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Abstract: The physiological, kinematic, and performance benefits of slide board (SB) training are
well established. However, there is limited research investigating the potential effects offered by
combining SB training with whole-body vibration (WBV). This study aimed to evaluate the impact of
WBV on movement variability (MV) and physiological parameters during an incremental SB skating
test. Ten elite ice hockey players (20.4 ± 2.07 years; 1.79 ± 0.05 m; 75.97 ± 5.44 kg; 23.64 ± 1.64 body
mass index) participated in this study. An incremental test was conducted on the SB under two con-
ditions, randomized in order: WBV (30 Hz) and non-WBV (0 Hz). The incremental test rhythms
were established at 30, 35, 40, and 45 Hz. Participants performed the exercise on the SB at each
rhythm for four minutes, for a total of 16 mins. MV, subjective perception of effort (RPE), heart rate
(HR), and ergospirometric parameters were assessed. Differences were observed between rhythms
in ergospirometric parameters and HR, increasing directly with rhythm (p < 0.05). Regarding dif-
ferences between conditions, MV was higher when the incremental test was performed with WBV
(p < 0.01). The addition of WBV during SB training resulted in a rise in MV without affecting
physiological parameters.

Keywords: entropy; whole-body vibration; cardiorespiratory; metabolic; slide training; skating; ice
hockey; off-ice training

1. Introduction

In the 1950s, wooden slide boards (SBs) served as a valuable off-ice sport-specific
training tool for Olympic skating athletes [1]. Since then, SB exercise has increased in
popularity among skating athletes (i.e., speed skating, figure skating). Unlike traditional
aerobic exercises that primarily engage sagittal plane movements, skating on an SB places
skaters in a frontal plane, thereby emphasizing lateral movements and replicating the sport-
specific physiological demands of figure skating. This exercise can serve as an effective
sport-specific alternative to conventional off-ice training strategies for competitive figure
skaters [2]. Studies have shown that SB off-ice tests are powerful predictors of both on-ice
speed and acceleration in figure skating [3]. Additionally, SBs have been validated as a
valuable tool to assess maximal and submaximal aerobic indices, providing a valid, specific,
and practical off-ice exercise for evaluating performance, prescribing exercise training, and
monitoring training adaptations in speed skaters [4].

Off-ice testing and training are prevalent in professional ice hockey leagues like the
National Hockey League [5]. While some studies advocate for movement-specific off-ice
performance evaluations to optimize training adaptations, due to the unique physiolog-
ical and neuromuscular demands of ice hockey [4,6,7] nonspecific practices remain the
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norm [8,9]. Track skating tests are more challenging to conduct due to the difficulties
in controlling test conditions. Similarly, the use of skate-specific treadmills often poses
accessibility and cost-related limitations for monitoring training and performance during
the competitive season [10].

Previous research on SB exercise has primarily focussed on analysing physiological,
kinematic, and performance parameters [4,11]. However, the investigation of constraints
during SB skating has been overlooked. In recent years, the application of instability
in training has gained popularity as a means of destabilizing the body and increasing
muscle demands, leading to enhanced neuromuscular adaptations. Different devices,
including mechanical vibration platforms, have been used for this purpose. These plat-
forms generate mechanical vibration, which is then incorporated into exercises. The most
popular vibration modality applied to lower extremity exercise is whole-body vibration
(WBV) [12]. WBV is known to improve various aspects of neuromuscular performance,
including strength [13], stability [14], and muscle activity [15]. While studies have anal-
ysed physiological and performance parameters associated with WBV and its adaptive
and training effects [12], nonlinear analyses of movement variability (MV) are relatively
scarce [16]. From a constraint-led approach, skating across a WBV environment on an
SB can be considered an environmental constraint since the performer must adapt to suc-
cessfully performing the exercise while navigating the unstable surface. This approach
could potentially enhance specificity and develop challenging training environments that
increase MV and adaptability [17].

The importance of evaluating the effect of constraints in nonlinear terms is widely
recognized, as these components can unveil insights into the underlying dynamics of the
system [18]. Various methodologies exist for analysing human motion and evaluating
variability in order to detect changes in spatiotemporal characteristics and patterns [19–21].
It is recognized that linear methods possess certain limitations, especially in ascertaining the
complexity of motion and the temporal structure inherent in a time series [22]. To overcome
these constraints, a nonlinear approach, such as entropy measures, can be utilized [19,23].

In MV analysis, entropy stands out as one of the most promising metrics for evaluating
the complexity of biological signals [24]. Within this context, sample entropy (SampEn)
analysis has emerged as a widely accepted method for quantifying system complexity.
This approach has been effectively employed to characterize alterations resulting from
various interventions in resistance training [19,25] and to assess running performance [26].
However, entropy analysis has been limited in its application to evaluate the amount of
complexity induced by vibration environments [16]. Therefore, using tools like entropy,
the functional variability of athletes during movement performance must be considered a
key element in identifying the extent to which constraints cause perturbation [27].

The increase in MV during WBV exercise could be considered as a promoter of
environmental adaptability, which is a crucial aspect of enhancing athletic performance [28].
The integration of WBV into training exercises provides a promising avenue for eliciting
adaptations at various levels of the neuromuscular system, thereby approaching the reality
faced by athletes [29]. Additionally, the increased stretch–shortening cycle of skeletal
muscles, a characteristic of WBV training, can elicit sufficient muscular activity to elevate
whole-body oxygen consumption (VO2) [30,31]. By building upon these premises, we
hypothesize that combining SB training with WBV could induce profound alterations in
physiological parameters and MV. Therefore, this study aimed to evaluate the impact of
WBV on MV and physiological parameters during an incremental SB skating test.

2. Materials and Methods
2.1. Participants

For this study, ten elite male ice hockey players from a professional team in the Spanish
National League volunteered to participate in this study. The assessment was scheduled
at the conclusion of the ice hockey season, coinciding with the transition period marked
by ongoing training activities. The procedures of this study were in strict accordance with



Appl. Sci. 2024, 14, 1342 3 of 13

the Declaration of Helsinki (2013) and approval was obtained from the Ethics Committee
for Clinical Sport Research of Catalonia (Study Approval Number: 06/2018/CEICGC).
To maintain anonymity, a code was assigned to each participant. Table 1 shows the
characteristics of the participants (age and anthropometric parameters).

Table 1. Participants’ characteristics.

Parameters n = 10

Age (years) 20.4 ± 2.07
Height (m) 1.79 ± 0.04

Leg height (m) 0.92 ± 0.03
Weight (kg) 75.97 ± 5.43

BMI 23.64 ± 1.64
BMI: body mass index.

Participants were included in this study if they met the following criteria: (i) not
suffering from any type of illness, stroke, injury, pain, or a condition that would preclude
WBV training (i.e., musculoskeletal and/or chronic disorders); (ii) not taking medication
or supplementation during the study period; (iii) not smoking or consuming drugs or
stimulant drinks (i.e., caffeine; alcohol) in the 24 h prior to each test; (iv) have trained
regularly during the previous 30 days; and (v) have not performed intense exercise (any
physical activity beyond their activities of daily living) in the 24 h prior to each test. In
addition, the researchers informed the participants about nutritional and rest guidelines
prior to the assessments. To homogenize conditions, study participants had no previous
experience in SB training with or without WBV.

2.2. Study Design

A crossover design was conducted where each participant performed an incremental
SB skating test under WBV and non-WBV conditions in two different sessions separated by
6 to 8 days. The order of testing was randomized and counterbalanced. Ice-hockey players
performed a familiarization session one week before the start of the incremental tests. The
familiarisation period was carried out, as the participants had no experience of conducting
SB training and it provided a learning-by-doing period prior to the assessments.

2.3. Equipment

The study was conducted on a slide vibration board (SVB) (Patent, P201630075, Vislide;
Viequipment, Movilani System SCP, Sant Joan Despí, Barcelona, Spain (Frequencies: 20,
25 and 30 Hz; Amplitude: 2 mm; Total size: 2.27 × 0.74 × 0.24 m; sliding surface size:
2.00 × 0.59 m). Players wore a pair of nylon socks over their shoes to be able to slide on
the polyethylene surface of the SVB. The different intensities of the incremental test were
controlled through different rhythms using a metronome (Korg KDM-3 Digital Metronome;
Tokyo, Japan) to help the player keep the rhythm by providing auditory feedback and
synchronizing the beep with the end of the slide action [16]. For the WBV condition, the
frequency selected was 30 Hz [32,33].

Throughout each test, the trunk acceleration of the ice hockey players was measured us-
ing a wireless inertial measurement unit (IMU) (WIMU; Realtrack Systems, Almeria, Spain).
Signals from the 3-axial accelerometer (range: ±100 G; sampling frequency: 1000 Hz)
were used.

The IMU was securely attached near the players’ sacrum using an elastic waist belt.
This specific placement was chosen as it provides the most accurate representation of
whole-body movement, given its proximity to the players’ centre of mass [34]. SampEn
was quantified in arbitrary units (a.u.) from the module of the acceleration signal [19]
using specific routines written in MATLAB® (version R2020a, The MathWorks, Natick, MA,
USA). The physiological parameters monitored included expired volume (VE), respiratory
exchange ratio (RER), carbon dioxide production (VCO2), and oxygen uptake (VO2). These
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were measured on a breath-by-breath basis using a K4b2 (Cosmed®; Rome, Italy) portable
gas exchange analyser, which was calibrated as per the manufacturer’s guidelines before
each testing session. Heart rate (HR) data were gathered via radiotelemetry using a SP0180
Polar Transmitter (Polar Electro INC., Kempele, Finland). The subjective perception of
exertion was assessed by means of the rating of perceived exertion (RPE) questionnaire
with the Borg scale [35]. When participants finished each series the evaluators asked, “How
hard did you find the set you performed?”. The scale consisted of 15 items in a range of
scores from 6 to 20 (6 = very, very light; 20 = very, very difficult).

2.4. Incremental Test

The experimental protocol consisted of a 16 min incremental skating test performed
on an SVB (Figure 1) [4,10]. Before the test, a standardized warm-up was performed
consisting of 5 min of general joint mobility, 5 min of cycling, and 2 min of gliding on
the SVB without WBV at a low-intensity rhythm (<30 bpm). After the warm-up, the
participants rested for 5 min. During the rest, the IMU, the pulsometer, and the gas analyser
were put in place. After knowing the condition chosen for that day (WBV or non-WBV),
participants performed 4 min of continuous sliding at each rhythm of 30, 35, 40, and
45 bpm. The rhythms were progressively increased, with a 1 min pause between them. RPE
was assessed between rhythms and at the end of the test. Approximately 6–8 days later,
participants repeated the test with the other condition (WBV or non-WBV).
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Figure 1. Study design. SB: slide board; WBV: whole-body vibration; RPE: rating of perceived
exertion; VE: expired volume; RER: respiratory exchange ratio; VCO2: carbon dioxide; VO2: oxygen
uptake; HR: heart rate.

2.5. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics 22.0 for Windows
(SPSS Inc., Chicago, IL, USA). The Shapiro–Wilk normality test and Levene’s test were em-
ployed to assess normality of data distribution and homogeneity of variances, respectively.
The main analysis was conducted by applying a two-way (rhythms and WBV conditions)
analysis of variance (ANOVA). The Bonferroni post hoc test was used to determine specific
differences between conditions. The level of statistical significance was set at p < 0.05 and
the results were expressed as mean ± standard deviation. F values, p values, effect size
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values (ηp
2; partial eta squared), and the confidence interval (CI) at 95% were determined.

The magnitude of effect size (ES) was established as small (ηp
2 = 0.01), medium (ηp

2 = 0.06),
and large (ηp

2 = 0.14) [36,37]. A simple linear regression model was used to determine
associations between SampEn and the physiological parameters analysed. The R2 values
were obtained.

3. Results

The results obtained in this study are shown below. Figures 2 and 3 show the data
obtained in SampEn and the physiological parameters throughout the incremental test
in both conditions (WBV and non-WBV). Significant differences were reported between
rhythms in the physiological parameters and RPE, which increased directly in relation to
the rhythm (p < 0.001). On the other hand, differences between groups were observed in
SampEn; they were higher when WBV was applied (p < 0.001).

Table 2 shows the results obtained in the differences between rhythms (30, 35, 40,
45 bpm) and conditions (WBV and non-WBV). The ES on the rhythm effect was large
(ηp

2 > 0.14) for all parameters except SampEn. On the other hand, the ES of SampEn on the
condition effect was large. However, for the rest of the parameters analysed, the ES was
small or insignificant. Finally, the ES of the parameters in the interaction between rhythm
and conditions was small or insignificant.

Table 3 represents the intra-group differences in the analysed rhythm effect. Signifi-
cant differences were reported in all the parameters analysed except SampEn. The most
predominant differences were between 30 Hz vs. 40 Hz and 45 Hz (p < 0.01).
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Figure 2. Evolution of RPE, HR, and VO2max during the incremental test with and without vibration.
(A) RPE: rating of perceived exertion; (B) HR: heart rate; (C) VO2max: maximal oxygen uptake
(absolute); (D) VO2max (relative to body weight); WBV: whole-body vibration; * p < 0.05; ** p < 0.01
differences between rhythms.
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Table 2. Sum of squares, F, and ηp
2 values for the different effects analysed.

Rhythm Effect Condition Effect Rhythm × Condition

Parameters Sum of
Squares F ηp

2 Sum of
Square F ηp

2 Sum of
Square F ηp

2

RPE (point) 400.11 33.89 0.585 3.20 0.81 0.011 0.77 0.25 0.003
HR (bpm) 3082.94 22.66 0.486 13.61 0.10 0.001 24.13 8.04 0.002

VO2max (L/min) 3.67 14.57 0.378 0.19 2.25 0.030 0.06 0.02 0.010
VO2max (mL/kg/min) 637.42 17.12 0.416 37.65 3.03 0.040 10.78 3.59 0.012

VCO2max (L/min) 10.32 22.78 0.487 0.09 0.62 0.009 0.16 0.05 0.015
RER 0.18 16.94 0.414 0.00 0.28 0.004 0.00 0.00 0.009

VE (L/min) 11,246.67 16.20 0.403 120.54 0.52 0.007 20.74 6.91 0.001
SampEn (a.u.) 0.00 0.459 0.019 0.20 77.71 0.519 0.00 0.00 0.033

ηp
2: partial eta squared; RPE: rating of perceived exertion; HR: heart rate; VO2max: maximal oxygen uptake;

VCO2max: peak carbon dioxide; RER: respiratory exchange ratio; VE: expired volume; SampEn: sample entropy.

Table 3. Differences between rhythms in the analysed physiological and MV parameters.

Parameters Condition I
(Hz)

Condition II
(Hz)

Mean
Differences

p
CI (95%)

Lower Upper

RPE (point)

30

35 −2.00 0.013 −3.70 −0.29

40 −3.92 <0.001 −5.62 −2.22

45 −6.02 <0.001 −7.72 −4.32

35
40 −1.92 0.018 −3.62 −0.22

45 −4.02 <0.001 −5.72 −2.32

40 45 −2.10 0.008 −3.80 −0.39
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Table 3. Cont.

Parameters Condition I
(Hz)

Condition II
(Hz)

Mean
Differences

p
CI (95%)

Lower Upper

HR (bpm)

30

35 −11.60 0.014 −21.60 −1.59

40 −21.45 <0.001 31.45 −11.44

45 −28.60 <0.001 −38.60 −18.59

35
40 −9.85 0.056 −19.85 0.15

45 −17.00 <0.001 27.00 −6.99

40 45 −7.15 0.339 −17.15 2.85

VO2max
(L/min)

30

35 −0.18 0.275 −0.43 0.06

40 −0.38 <0.001 −0.63 −0.13

45 −0.57 <0.001 −0.82 −0.32

35
40 −0.20 0.187 −0.45 0.04

45 −0.38 <0.001 −0.63 −0.13

40 45 −0.18 0.291 −0.43 0.06

VO2max
(mL/kg/min)

30

35 −2.47 0.177 −5.49 0.54

40 −5.10 <0.001 −8.12 −2.07

45 −7.54 <0.001 −10.56 −4.51

35
40 −2.62 0.127 −5.64 0.39

45 −5.06 <0.001 −8.08 −2.04

40 45 −2.44 0.190 −5.46 0.58

VCO2max
(L/min)

30

35 −0.34 0.039 * −0.67 −0.01

40 −0.66 <0.001 −0.99 −0.33

45 −0.96 <0.001 −1.29 −0.63

35
40 −0.32 0.066 −0.65 0.01

45 −0.61 <0.001 −0.95 −0.28

40 45 −0.29 0.106 −0.63 0.03

RER

30

35 −0.05 0.018 −0.11 −0.006

40 −0.03 <0.001 −0.14 −0.04

45 −0.12 <0.001 −0.18 −0.07

35
40 −0.03 0.302 −0.08 0.01

45 −0.07 0.002 −0.12 −0.01

40 45 −0.03 0.530 −0.08 0.01

VE (L/min)

30

35 −9.47 0.316 −22.52 3.57

40 −19.13 0.001 * −32.17 −0.60

45 −32.02 <0.001 * −45.07 −18.97

35
40 −9.65 0.291 −22.70 3.39

45 −22.55 <0.001 * −35.59 −9.50

40 45 −12.89 0.055 −25.94 0.15

SampEn (a.u.)

30

35 0.013 1.000 −0.03 0.05

40 0.014 1.000 −0.02 0.05

45 0.017 1.000 −0.02 0.06

35
40 0.000 1.000 −0.04 0.04

45 0.004 1.000 −0.03 0.04

40 45 0.003 1.000 −0.04 0.04

ηp
2: partial eta squared; RPE: rating of perceived exertion; HR: heart rate; VO2max: maximal oxygen uptake;

VCO2max: peak carbon dioxide; RER: respiratory exchange ratio; VE: expired volume; SampEn: sample entropy;
* p < 0.05 differences between rhythms (conditions).
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Finally, Figure 4 shows the linear regressions between the physiological parameters
analysed and MV. Significance was observed in the relationships between SampEn and HR
(p = 0.02) and between SampEn and VO2max absolute and relative to body weight (p = 0.02;
p = 0.04). In the rest of the figures, the p value was greater than 0.05.
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4. Discussion

The aim of the present investigation was to evaluate the effects of WBV on MV and
physiological parameters during an incremental SB skating test. The results reported
changes in ergospirometric parameters and RPE in relation to the rhythm (intensity) of the
incremental test in SVB. However, the novelty of this study is its focus on the difference in
MV between the conditions in which the incremental test was performed. SampEn was
higher when the incremental test was performed with WBV in all the rhythms analysed.
In addition, it should be noted that there were no differences between conditions (WBV
and non-WBV) in physiological parameters. An increase in training support by exploiting
different configurations of information movement within different levels of variability has
gained significant traction in recent years. While this study represents the first exploration
of MV in a constrained skating environment, several investigations have explored the
impact of constraints on MV in human sports performance using entropy analysis [38]
(i.e., by analysing video recordings of various sports, including golf and tennis, these
studies have revealed changes in variability patterns associated with different constraint
conditions). Similarly, more recently, SampEn was validated for MV analysis of running
complexity [26]. Moreover, previous studies have indicated an increase in SampEn in the
structure of body acceleration patterns when specific ball constraints were introduced for
elite rugby players [19,25,39]. Our findings align with these previous investigations, which
supports the notion that human performance variability is susceptible to environment
constraints. Thus, SampEn measures could be a valuable tool for analysing perturbations
caused by added constraints.

The SampEn values increased in the WBV condition for all players. The results ob-
tained in the present study agree with those reported by Tuya-Viñas et al. [16] who reported
that adding mechanical vibration to a half-squat exercise resulted in increased MV. These
results suggest that the constraint applied to the SVB exercise induced a change in the
coordination patterns of the system or establishes some combination of stability and adapt-
ability of the movement [28,40]. These findings provide evidence that specific constraints
can enhance the adaptive aspects of MV. The relationship between the degree of MV and
skill and health is evolving [41]. Some degree of motor variability has been shown to be
advantageous as it enables a system more adaptable to internal and external perturbations
that constantly affect the body [16,29]. Therefore, the introduction of a vibration constraint
during the SVB exercise impacts the athletes’ sliding performance, potentially indicating
compromised movement control or coordination in the presence of vibrational constraints.
The perturbation observed under WBV could be attributed to the body’s transient loss
of contact with the SVB surface, leading to a state of being momentarily airborne due to
the lack of a firm attachment [12]. Mechanical vibration interferes with postural control
through complex integrations involving supraspinal structures, which leads to an increase
in phasic muscle activation [42]. As a result, the escalation in MV associated with mechan-
ical vibration could be attributed to the immediate neural modulation triggered by the
vibratory stimulus within the central nervous system.

It is noteworthy that as the rhythm of the incremental test increased, SampEn decreased
when exercise was performed with WBV. This observation was corroborated by linear
regression analysis, which revealed an inverse relationships between SampEn vs. HR
and VO2max. Fatigue is known to decrease movement complexity [43]. Some studies have
proposed that complexity loss is triggered, or at least influenced, by an increase in metabolic
rate [44–46]. Prior researchers have suggested that peripheral fatigue may cause changes in
motor unit discharge, which may be responsible for changes in complexity [46]. Similar
to the current study, Tuya-Viñas et al. [16] reported a similar trend in their investigation.
According to them, this fact could be explained by the relationship between the athlete’s
movement rhythm and the vibration frequency of the SVB. At slower rhythms, the athlete
experiences more vibration cycles than at faster rhythms. Each vibration cycle generates a
vertical force that tends to separate the body from the SVB, resulting in a noncontact phase
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that reduces grip and heightens the challenge of maintaining control [12]. Hence, it is not
surprising that athletes face greater demands for rebalancing at the slower rhythm.

WBV exercise has been used as an adjunct to physical training for athletes and un-
trained individuals alike who seek to improve strength and power or facilitate recov-
ery [32,47,48]. At the metabolic and cardiac level, previous studies that have combined WBV
simultaneously with exercise have reported increases in HR, VE, and VO2max [31,49–51].
Previous research focuses on exercises such as dynamic squat, isometric squat, push-ups, or
lunges. In addition, some of this research has employed WBV frequencies and amplitudes
that exceed those used in the present study, reaching up to 50 Hz. At that frequency, the
only significant differences were observed in VO2max [49]. On the other hand, because lat-
eral gliding is considered a unilateral action, the muscle demand could be lower compared
to a bilateral exercise, which could generate higher energy demands and thus an increase
in VO2max [31].

In the present study, although it was not statistically significant, the performance of the
test in non-WBV conditions showed a tendency towards a higher VO2max (see Figure 2D).
This could be due to different reasons. On the one hand, it should be taken into considera-
tion that the combination of the crouched position, the relatively long gliding phase, and
high intramuscular forces can lead to reduced blood flow to the working muscles [52]. In
addition, WBV combined with physical exercise could further decrease muscle oxygenation.
A decrease in tissue oxygenation has been observed during squatting exercises that was
further aggravated in the presence of WBV [53]. Consequently, exercise combined with
WBV could induce muscle deoxygenation and, therefore, a decrease in VO2max.

On the other hand, in WBV platforms, there is no firm grip and the only downward
force acting on the body is gravity [12]. The application of vibration to individual muscles
causes an illusion of movement in the opposite direction to reflex contraction [54]. Conse-
quently, the rigid body will lose contact and become airborne. This effect together with the
sliding action could decrease the resistance and, therefore, the metabolic muscle demand.

The present study is not without limitations, including (i) a small sample size (n = 10),
(ii) an absence of female players, and (iii) an absence of sample-size analysis to determine
whether the sample was representative.

5. Conclusions

In conclusion, adding WBV in an SB skating test for elite ice hockey players resulted
in a distinct pattern of variability in body acceleration without inducing changes in physio-
logical and perceived exertion parameters.

This suggests that WBV can be an effective tool for eliciting adaptations at different
levels of the neuromuscular system without directly affecting the metabolic system.

Understanding the constraints imposed by WBV and the resulting motor adaptations
can assist coaches and trainers in optimizing training efficiency.

By incorporating WBV into training programs, coaches can target specific neuromus-
cular adaptations, thereby enhancing the training potential of the exercises and improving
the adaptive capacity of the athletes.

Given that responding to different perturbations initiated through various unstable
conditions increases task-specific perceptual-motor responses and hence improves perfor-
mance [55,56], we believe that understanding MV during the training process may be a key
factor in improving athletic performance.
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