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Abstract

Background/Objectives: This study investigated the effects of dynamic stability training using
inertial water load on lower limb joint moments and postural control during landing and directional
changes. Given the high biomechanical demands of transitioning from the non-dominant to
dominant leg, we examined whether perturbation-based training could enhance neuromuscular
control and movement efficiency. Methods: Twenty-six healthy males in their 20s were randomly
assigned to an experimental group (n = 13), performing water-filled bag training for 10 weeks, or a
control group (n = 13) with no training. Participants completed a landing followed by a 90° cutting
maneuver, with joint moments measured via a 3D motion capture system. Analyses were conducted
for the landing and change-of-direction phases. Results: In the landing phase, group differences were
observed in hip, knee, and ankle moments, particularly in the frontal and transverse planes (p <0.05),
but none remained significant after Bonferroni adjustment. The experimental group generally
showed lower hip flexion/extension (Hip Moment X) and greater knee and ankle internal/external
rotation moments (Knee, Ankle Moment Z). In the cutting phase, only knee abduction/adduction
(Knee Moment Y) showed a significant time effect (p = 0.007), not surviving adjustment, with a trend
toward improved frontal plane control. Conclusions: Ten weeks of water-filled inertial load training
improved neuromuscular coordination, shock absorption, and postural control patterns, especially
in frontal and transverse planes. Perturbation-based training may be a sport-specific strategy to
enhance movement efficiency and reduce lower-limb injury risk during rapid directional changes.

Keywords: inertial load of water; dynamic stability training; landing and cutting; joint moment

1. Introduction

Landing is a fundamental task in sports performance. In particular, the ability to land effectively
on one leg from various heights plays a critical role during competition [1]. However, the ground
reaction force and kinetic energy generated upon landing impose substantial mechanical loads on
the lower limb joints. Inadequate energy absorption can subject vulnerable tissues—such as
ligaments and cartilage —to excessive stress, thereby increasing the risk of injury [2].

In sports such as basketball, badminton, and handball, athletes frequently perform rapid
directional changes or decelerations immediately following landing. These movements are often
associated with non-contact injuries, particularly due to concentrated ground reaction forces and
rotational torque applied to the hip and knee joints. Such forces increase susceptibility to anterior
cruciate ligament (ACL) injuries and valgus-related stress, which can compromise athletic
performance and lead to long-term functional impairments [3,4].

Unlike simple vertical drop landings, landing followed by directional changes involves more
complex biomechanical loads. Simultaneously generated vertical and horizontal shear forces, as well
as rotational torque, induce compressive and torsional stress on the joints, affecting cartilage,
ligaments, and surrounding musculature [5]. This complexity is especially evident when athletes
perform rapid lateral or backward movements from a single-leg support position, where both agility
and postural stability are required. Failure to adapt appropriately to such demands may result in
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coordination loss, balance disruption, or acute injury [6,7]. These risks highlight the need for
preventive strategies and task-specific training interventions targeting high-risk sports maneuvers.

Although previous studies have examined landing mechanics, most have focused on simplified
tasks such as double leg drop landings rather than dynamic, functional movements that better reflect
actual sports contexts [8]. Research has shown that post-landing directional changes are linked to
injuries including ankle sprains, patellar tendinopathy, and ACL tears. Increased peak vertical
ground reaction forces and knee valgus moments have been identified as key risk factors.
Additionally, individuals with ankle instability demonstrate prolonged stabilization times and
elevated center of pressure (COP) values during deceleration or cutting maneuvers, indicating
impaired postural control [4,9-14].

Accordingly, there is a clear need for biomechanical research targeting dynamic, sport-specific
movements such as post-landing directional changes.

To manage rapid transitions effectively, athletes must integrate lower limb biomechanics with
neuromuscular control mechanisms [15]. For instance, increased hip and knee flexion serve as
compensatory responses for ankle instability, aiding in shock absorption and torque reduction [16-
19]. Conversely, insufficient flexion combined with increased knee valgus angles and moments
elevates joint loading and injury risk, underscoring the importance of neuromuscular training to
mitigate such stresses [20].

In recent years, perturbation-based training (PBT) has garnered increasing attention in the fields
of sports and rehabilitation. This form of training involves the intentional application of
unpredictable changes in direction and velocity, prompting the body to reflexively adapt and recover
through repeated exposure. As a result, it has been reported to enhance neuromuscular reactivity,
sensorimotor integration, and postural control strategies in an integrated manner [21-25]. Notably,
perturbation-based training goes beyond simple muscle strengthening by improving dynamic
stability, enabling the body to respond more efficiently and promptly to irregular and unpredictable
environments similar to actual sports settings [24,26-28].

Among various forms of external perturbation, the inertial load of water is characterized by its
high level of instability. Rather than merely increasing the contractile strength of isolated muscles, it
stimulates the integrated regulatory function between the nervous and muscular systems, thereby
promoting adaptation within the motor control system [29,30]. A representative tool that applies this
principle in training is the waterbag, which creates instability by containing water that moves
dynamically in response to body motion, thereby providing an inertial load. The constantly shifting
speed and direction of the water generates effective external perturbation. These characteristics
suggest that the waterbag is a suitable device for simulating the instability encountered in real sports
scenarios, and it holds practical value as a training intervention for improving dynamic stability and
preparing for high-risk sports maneuvers [31].

Joint moments, as key factors in force transmission and postural control, are major
biomechanical indicators of lower-limb injury risk. Therefore, evaluating how perturbation-based
training affects lower extremity joint moments during dynamic movements may provide insight into
its role in injury prevention and motor control improvement. In addition, it was hypothesized that
perturbation-based training using water-inertia load would significantly improve the ability to
control lower extremity joint moments during post-landing directional changes.

While many previous studies utilizing inertial loads of water have emphasized unstable surface
training, few have directly applied external perturbations in dynamic, multidirectional tasks.
Therefore, the purpose of this study is to compare and analyze the effects of dynamic stability training
using the inertial load of water on lower limb biomechanical factors —specifically, joint moments in
the hip, knee, and ankle—during post-landing directional changes. This study aims to explore the
potential of water-inertia-based training as an effective intervention for enhancing stability and
preventing injury during rapid directional transitions following landing.
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2. Materials and Methods

2.1. Participants

A total of 30 male university students in their 20s participated in this study. Recruitment was
conducted by posting a recruitment notice at B University, located in region B. All participants
received a thorough explanation of the study's purpose and procedures and provided written
informed consent.

The appropriate sample size was calculated using G*Power 3.1 for Windows, with an effect size
of 0.25, statistical power of 0.8, and a significance level of 0.05. The analysis indicated that a minimum
of 24 participants would be required. However, considering potential dropouts, a total of 30
participants were initially recruited.

Participants were randomly assigned to either the experimental group (n = 15) or the control
group (n = 15). During the study, four participants withdrew due to military enlistment, resulting in
a final sample size of 26 participants (experimental group: 13, control group: 13) included in the data
analysis.

This study was approved by the Institutional Review Board (IRB approval number: P01-202504-
01-008) and registered at ClinicalTrials.gov (Identifier: NCT07117617).

The inclusion and exclusion criteria for participants were as follows:

Inclusion criteria:

(1) Healthy adult males aged between 20 and 29 years.
Exclusion criteria:
(1) History of surgery affecting lower limb function within the past year.
(2) Current injuries or medical conditions.
(3) Inability to perform movements due to acute inflammation or severe pain.

The results of the homogeneity test showed no significant differences between the groups in
terms of age (t = -0.855), height (t = —0.020), and weight (t = 0.871), indicating that all physical
characteristics were statistically similar across groups. Additionally, all participants reported that
they had not engaged in any structured physical activity during the six months prior to the study.

Table 1 presents the general physical characteristics of the participants, and Figure 1 illustrates
the study flow diagram.

Table 1. General Characteristics of the Participants.

Age(years) Height(cm) Weight(kg)
EG(n=13) 23.30+1.25 175.35+6.27 80.80+11.39
CG(n=13) 23.70+1.03 175.3945.56 77.10+10.23

Data are presented as meanz+standard deviation. EG, Experimental Group; CG, Control Group.
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Participant recruitment

(n=30)
Excluded due to dropout
(personal reasons) (n=4)
Random allocation
(n=24)

Experimental Group Control Group
(Waterbag Training) (Non-Training)
(n=13) (n=13)

Pre-test
Landing and Cutting

Measurement: Joint Moment

1-5 weeks
Training intervention

Mid-test
Landing and Cutting
Measurement: Joint Moment

6-10 weeks
Training intervention

Post-test
Landing and Cutting
Measurement: Joint Moment

Figure 1. Flow diagram of the study participants.

2.2. Assessment and Data Acquisition

Biomechanical data, including joint moments of the hip, knee, and ankle, were measured using
a three-dimensional motion analysis system consisting of six infrared cameras (Vicon MX-T20,
Oxford Metrics, Oxford, UK) and sixteen reflective markers (14 mm diameter). Reflective markers
were bilaterally attached to anatomical landmarks, including the anterior superior iliac spine (ASIS),
posterior superior iliac spine (PSIS), mid-lateral thigh, lateral femoral epicondyle, mid-shank, lateral
malleolus, second metatarsal head, and calcaneus. Anthropometric measurements, including height,
body weight, lower limb length, knee joint width, and ankle joint width, were collected using a tape
measure and caliper and input into the Plug-in Gait system prior to analysis. All motion capture data
were sampled at 1000 Hz. Joint moments were calculated using the Plug-in Gait dynamic model.
Moment values (N-mm) were converted to N-m. All values were post-processed prior to statistical
analysis (Figure 2).

The movement task involved a landing followed by a cutting. Participants began from a standing
position on the floor and, following the examiner's cue, stepped onto a 30 cm-high box using one leg,
then landed on the opposite leg and immediately cutting using that leg [32]. The task was designed
so that participants landed with their non-dominant leg and then performed a 90-degree cutting
using their dominant leg. This protocol was based on prior research indicating that dominant limbs
are typically used to initiate propulsion in both sports and daily movements [18]. The dominant leg
is known to play a key role in generating propulsive force and executing direction changes [33].
Accordingly, this study applied a dominant leg-centered -cutting strategy. Dominant leg
determination was made by asking participants which leg they would naturally use to kick a ball, a
method commonly used in previous studies as a standardized approach for identifying limb
dominance [34]. To ensure familiarity with the task, participants practiced the movement
approximately three times prior to testing. Three successful trials were then recorded, and the mean
of those trials was used for analysis. Sufficient rest was provided between attempts.
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The analysis was divided into two phases: (1) the landing phase (from initial ground contact to
toe-off) and (2) the change-of-direction phase (from initial ground contact to 3-second stabilization).
The directional change was performed at the participant's maximum voluntary speed, and a 90-
degree turning angle was marked on the floor to guide the movement. Since most sports involve
multidirectional movements, directional changes at wider angles are common [35]. Previous studies
have reported that executing a 90-degree turn increases hip flexion, which helps reduce the load on
the knee joint and contributes to postural support [36]. Therefore, a 90-degree turn was selected in
this study to emphasize stability and body support during the change-of-direction task.

Figure 2. Phase of Landing and Cutting task with marker placement.

2.3. Exercise Intervention

The Dynamic Stability Training (DST) program implemented in this study was based on
Bernstein’s Dynamic Systems Theory, as described by Davids et al. [37], and the Dynamic Stability
Training protocol proposed by Kang and Park [29]. The program was structured into progressive
stages and conducted twice per week for 10 weeks, totaling 20 sessions. Each session lasted 50
minutes, comprising a 10-minute warm-up, 30 minutes of main exercises, and a 10-minute cool-
down. Details on the exercise methods and number of sets are presented in Table 2 and Figure 3.

The training program was organized in a stepwise manner from week 0 to week 10, focusing on
exercises involving bilateral stance, locomotor movements, single-leg stance, jumping or
acceleration/deceleration, and directional changes.

The experimental group performed the exercises using a water-filled waterbag, as shown in
Figure 4. The water load was adjusted based on the Rating of Perceived Exertion (RPE), following the
method described by Da Silva, Silva, Ahmadi, and Teixeira [38]. Prior to the intervention, each
participant’s RPE was assessed based on handling different waterbag loads (3-8 kg), and the target
intensity was set at a moderate level (RPE 6-7).

From weeks 0 to 5, training intensity was based on the pre-intervention RPE assessment. From
weeks 6 to 10, the RPE was reassessed prior to the start of week 6, and training intensity was adjusted
accordingly for the second half of the program.

Table 2. Dynamic Stability Training Program.

Training 0-5 weeks/program 6-10 weeks/program Time/Reps
3 point one circle 3 point one circle
o PO pam el
(Hip Joint , Hng , ung 10 min/6 Reps
o side lunge and reach side lunge and reach
Mobility) . . . .
side lunge and circle side lunge and circle
Hip Internal&External rotation =~ Hip Internal&External rotation
1. Two-leg support 1. Two-leg support
. (Squat and trunk rotation/Hip (Squat and trunk rotation/Hip 30 min/10
Main . . . .
hinge double leg/split squat) hinge double leg/split squat) Reps
2. Step movement 2. Step movement
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(front lunge/side lunge/walking (front lunge/side lunge/walking
lunge) lunge)
3. Single-leg support 3. Single-leg support
(single leg Hip hinge/Hip hinge (single leg Hip hinge/Hip hinge
Ankle stiffness) Ankle stiffness)
4. Jumping movement 4. Jumping movement
(Hip hinge to hopping/skating) (Hip hinge to hopping/skating)
Stretch & SMR Stretch & SMR
(Hip Flexors & Extensors & (Hip Flexors & Extensors &
Cool down Rotators Stretch) Rotators Stretch) 10 min/4 Reps
(Calf & Hip Flexors & Extensors (Calf & Hip Flexors & Extensors
& Rotators SMR) & Rotators SMR)

Figure 4. Waterbag.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS version 25.0 (IBM Corp., Armonk, NY, USA).
Descriptive statistics were calculated as means and standard deviations. The Shapiro-Wilk test was
used to assess normality. To evaluate the effects of the intervention, a two-way mixed-design
ANOVA (3 time points: pre, mid, post x 2 groups: experimental, control) was conducted. When
significant interaction or time main effects were identified, Bonferroni-adjusted pairwise t-tests were
used for within-group comparisons across time (Bonferroni-adjusted a=0.0167; 0.05/3). Additionally,
for variables showing a significant group main effect, an independent samples t-test was performed
at the post-intervention time point to examine between-group differences. Statistical significance was
set at oo = 0.05 for between-group comparisons.

For clarity, joint moments originally labeled as Moment X, Y, and Z are presented using
anatomical terms: flexion/extension (X-axis), abduction/adduction (Y-axis), and internal/external

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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rotation (Z-axis). The sign convention was defined such that positive values represent flexion,
abduction, and external rotation moments, while negative values represent extension, adduction, and
internal rotation moments.

3. Results

The results related to lower-limb joint moment variables during the landing and cutting phases
are presented in Tables 3 and 4.

Table 3. Comparison of Joint Moments in the Landing Phase.

Variable Group Pre Mid Post Group(p) Time(p) Inter;tion( ,
MomentX CG63rn%6 7700 sremes D00 0F0 002 00%
i EG 2304072 2.1240.86  2.200.92
Moigltz Cg 22818.72 1.98322 2.3(9):(1).23 0947 055 0802 0.009
Moment X €6 5915151 soiri s sopar” M2 0486 0st3 00
Moment Y €6 398220 aepeizs asman” 0% 0809 0% oom
EG 2444122 1713099  225¢1.
MoKr::reltZ Cg 1.32l0.79 1.363.4913 1.2210.23 0005 0381 0.276 0052
Ankle _ EG 457201 3913213 453219 . o oo o

Moment X CG 3.40+1.25 4.40+1.19 3.34+2.15
Ankle EG 2.63+1.23 1.86+0.91 2.61+1.32
MomentY CG 2.04+1.45 1.63+0.73 2.23+1.49
Ankle EG 1.82+0.96 1.45+0.89 1.68+1.13
MomentZ CG 1.11+0.43 1.15+0.49 0.93+0.53

Note: Data are presented as mean + standard deviation. EG = Experimental group; CG = Control group. p-values

0.104 0.137 0.879 0.005

0.012 0.621 0.424 0.035

for main effects are based on mixed-design two-way ANOVA. Post hoc comparisons for within-group changes
were adjusted using the Bonferroni correction (a = 0.0167; 0.05/3) and reported for exploratory purposes when
not meeting the adjusted threshold. n? = Partial eta squared (small = 0.01, medium = 0.06, large > 0.14). Unit:

Joint moment = N-m (converted from N-mm).

Table 4. Comparison of Joint Moments in the Cutting Phase.

Variable Group Pre Mid Post Group(p) Time(p) Inter;():ti()n(

i E 7.01+1.52 .59+2.2 7.70+2.7
Moilel:;ltx C(c;; 7.22;.32 2.?220.9? 7.58:3.02 0359 0680 0.602 0021
MomentY "CGa48099 a7isiar azsss” 02 062 08w ows
Momentz ~C8 Taeme i70siii ppsios” 029 O1% 071 ooz
Momentx "CG ™ 3ags1 00 aasomm amaeize” 0% 078 030 oo
Momenty 06 Tasmer gamstal amsiny” 0% 007 03 oo
Knee EG 0.93+0.27  0.64+0.37  0.78+0.36

0.583 0.640 0.069 0.105
MomentZ CG 0.76+0.24 0.89+0.25 0.86+0.51
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Ankle EG 2.10+0.91 1.52+0.94 1.95+0.94
Moment X CG 2.10+0.85 1.99+0.95 2.43+0.94
Ankle EG 1.73+0.80 1.51+0.63 1.91+0.97
MomentY CG 1.23+0.60 1.68+0.75 1.96+1.02
Ankle EG 0.79+0.30 0.50+0.29 0.69+0.36
MomentZ CG 0.66+0.26 0.75+0.27 0.73+0.45

Note: Data are presented as mean + standard deviation. EG = Experimental group; CG = Control group. p-values

0.208 0.147 0.500 0.028

0.639 0.107 0.273 0.053

0.523 0.410 0.077 0.101

for main effects are based on mixed-design two-way ANOVA. Post hoc comparisons for within-group changes
were adjusted using the Bonferroni correction (a = 0.0167; 0.05/3) and reported for exploratory purposes when
not meeting the adjusted threshold. n? = Partial eta squared (small = 0.01, medium = 0.06, large > 0.14). Unit:

Joint moment = N-m (converted from N-mm).

3.1. Descriptive Statistics and Normality

Based on the Shapiro-Wilk test, approximately 67% of all variables satisfied the assumption of
normality (p >.05). Most violations were observed in pre-intervention values. Despite this, the mixed-
design two-way ANOVA was considered appropriate, given its robustness to minor deviations from
normality. For variables with significant group or time effects, follow-up t-tests were conducted with
appropriate group-wise normality and homogeneity checks.

Descriptive statistics (mean + SD) of each variable by group and time point are presented in
Tables 3 and 4.

3.2. Landing Phase

In the landing phase, significant main effects of group were observed for hip flexion/extension
moment (p =0.009), hip abduction/adduction moment (p = 0.003), knee abduction/adduction moment
(p = 0.003), knee internal/external rotation moment (p = 0.005), and ankle internal/external rotation
moment (p = 0.012). In each case, the experimental group demonstrated generally lower hip
flexion/extension moments and higher knee and ankle internal/external rotation moments compared
to the control group. Although post-intervention pairwise comparisons suggested differences in
several variables, these did not meet the Bonferroni-adjusted significance threshold and should be
interpreted with caution.

3.3. Cutting Phase

In the cutting phase, no significant group main effects or interactions were observed for any joint
moment variables after Bonferroni adjustment (a = 0.0167). A significant main effect of time was
found for knee abduction/adduction moment (p = 0.007), but post-hoc pairwise comparisons did not
meet the adjusted significance threshold. These results suggest that dynamic stability training using
an inertial load of water did not produce statistically significant changes in joint moments during
cutting, although some variables showed trends consistent with the hypothesized intervention
effects.

4. Discussion

This study examined the effects of dynamic stability training using inertial water load on lower
limb biomechanics and balance control during landing and change-of-direction tasks. While
directional changes after landing impose complex loads on the lower limb joints [4,11], most prior
studies have focused on static double-leg landings, which do not reflect real sports scenarios [8].

Training with inertial water load generates unpredictable perturbations due to fluid oscillation,
stimulating neuromuscular responses and enhancing balance control [31,39]. This method more
closely simulates dynamic sports environments and helps athletes adapt to fluctuating loads during
direction changes.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To replicate real-world demands, this study used a task involving landing on the non-dominant
leg followed by a cutting movement with the dominant leg. The discussion focuses on the landing
and cutting phases, interpreting significant joint moment findings in relation to physiological
mechanisms activated by perturbation-based training.

In the landing phase, the experimental group exhibited significant group main effects for hip
flexion/extension moment (Hip Moment X), hip abduction/adduction moment (Hip Moment Y), knee
abduction/adduction moment (Knee Moment Y), knee internal/external rotation moment (Knee
Moment Z), and ankle internal/external rotation moment (Ankle Moment Z) compared to the control
group. These patterns suggest improved impact absorption, reduced reliance on proximal joint
loading, and enhanced neuromuscular control with load redistribution toward distal joints such as
the knee and ankle [40-42].

Although post-intervention pairwise comparisons indicated favorable changes, these
differences did not remain statistically significant after Bonferroni adjustment. Nevertheless, the
large effect sizes imply meaningful adaptations that may contribute to lateral stability [43—45] and
improved coordination between trunk, hip, and knee during rotational loading [7,31,46].

Additionally, greater ankle external rotation moments in the experimental group may indicate
enhanced rotational control at the distal joint level, which could help reduce injury risk during
dynamic tasks [7,8].

In the cutting phase (i.e., the 3-second stabilization period following direction change), no
variables showed significant interaction or time main effects after Bonferroni adjustment. However,
the experimental group demonstrated a tendency toward greater frontal plane knee
abduction/adduction moment (Knee Moment Y) compared to the control group. This pattern may
indicate enhanced engagement in frontal plane knee control after perturbation-based training.

Frontal plane knee abduction moments are biomechanically linked to valgus control and
mediolateral joint stability. The observed tendency suggests potential improvements in
neuromuscular response and lateral stabilization capacity developed through training [35,51].
Perturbation-based interventions have been shown to improve neuromuscular coordination and
increase responsiveness of muscles responsible for frontal plane control [30,50].

These observations imply that participants in the experimental group may have become more
capable of producing compensatory frontal plane torque in response to destabilizing forces. Such
adaptations could contribute to more effective load distribution and active stabilization of the knee,
potentially reducing the risk of non-contact injuries such as ACL ruptures by improving joint
alignment and control under multidirectional demands.

This study empirically demonstrated that dynamic stability training utilizing the inertial load of
water, which simulates realistic and unpredictable environments, significantly enhances complex
movement performance compared to routine activities or no training. The perturbation-based nature
of this training likely contributed to improved neuromuscular coordination, rotational control, and
mediolateral stability, all of which are essential for injury prevention and efficient movement in high-
demand tasks. These findings support its use as a practical and evidence-based strategy in both
athletic and rehabilitation settings.

Moreover, the task design —requiring landing on the non-dominant leg followed by a directional
change using the dominant leg—reflected real-world sports demands. Since the non-dominant limb
generally shows lower neuromuscular capacity [52], the inertial water load likely promoted enhanced
postural control and propulsion regulation during the initial landing, facilitating smoother
subsequent movement. The training appears to have strengthened interlimb neuromuscular
coordination, a key factor in adapting to variable loading [53-55]. Improvements observed in joint
moment patterns suggest not only gains in muscular output but also more sophisticated
biomechanical regulation. These outcomes align with prior studies [24,29,30,45], reinforcing the value
of water-based perturbation training in dynamic post-landing scenarios.
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5. Conclusions

This study demonstrated that dynamic stability training using an inertial water load improved
joint moment regulation during landing and cutting tasks, particularly enhancing rotational control
and mediolateral stability under perturbations. Such improvements suggest better neuromuscular
coordination and load redistribution across joints, contributing to greater energy efficiency and
potential injury prevention. The training protocol showed high ecological validity by replicating real
sports scenarios involving non-dominant leg landings and directional changes. Future research
should explore its application to diverse populations—including youth, elderly, and injured
athletes—and assess its long-term functional benefits. Overall, this strategy offers a practical,
evidence-based approach to enhancing dynamic movement control and reducing injury risks in both
athletic and rehabilitation settings.
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