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Abstract: The use of inertial and physiological sensors in a sport such as judo is scarce to date. The
information provided by these sensors would allow practitioners to have a better understanding of
sports performance, which is necessary for an accurate training prescription. The purpose of this study
was to use inertial and physiological sensors in order to investigate the effect of a plyometric and
high-intensity interval training (HIIT) training program on Special Judo Fitness Test (SJFT) performance
and speed of execution of throws in young judokas. A total of 32 participants were divided into two
groups: experimental and control. The intervention consisted of six sessions with a duration of 60 min
for 3 weeks. Physiological sensors collected heart rate data to assess the Special Judo Fitness Test, and
inertial sensors collected angular velocity. The results show a significant decrease in the SJFT index
(Score pre: 22.27 ± 2.73; Score post: 19.65 ± 1.70; p ≤ 0.05; d = 0.61) and a significant increase in the
angular velocity of the X-axis (Pre: 320.87 ± 51.15◦/s; Post: 356.50 ± 40.47◦/s; p ≤ 0.05; d = 0.45)
and Y-axis (Pre: 259.40 ± 41.99◦/s; Post: 288.02 ± 65.12◦/s; p ≤ 0.05; d = 0.31) in the experimental
group. In conclusion, this study demonstrates that using inertial and physiological sensors allowed
us to analyze the effect that a high-intensity interval training program and plyometrics had on the
performance of young judokas. Strength and conditioning coaches should consider these results because
including plyometric training and HIIT in judokas’ workout programming can be especially positive
for eliciting increases in performance. However, future training interventions should investigate the
training adaptations to longer interventions.

Keywords: motion capture; motion analysis; physical activity sensing; wireless sensor networks;
monitoring application

1. Introduction

In recent years, an increasing number of publications have applied inertial sensors
technology to quantify physical activity and sports performance [1–3]. The main advantage
of inertial sensors is that they may be used in the field context, and a substantial amount of
performance external load measures may be collected [3,4]. Moreover, some inertial sensors
may synchronize with physiological sensors that collect internal load measures (e.g., heart
rate) [5]. Consequently, this allows practitioners to obtain a better understanding of sports
performance, and several systems are currently available on the market.

Judo is a Japanese martial art in which players use body weight and balance to throw
or pin their opponent [6]. It has been an Olympic sport since 1964 for the men’s category
and since 1992 for the women’s category [7]. It is a high-intensity intermittent combat sport
that requires complex skills, in which a wide variety of physical qualities must be developed
to achieve optimal technical–tactical performance and, in turn, sporting success [8]. The
competition is divided according to age and weight. The duration of the match is up
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to 5 min, but if an athlete obtains an Ippon (full point) the match ends regardless of the
remaining time. In the event that there is no winner, the match is decided on golden score.
Therefore, the duration can range from a few seconds to golden score [9].

The practice of judo during childhood and adolescence is related to several beneficial
effects on the parameters of cardiovascular and bone health [10]. As observed in a recent
study [11], it is established that physical activity benefits executive functions and academic
performance in children. Results show that children who practiced martial arts presented
better executive functioning and higher school grades [12]. These findings affirm that judo is
an effective exercise for health promotion and an optimal way to maintain physical activity
and practice sports [13]. As a consequence of the numerous benefits developed above,
achieving greater sports performance in judo can increase sports motivation. Performance
can be evaluated using the validated SJFT, and its application in this population lacks
studies regarding performance and physiological adaptations [14].

The SJFT [15] is a popular and specific test for judo since it aims to assess the aerobic
and anaerobic lactic capacity of the judoka. This test, of an intermittent nature, is especially
helpful and has provided a significant improvement in the study of judo since it provides an
advantage by recreating real movements in the discipline, specifically the Ippon-Seoi-Nage
technique [16]. As explained above, the duration of a judo match is not exact. However,
most matches typically last 3–4 min [17], with 20–30 s periods of activity and 5–10 s of
breaks or pauses [18]. Therefore, the duration of the test is related to the time and the real
energy demands of a fight. Furthermore, according to a recent study [19], the importance
of execution speed in projections in the SJFT has been observed. In the training process,
physical fitness tests, special fitness tests specific to the sport, and kinematic measures
should be used to give optimal control to training [20,21]. In addition, the kinematic
variables play a fundamental role since judo is a very technical sport, and the moment
of application of force and movement (performing a multitude of turns) are decisive [22].
Therefore, a relationship is observed between the performance and analysis from the point
of view of the rotation in the projections.

Although there are studies in young athletes from other sports (e.g., baseball or swim-
ming) analyzing biomechanics and physiological responses [23,24], there is currently a
lack of studies in the literature on the application of inertial and physiological sensors
technology to analyze sports performance in judokas, specifically in children and adoles-
cents [25]. As observed in a previous study [26], it has only been investigated in adult
judokas. However, coaches may use this information to design training strategies and
optimize performance. For example, one might wonder which training strategies enhance
performance in the SJFT. Regarding the specific training protocol for judokas, there is no
isolated training system, and they can be subjected to several mixed protocols [27]: stan-
dard judo training with strength training, standard judo training with aerobic training, and
standard judo training with HIIT [28]. However, plyometric training with HIIT seems to be
the best combination to improve both the result of the SJFT [29–31] and neuromechanical
adaptations [32].

Therefore, the main objective of this study was to use inertial and physiological
sensors in order to investigate the effect of a plyometric and HIIT training program on SJFT
performance and the speed of execution of throws in young judokas. Furthermore, since
the SJFT is composed of three rounds of projections, the effect of the round on the execution
speed of the projections was considered.

2. Materials and Methods
2.1. Study Design

This study was designed as a non-randomized experimental intervention, based on
organizational criteria derived from practical principles. The sample was divided into
2 groups. The experimental and control groups were measured during the SJFT before
and after the intervention period for 3 weeks. During this period, both groups completed
their regular 3 sessions of standard judo training (duration per session: 90 min) per week.
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However, the experimental group performed 2 sessions of plyometric training combined
with HIIT (duration per session: 60 min) per week.

2.2. Participants

Thirty-two participants (age: 12.84 ± 1.69 years; height: 157.19 ± 12.59 cm; weight:
47.13 ± 14.01 kg; time practicing judo: 5.44 ± 1.87 years) voluntarily collaborated in the study.
They were divided into two groups (experimental group: n = 16; control group: n = 16; both
groups formed by 7 females and 9 males), organized regarding their usual activity schedule,
taking into account that the sample was the same number of male and female participants for
both groups. Participants were included if (a) they were born between 2007 and 2011, and
(b) they knew how to perform the Ippon-Seoi-Nage throwing technique (Figure 1). If any
judoka had experienced any musculoskeletal injury within the last 3 months before the
study, they were excluded from the study. Before participation, they were informed of the
performance of the test and the requirements and risks involved in the study. The consent of
the father, mother, or legal guardian was requested since all were under 18 years of age. This
study was conducted according to the Declaration of Helsinki, and it was approved by the
University of Almeria Bioethics Committee (UALBIO2014/009).
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2.3. Procedures

The data collection was carried out during the regular practice of their training. The
SJFT was performed in all participants. A protocol was adapted for the entire sample,
based on a previous study [33] (Table 1) performing the usual joint mobility of the sample
training sessions and a slight individual plyometric activation prior to the test [29]. All
the ukes (that is, subjects on whom the action is performed) were of similar weight and
height to tori (the subject who performs the action and the test). The total number of throws
completed by the toris during each of the three periods was recorded; the toris’ heart rate
was immediately measured after the end of the test and 1 min after the test. The SJFT
index was calculated according to the following equation: Index = (HR after + HR 1 min
later)/total number of throws. The index value decreases with better test performance [34].
During the minute of recovery, they had to perform at the same mark where the test began.
Specifically, the study’s variables were: the score obtained during the SJFT (Formula (1))
and the angular velocity in the sagittal and transverse planes during each projection of the
SJFT. Formula (1): Calculation of the score obtained in the SJFT (end of the test + 1 min at
the end of the test):

SJFT score =
HR after + HR 1min later

Σ Throws
(1)

2.4. Instruments

The SJFT consists of performing the largest possible number of projections on two
ukes located 6 m apart from each other, starting from an equidistant position, in three
periods of time (15” 30” and 30” with 10” of passive recovery between each period). At the
end, there is a passive rest of 1 min [16].
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Table 1. Warm-up protocol adapted [33].

Exercise Volume

Jogging 5 min
Stretching 5 min
Break fall drills (Front, back, side, and rolling) 5 repetitions each
Uchikomi (throwing drills) 1 × 10 repetitions
Rapid Uchikomi Ippon-Seoi-Nage 1 × 10 repetitions
Power Uchikomis Ippon-Seoi-Nage 1 × 5 repetitions
Nagekomi (practice throw) 1 × 5 repetitions
Vertical jump (before individual test) 2 × 4 repetitions
Horizontal jump (before individual test) 1 × 4 repetitions

For the dynamic measurement of the trunk, a WIMU Pro device (RealTrack Systems,
Almería, Spain) (Figure 2A) was used. This device consists of several inertial sensors (four
3D accelerometers, three 3D gyroscopes, a magnetometer, and a barometer) that collect
data at a sampling frequency of 100 Hz [4]. Specifically, the device provides 3D (x, y, and
z) angular velocity data. The device was placed vertically in an elastic pocket (Aptonia,
Lille, France) [1] attached above the xiphoid process (Figure 2B). The device was calibrated
just before the start of the test following the manufacturer’s instructions on WIMUNET
(RealTrack Systems, Almeria, Spain). The device was then placed on a stable surface. The
device was turned on and allowed a 30 s pause before starting to record the session. To
record the heart rate signal, a GARMIN band (Garmin Ltd., Olathe, KS, USA) (Figure 2C)
was used, which sent the data to the WIMU PRO system (RealTrack Systems, Almería,
Spain) through Ant + technology with a sampling frequency of 4 Hz [4]. Once the data
collection session finished, the data were transferred to SPro software (RealTrack Systems,
Almería, Spain) and synchronized with the video (Figure 3).
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heart rate signal (C).

2.5. Statistical Analysis

First, a Shapiro–Wilk normality test was performed to analyze the normality of the
variables. Since the variables had a normal distribution, the paired Student‘s t-test was
used to compare the data obtained in the pre-test and post-test performance variables.
Between-group effect size (Cohen’s d) was calculated using a pooled standard deviation
and classified as: trivial (0–0.19), small (0.20–0.49), medium (0.50–0.79), and large (≥0.8) [35].
In addition, in order to determine the effect each round of the SJFT had on the angular
velocity in each axis of movement and group of participants, a general linear model of
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repeated measures was performed. Statistical analysis was performed using IBM SPSS
Statistics version 25 software (SPSS, Inc., Armonk, NY, USA), and the level of significance
was set at p ≤ 0.05.
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3. Results

Table 2 shows the comparison between the result of the SJFT in the experimental group
and control group. A decrease in the SJFT score with statistically significant differences
(p ≤ 0.001) was observed in the experimental group. However, no significant changes were
observed in the control group (p = 0.05).

Table 2. Comparison between pre-test and post-test evaluations in the SJFT.

Group Variable Pre-Test
(Mean ± SD)

Post-Test
(Mean ± SD)

Mean
Differences

(Mean ± SD)
p d by Cohen

Experimental
SJFT (score)

22.27 ± 2.73 19.65 ± 1.70 2.61 ± 2.01 0.00 0.61
Control 20.66 ± 2.09 20.27 ± 2.69 0.3878 ± 2.43 0.53 0.00

Note: SJFT = Special Judo Fitness Test; SD = standard deviation.

Table 3 shows the comparison in the speed of rotation on the X- and Y-axes. An
increase in the angular speed on the X-axis was observed with statistically significant
differences (p ≤ 0.001) in the experimental group and significant differences on the Y-axis
(p = 0.02). However, no significant changes were observed in the control group on the
X-axis (p = 0.29), nor on the Y-axis (p = 0.92).

The angular velocity recorded in each axis of movement according to the rounds of
the SJFT and the group of participants is shown below (Table 4). A significant effect of the
“round variable” was observed in the angular velocity on the X-axis of the experimental
group (F = 10.81; p ≤ 0.001; ηp2 = 0.68). Specifically, an increase in the angular velocity on
the X-axis was observed with statistically significant differences (p = 0.01) in rounds two
and three, in the experimental group. However, no significant changes were observed in
the control group on the X-axis (p > 0.05) in any of the three rounds.
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Table 3. Comparison of the speed of rotation on the X- and Y-axes between pre-test and post-test
evaluations in the SJFT.

Group Variable Pre-Test
(Mean ± SD)

Post-Test
(Mean ± SD)

Mean
Differences

(Mean ± SD)
p d by Cohen

Experimental
Angular velocity

on the X-axis (o/s) 320.87 ± 51.15 356.50 ± 40.47 35.62 ± 31.98 0.00 0.45

Angular velocity
on the Y-axis (o/s) 259.40 ± 41.99 288.02 ± 65.12 28.62 ± 44.71 0.02 0.31

Control
Angular velocity

on the X-axis (o/s) 303.26 ± 43.85 297.71 ± 38.10 5.54 ± 20.28 0.29 0.00

Angular velocity
on the Y-axis (o/s) 241.33 ± 44.69 242.56 ± 36.65 1.23 ± 49.16 0.92 0.00

Note: SJFT = Special Judo Fitness Test; SD = standard deviation.

Table 4. Comparison of the differences in mean speed of rotation on each axis in the 3 rounds,
between pre-test and post-test evaluations in the SJFT.

Axis Group Variable Pre-Test
(Mean ± SD)

Post-Test
(Mean ± SD)

Mean
Differences

(Mean ± SD)
p d by Cohen

X

Experimental

Angular velocity
(o/s): R1 333.24 ± 62.33 368.66 ± 47.98 35.42 ± 11.71 0.08 0.30

Angular velocity
(o/s): R2 320.83 ± 56.95 355.59 ± 43.89 34.76 ± 9.22 0.01 0.40

Angular velocity
(o/s): R3 308.54 ± 46.18 345.23 ± 48.10 36.69 ± 9.59 0.01 0.31

Control

Angular velocity
(o/s): R1 313.55 ± 51.16 308.14 ± 51.64 5.41 ± 11.71 1.00 0.00

Angular velocity
(o/s): R2 300.01 ± 50.53 298.06 ± 33.59 1.95 ± 9.22 1.00 0.00

Angular velocity
(o/s): R3 296.20 ± 46.48 286.95 ± 36.71 9.26 ± 9.59 1.00 0.00

Y

Experimental

Angular velocity
(o/s): R1 271.40 ± 53.69 303.50 ± 53.69 32.09 ± 14.95 0.60 0.36

Angular velocity
(o/s): R2 262.17 ± 50.83 281.19 ± 68.13 19.02 ± 12.71 1.00 0.10

Angular velocity
(o/s): R3 244.63 ± 38.39 279.39 ± 66.41 34.75 ± 14.30 0.32 0.31

Control

Angular velocity
(o/s): R1 234.43 ± 60.22 245.37 ± 49.33 10.94 ± 14.95 1.00 0.00

Angular velocity
(o/s): R2 249.22 ± 46.00 240.30 ± 36.83 8.93 ± 12.71 1.00 0.00

Angular velocity
(o/s): R3 240.35 ± 41.47 260.71 ± 55.97 1.68 ± 14.30 1.00 0.00

Note: SJFT = Special Judo Fitness Test; SD = standard deviation; R1 = Round 1; R2 = Round 2; R3 = Round 3.

When it comes to the Y-axis, no significant differences (p > 0.05) were observed in the
pairwise comparison for any of the rounds of SJFT or groups.

4. Discussion

The purpose of this study was to use inertial and physiological sensors to investigate
the effect of a plyometric and HIIT training program on SJFT performance and execution
speed of throws in young judokas. The main findings were that physiological sensors
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showed a significant decrease in the SJFT index, which implies an improvement in the test
since the lower the index value the better the test performance [34], and inertial sensors
showed a significant increase in angular velocity (both X- and Y-axes) in the experimental
group. Furthermore, since the SJFT is composed of three rounds of projections, the effect of
the round on the execution speed of the projections was considered.

The results of the intervention were satisfactory, obtaining a decrease in the score in
the SJFT test in the experimental group (p ≤ 0.001) compared to the control group (p = 0.05).
This is explained by the fact that the decrease in the index of the SJFT index is related to
an increase in performance [34]. Consequently, three sessions of standard judo training
per week combined with two sessions of plyometric training and HIIT per week may be
considered a potential training strategy to improve the performance of young judokas.
The use of physiological sensors is necessary because it is of great importance to monitor
training adaptations [36] and assess physiological qualities for movement optimization [37].
The impact of fatigue has been observed as a key factor in performance and biomechanical
variables [38], increasing the risk of injury with increased physiological fatigue, as it appears
to be a multifaceted phenomenon involving central and peripheral factors, resulting in a
slowing of the motor unit and a decrease in maximal force and power [39–42].

Regarding the rotation speed in the X- and Y-axes, significant increases in the angular
speed in both axes were observed in the experimental group: (p ≤ 0.001) and (p = 0.02),
respectively. Therefore, a significant improvement in the angular velocity and performance
in the SJFT of the experimental group was observed in comparison with the control group.
However, in the “round variable”, the only significant changes were seen in the X-axis for
the experimental group (p = 0.01). In this axis, the movements are made in the transverse
plane [43] and, in the Y-axis, the movements are made in the sagittal plane. Although
most of the actions in the competition should be performed at maximum speed, it is
important to study the kinematics of the actions, acquiring energy and technical efficiency,
both for performance and injury prevention [44,45]. A biomechanical analysis can help to
understand the techniques of a highly technical sport such as judo [46]. During the SJFT,
increased mechanical work during periods of active throwing would affect performance
through altered patterns of recovery and fatigue throughout the testing procedures [47].
Thus, a finding emerges regarding forward-looking performance variables [48], and the
key factors that lead to the successful movement will help us to understand some unknown
affordance of movement [49] due to the improvement of inertial sensors that have facilitated
the evaluation of angular velocity and physiological variables.

Both groups performed standard judo training according to their regular annual
training plan. Although the SJFT index and angular speeds did not significantly change in
the control group, the mean values show a slight improvement in the control group (change
in SJFT index: −0.39; change in Y-axis angular speed, round 1: 10.94◦/s; change in Y-axis
angular speed, round 2: 20.36◦/s). This may be due to the possible improvement in the
techniques performed in the standard judo training (e.g., the Ippon-Seoi-Nage technique
was frequently included in their sessions) or familiarization with the test. However, the
Ippon-Seoi-Nage technique is a complex action and its performance requires a learning
process [50]. Only the experimental group significantly improved performance in the test,
which is another clear argument highlighting the validity of the intervention program.

One of the advantages of this study is the novel application of non-invasive, time-
resolved sensor data [51], supplemented with a heart rate monitor to record heart rate
response. This may support the development of strategies to improve judo performance.
Moreover, the development of technology has allowed us to obtain kinematics data, demon-
strating that sports biomechanics is of interest to determine the mechanical power of certain
movements [52]. The application of inertial and physiological sensors allowed us to analyze
the impact that a plyometric training program combined with HIIT has on the performance
of young judokas. In addition, another advantage on this study is that the study population
is novel in the analysis of both biomechanics and heart response to SJFT [53,54], and that
most of the literature has focused on injuries [7,44,55].
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However, this study has some limitations. On the one hand, despite the fact that
some studies have been published on the kinematics of judo [56,57], due to the techni-
cal limitations and the measurement environment during this period, research mainly
focuses on investigating the static balance during the preparation phase in the throwing
techniques [46], for which the variables of performance have inertial sensors. The sample
could be larger, and the intervention time could be longer to assess whether performance
keeps increasing. Moreover, conducting this kind of research on elite judokas could be
more reliable since children and adolescents experience continuous growth and develop-
ment [25]. In addition, the participants must be the same weight, height, and level, since
two extra people are needed to carry out the test, who receive numerous impacts. Moreover,
difficulties have been found in the fixation of the elastic pocket in the xiphoid process for
female participants.

5. Conclusions

This study demonstrated that using inertial and physiological sensors allowed us to
analyze the effect that a high-intensity interval training program and plyometrics combined
with the standard judo training had on the performance of young judokas. The main find-
ings of this study are that a significant improvement in the SJFT index and angular velocity
(both X- and Y-axes) was observed in the experimental group. Therefore, this technology is
important for measuring judo training performance. Strength and conditioning coaches
should consider these results because including plyometric training and HIIT in judokas’
workout programming can be especially positive to elicit increases in performance.
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