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Abstract

Background: Falls are a leading cause of injury and mortality worldwide. Higher phys-
ical activity levels in young adults may increase exposure to fall-related situations. Un-
derstanding their neuromuscular adaptations is critical for balance control research and
perturbation-based training. This study examined proactive and reactive adaptations in
lower-limb muscle activity during repeated simulated trips among young adults. Meth-
ods: Twenty participants experienced five treadmill-induced standing-trips. Bilateral elec-
tromyography (EMG) activities of the rectus femoris (RF), vastus lateralis (VL), tibialis
anterior (TA), medial gastrocnemius (MG), and biceps femoris (BF) were recorded. Muscle
activity magnitude at perturbation onset (ON), EMG peak amplitude, and time-to-peak
from ON were extracted and compared across trials. Results: Proactive activation at ON
increased across trials in TA and RF on the recovery side (p = 0.012–0.023) and in TA, VL,
and BF on the stance side (p = 0.002–0.034). Reactive peak amplitudes decreased in RF,
VL, and BF on the recovery side (p < 0.001–0.014) and in RF, VL, and BF on the stance
side (p < 0.001–0.016). Time-to-peak shortened in MG, RF, VL, and BF on the recovery
side (p < 0.001–0.030) and in RF, VL, TA, and BF on the stance side (p < 0.001–0.050).
Conclusions: Repeated simulated trips elicited proactive adaptations in muscle activity
and reactive changes in time-to-peak, which may suppress the need for increased reactive
muscle activations to recover balance post-perturbation over trials in young adults. The
findings augment our understanding of the intercorrelation between proactive and reactive
adaptations to repeated perturbations.

Keywords: adaptation; electromyography; falls; perturbation; proactive control; reactive
control

1. Introduction
Falls remain a major cause of injury and mortality worldwide [1]. Falls also lead

to a fear of falling, increased dependency, reduced physical activity and mobility, and
substantial healthcare costs [2], which are projected to reach over $100 billion by 2030 [3].
Compared to older adults, young adults tend to engage in higher levels of physical activ-
ity [4], which may increase their risk of falls [5]. Previous research has identified slips and
trips as the most common triggers of falls and the leading causes of fall-related injuries
in both young [6] and older adults [7]. Young adults experience approximately 0.5 slips
and 0.5 trips per week [8]. It is therefore crucial to develop interventions that strengthen
resistance to falls after a postural perturbation for both young and older adults.

Perturbation-based balance training (PBT) has been employed as a training paradigm
to improve fall resilience [9–11]. This training repeatedly exposes individuals to desta-

Biomechanics 2026, 6, 31 https://doi.org/10.3390/biomechanics6010031

https://crossmark.crossref.org/dialog?doi=10.3390/biomechanics6010031&domain=pdf&date_stamp=2026-03-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomechanics
https://www.mdpi.com
https://orcid.org/0000-0001-7744-7626
https://doi.org/10.3390/biomechanics6010031


Biomechanics 2026, 6, 31 2 of 12

bilizing events, such as slips or trips, in a controlled and safe environment [12]. Partici-
pants refine their anticipatory and reactive neuromuscular responses, developing more
efficient strategies to withstand balance threats through repeated exposure to postural
disturbances [13,14]. The most common strategy is to take an effective recovery step to
restore balance. Examining how PBT protocol can optimize these rapid neuromuscular
responses is therefore vital to advancing our understanding and informing the design of
PBT treatments.

Previous work has highlighted that the lower-limb muscles are particularly critical
for recovery from trip perturbations [15]. Our recent study demonstrated that trip-like
PBT, utilizing backward surface translations, enhanced proactive integrated electromyo-
graphy (EMG) activity and reduced reactive integrated EMG in healthy young adults,
indicating earlier muscle recruitment and a decreased need for reactive contractions [16].
These findings suggest that neuromuscular plasticity is a key mechanism underlying PBT’s
effectiveness in improving recovery responses. Specifically, neuromuscular plasticity en-
hances the timing and coordination of muscle activation following repeated exposure
to perturbations [17].

Despite growing evidence, limited research has systematically examined how repeated
trip-like standing perturbations influence proactive and reactive muscle activity from other
spatial and temporal domains. Examining the EMG magnitude provides insight into the
intensity of neuromuscular responses, reflecting how forcefully muscles are activated to
restore stability following perturbations. Meanwhile, assessing time-to-peak activation
offers important temporal information about how rapidly the neuromuscular system reacts,
indicating the efficiency of muscle coordination and the timing of corrective responses.
Together, these parameters provide complementary insights into the intensity and timing
of muscle activation, which are crucial for understanding how individuals adapt their
proactive and reactive strategies in response to repeated perturbation exposures.

While fall prevention has primarily focused on older and clinical populations [9,18,19],
young adults also face fall risks in occupational, recreational, and athletic environments.
Investigating their neuromuscular adaptations can provide comprehensive and essential
insights into the generalizability of PBT and the fundamental processes of reactive balance
control, thereby guiding the development of fall-prevention strategies for populations at
higher risk.

The present study, therefore, aimed to examine neuromuscular adaptations to repeated
treadmill-induced standing-trip perturbations in healthy young adults, focusing on bilat-
eral lower-extremity muscle activity at perturbation onset (ON), peak muscle activation
amplitude from ON to the first recovery step touchdown (TD), and time-to-peak from
perturbation ON to the EMG peak. Muscle activity before the perturbation ON enables
the neuromuscular system to generate rapid corrective forces proactively. After the ON, a
higher peak muscle activation provides the force needed to stabilize the body, and a shorter
time-to-peak reflects more efficient neuromuscular recruitment [20,21], both of which quan-
tify the reactive responses to perturbations. Collectively, these parameters capture how the
nervous system and muscles cooperate to regain balance following a postural perturbation.

We hypothesized that repeated perturbations would increase muscle activation ampli-
tude before ON, while decreasing peak EMG activation from ON to TD and the duration
from ON to the instant of peak EMG, reflecting a shift toward proactive neuromuscular
control strategies to maintain balance across later perturbation trials. Our findings are
expected to shed light on the neuromuscular mechanisms underlying PBT’s modulation of
these responses. Additionally, by highlighting how young adults adapt to repeated trips,
our findings could inform the design of targeted fall-prevention programs that promote
rapid, efficient neuromuscular responses across the lifespan.
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2. Materials and Methods
2.1. Participants

Twenty healthy young adults (aged 18–45 years) participated in this single-session
practice-effect study examining immediate adaptations to repeated trip perturbations
(Table 1). An a priori power analysis was conducted using pilot data from four participants.
Based on an observed effect size for peak tibialis anterior (TA) activity in the recovery
leg (Kendall’s W = 0.063 or Cohen’s f = 0.26), a repeated-measures analysis of variance
(ANOVA, F-test) in G*Power 3.1.9.7 (Kiel University, Kiel, Germany) (α = 0.05, β = 0.20)
indicated that 19 participants were required to detect differences across trials. Accordingly,
20 participants were included in the study to account for any data loss due to technical
malfunctions. Eligibility criteria included: (1) no history of acute or chronic neurological or
musculoskeletal conditions; (2) no lower extremity fractures within the past six months;
(3) no prior experience with PBT; and (4) not currently pregnant. All participants provided
written informed consent before participation. The Institutional Review Board approved
the study protocol.

Table 1. Demographic information of all 20 participants.

Variable Mean Standard Deviation Minimum Maximum

Age (years) 26.35 5.94 20 43

Body mass (kg) 74.24 17.21 51.60 124.40

Body height (m) 1.72 0.09 1.55 1.87

Sex (male/female) 12/8 - - -

2.2. Experimental Protocol

Each session began with a five-minute walking period as a warm-up. Anthropometric
data were then collected, and 26 reflective markers were affixed to key anatomical points
according to the Helen Hayes configuration [22]. A separate marker was also attached to
the treadmill belt to monitor its movement during perturbations.

To assess muscle activity, surface EMG electrodes (Delsys, Natick, MA, USA) were
placed bilaterally on five major lower-limb muscles: rectus femoris (RF), vastus lateralis
(VL), biceps femoris (BF), TA, and medial gastrocnemius (MG). Skin areas were prepped by
shaving (if needed) and cleaning with alcohol pads to ensure optimal electrode contact and
minimize noise. Electrodes were further secured using a layer of pre-wrap and medical tape
to maintain placement during the session. Participants were then fitted with a fall-arrest
safety harness, which was connected to an overhead arch via adjustable ropes (Figure 1).
The setup was designed to allow unrestricted movement while providing safety in the
event of a loss of balance.

Next, participants stepped onto the ActiveStep treadmill (Simbex, Lebanon, NH, USA).
They began with three 10 s quiet standing trials, during which no perturbations were
introduced. Before the next set of trials, participants were told that a backward movement
of the belt might occur at any time and that they needed to try to maintain a standing
posture on perturbed trials. During the following three standing trials, no perturbations
were induced. The first trip was introduced without warning on the next trial, and four
additional trips followed (T1–T5). Each trip was standardized, with the treadmill belt
moving backward over 0.6 s for 0.36 m and reaching a peak velocity of 1.2 m/s (Figure 1).
During the first 0.3 s, the belt accelerated at 4 m/s2, followed by deceleration at 4 m/s2

over the remaining 0.3 s.
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Figure 1. Still images illustrate two key moments during recovery from a trip perturbation-induced
forward balance loss on the ActiveStep treadmill: (a) perturbation onset (ON) and (b) recovery step
touchdown (TD). Participants wore safety harnesses attached to an overhead arch for protection. The
ON is defined as the moment when the belt marker’s anteroposterior position drops by three standard
deviations below the baseline average, indicating the initiation of the perturbation. The TD is
identified when the heel of the recovery leg first recontacts the treadmill belt. Also shown are
the profiles of treadmill belt (c) velocity and (d) displacement during the standardized trip-like
perturbation. The perturbation is generated by rapidly moving the belt backward over 0.6 s, reaching
a peak posterior velocity of 1.2 m/s backward and a total displacement of 0.36 m. During the first
0.3 s, the belt accelerates at 4 m/s2, followed by deceleration at the same rate for the remaining 0.3 s.
Each standing-perturbation trial lasts approximately 10 s, with the perturbation occurring in the
middle of the trial at a random time point. Vertical lines in (c,d) indicate the timing of ON and TD.

2.3. Data Reduction and Analysis

The analysis focused on the five simulated standing trip trials. Marker paths were
filtered using fourth-order, zero-lag, and low-pass Butterworth filters at marker-specific
cutoff frequencies (between 4.5 and 9.0 Hz, determined through a residual analysis) [23].
This approach allowed appropriate separation of signal and noise for each marker, given the
higher accelerations of distal segments during perturbation recovery. The filtered marker
paths were used to determine the timing of ON and TD. ON was identified as the moment
when the anteroposterior position of the treadmill belt-marker fell three standard deviations
below its baseline mean. The forward step following the ON was defined as the recovery
step, while the opposite leg was the stance leg. TD of the recovery foot was extracted from
foot kinematics and confirmed with video recordings to ensure accuracy (Figure 1). Muscle
activity at the instant of ON was used to capture proactive (anticipatory) responses, while
responses occurring after ON were considered reactive (compensatory) adjustments.

Surface EMG signals were bandpass-filtered with cutoff frequencies of 30–450 Hz,
notch-filtered at 60 Hz, and then low-pass filtered at 50 Hz, followed by the 100 ms moving
window Root Mean Square (RMS) calculation [24]. One outcome measure was the EMG
magnitude (mV) at ON, which was calculated as the instantaneous RMS muscle activation
amplitude at ON, quantifying proactive muscle engagement. Other outcome measures
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included peak EMG, defined as the highest amplitude between ON and TD (mV), and time-
to-peak, calculated as the interval from ON to the time instant of peak EMG (s) (Figure 2).
These outcomes were assessed for both the recovery and stance legs.

Figure 2. Representative electromyography (EMG) profile of (a) tibialis anterior (TA), (b) rectus femoris
(RF), (c) medial gastrocnemius (MG), (d) vastus lateralis (VL), and (e) biceps femoris (BF) on the recovery
side and (f) TA, (g) RF, (h) MG, (i) BF, and (j) VL on the stance side of a participant (ID: 120723FK) over
the first (T1) and last (T5) trips. The vertical lines indicate trip perturbation onset (ON), recovery step
touchdown (TD) for T1 (TD1), and TD for T5 (TD5), respectively. Also shown in (b) are the definitions
of the peak EMG signal and the time-to-peak for T1. The peak EMG magnitude is determined as the
maximum EMG amplitude between ON and TD (the dotted line). The time in seconds elapsed from ON
to the moment of peak EMG amplitude is the time-to-peak (the horizontal arrow).

2.4. Statistical Analyses

To evaluate adaptive changes across repeated trip exposures, outcome measures were
analyzed for both overall trends (T1 through T5) and between each pair of adjacent trials
(T1–T2, T2–T3, T3–T4, T4–T5). Moreover, the outcome measures were compared between
T1 and T5. Data distributions were assessed for normality using the Shapiro–Wilk test.
In this study, all outcome measures violated the normality assumption; therefore, non-
parametric analyses were adopted. A Friedman test was used to compare differences across
trials. Effect sizes, expressed as Kendall’s W, were reported. The significance level was set
at α = 0.05 for the main effect test. For any significant main effect of the trial, the Wilcoxon
signed-rank test was used for pairwise comparisons. Specifically, five post hoc pairwise
comparisons (T1–T2, T2–T3, T3–T4, T4–T5, and T1–T5) were performed with Bonferroni
correction. The adjusted significance level was 0.01 (=0.05/5). All statistical analyses were
performed using SPSS Statistics 29.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Proactive Muscle Activity at ON

Instantaneous EMG magnitude at ON in the recovery leg increased significantly across
trials for the TA (p = 0.012, W = 0.160; Figure 3a), with greater activation in T2 (p = 0.014)
and T5 (p = 0.005) than T1, and lower activation in T5 (p = 0.046) than T4. Also, RF showed
an overall significant trial effect (p = 0.023, W = 0.141; Figure 3b), with increased activation
in T2 (p = 0.009) and T5 (p = 0.004) compared to T1. The changes were not significant for
other muscle groups.
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Figure 3. Box-and-whisker plots of the electromyography (EMG) magnitude in millivolts (mV) at
perturbation onset (ON) across five trips for five lower-limb muscles of both legs, including tibialis
anterior (TA), rectus femoris (RF), medial gastrocnemius (MG), vastus lateralis (VL), and biceps
femoris (BF) on the recovery (a–e) and stance (f–j) sides. Boxes represent the interquartile range
(Q1–Q3), the line inside the box is the median value, and whiskers indicate the data range. ptrial

is the main trial effect from the Friedman test; significant main effects are followed by Wilcoxon
signed-rank post hoc tests. * p < 0.05; ** p < 0.01; *** p < 0.001.

The EMG magnitude at ON in the stance leg showed significant trial effects for
multiple muscles. For TA, the overall changes were significant (p = 0.034, W = 0.130;
Figure 3f), with pairwise comparisons indicating greater values at T2 (p = 0.004) and T5
(p = 0.017) compared to T1, while the value at T4 (p = 0.046) was lower than at T3. VL also
demonstrated a significant main trial effect (p = 0.002, W = 0.206; Figure 3i), with larger
activation on T2 (p = 0.004) and T5 than on T1 (p < 0.001), and T5 (p = 0.011) than T4. Finally,
BF showed significant trial effects (p = 0.020, W = 0.146; Figure 3j). The pairwise analysis
revealed that activation increased from T1 to T2 (p = 0.032), T1 to T5 (p = 0.022), and T3 to
T4 (p = 0.014). The BF activation decreased from T4 to T5 (p = 0.014).

3.2. Reactive Muscle Activity over the Period from ON to TD

Peak EMG amplitude over the interval between ON and TD on the recovery leg
declined significantly in RF (p = 0.014, W = 0.155; Figure 4b), with pairwise analyses
showing decreases from T1 to T2 (p = 0.011) and T5 (p < 0.001), and from T4 to T5 (p = 0.011);
in VL (p < 0.001, W = 0.327; Figure 4d), with decreases from T1 to T2 (p = 0.001), and to
T5 (p < 0.001); and in BF (p = 0.003, W = 0.204; Figure 4e), with decrease from T1 to T5
(p < 0.001) and increase from T2 to T3 (p = 0.046).

Peak EMG amplitude in the stance leg dropped significantly in RF (p < 0.001, W = 0.306;
Figure 4g), with pairwise comparisons indicating a decrease from T1 to T2 (p = 0.002) and
T5 (p < 0.001), and from T2 to T3 (p = 0.032); in VL (p < 0.001, W = 0.292; Figure 4i), with
pairwise comparisons showing a decrease from T1 to T2 (p = 0.011) and T5 (p < 0.001),
and from T4 to T5 (p = 0.038); and in BF (p = 0.016, W = 0.152; Figure 4j), with pairwise
comparisons exhibiting a decrease from T1 to T2 (p = 0.017) and T5 (p = 0.014), from T2 to
T3 (p = 0.046), and an increase from T4 to T5 (p = 0.038).

Time-to-peak EMG (from ON to peak EMG) significantly shortened in multiple mus-
cles in the recovery leg, reflecting earlier peak activations over repeated trials. Significant
changes were observed in MG (p = 0.006, W = 0.179; Figure 5c), with earlier peaks in T2
(p = 0.003) and T5 (p = 0.001) compared to T1. For RF, a significant trial-related overall
difference was detected (p = 0.009, W = 0.169; Figure 5b). Post hoc tests revealed that
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the EMG reached peak earlier on T2 (p = 0.005) and T5 (p = 0.001) than on T1. Similarly,
time-to-peak of the VL showed a significant trial effect (p < 0.001, W = 0.320; Figure 5d),
with earlier peaks in T2 (p < 0.001) and T5 (p < 0.001) compared to T1, T4 (p = 0.022) than
T3. The time-to-peak for VL increased in T5 (p = 0.014) in comparison to T4. BF illustrated
a significant overall change (p = 0.030, W = 0.134; Figure 5e), with earlier peaks in T5 versus
T1 (p = 0.017) and in T4 than T3 (p = 0.011).

Figure 4. Box-and-whisker plots of peak electromyography (EMG) amplitude in millivolts (mV)
across five trips for five lower-limb muscles of both legs, including tibialis anterior (TA), rectus femoris
(RF), medial gastrocnemius (MG), vastus lateralis (VL), and biceps femoris (BF) on the recovery (a–e)
and stance (f–j) sides. Peak EMG magnitude is defined as the maximum EMG amplitude between
perturbation onset and recovery step touchdown. Boxes represent the interquartile range (Q1–Q3),
the line inside the box is the median value, and whiskers indicate the data range. ptrial is the main
trial effect from the Friedman test; significant main effects are followed by Wilcoxon signed-rank post
hoc tests. * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 5. Box-and-whisker plots of time-to-peak (second) electromyography (EMG) across five trips
for five lower-limb muscles of both legs, including tibialis anterior (TA), rectus femoris (RF), medial
gastrocnemius (MG), vastus lateralis (VL), and biceps femoris (BF) on the recovery (a–e) and stance (f–j)
sides. Peak EMG magnitude is defined as the maximum EMG amplitude between perturbation onset and
recovery step touchdown. Time-to-peak represents the interval from perturbation onset to the peak EMG
magnitude. Boxes represent the interquartile range (Q1–Q3), the line inside the box is the median value,
and whiskers indicate the data range. ptrial is the main trial effect from the Friedman test; significant main
effects are followed by Wilcoxon signed-rank post hoc tests. * p < 0.05; ** p < 0.01; *** p < 0.001.
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The time-to-peak in the stance leg declined significantly in TA (p = 0.009, W = 0.168;
Figure 5f). Post hoc pairwise comparisons showed a decrease from T1 to T2 (p < 0.001) and
to T5 (p = 0.001), from T3 to T4 (p = 0.050), and from T2 to T3 (p = 0.029) for this muscle. The
time-to-peak for RF also showed significant trial-associated reductions (p = 0.050, W = 0.119;
Figure 5g), with pairwise comparisons indicating a decrease from T1 to T2 (p = 0.016) and to
T5 (p = 0.002), and from T3 to T4 (p = 0.026). Similar overall trial-related changes were also
observed in BF (p < 0.001, W = 0.366; Figure 5j), with pairwise analysis indicating shortened
times from T1 to T2 (p = 0.003) and from T3 to T4 (p = 0.003), as well as from T1 to T5 (p < 0.001).

4. Discussion
The present study investigated how repeated treadmill-induced trip-like standing

perturbations influence neuromuscular adaptations in healthy young adults, focusing on
the lower limb muscle activity at ON, peak muscle activation, and the time-to-peak. The
findings suggest that repeated standing trip-like perturbations modulate these muscle
responses in ways that may improve the efficiency of proactive and reactive balance control.
Our results support the hypothesis that repeated trip-like perturbations induce increasing
proactive EMG activations, thereby reducing the demand for reactive muscular control to
recover balance in subsequent trials.

Muscle activity at ON reflects the ability of the neuromuscular system to detect and
respond to perturbation. In this study, repeated perturbation exposures resulted in an
increased EMG amplitude at ON, indicating enhanced early responsiveness (Figure 3). Our
finding is consistent with previous studies, reporting that the timely activation of support
limb muscles, particularly those generating hip extension and knee flexion moments, such
as BF, plays a key role in counteracting forward body rotation after tripping [15]. In the
recovery leg, increased activation of the RF and TA at ON likely facilitated hip flexion
and ankle dorsiflexion, respectively, enabling the leg to react to the trip-like perturbation
and prepare for a well-coordinated recovery step. Meanwhile, increased activation in the
stance limb muscles, such as the VL, BF, and TA, may have stabilized the supporting leg by
maintaining knee extension, assisting hip extension, and controlling ankle/shank rotation,
respectively, providing a reliable base that allowed the recovery leg to prepare for a rapid
and effective forward step immediately after the trip. Together, these proactive responses
at ON across both limbs reflect improved interlimb coordination, enabling participants
to anticipate the perturbation and prepare both the stance and recovery legs for rapid,
coordinated action to initiate and execute the recovery step. Our previous study also
revealed that this early, proactive muscular control may improve dynamic stability at ON
against forward balance loss and facilitate stability control afterwards [16].

During the reactive phase following the perturbation, the VL and RF helped maintain
knee extension on the stance leg, while BF contributed to hip extension, jointly stiffening
the joints to provide a stable support base. This stabilization enabled the recovery leg
to initially perform knee flexion (BF) to take off from the belt and later knee extension
(RF, VL) to recontact the belt more efficiently, enabling rapid limb placement during the
forward recovery step. As indicated above, a quick and effective recovery step is crucial for
reestablishing balance and preventing a fall after a postural disruption. The coordination
between recovery and stance legs ensures a successful recovery step. The reduction in
reactive peak EMG across the five trips is likely resulting from multiple factors, including
proactive adaptation, changes in mechanical demands, and improved pre-perturbation
posture [20], suggesting a combination of neuromuscular and biomechanical adjustments.
This adaptive scaling of muscle output suggests that the motor system refines its response
patterns to meet the mechanical demands of recovery while minimizing unnecessary muscle
contractions, which could compromise movement efficiency [20]. Our findings align with
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a study examining the effects of trip-based PBT using treadmill belt acceleration in older
adults, which also reported reductions in peak muscle activation [20]. This suggests that,
despite differences in muscle fiber composition and recovery strategies between young and
older adults, the trip-based PBT paradigm can elicit comparable neuromuscular adaptations.
The observed reduction in peak muscle activation may reflect increased familiarity with
the backward belt translation, allowing the neuromuscular system to generate the required
forces more efficiently.

Successful recovery from a trip requires muscles to be activated with the appropriate
magnitude and at the right time [25]. The time-to-peak EMG activation from perturbation
ON represents the efficiency of neuromuscular recruitment once a muscle has been en-
gaged. Our finding of reduced time-to-peak with repeated perturbations suggests that the
neuromuscular system can initiate corrective muscle activation much earlier, which may
reduce the required EMG amplitude and support more efficient reactive balance control.
However, more work is needed to test this postulation, as the actual force production and
electromechanical delay were not measured. In the recovery leg, a shorter time-to-peak in
RF, VL, BF, and MG likely promotes rapid hip flexion, knee extension, and ankle plantarflex-
ion, enabling faster leg clearance and placement during the recovery step. In the stance leg,
decreased time-to-peak in RF, BF, and TA enhances hip stabilization, knee extension, and
ankle dorsiflexion control, stiffening the supporting limb to provide a reliable base for the
recovery leg. These muscle-specific temporal adaptations demonstrate that repeated expo-
sure to trip-like perturbations enhances the speed and coordination of reactive corrective
responses, enabling the muscles to reach peak activation more quickly, stabilize the center
of mass, and execute an effective recovery step following the perturbation [26].

Although fall prevention research has primarily focused on older adults, our results
show that young adults also adapt to perturbations through specific neuromuscular mech-
anisms. These adaptations provide a neuromechanical explanation for how PBT reduces
fall risk across the lifespan. Specifically, the combination of greater muscle activity at ON,
decreased peak responses, and earlier time-to-peak suggests that PBT enhances both the
responsiveness and efficiency of the neuromuscular system in counteracting postural distur-
bances. Importantly, these findings extend the relevance of PBT beyond older populations
to younger individuals in occupational or athletic contexts where trip hazards and dynamic
balance challenges are common [27]. Investigating healthy young adults provides critical
insights into baseline neuromuscular adaptability, which can inform the optimization and
transfer of treadmill-based perturbation paradigms to populations at higher risk of falls.
Therefore, this study serves as an essential first step toward the broader application of
standing, treadmill-based, trip-like PBT protocols for fall prevention across different age
groups and functional capacities.

Although our results indicated that proactive neuromuscular adaptive strategies could
reduce the demand for reactive neuromuscular control to recover balance after a trip-like
perturbation, it is worth noting that our participants were healthy young adults. Hence,
our findings may not apply to older adults or individuals with movement disorders, as
they may be affected by age- or disease-related declines in physical function. Given that
older adults and individuals with movement dysfunctions also face a heightened risk of
falls [28], it is clinically meaningful to examine the relationship between proactive and
reactive neuromuscular controls in preventing falls following a balance loss. A sound
understanding of such relationships would provide valuable information for designing
and deploying PBT as a fall-prevention treatment across various populations.

This study has several limitations. First, muscle activation was examined using a
treadmill-based paradigm with backward surface translation, which may not fully replicate
overground tripping scenarios. Yet, treadmill-based perturbations offer precise control over
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timing and intensity, enabling consistent induction of trip-like responses. Given the increas-
ing clinical use of treadmills capable of inducing slips and trips, this paradigm remains a
valid and practical model for studying neuromuscular adaptations to perturbations. Sec-
ond, five perturbation trials were induced in the protocol. Therefore, it remains unknown
how leg muscle activations adaptively change across additional perturbation trials. Third,
limiting the analysis to peak EMG amplitude and time-to-peak may not fully capture the
temporal structure, coordination, or spatial distribution of muscle activation underlying
neuromuscular adaptation. Fourth, EMG amplitudes were not normalized because the
maximal voluntary contraction reference data were not collected in this study. This lack
of reference to the muscles’ maximum capacities can limit the interpretability of absolute
amplitude values, particularly for comparisons across muscles and participants within a
functional context, since absolute EMG values can be affected by individual physiological
differences and measurement-related factors. Finally, only the lower limb muscles were
selected in the present study. How the trunk or upper-extremity muscles, which could also
play a pivotal role in preventing falls, adapt to repeated postural disturbance is unclear.
More studies are needed to address these limitations.

5. Conclusions
Repeated trip-like perturbations elicited measurable adaptations in muscle activity in

young adults. The increased proactive EMG amplitude and shortened reactive time-to-peak
EMG could lower the demand for EMG amplitude during the reactive phase to recover
balance after a trip-like perturbation. These neuromuscular changes suggest enhanced
responsiveness and recruitment efficiency during balance recovery. Our findings provide
mechanistic insight into the benefits of PBT and underscore its potential as a targeted
intervention for reducing fall risk across diverse populations.
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ON Perturbation onset
PBT Perturbation-based balance training
Q1 First quartile
Q3 Third quartile
RF Rectus femoris
RMS Root mean square
SPSS Statistical package for the social sciences
T Trip
TA Tibialis anterior
TD Recovery foot touchdown
VL Vastus lateralis
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