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Abstract

Nowadays, technology in sport plays an important role to help training and judgement processes. This study proposes the use
of a wearable inertial system to derive novel biomechanical indices for the assessment of performance and infringements in
race-walking. These indices are built from five inertial-based parameters: loss of ground contact time, loss of ground contact
step classification, step length ratio, step cadence and smoothness. The biomechanical indices are customized for elite race-
walkers, and represented on a radar chart for an intuitive analysis of performance and infringements. From the radar chart, a
synthetic index regarding the athlete’s overall gesture is derived. The validation of the biomechanical indices is carried out
in field tests, involving nine elite race-walkers wearing an inertial sensor located at the end of the column vertebra (L5-S1).
A statistical analysis is used to determinate the quality and reliability of the proposed indices and of their representation. The
results show that these biomechanical indices can be implemented on a wearable inertial system for assistance in training
and judgement in race-walking.

Keywords Race-walking - Performance - Infringements - Biomechanics - Graphical data analysis - Field tests - Wearable
sensors

1 Introduction

Race-walking, born in Great Britain in the sixteenth century,
is a discipline part of athletics sporting events. Two possible
infringements exist in race-walking according to the rule 230
of IAAF Competition rules [1]: “bent knee” and “Loss Of
Ground Contact” (LOGC).
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During competitions, the current practice is to entrust the
infringements to the subjective human observations made by
judges, relying solely on their eyesight. However, the short
duration of the LOGC events (in the order of few hundredths
of a second [2]), generates difficulties in their correct iden-
tification, due to human physiological limitations of vision
[3]. For this reason, the judgements are often based also on
biomechanics patterns (e.g., excessive knee lift [4]).

Referring to performances, the literature underlines the
relationship between performance and kinematic parameters
amongst race-walkers. In [5], the authors pool together data
from eleven different studies, showing a linear descriptive
equation between the step cadence, step length and the race-
walking speed. Another important parameter is the smooth-
ness of the center of mass (CoM), which is related to the
time derivative of acceleration. In race-walking, the smooth-
ness on the anterior—posterior axes also relates to the ground
reaction force, which could discriminate the “fluidity” of the
athlete. The latter provides a measure of the braking related
with the maximum anterior—posterior deceleration [5].

The assessment of both performance and infringements
in race-walking is possible under laboratory or field test con-
ditions. In laboratory conditions (with a treadmill [6] and
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without a treadmill [3]), previous authors have studied perfor-
mance and infringements through accurate instrumentations
(i.e., motion capture and force platform systems). However,
field data represent the benchmark for the analysis of the ges-
ture; indeed, field tests allow us to study the gesture with the
real ground interaction. Field tests allow for collecting a larger
number of steps, with varying walking speeds. In the field test
scenario, the critical points are due to the limitations of the
available instrumentation devices as well as to the quality of
the data and the more variable conditions.

For the evaluation of infringements in field conditions,
past works have presented different solutions. In [7], the
authors proposed a system consisting of a pair of insoles
with piezoelectric sensor to identify gait temporal events,
and consequently LOGC. An inertial sensor can be used
for the non-direct assessment of gait temporal events [8, 9].
Recently, the authors in [10] have proposed the use of two
inertial sensors placed on the shanks for the evaluation of
both infringements: LOGC and bent knee.

From the other side, i.e., evaluation of performance in
field conditions, researchers have used high-speed cameras
[2]. Video analysis provides reliable results and allows the
evaluation of kinematic parameters. However, video analysis
can be time-consuming and difficult to use in real condi-
tions (e.g., competitions), where a real-time assessment of
performance and infringements is required. Thus, the use of
a wearable inertial system could be preferable. As examples,
in different sports, wearable inertial systems have been used
to estimate performance, as in running [11] and skiing [12].

In summary, the race-walking context lacks simple tools
that are able to estimate, in real time and simultaneously,
parameters related to infringements and performance of the
athletes. To fill this gap, this study proposes: (1) the use of
a wearable inertial sensor system for measuring meaningful
parameters related to infringements and performance; (2) a
methodology for assessment of performance and infringe-
ments based on biomechanical indices customized for elite
race-walkers; (3) a radar chart representation of the biome-
chanical indices useful for a quick evaluation of performance
and infringements in typical training or competition sce-
narios. The results of this paper are validated in outdoor
experiments involving nine elite race-walkers.

2 Methodology

This section describes the development of the biomechanical
indices and their representation on a radar chart, as assessed
during the pilot tests (cf. Sect. 3.2). The biomechanical indi-
ces can be obtained during race-walking field tests using a
wearable inertial sensor located at the end of the column ver-
tebra. The inertial sensor should have the following features:
(1) sample frequency at of least 200 Hz, to achieve a good
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assessment of performance and infringement parameters; (2)
small volume and light weight (no bigger in size than a typi-
cal sport wearable devices, such as a wrist watch, i.e., about
60 cm? in volume and 70 g in weight [13]), to guarantee the
athlete’s comfort.

2.1 Assessment of parameters for infringements
and performance

The biomechanical indices are based on the following kin-
ematic parameters obtained from the inertial system: (1)
the approximated LOGC timing (referred to as LOGCr,);
(2) the LOGC with the step classification (LOGC); (3) the
smoothness for anterior—posterior linear movement (S); (4)
the step cadence (SC); (5) the step length ratio over athlete’s
height ratio (SLR). The first two parameters are connected
with infringements, while the last three with performance.
According to the International Association of Athletics Fed-
erations (IAAF) recommendations, the judgements must
consider a sequence of steps, such that all parameters are
related to the mean values of a sequence of 30 steps [1].
The LOGCy , is an approximated value for estimating the
LOGC timing. LOGCy , is defined as the time interval after
which it is possible to consider that the “flight is deemed
to have occurred”, as described in [8]. Therefore, it is not
strictly defined as “the duration of loss of ground contact”.
Thus, according to [8, 14], the LOGCy , is carried out start-
ing from the definition of the heel strike event (seen on the
anterior—posterior acceleration profile, occurring at the tem-

poral instant #,,,,, ) and the bottom point in vertical accelera-

tion (occurring at the temporal instant #_; ) as:
|
LOGCr, = =5 X (fuas,, = o, — E): 1
T,a 30 Z:‘ max;, | min; ( )

where E is a threshold value which is fixed to three hun-
dredths of a second [8].

For the assessment of LOGC, each step i was classi-
fied as “legal” or “illegal” according to the classification
proposed in [3], as:

Illegal step

Legal step.

LOGCy, > 40ms
‘ @

LOGCr, <40ms

Therefore, the LOGC . for each sequence of steps is fixed
equal to:

Illegal steps

LOGCe = ——

3)
Based again on the definition of the heel strike event seen in
anterior—posterior acceleration, the SC and SLR are com-
puted as:
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| o 1 SLR =2.47v + 32.73 (10)
SC=— S 4 T o
30 ; tmaxH_l - tmdxi ( )
SC = 0.259v + 2.253, D
SIR = 1 S Vmean 5 where v is the race-walker’s speed expressed as [km/h] in
=3 ; y Clmax ~ fmax,): ) (10 and as [m/s] in (11). From (10) and (11), the optimal
- value (SLR_,) and the one which is border line (SLR _ ;)
where v,,.,, 1S the mean test speed and £ is the athlete’s  are obtained for all types of race competitions:
height.

Finally, the smoothness parameter S is evaluated using
the normal jerk according to [15] through the following
equation:

t

(tmaxm - maxl-)5

(Vmean(tmax,,rl - tmaxi ))2

Tmax;
/ JFndt,  (6)
1,

| 30
S=—

30 ; \ max;
where j(?) is the jerk related to the anterior—posterior
acceleration.

2.2 Biomechanical indices and radar chart
representation

The previously defined five parameters are normalized such
that each one assumes a value between O (best score) and 1
(worst score).

For the normalization of LOGCy,, the index 6 is defined
as:

SLR _ withv = v
p=0.4 E
{ SLR,,  withv = v, (12)
SC,_ withv =y,
vy=0.4 E
{ SC,y  withv = v, (13)

where vy is the speed of the entry standard time for the
last World Championship for the 50 km male compe-
tition (vg = 12.20km/h; 3.39m/s) and vy is the speed
of the world record for the 20 km male competition
(vg = 15.76 km/h; 4.38 m/s). These values are chosen to
cover speeds of interest. Notice that speeds in the equations
are expressed in (km/h) for the Egs. (10, 12) and in (m/s)
for Eqgs. (11, 13). Consequently, SLR _, , and SLR _, are set
equal to 62.8 and 71.4; SC, _, 4 and SC,_ equal to 3.13 step/s
and 3.38 step/s respectively. Finally, the indices p and y from
the values of SRL and SC are defined as:

p=1 S%LRR %L%—l.S -SLR,_(+2.5-SLR,_,)
2 — - =0.4
5= 5=0 LOGCy, < (LHE—‘/:) o p=3p=-04 SLRFO—SL;‘):M +04
8=04 LOGC;, =LHE, p=0 SLR > SLR_,
. N . (14)
where f is the sample frequency of the inertial device
(defined as f = 1/T,, where T, the sample timing) and LHE Y= SC<(-1.5-SC,_y+2.5-5C,4)
is the limit threshold for the human eye fixed equal to 40 ms y=y=-04 % +04 (15)
[3]. Then, a linear equation between § = 0 and & = 0.4 is -0 VSZUC >”’T§é
constructed, such that the following system equations are ! =T
used to describe o:
5=0 LOGCy, < (LHE-2)
5=106=1 <LOGCM - (40 - %)) <LHE—}%> > LOGCy, > (LHE + j%) ®)
f
5=1 LOGC,, > (LHE + ;)

Instead, the parameter LOGC is just defined in the range
between 0 and 1, and the corresponding biomechanical index
is called o

a = LOGC. )

For the normalization of SLR and SC, the linear regressions
presented in [2] and [5] are used; from these, using elite
competition data, the following equations are derived:

For the normalization of the smoothness parameter S, a cor-
relation equation where S,;, is set equal to 1 (ideal value of
smoothness) and S, is fixed equal to 10 (since no refer-
ences are provided) is applied; therefore, the normalization
parameter p is defined as:
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Y o

Fig. 1 Radar chart representation of biomechanical indices for race-
walking. The red indices are related to infringements, the black indi-
ces are related to performance. The blue transparent area (€) repre-
sents the synthetic index (color figure online)

S-S

p= min
Sax — 9

(16)

max min

All the parameters are shown in a synthetic radar chart (see
Fig. 1). The calculation of the polygon area, defined in the
following as A, allows us to obtain a synthetic index € for the
gesture evaluation. Indeed, it allows us to take into consider-
ation the constraints given by infringement in performance.
This index is expressed as:

Amax ’ (17
where A,,,, is the maximum possible area (area of a regular

pentagon with unitary radius). In summary, the minimum
conditions to guarantee an acceptable level of correct tech-
nique are fixed (assuming the threshold values of 0.4 for the
infringements parameters d and o) and the definition of the

best acceptable € value (e, ) is carried out:

A
€. . =
Opt Am\x

a<04 (18)
5 <04,

3 Experiments

In this section, the experimental validation is described to
evaluate the biomechanical indices in a field scenario. Fur-
thermore, a statistical analysis is presented.
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3.1 Participants

Nine world-class Olympic race-walkers were included
in this study: seven males (three specialized on 20 km
and four on 50 km); two females (specialized on 20 km)
from Italy, Germany and Czech Republic agreed to par-
ticipate in this study. All race-walkers were member of
their national team; seven race-walkers possessed the
World Championship Entry Standard for London 2017
(1:24:00 in 20 km male, 4:06:00 in 50 km for male and
1:36:00 in 20 km female) and the other two possessed a
personal best proximally to entry standard. The partici-
pants had not suffered severe injuries in the 12 months
before the testing day. The race-walkers were informed
about all tests and possible risks involved and provided
informed consent before testing, in accordance with the
Committee of the University of Naples Federico II, who
approved the study. After an initial briefing, the test
leader collected the informed consent from volunteers
as well as their personal details (i.e., personal best on
20km: 13.8 + 0.7 km/h, age: 25.3 + 4.7 years, experience:
11.7 + 5.5 years) and anthropometric characteristics (i.e.,
stature: 174.3 +4.0cm). All values are expressed as mean
+ standard deviation.

3.2 Experimental set-up

Data were collected using an inertial system (i.e., the
model type G-Sensor2, BTS) with the following technical
features: mass of 62 g, dimension of 7.8 X 4.8 X 2.0cm,
set at frequency f of 200 Hz (1/5 ms), + 8 g for the tri-axis
accelerometer, + 300 gps for the tri-axis gyroscope sen-
sor. The sensor was located at the bottom of the athletes
vertebral column in correspondence of the L5-S1 inter-
vertebral space. Trials were performed on a long-paved
road, which was straight and flat in accordance to the
IAAF recommendations about race-walking courses [1].
After a standard self-selected warm up of 15 min (includ-
ing mobility exercise) the athletes performed four trials of
300-m race-walking each, at different incremental mean
speeds (from 12.0 to 14.5 km/h). These speeds for each
race-walker to cover a range from at least 93—-100% of their
racing pace for 20 km (evaluated with respect to the best
results achieved by the athlete in the last two seasons). For
the speeds between 12.0 and 14.0 km/h, the speed incre-
mental gain was fixed equal to 1.0 km/h, then it became
0.5 km/h. Tests with a difference over + 0.2 km/h (for the
speed from 12.0 to 14.0 km/h) and over +0.1 km/h (for
the speed from 14.5 km/h) were excluded from the evalu-
ation. The test-run order of each athlete was randomized.
Using a GPS watch (Forerunner 310X T, Garmin [13]), the
test leader controlled the performance (checking the mean
speed every 50 m) and helped the athlete to keep close to



Biomechanical indices represented on radar chart for assessment of performance and...

Page50f8 4

a constant speed during the test. A rest time of 90 s was
fixed between two consecutive trials and allowed the race-
walker to recover.

3.3 Statistical analysis

Statistical analyses of data were performed using MATLAB
(MathWorks, Natick, USA). To obtain a specific descrip-
tion of the participants’ experimental phase, their per-
centile was related to the stature height variable. For this,
the reference male and female elite race-walkers popula-
tions were screened for normality of distribution using the
Anderson—Darling normality test [16]. The screening of the
performance and infringement data is carried out: (1) for
normality of distribution using the normality test of Kol-
mogorov—Smirnov; (2) for the homogeneity of variances
using the Levene’s test. The magnitude of differences, or
effect sizes (ES), for each performance and infringement
parameter (and for the related key performance index), at dif-
ferent speeds, were calculated according to Hedges’ g value
and interpreted as trivial (ES < 0.25), small (ES > 0.25 and
ES < 0.5), moderate (ES > 0.5 and ES < 1.0) and large
(ES > 1.0), according to the scale proposed by Frohlich [17]
for highly trained participants. Finally, to assess the weight
of the key performance indices (i, p, ¥, « and d) on the race-
walking overall index (e), the k index is introduced as:

12,14.
HI2145

i
K

19

i~ 12,145°
2 H,
where H, represents the Hedges’ g value for a generic key

performance index i evaluated between the groups at the
minimum speed (12.0 km/h) and maximum one (14.5 km/h).

4 Results and discussion

Two world-class Olympic race-walkers reference popula-
tion (male and female) were derived, starting from the
personal cards data of 140 males (176.6cm + 7.5cm, AD
equal to 0.369 and p value equal to 0.422) and 72 females
(163.1cm + 6.2cm, AD equal to 0.478 and p value equal
to 0.229) Olympic race-walkers in Rio de Janiero [18]. The
analysis underlined how the participants of our research
study were representative of the reference population.

Indeed, they cover a large range from 8th to 97th percentile
(in detail: 8th M, 19th M, 27th M, 57th M, 60th M, 63th M,
68th M, 92th F, 97th F). The sample size of nine athletes is
also sufficient. Indeed, it is comparable with previous works:
a recent review on biomechanics in race-walking states that
over 65% of the studies on this topic present a number of
participants smaller than 10 [5].

For each race-walking test, excluding the initial accelera-
tion phase of the athlete (fixed equal to 10 s), 180 consecu-
tive steps (e.g., six sequences of step for each trial) were
considered. So, 24 sequences of steps (720 steps) for each
athlete were evaluated. A total of 36 tests (144 sequences
of step, for a total of 25,920 steps) were evaluated. Table 1
shows performance and infringement parameters for the
four speeds of the trials (cf. Sect. 2.1). It shows an increas-
ing trend of the LOGCy,, LOGC, SC and SLR values
with growing speeds; this is in accordance with previous
literature [2, 5]. At speeds slower than 13 km/h, the mean
LOGCs , of step sequences is under 40 ms, and only a few
sequences have LOGCr , greater than 40 ms (LOGC value
close to 0). In accordance with the literature, with increas-
ing step frequencies, the smoothness improves (decreasing
jerk values).

Figure 2 reports the key performance indices (for all nine
athletes) evaluated according to the proposed equations (cf.
Sect. 2.2) and plotted on radar charts. According to the lit-
erature [2, 5], they show a decreasing trend for infringement
indices (a and &) and, on the other side, an enhancement of
the performance indices (i, p and y) as the speed increases.
From the performance analysis point of view, the radar
chart allows us to understand strong and critical points that
characterize the technique of the athlete. For example, the
radar charts underline how Athlete 2 and Athlete 9 have step
length values (p) better than step cadence values (y); there-
fore, step length values represent their strong point. Indeed,
Athletes 5, 6 and 7 have the strongest technical feature in
step cadence. Moreover, the derivation of custom strategies
diversified for the main type of race competition (men and
women 20 and 50 km) could improve the athlete’s gesture
analysis. From the infringement analysis point of view, at
the starting speed, the considered indices are at their opti-
mum (around zero); then they worsen with growing speeds,
sometimes suddenly. Finally, € allows to individuate the
speed where the graph area has the maximum value. Indeed,
this value can suggest the speeds of the best compromise to

Table 1 Performance and

jab mal Speed (km/h) LOGC; , (ms) LOGC¢ (-) SC (steps/s) SLR (%) S

infringements indices as ’

collected during trials 12.0 21+7 0.08 +0.09 3.10 +£0.07 61.9+2.38 6.28 + 1.40
13.0 34+7 0.34+0.25 3.20 +0.08 64.6 £3.2 539+ 1.44
14.0 45+ 8 0.63 +0.26 3.29 +£0.07 67.3+£3.1 4.65+ 1.12
145 5149 0.75+0.26 3.34 +0.07 69.3+3.3 444 +1.19
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Fig.2 Radar charts of the nine athletes involved in the experimental
tests. The colored areas graphically show the trend of the indices at
different speeds (blue: 12.0 km/h, red: 13.0 km/h, green: 14.0 km/h,

achieve at the same time both the optimal SLR and SC val-
ues, while ensuring an acceptable level of correct technique
(€ope €€ (17)). From the diagrams, this speed varies between
athletes with values between 12 and 14 km/h.

The ES analysis underlines that the performance indices
p and y always have moderate ES (except for y having large
ES between 13 and 14 km/h). Moreover, Fig. 3 shows a
reduction of ES in the last pair of speeds (14.0-14.5 km/h),
characterized by a fixed smaller gain of speed. The third
performance index (p) shows a trivial ES with a small
value only between 13 and 14 km/h. For the smoothness,
to analyze possible more significant variance, an additional
investigation could be carried out on smoothness rotation
indices (related to the vertical angular velocity). Indeed,
infringement indices show large ES for speed pairs of
12.0-13.0 km/h and 13.0-14.0 km/h. Instead, in the last
comparison (14.0-14.5 km/h), smaller ES values arise
(small for & and moderate for ). It is important to notice

INTERNATIONAL SPORTS ENGNEERING ASSOCATION

yellow: 14.5 km/h). The greater the area is, the better the gesture is
(color figure online)

that the reduction of ES value in the last comparison (under-
lined both in infringement parameters (d and ) and in the
performance ones (p and y) is also related with the reduction
of speed incremental gain (from 1.0 to 0.5 km/h).

Then, according to (19), the k indices shown in Fig. 4 are
derived. The pie graph shows how, even if the infringement
indices are fewer than the performance ones (2 compared to
3, respectively), their weight represents almost 50% of the
total. This demonstrates their important role in the defini-
tion of the total area €, as well as a good balance between
performance and infringement indices contribution in the
radar chart structure. This study was related to objective
evaluation of the indices: a future study will be based on
the ranking of relative importance of the indices from an
end-user perspective, involving the subjective evaluation of
judges, trainers and athletes [19].
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Fig. 3 Effect sizes ES, according to Hedges’ g value, related to performance (i, p, ), infringement (o, 8) and overall (€) indices, computed at
different speeds
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Fig.4 Pie graph showing the percentage values of k for all the bio-
mechanical indices

5 Conclusions

In this paper, the definition of five biomechanical indices and
their intuitive representation for judging and training pur-
poses in race-walking are presented. Two indices describe
infringements (a and §), and three others performance (., p
and y). These indices allow the user to understand when the
speed becomes critical for a correct execution of the gesture,
as well as strong and critical points that characterize the
technique of the athlete. The statistical analysis underlines
the reliability of the proposed method, which shows a good
balance between infringement and performance contribution
to the athlete’s assessment. The synthetic index € (in combi-
nation with an acceptable level of infringement parameters)
could allow to individuate the best quality of gesture with
the possible optimal race pace speed. The proposed biome-
chanical indices are ready for the implementation on a wear-
able inertial-based system to assist training and judgement
processes in race-walking.
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