, sample entropy and the two-thirds power law), it was shown that the
dynamics were variable at both intra- and inter-individual levels during locomotion.

Variability increased following a head to toe gradient. These findings led us to select
dynamic markers that could define, together with static markers, the motor style of a subject.
Finally, our results support the view that postural and motor control are sub-served by different

neuronal networks in frontal, sagittal and transversal planes.

Key words: perceptive-motor styles, sensorimotor, pathological process, locomotion, running
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123 e During human locomotion, motor control can be conveniently decomposed into a static
124 and dynamic components.

125 e Variable dynamics were observed at both the intra and inter-individual levels during
126 locomotion. Variability increased following a head to toe gradient.

127 o Finally, our results support the view that postural and motor control are sub-served by
128 different neuronal networks in the frontal, sagittal and transversal planes.
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INTRODUCTION

Balance maintenance and locomotion both involve complex sensorimotor transformations
that require the integration of several sensory inputs and the coordination of multiple motor
outputs to more than 600 muscles throughout the body (Ting & McKay, 2007; Guerraz &
Bronstein, 2008). The coordination of posture and movement relies on anticipatory and reactive
postural control mechanisms, that are both modulated by sensory inputs and influenced by
learning and experience (Massion, 1994). With the complexity of these processes, it is not
surprising that they exhibit great inter-individual variability whatever the topic studied, postural

control, locomotion, post-lesional plasticity, which has led to the perceptive motor style concept.

The sensory side of the perceptive motor style originates from the fact that several
systems are at play when representing the body in space and when generating the system of
coordinates on which the body’s postural control is processed (Merfeld et al., 1999). Visual
information determines the orientation of objects in space and the detection of movements,
including postural oscillations. Somatosensory information provided by muscular, joint, and
cutaneous receptors encode data on relative head, trunk and limb position in space. Finally,
vestibular information encodes head position along with linear and angular head accelerations,
thus helping to inform the brain of body orientation and movement. The continuous reweighting
of these three types of sensory information is required for efficient, flexible, context-dependent
postural control, as shown by numerous studies since the pioneering publication of Nashner
(1976). Hence, the perceptive style can differ considerably among individuals and during
pathologies for the same person (Vibert et al. 2001, Sasaki et al., 2002, Lacour et al., 1997,
Isableu et al., 2003). For instance, stroke patients have a strong dependence on visual,
proprioceptive and vestibular information to control their standing posture, and they differ
individually in their relative sensitivity to each type of sensory stimulation (Bonan et al., 2013,

2015).

The motor side of the perceptive motor style is of emerging interest and is a property of
the large number of degrees of freedom of the musculo-skeletal system: a given motor action can
be performed in several ways by different actuators. For instance, (Maselli et al., 2017) recently

proposed a methodology to explore the nature of early kinematic cues that could inform an
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observer on the future direction of a ball projected by an unconstrained overarm throw. The
recorded kinematics showed that throwing styles differed considerably among individuals, with
corresponding inter-individual differences in the spatio-temporal structure of the thrower’s
predictability. Also, the simple fact that identification can be achieved on the basis of variability
in gait patterns among different people (Sprager & Juric, 2015) confirms that the perceptive

motor style has a motor side.

The existence of various motor styles among individuals is rooted in the large intra- and
inter-variability in their motor control. Importantly, a recent review by (Sternad, 2018) underlined
that variability and noise in motor performance is not only a nuisance but it is also a ubiquitous
and informative biological feature that has meaning in itself. On the nuisance side, by causing
changes both at the musculoskeletal and sensory receptor levels, the aging process can increase
gait variability, which leads to instability and falls (Herssens et al., 2018a, Kikkert et al., 2016,
Ayoubi et al., 2015), particularly in frail seniors (Schwenk et al., 2014, Dasenbrock et al., 2016,
Mortaza et al., 2014, Herssens et al., 2018b). Gait variability also increases during various
pathologies (Figueiredo et al., 2018) such as cerebellar and vestibular ataxia (Schniepp et al.,
2017, Buckley et al., 2018) and neurological disorders with motor deficits (Y. P. Ivanenko et al.,
2013, Moon et al., 2016). However, variability in motor performance can also be an asset and
depends on the importance of the movements for the desired task: movements contributing to the
intended outcome would be consistent, whereas the others would be more variable (Todorov &
Jordan, 2002). During walking and running, differences in speed would drive changes in
variability, but adopting different gaits would drive changes in how people regulate stepping
(Dingwell & Cusumano, 2015, Dingwell et al., 2017, Mohler et al., 2020). Also, as shown by a
comparison of experienced and novice runners, variability during task execution is linked to
adaptability and flexibility, which may reduce the risk of running injuries (Mo & Chow, 2018,
Hamill et al., 2012). Finally, variability can specifically contribute to the acquisition of
perceptual-motor behaviors that are novel, such as walking on a split-belt treadmill in normal
individuals (Van de Putte et al., 2006, Altman et al., 2012) and those with pathologies (Mawase
et al., 2016). Variability of several gait metrics are also useful indicators for the study of

development (Kraan et al., 2019).
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In summary, it is now well established that humans exhibit various perceptive-motor
styles, which are based on 1) inter-individual variations in how they process sensorimotor
transformations and 2) intra-individual fluctuations of sensory and motor control. In this
context, characterizing and monitoring motor style is important for several reasons. First,
early predictions formulated during an action are important to control several aspects of
human behavior when individuals interact with others. This necessitates a priori knowledge
of the information sources that are relevant for making reliable predictions, and which differ
with the motor style of the person. Second, differences in motor style are idiosyncratic and/or
detrimental, which raises the question of at what point should they be readjusted to maintain
optimal motor control (see Moore, 2016 for a review concerning walking and running
economy). Third, changes in motor style could reveal the onset of a pathological process and
could help in following its recovery (Konig et al., 2016) using the thresholds to pathological

variability during standing and walking.

Nevertheless, despite its attractiveness, the concept of motor style remains relatively
elusive, and this study is aimed at determining markers that could better define the motor
style of a person. It is hypothesized that markers should have two characteristics: first, they
should be idiosyncratic for a given person; that is, they should exhibit the lowest intra-individual
variability possible; and second, they should be as different as possible between individuals; that
is, they should exhibit the largest inter-individual difference possible. The motor style of a person
shapes all his/her motor activities. This study is limited to markers characterizing an individual’s
postural control at rest and during locomotion because these behaviors are routinely monitored in
clinics and sport. Furthermore, analysis of postural control at rest is restricted to the sagittal plane
because of the low number of degrees of freedom of the skeletal systems in the frontal and
transversal planes, when subjects were instructed to stand and gaze forward. Locomotion entails
progression toward a goal (navigation), generation of locomotor patterns (dynamic components)
and maintenance of a stable posture in different environments (static component), meaning that
numerous markers are available to capture the various locomotor style facets. Here, a choice was
made to study the body configuration maintained in the sagittal plane during walking and running
and four dynamic parameters in three-dimensions: a smoothness measure expressed by the jerk, a

variability measure expressed by the amount of movement given by the root mean square (RMS),
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a regularity measure given by the sample entropy, and a measure of trajectory optimization given

by the two-thirds power law.
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METHODS

PARTICIPANTS

Eighteen healthy volunteers (8 females and 10 males, 20-58 years old) participated in the trial. All
participants were free of any diagnosed diseases. All participants were normal bodied (170 + 12 cm and
67 + 21 kg, see Table ) with a body mass index (22.3 + 2 kg/m?) corresponded to a “normal” range “body
mass index (BMI) classification” and the Global Database on Body Mass Index (WHO | The World Health
Report 2006—Working together for health, s. d.). A priori approval was gained from the University's
Research board of the Plateforme d’Etudes de la Sensorimotricité and written informed consent was

obtained from all participants.

EXPERIMENTAL PROTOCOL

All the collected data was recorded on the Plateforme Sensorimotricité hosted by the Université Paris
Descartes, in Paris. A Cybex 770T (0,8 a 20 km/h) treadmill was used to control walking and running in
the laboratory. Linear acceleration and angular velocity of the head, lower back (L4-L5 vertebra) and both
feet were collected using four inertial motion units (IMUs) and the Coda motion system. The IMUs
included triaxial accelerometers, gyroscopes and magnetometers (XSens, Culver City, CA, USA, MTw
Measurement Units, 3.5h LiPo battery, 279, 3.5x5.8x1.0cm’, 1169, £1200deg/s, 100Hz, errors 0.003m/s?
and 0.05deg/s). They were fixed with manufacturer-designed adhesive straps and connected to a
computer via Wi-Fi. Measurements were performed using the Codamotion 3-D Analysis System
(Charnwood Dynamics Ltd., Leicestershire, UK), which is composed of light-emitting diode (LED) markers,
the Coda sensor module and the ODIN software suite. This system was used to measure the subjects at
rest, during walking and running. Infrared light signals generated by the markers placed on the anatomical
landmarks were captured by the Coda sensor module at a rate of 100 Hz. The data was processed with
the Codamotion ODIN software running on a personal computer with a Microsoft Windows-based
operating system. Twenty-four Coda active markers were placed on the subject body. Locomotion for 4
segments of the body was of interest: head, trunk, legs and feet, and a minimum of three markers were
selected for each segment (see Figure 1). The markers were detected by four Coda CX1 units placed in
the laboratory working space so as to cover the running range.

e Four markers were placed on the head (one, FH, on the forehead was placed on the Xsens
sensor, two on the left LT and right RT temporal bones, and one on the
external occipital protuberance BH).

e One marker was placed on the sternal notch (STE);

o Two markers were placed on the left and right acromion (LA, RA),

10
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One marker was placed on the spinous process of the 5th lumbar vertebra (L5)

Two 4-Marker-Clusters were installed below the right and left lateral condyle of the tibia (LLT,
RLT).

Eight markers were placed on the feet (two markers on the left and right heel elbows (LHE, RHE),
two on the left and right heels at low level (LHL, RHL), two on the left and right over the Xsens
sensor on the instep (LI, RI) and two on the right and left fifth metatarsal-phalangeal joint (LM,
RM).

The trial protocol consisted of 5 stages:

1)

2)

3)

4)

5)

DATA

Static recordings: the subject stood on the non-moving treadmill for 30 seconds with eyes open

and then eyes closed.

Comfortable walking: the participant set the treadmill velocity to what they considered to be

comfortable walking (V1) and then continued to walk at V1 for 2 minutes.

Walking: the participant set the treadmill velocity at 4km/h (V2) (Long & Srinivasan, 2013)) and
walked at V2 for 2 min.

Race walking: the participant increased the velocity until it reached his/her maximum walking

velocity, (V3) and walked at V3 for 1 min.

Running: the participant increased the velocity up to his’lher maximum running velocity (V4) and

then ran at V4 for 2 minutes.

PROCESSING

This section introduces the methodology used to quantify the motor style. This methodology involved three

steps: data pre-processing, extraction of static markers and then extraction of dynamic markers.

Data pre-processing

Two preliminary remarks: first, Owings and Grabiner (Owings & Grabiner, 2004) have shown that

normalizing step length and width using body height is not advantageous in the statistical analysis of

locomotion. Therefore, this normalization was not used here. Second, Hafer et Boyer (Hafer & Boyer,

2017) found that at least ten treadmill walking and running strides are required to attain reliable measures

of a subject’s coordination variability. The results obtained here are well above this limit with at least 70

strides for walking and running (Table II).

11
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Two instants in the gait cycle were defined: Heel strike and Toe off, for each leg. Automatic identification
of these instants was performed by peak detection in the LHL and RHL sensor signals for heel strike and

the right and in the left fifth metatarsal-phalangeal joint (LM, RM) sensor signals for toe off.

Two spatio-temporal parameters of interest were calculated from the detected heel strikes. First, the step
width calculated as the maximal left/right distance (medio-lateral signal) reached for each step at heel
contact. Second, the step length calculated as the distance between the right and left heels at the moment

of a local maximum in the horizontal marker data.

Extraction of static markers

As illustrated in Figure 2, the skeletal configuration in the sagittal plane of the subjects at rest is defined
using three reference points. The first point was determined using the sensor located at the spinous
process of the 5th lumbar vertebra (L5). The second point was virtual (P1), and it was calculated using
triangulation of the left and right acromion (LA and RA) sensors and the sternon notch (STE) sensor. The

third point was also virtual and corresponded to the centroid of the 4 sensors positioned on the head (P2).

Then, in order to determine the skeletal configuration of each subject in the sagittal plane, three
inclinations were calculated:
i) The trunk inclination was defined as the angle between the gravity vector passing through L5
and the vector L5 - P1.
ii) The head inclination vector was defined as the angle between the gravity vector through P1
and the vector P1 - P2.
iiil) The leg inclination (right and left) was defined as the angle between the gravity vector through
L5 and the vectors L5 - LHL, L5 - RHL.

The skeletal configuration in the sagittal plane was determined in the same way while the subject was

walking or running. The angles between the body segments mentioned above were calculated at the four

time instants corresponding to the right and left heel strikes and right and left toe off.

Extraction of dynamic markers

Jerk

Jerk is the third time-derivative of position. It is a measure of the rate at which each part of the body is

accelerated. First, the positional data for each marker was smoothed using a 4th order, zero-lag

12
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(acceleration) of the positional data was calculated using finite difference equations. Finally, the

d(Acc)
dt

acceleration data was smoothed, and the first derivative of acceleration (jerk) was calculated.

For the transversal plane Jerk was calculated as follows:

ERK = 1 J‘t (dAch)2 N (dAch)2
J 2), \ dt dt

Where AccX corresponds to the obtained acceleration in the medio-lateral axis and AccY corresponds to
the obtained acceleration in the antero-posterior axis. Jerk is calculated in the other planes by combining
the acceleration in the other directions: AccX and AccZ for the frontal plane and AccY and AccZ for the

sagittal plane.
RMS

The RMS of trunk acceleration is frequently used in gait analysis. For marker displacement, the Root-
mean-square (RMS) amplitude represents the standard deviation of the marker displacement. This
parameter measures the average absolute displacement around the mean marker and has been
employed by numerous researchers. For example, a decrease in RMS amplitude of the Center of
pressure (CoP) represents an increased ability to preserve an upright stance. An increased RMS value

suggests a decreased ability to maintain postural control.
Sample Entropy

The sample entropy is a variation of the approximate entropy method. Sample entropy is the foundation
for determining the complexity of both stationary and nonstationary signals. Sample entropy is the
negative natural logarithm of the probability that two sequences will be similar for m + 1 data points
divided by the probability that two sequences will be similar for m data points. For two data points to match
they need to be within a range of tolerance of + r, which is between 10% and 20% of the standard
deviation of the original data set. The match of the template sequence to itself is excluded in this
calculation. Elimination of this self-matching is the distinction between sample entropy and approximate

entropy. The equation used to calculate the sample entropy of a time series data-set is as follows:

N-m_,/m
S Ent =1 i
ampent = in N —m+1

i=1 1Y
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Where N is the number of points in the data set, n;"™ is the number of vector matches for vectors of length

m and n{m“ is the number of vector matches for vectors of length m+1 (Costa et al., 2005).

Two-Thirds Law

A mathematical equation known as the “Two-Thirds Power Law” was created by (Lacquaniti et al., 1983a)
to demonstrate that the kinematics of many different human movements seem to follow a relationship
between the velocity and the curvature of the motor trajectory.This law is stated as v = YK_B, and
represents a robust local relationship between the geometrical and temporal aspects of human movement,

which is represented by curvature k and speed v, with a piecewise constant y and exponent value 3 = 5.

This law has been partially demonstrated for the trajectory of the Centre of Mass (CM) of the human body
during walking. In (Tesio et al., 2011) the trajectory of the CM was segmented in high and low curvature
segments. The [ coefficient was close to the expected 1/3 value if the complete trajectory was
considered. In high-curvature segments the B coefficient is significantly higher (8 =0.486). By contrast, in

low-curvature segments the B coefficient is significantly lower (B =0.185).

In an equivalent form, let o be the angular or curvilinear speed, r. the radius of curvature, C=1/r, the
curvature, and k a constant. In its simplest form, the law predicts that o=kC??, where k is a constant.

Hence the popular term “2/3 power law”.

Statistical Analysis

Continuous variables are presented as mean + standard deviation. Comparison between men and women
was performed using the unpaired Mann Whitney Wilcoxon nonparametric test. Intra- and inter-variability
are illustrated in figures 6, 7, 8 and 9. In these figures, the sensors are represented on the abscissa and
they are numbered from 1 to 24. Sensors 1 to 4 were positioned on the head, sensors 5 and 6
corresponded to the right and left acromion (LA and RA), 7 was positioned at the sternum notch (STE), 8
at L5, sensors 9 t016 are positioned on the legs and sensors 17 to 24 on the feet. In order to facilitate a
macroscopic interpretation of the statistical analysis, the computed variables of each sensor were grouped
by body parts and the mean value has been calculated. Head (1-4), Trunk (5-7), L5 (8), Leg (9-16), Feet
(17-24). Comparison between different groups of sensors for evaluation of the intra- and inter-variability
was performed using the Wilcoxon Sign rank nonparametric paired test and paired t-test. For all

comparisons, a p-value < 0.05 was considered to be statistically significant and the size effect was

14
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RESULTS

Quantification of locomotor patterns

The mean and standard deviation of the speed, the step length and step width are presented in Table I

for the 18 males and females.

As expected, the locomotor patterns differed between males and females and for different walking paces.
Variability expressed in terms of the coefficient of variation (or CV, ratio of the standard deviation to
the mean) was higher for step width than for step length. Maximum CV occurred during running (40% for
step width vs. 12% for step length). These results confirmed that step width was a more meaningful

descriptor of the individual locomotion control than step length.

Skeletal configuration in the sagittal plane

At rest

The average sagittal inclination for the eighteen subjects was 11.0° = 7.5° for the head, 11.6° + 2.9° for
the trunk and 1.8° £ 2.0° for the legs. That is, the trunk and the head were aligned and were inclined
forward, while the leg were aligned with the gravity vector.

Resting postures displayed distinct features when the subjects were considered separately. Figure
3 A illustrates schematically the various skeletal configurations adopted by the 18 subjects at rest. In order
to further characterize these differences, the inclinations of the head, the trunk and the legs vs gravity

vector were calculated for each subject. The results are illustrated in Figure 3 B.

During locomotion

The skeletal configuration of the subjects during locomotion was quantified at the time of heel strike for
each foot. Figure 4 illustrates three subjects walking and running at self-selected speeds. For each
subject, recordings of 30 superimposed strides for the left (in red) and right leg (black) are shown. Clearly,
the skeletal configuration varied for a given subject at each strike and was different for each subject. The
variability of each stride is seen as the heel strikes touch the ground at different positions for each leg (left
in red, right in black). It was generally found that the skeletal configuration variability increased with
velocity, as illustrated for subjects 6 and 13 by the forward inclination of the trunk, which was more
important than head inclination. However, there were exceptions to this rule, as illustrated for subject 17 in
Figure 4. While running at 6.5 km/h, which was the lowest running speed of all the subjects in this study,

the subject presented large head and trunk inclinations for increased velocity.

16
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Detailed analysis of head, trunk and leg inclinations in the sagittal plane at the time of heel strike is
presented in Figure 5. Leg inclinations increased progressively for all subjects with respect to the static
case when the subjects walked comfortably, walked at 4 km/h and race walking i.e. when velocity
increased (comfortable walk versus all the other speeds - pairwise, all p<0.001, se?>0.5). Then, an abrupt
increase in leg inclination in the sagittal plane took place during running. No significant differences in
head inclination were found in any exercise, while trunk inclinations were significantly higher during race
walking and running (p<0.001, se*>0.7) compared to standing and walking (p = 0.002, se? = 0.49). Finally
(see Figure 5), head and trunk inclinations were more variable than leg inclination among subjects for all
tasks (p<0.01, se*>0.36).

The variability of the skeletal configuration in the 18 subjects was quantified by calculating the CV for each
body segment (intra-individual). The average head inclination CVs were 0.43, 0.30, 0.11 and 0.22,
respectively, for walking, walking at 4km/h, race walking and running. This amounted to CVs equal to
0.08, 0.08, 0.07 and 0,07 for the trunk inclination and 0.05, 0.03, 0.02 and 0.04 for the leg inclination.
Altogether, variability in head inclination is much larger than for trunk and legs. All body parts, but

especially average CV of the head inclination, tend to gain in stability with increasing locomotion speed.

Dynamics of locomotion

In contrast to the static analysis, the quantification of dynamic parameters was performed for the three
anatomical planes: sagittal, frontal and transversal planes. As hypothesized in the introduction, features
that adequately determine the motor style should have two characteristics: a low intra-individual variability

and a high inter-individual variability during locomotion.

Intra-individual variability

In order to quantify the intra individual variability of the body segment movements during locomotion, each
exercise was separated into strides and the CV for the motion of each sensor was calculated. This
procedure was performed for each plane in the space and the results of these calculations are
illustrated in Figure 6. Each row represents a subject (from 1 to 18) and each column represents a
sensor (from 1 to 24). The different protocol phases are illustrated in four different panels from top
to bottom. The data for each plane in space are illustrated from left to right. The CVs are
expressed with a color code ranging from 0 to 0.7. Average head and trunk intra-individual

variability was found to be significantly lower (p<0.001, se*>0.41) compared to the leg and feet
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intra-variability for all the exercises and all planes. Interestingly, head intra-variability was found to
be statistically lower compared to trunk intra-variability during: a- running in the transversal plane
(p<0.001, se? = 0.73), b- all exercises in the sagittal plane (p<0.05, se*>0.27) and c¢- race walking

and running in the frontal plane (p<0.001, se*>0.77).

As already seen qualitatively for three subjects in Figure 4, Figure 6 shows quantitatively three

distinct locomotion features:

e First, the head and trunk movements (sensors from 1 to 8) of each subject and for each plane
in space displayed very little intra-individual variability between strides. This is especially true
in the frontal plane.

e Second, there is clearly a gradient in the CVs from the head to the leg, with the head

movements being the least variable.

e Third, given the intra-individual variability of the feet movements, they should not be chosen

as a marker to determine the motor style of each subject.

Inter-individual variability

Figures 7, 8 and 9 respectively summarize the computed results for jerk, RMS and sample entropy. For
each of these three figures, the average values of jerk, RMS and sample entropy are displayed in the left
column and the coefficient of variation in the right column. The jerk (Figure 7), RMS (Figure 8) and sample
entropy (Figure 9) were calculated independently for each sensor in each plane and for the four protocol
phases. In figures 7, 8 and 9, each square represents the data recorded from one sensor averaged over
the 18 subjects, i.e. for a specific body location. The ordinate represents the four different conditions. The
blue to red color gradient indicates an increase in the represented numerical variable. In the case of the
CV, blue represent a small variability among the subjects while red represents a high variability among the

subjects.

Analysis of the jerk: As illustrated in Figure 7, higher average values of the jerk were observed in the
sagittal and frontal planes for the sensors placed on the head, which reflected important changes in the
acceleration patterns during the four investigated types of locomotion. Average head jerk of the individuals
was found to be significantly higher (p<0.001, se*>0.77) compared to the average trunk, leg and feet jerks

in the frontal and sagittal planes, in all four exercises. Lower average values were observed in the frontal
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plane at the lower part of the body (L5, legs and feet). For the transversal plane, jerk was moderate and

similar for all sensors and protocol phases.

The CV of the lower trunk movement at L5 (sensor 8) was significantly higher (in all exercises) with
respect to the sensors on the upper part of the body (p<0.05, d>2) in the frontal plane, and the difference
tended to decrease while the subjects were running. Also, in the frontal plane, the sensors positioned on
the anterior left and anterior right tibial crest (sensors 13 and 14) showed large CV variation during
walking and racing and this increased when subjects ran (for sensor 13, p<0.05, d>2 when compared to
average variation of head, trunk, feet, for sensor 14, p<0.05,d>2 when compared to average variation of
head and feet). For the sagittal and transversal planes, a low jerk variability was observed for the upper

part of the body for the four protocol phases, while large jerk variability was observed at feet level.

Overall, by comparing Figures 6 and 7, the best markers for the determination of the motor style based on
the jerk appear to be the marker at L5 and those on the anterior left and anterior right tibiae in the frontal

plane.

Analysis of the RMS: As illustrated in Figure 8, the quantity of motion increased progressively from head
to feet in the sagittal and transversal planes, but remains quite low in the frontal plane. The average head
RMS of the individuals was found to be significantly lower (p<0.001, se*>0.77) compared to average leg
and feet RMS in sagittal and transversal plane, in all four exercises. On the other hand, the average head
RMS was found to be significantly lower (p<0.01, se#>0.6) compared to average trunk RMS only while the
subjects were running in the frontal plane. No specific pattern was observed concerning the inter-
variability (as shown by the CV) in the frontal plane. In contrast, an important inter-individual variability
was observed in sensors located on the upper part of the body (head and trunk versus leg and feet,

pairwise p<0.001 , se*>0.77) in the sagittal and transversal planes.

Overall, by comparing Figures 6 and 8, the best markers for the determination of the motor style based on

the RMS appeared to be the markers on the head and trunk in the transversal plane.

Analysis of the Sample Entropy: As illustrated in Figure 9, the sample entropy is quite uniform and low for
markers in the transversal plane. However, the transversal average head entropy was significantly lower
(p<0.001,se%>0.69) compared to trunk, leg and feet, for all the exercises. In contrast, frontal and sagittal
average head and trunk entropies were both found to be significantly higher (p<0.001, se?>0.53)
compared to those derived from leg and feet in all exercises, reflecting the low locomotion regularity, even
more so during race walking and running. The CVs were found to be large for the upper part of the body
(pairwise comparison of head and trunk versus leg and feet (p<0.01, se> 0.50), for the sagittal (except for
running) and transversal planes and for the lower part of the body and the frontal plane (head and trunk
versus feet, p<0.05,s€2>0.39).
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Overall, by comparing Figures 6 and 9, the best markers for the determination of the motor style based on
the sample entropy appeared to be the markers on the upper part of the body for the sagittal and

transversal planes and on the lower part of the body for the frontal plane, except during running.
Analysis of body segment trajectories

The trajectory of each sensor was separated into stride segments in the different planes. Figures 10 and
11 show typical examples of the L5 and left ankle markers’ trajectories for the 18 subjects while walking at
a comfortable speed and running. Trajectories are shown in the three different planes. As can be
observed, the trajectories were qualitatively similar among subjects in the sagittal plane for L5. The
trajectories were more complex when subjects ran. In contrast, the trajectories were dissimilar among the
subjects in the frontal and transversal planes. For the ankle, as for L5, similar trajectories were observed
among the subjects in the sagittal plane. The trajectories also largely differed in the frontal and transversal

planes.

Description of all trajectories in the various protocol phases for every marker in the three planes of space
would require too much space. As a rule, however, the trajectories always qualitatively differed in shape
amongst the subjects for every marker, every protocol phase and every plane in space. For the sagittal
and transversal planes the trajectories could be similar in shape or not depending on the markers. It
remains that quantitatively, every marker differed amongst the subjects for every protocol phase and every

plane of space, as illustrated in Figures 10 and 11.

The trajectories for all sensors were analyzed to check if they obeyed the two thirds law. For each stride,
the curvature and the angular velocity were calculated and the slope of their relationship (B factor) was
expressed in a logarithmic scale. This is illustrated in Figure 12 for the sensor located at L5 with a subject

walking at preferred speed and running.

Figure 13 illustrates the distribution of the (3 factor for the different walking and running speeds in the three
different planes. The red line in each boxplot represents the median B factor of each distribution. The
edges of the box represent the 25" and 75" percentile of the data point. The lines emanating from each
box extent to the most extreme data point not considered to be part of the outliers. The outliers are
represented by red crosses. For example, in the transversal plane, the head B factors are significantly
lower (p<0.001, se*>0.48) than those of the lower body during all exercises, except for running. In the
sagittal plane, feet  factors are significantly higher (p<0.001, se*>0.46) than those of the other markers
during every protocol phase. In the frontal plane, the feet B factors are significantly lower (p<0.001,
se?>(0.52) than those of the other markers during every protocol phase. In summary, 3 factors may vary

with the considered body segment and velocity of locomotion. The 8 factors for the lower body (feet and
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legs) were significantly lower (p<0.01, se?>0.32) in the frontal plane compared to transversal and sagittal
planes for each protocol except for running, where only feet maintain a significant difference. In contrast,
head was significantly higher (p<0.05, se®>0.28) in the frontal plane compared to transversal and sagittal

in higher-speed protocols (race walking and running).

Finally, as illustrated in Figures 10 and 11, the trajectories and therefore the (3 factors appeared to be
valuable candidates for definition of the motor style of every individual, independent of protocol phase,

marker and spatial plane.
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DISCUSSION

The current results confirm that when at rest and during locomotion, motor control in
humans can be decomposed into stable configurations of the head and column with respect to the
gravitational vertical and dynamic components (head, trunk, arms and limb movements). By
quantifying and comparing these skeletal configurations and four dynamic features (jerk, RMS,
sample entropy and two-thirds power law) at rest and during locomotion in 18 subjects, it was
possible to propose a set of markers that define the locomotion motor styles. The markers are

summarized in Table I11I.

Finally, previous studies have suggested that postural and motor control are sub-served by
different neuronal networks in the frontal, sagittal and transversal planes. Our results support this
view by showing that the dynamic markers used to describe locomotion and running differ

markedly by plane in space.

Static markers of the motor style

Motor control is characterized by a finite number of skeletal configurations in quadrupeds.
At rest and during circling, a quadruped’s skeletal system adopts a stereotypical posture S-shaped
configuration (Vidal et al., 1986)(Vidal et al., 2004)(Graf et al., 1995). During trotting and
running, the column degrees of freedom are redistributed: the atlanto-occipital joint and the
cervico-thoracic junction are fully extended and the thoraco-lumbar kyphosis decreases markedly
relative to at rest. A remarkable feature of these behaviors is the stability of the head and the
entire column relative to space (Vidal et al., 2004). In contrast, in standing humans, the column
exhibits limited degrees of freedom in the frontal plane. In addition, in the present study, subjects
were asked to maintain their gaze in the straight-ahead direction. Hence, our subjects exhibited
little inter-individual variability in skeletal configuration in the transverse and frontal planes at

rest, which explains why the analysis was focused on motor control at rest in the sagittal plane.

Sagittal skeletal configurations at rest
All subjects aligned their posture with gravity, which is not surprising. However, as
illustrated in Figure 3, the orientation versus gravity of the head, trunk and legs in the sagittal

plane, as defined by three real and one virtual marker (heel, L5, sternum and centroid of the
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head), differed among the subjects. To best characterize this variability, it was postulated that the
two optimal characteristics of any feature defining the motor style of an individual should be low
intra-individual variability and large inter-individual variability. Using these criteria it was shown
that the orientation of the head and trunk in space and the orientation of the head versus the trunk
in the sagittal plane seemed to be important markers for identification of individuals at rest (see
Table III). These results agree well with a recent study by (Khalil et al., 2018), who found large
differences in inter-individual strategies for maintaining horizontal gaze in asymptomatic

subjects.

Skeletal configurations during locomotion

Figures 4 and 5 show that during locomotion, as at rest, all subjects adopted idiosyncratic
skeletal configurations and could be divided in two groups. Three subjects increased their trunk
and head inclinations during walking but decreased them during running to values similar to at
rest. Interestingly these subjects were not habitual runners, but more detailed study would be
needed to relate posture to skill during running. In the 15 remaining subjects the forward trunk
inclination increased with locomotion velocity, including during running, which displaced the
center of mass forward. This forward displacement is an advantageous biomechanical feature that
is likely to facilitate locomotion. A precise quantification of the relationship between trunk
inclination and locomotion velocity would require a larger sample of subjects and velocities, so
this was not attempted here. The leg angles versus the vertical also increased with velocity, but in
contrast to the progressive inclination of the trunk orientation, this angle increased sharply by 10
degrees during running. Altogether, compared to the strategy adopted by quadrupeds, the ability
to alter the inclination of the body segments during locomotion in the sagittal plane can be
considered an optional attribute of bipedalism. For the intra-individual variations, the coefficient
of variation (CV) for the whole sample was low except for the two legs during running.

Finally, the skeletal configurations adopted during locomotion at the head and trunk levels
were stable enough for a given subject to be used as an index of his/her motor style (see Table
IIT). This result agrees with the finding of Newell et al. (2018), who showed that head posture,
cervical spine alignment and muscle activation levels differed significantly while moving, in

comparison with resting upright.
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Dynamic markers of the motor style

Intra-individual variability

As illustrated in Figure 6, a clear gradient of variability of the body movement versus
space is observed for each stride and in each tested subject, and this variability increased from the
head to the tip of the feet for any considered plane in space. Due to bipedalism developing on
uneven ground, it may be not surprising that looser limb control is maintained while the trunk and
head are stabilized in space. For inter-individual variability, four types of dynamic markers were

investigated.

Jerk

According to Flash and Hogan (T. Flash & Hogan, 1985), the “minimization of mean-
squared jerk is a mathematical model of one movement objective, the production of smooth,
graceful movements” (p. 1698), where jerk is defined as the rate of change of acceleration
(Viviani & Flash, 1995)(Hreljac & Martin, 1993)(Hreljac, 2000). A decrease in jerk cost, which
indicates increased smoothness, takes place in practiced movements both at the level of the upper
limbs (Schneider & Zernicke, 1989) and the lower limbs (Hreljac, 1993). Also, aging is
associated with slower and less smooth movements (Yan, 2000). To the authors’ knowledge, this
study is the first to quantify jerk systematically for the head, trunk and leg movements during
locomotion in the three spatial planes. The minimum jerk cost was increased with increasing
stride length and walking speed of the subjects. Indeed, the normalized jerk increased for the
head and upper trunk (sternum marker) in the frontal and sagittal planes, while it was low in the
transversal plane for every part of the body and for the four velocities tested. That is,
smoothness and economy are not always optimized in humans as is the case in quadrupeds

(Vidal et al., 2004).

Could jerk be used as a motor style marker during locomotion? As illustrated in Figure
7, the normalized jerk in the frontal plane at the trunk and legs levels could be useful (see Table
IIT) because of the small intra-individual variability (Figure 6) and the large inter-individual

variability (right panel in Figure 7).
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RMS

Head and trunk stabilization in space are required to maintain balance of the whole-body
during locomotion (Pozzo et al., 1990)(Maslivec et al., 2018). Head stabilization is achieved by
cyclically counteracting the body movements with coordinated trunk movements (Kavanagh et
al., 2006). As a result, head accelerations can be as low as 8% of the ankle accelerations
(Ratcliffe & Holt, 1997) and are unaffected when walking on an irregular surface, despite greater
pelvis accelerations (Menz et al., 2003). Clearly, the lower limbs and the column are efficient
shock absorbers, together with anticipatory postural adjustments and vestibulo-collic and cervico-
collic synergies. Nevertheless, locomotion is characterized by its variability, as described in the
Introduction. As shown by Toda et al. (Toda et al., 2016) for five walking speeds, vertical
acceleration variability was the smallest in all body parts, and the walking speed effect
demonstrated laterality. Antero-posterior acceleration variability was significantly associated
with walking speed at sites other than the head. Variability of medio-lateral acceleration of the
bilateral hip alone was smaller than antero-posterior variability. Also, Owings and Grabiner
(Owings & Grabiner, 2004) showed that step width variability represented the more sensitive
descriptor of locomotion control in young and old adults during treadmill locomotion at a self-
selected walking speed. Our data confirms and extends these results. As illustrated in Figure 8,
both head and trunk movements were by far the more stable segments of the body, and these
were not observed to vary statistically for any spatial plane or type of locomotion investigated
here. Nevertheless, a detailed analysis revealed subtle differences. The mobility versus space of
the legs, heels and tips of the feet increased in that order for all of the walking and running
velocities of the subjects and the spatial plane investigated. In summary, all subjects displayed a
bottom-up gradient of mobility of the body versus space that decreased from the tip of the feet to
the head, which fits with the existence of the same gradient for the skeletal configuration (see

above).

Could RMS be used as a marker of motor style during locomotion? As illustrated in
Figure 8, the RMS in the transversal plane at the head and trunk levels could be useful (see
Table III) because of the small intra-individual variability (Figure 6) and the large inter-

individual variability (right panel in Figure 8).
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Sample entropy

Gait variability in a given individual was assessed using linear approaches to evaluate
global variability, usually with the standard deviation (SD) and CV. In addition, non-linear
approaches were used to explore the time-dependent nature of walking and running by including
long-range correlation (Hausdorff, 2007)(De La Cruz et al 2018) . Using entropy, Estep et al. (
2018) found that lower-limb kinematics of running was more variable than walking in healthy
adults. This difference may reflect an adaptive ability, affording the person greater flexibility to
accommodate changes and perturbations during running (see also Jordan et al., 2009). This
hypothesis was also put forward by Dingwel et al. ( 2018), who found that when running, people
corrected deviations both more quickly and more directly, each indicating tighter control,
compared to walking. Thus, gait differences determined how stride-to-stride fluctuations were
regulated, and this is independent of speed. These results are confirmed and extended here:
sample entropy increases with locomotion velocity for each body segment (see Figure 9 left

panel).

Could sample entropy be used as a motor style marker during locomotion? As illustrated
in Figure 9, the sample entropy in the sagittal and transversal plane at the head and trunk levels
and for the frontal plane at the leg and feet levels (except during running) could be useful (see
Table IIT) because of the small intra-individual variability (Figure 6) and large inter-individual

variability (right panel in Figure 9).

Two-thirds power law

In recent years, several behavioral and neurophysiological studies have shown that
common rules may govern motor control. The relationship between velocity and curvature of the
endpoint path was described using the two-thirds power law. In humans, the law holds true for

drawing (Francesco Lacquaniti et al., 1983b) (Schaal & Sternad, 2001), pursuit eye movements

Cretual, 2007a) during walking and during walking around ellipses drawn on the ground
(Vieilledent et al., 2001a) and around a single turn (Olivier & Cretual, 2007b) but not complex
curved paths (Hicheur et al., 2005) (Vieilledent et al., 2001b). It is still debated whether the
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power law is a byproduct of the mechanical properties of the body or an epiphenomenon of
planning strategies based on trajectory optimization (maximum smoothness, minimum variance
etc.) or whether it could be centrally implemented (F. Lacquaniti et al., 2002) (Tamar Flash &
Hochner, 2005) (Tamar Flash et al., 2013).

Our results agree with those from the studies quoted above and generalize them when
monitoring every segment of the body while walking and running on a treadmill. As shown in
Figure 13, the two-thirds power law applies to every marker, hence the two-thirds law applies all
body segments and every condition tested (two walking speeds, racing and running). In addition,
as shown in Figure 13, several features emerged when the data for every marker is displayed in

the three spatial planes.

First, the average f-exponents were stable in the sagittal plane but increased with speed in
the frontal and transversal planes. That is, the tangential velocity for the same radius of curvature
increased as the subjects accelerated, which makes sense from a functional point of view. Of
note, the B-exponents for the head, trunk and leg levels increased with subject velocity but also

tended to converge on similar values during running, which may also optimize motor control.

Second, differential motor control in the three spatial planes was suggested by significant
differences in upper and lower body-part B-exponents (see Figure 13) between all planes.
However, although different, Figure 13 revealed interesting couplings between the transversal
and sagittal planes (see the evolution of body-part B-exponents with increased speed) and an

inverse coupling between the frontal plane and the two other planes (especially the sagittal).

Third, although the two-thirds law held true for all subjects and for each body segment,
the exponent SDs were large. In fact, when comparing the subjects and body segments two by
two, some but not all of the sensor trajectories were statistically different. Thus, the inter-
individual disparities of the two-thirds power law at different body segments may help define a

personal motor style (see Table III).
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Fourth, the Lissajous model implies that curvature increases with decreasing velocity, as
is the case during locomotion. (Viviani & Stucchi, 1989) suggested that only Lissajous elliptic
motions look natural. Therefore, it is considered that this may be a key element for the visual
system to identify “natural” human and/or animal movement. To the extent that individual
differences in the exponents of the two-thirds power law among individuals are shown, the law
may also help to identify a given individual, after a period of training, based on his/her pattern of

locomotion.

Plane-specific control for locomotion

Multidirectional perturbations at the base of sustentation revealed that postural control in
both humans (Maki et al., 1994) (Carpenter et al., 2001) and quadrupeds (Rushmer et al., 1988)
was distinct in the anteroposterior and midlateral planes. It has been shown that selective lesions
of the vestibular system (de Waele et al., 2017) and the dopaminergic system (Herbin et al.,
2016) further support the notion that postural control is sub-served by different neuronal
networks in the frontal, sagittal and transversal planes. Here, this hypothesis is confirmed by
showing that the different features explored during locomotion and running obeyed different

logics in the frontal, sagittal and transversal planes, as summarized qualitatively in Table III.

Limitations

There were a limited number of subjects, and this set was deliberately heterogeneous in
terms of age, weight, sex, etc.,. The aim was to investigate personal motor style using the CODA
motion system and 24 markers. The discussion and conclusions were based on the most
statistically significant measures (p <0.001) and measures with higher p-values were left for
future verification. It is thought that once a large number of subjects are explored using simpler
and more automatized recording methods, such as IMU, mining of these databases may also
reveal a taxonomy of the motor basis based on weight, morphology, sex, racial and cultural
background. The use of the treadmill may provide a good representation of overground walking
but it may also be limiting. On the one hand, Owings & Grabiner (2004) and (Grabiner & Troy,

2005) stated that treadmill walking may be an acceptable representation of overground walking
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with respect to the variability of spatial and temporal step kinematics. Also, (Fellin et al., 2010)
found kinematic curves for overground and treadmill running to be generally similar when
averaged across subjects. On the other hand, the treadmill itself implies great unnatural
constraints and requires increased voluntary control. Hence, the quantification of gait dynamics
by treadmill running does not entirely reflect movement in overground settings (Van

Caekenberghe et al., 2013)(Lindsay et al., 2014)(Garcia-Pérez et al., 2013).
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Figure legends

Figure 1. lllustration of 24 Markers

Figure 2. Schematic representation of a subject in a static position. The trunk inclination was defined as
the angle between the gravity vector passing through L5 and the vector L5 - P1 (V4 green vector). The
head inclination vector was defined as the angle between the gravity through P1 and the vector P1 — P2
(V3 red vector). The leg inclination (right and left) was defined as the angle between the gravity vector

passing through L5 and vector L5 - LHL (V5 blue vector).

Figure 3.

A- Skeletal postural configuration at rest for the 18 subjects in the sagittal view. Bold red horizontal bars

indicate the head while the rest indicate trunk and leg positioning;

B- Angle inclination in degrees for trunk, head and legs among participants in the sagittal plane at rest.

Figure 4.

Skeletal postural configurations of three characteristic subjects performing walking and running in the

sagittal view. Bold red horizontal bars indicate the head while the rest indicate trunk and leg positioning.
The configurations have been acquired at the time of heel strike for each foot (red and black overlapped
leg configurations). From left to right: comfortable walk, walk at 4 km/h, race walking and running. From

top to bottom: A- subject 6; B- subject 11; C- subject 17.

Figure 5. Variability in inclination of trunk, head and legs during the protocol phases. Each line represents

a subject and its respective average inclination angle.

Figure 6 Intra-individual variation expressed in terms of variation coefficient for the different sensors and
walking and running speeds for each subject. Reading these graphs from left to right (upper to lower body
sensors: Head (1-4), shoulders(5-6), trunk (7-8), legs(9-16) and feet (18-24)), average head and trunk
intra individual variability was found to be significantly lower (p<0.001) compared to the leg and feet intra-
variability for all the exercises and all planes. Interestingly, head intra-variability was found to be
significantly lower compared to trunk intra-variability in: A) Running in transversal plane (p<0.001), B) All

exercises in sagittal plane (p<0.05), C) Race walking and running in frontal plane (p<0.001).
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Figure 7 A) Average jerk among the different sensors and walking and running speeds. Reading all planes
(frontal, sagittal, transversal) from left to right (upper body to lower body), average head jerk of individuals
was found to be significantly higher (p<0.001) compared to average trunk, leg and feet jerks in frontal and
sagittal planes, for all four exercises. B). Coefficient of Variation of Jerk among the different sensors and
walking and running speeds. Reading all planes (frontal, sagittal, transversal) from left to right (upper body
to lower body), frontal plane had a significantly high anterior left and anterior right tibia and trunk L5 (see
red lines) compared to others while sagittal and transversal planes had a low jerk variability for the upper
part of the body for the four protocol phases.

Figure 8 a) Average RMS for the different sensors and walking and running speeds. Reading all planes
(frontal, sagittal, transversal) from left to right (upper body to lower body), Average head RMS was found
to be significantly lower (p<0.001) compared to average leg and feet RMS in sagittal and transversal
plane, for all four exercises. On the other hand, average head RMS was significantly lower (p<0.05)
compared to average trunk RMS only while running. b) RMS Coefficient of Variation (CV) for the different
sensors and walking and running speeds. No specific pattern was observed concerning the inter-variability
in the frontal plane. By contrast, an important inter-individual variability was observed for sensors located
on the upper part of the body (head and trunk versus leg and feet, pairwise p<0.001) in sagittal and

transversal plane.

Figure 9 a) Average sample entropy for each sensor and walking and running speeds. Reading all planes
(frontal, sagittal, transversal) from left to right (upper body to lower body), average head entropy was
significantly lower (p<0.001) compared to trunk, leg and feet, for all the exercises. b) Coefficient of
Variation (CV) of Sample Entropy for the different sensors and walking and running speeds. High CVs
were observed for the upper part of the body (pairwise comparison head and trunk versus leg and feet,
p<0.05), for the sagittal and transversal planes and for the lower part of the body in the frontal plane (head

and trunk versus feet, p<0.05).

Figure 10. Average dynamic trajectories of 18 participants (P1 to P18 - sagittal, frontal and transversal

planes) acquired from the sensor placed on the lower back (L5) during comfortable walking and running.

Figure 11. Average dynamic trajectories of 18 participants (P1 to P18 - sagittal, frontal and transversal

planes) acquired from the sensor placed on the left ankle during comfortable walking and running.
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Figure 12. A trajectory of the sensor located at L5 during a stride and its respective relationship between

angular velocity and curvature on a log scale. (left) walking, (right) running.

Figure 13. The average exponent 3 for the relationship between curvature and angular velocity in the
trajectories of different parts of the body for the 18 subjects identified per plan and walking and running
speeds. In the transversal plane, the 3 exponents for the head are significantly lower (p<0.001) than those
for the lower body during all exercises except for running. In sagittal plane, 8 exponents for feet are
significantly higher (p<0.001) than those of the other markers during every protocol phase. In the frontal
plane, the B exponents for lower body (feet and legs) are significantly lower (p<0.001) than those of the

other markers during every protocol phase.

Table I. Subject characteristics

Table Il. Mean and standard deviation of spatio-temporal characteristics obtained in the protocol. *

Indicates statistically significant difference between male and female participants.

Table lll. Summary of features used to define the motor style.
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Table I. Subject characteristics
Gender | n Weight kg (std) | Height cm (std) Age years (std)
M 10 68,2 (9,22) 173,1 (7,47) 30,2 (9,51)
F 8 51,2 (3,69) 163,8 (4,64) 34,75 (14,55)
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Table Il. Mean and standard deviation of spatio-temporal characteristics obtained in the protocol. * Indicates

statistically significant difference between male and female participants.

Variable Gender | Comfortable Walk Walk 4 km/h High speed walk Running
Speed M 3,38 (0,81) 4 6,66 (1,02)* 12,51 (2,91)*
km/h F 2,93 (0,55) 4 5,6 (0,33) 9,475 (1,47)
Step length M 53,50 (10,63) 60,00 (4,28)* 78,52 (8.11)* 78,68 (10.06)*
cm F 45,30 (6,53) 55,22 (2,55) 66,77 (3,46) 65,39 (3,77)
Step width M 7,01 (2,32) 6.76 (1.78,)* 7,65 (2,08) 6.10 (2,62)
cm F 8,69 (1,72) 8,68 (1,09) 8,60 (1,02) 7,23 (1,10)
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Table Ill. Summary of features to define the motor style.

FRONTAL SAGITTAL TRANSVERSAL
HEAD TRUNK LEGS FEET HEAD TRUNK LEGS FEET HEAD TRUNK LEGS FEET
Inclination + +
at rest
Inclination
during + 4L
locomotion
JERK + +
RMS
ENTROPY + + +
B factor + + + + + + + + + + + +
1
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