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Fall-inducing systems have two critical applications. One is to obtain the biomechanical features 
of falling, and the other is to systematically train individuals and reduce the risk of falling. While 
the former application necessitates the occurrence of falls, the latter does not require fall-inducing 
perturbations to be excessively intense. The purposes of the study were to investigate the effects of 
perturbation intensities (a combination of speeds and durations) on the number of falls, fall rates, 
and maximum loading forces resulting from slips induced by a split-belt treadmill. Twenty-four young 
adults (12 males and 12 females) completed 16 randomized trials (12 perturbation trials and 4 false 
trials). The forces between a safety harness and a rail were used to identify falls and non-falls and to 
assess the maximum loading force during falls. Although the number of falls, fall rates, and maximum 
loading force significantly increase as the slipping speed increases for both durations, the relative risk 
analysis shows that fall risk significantly increases as the slipping speed increases regardless of the 
duration. These findings may contribute to developing design criteria for controlled perturbations 
using a split-belt treadmill, aimed at enhancing our understanding of fall biomechanics and informing 
fall prevention training programs.

Across all age groups, the consequences of falls affect quality of life and everyday activities1–3, or result in 
fractures, concussions, and even death4–6. Although various causes can result in falls, more than 50% of falls are 
caused by slips, and more than 25% are caused by trips in all age groups7–9. When a slip occurs, falling backward 
is particularly risky since it often results in serious injuries such as traumatic brain injury, back injury, and limb 
fracture9–11.

Although the risk of falling is affected by several physical, neurological, metabolic, and environmental factors, 
the ability to rapidly restore the body’s stability after a gait perturbation (e.g., slipping, tripping, or stumbling) is 
definitely critical to preventing falls8,12,13. Mechanical obstacles, moveable platforms, pulling cables, and slippery 
contaminants (e.g., oil) have been the most common methods for generating gait perturbations (i.e., slips and 
trips) that could lead to a fall14–16. These methods were primarily used to explore the biomechanical mechanisms 
leading to a fall. Additionally, multiple studies have demonstrated that perturbation-based training, which 
involves training the body’s compensatory responses following repeated exposure to slips and trips, is more 
task-specific than conventional balance and strength exercises for preventing falls17–20. Two systematic reviews 
indicated that individuals can substantially improve their body responses after multiple exposures to unexpected 
slips and trips21,22. Another study found that repeated slip perturbation-based training reduces the risk of falling 
in older adults by 50% after 12 months of training23. These findings underscore the potential benefits of using 
gait perturbations to better understand the body’s post-fall responses or motor adaptations after fall prevention 
training.

However, the most common methods employing mechanical obstacles, moveable platforms, pulling cables, 
or slippery contaminants lack the ability to quantitatively control perturbations, making them unsuitable for 
practical fall-inducing and fall prevention training when perturbations need to be systematically designed and 
administered, and thus difficult to popularize. For example, the pre-located obstacles or contaminants may 
allow the participants to anticipate the upcoming perturbation, which can possibly assist them in preventing 
falls and reduce the potential training effects resulting from unpredictability. Alternatively, instrumented 
treadmill-based systems equipped with force plates can address the issue of uncontrollable or predictable gait 
perturbations24–28; treadmill belt can be precisely controlled to induce perturbation with selected parameters 
(e.g., speed, acceleration, duration, etc.) at any arbitrary moment. Reproducing perturbation experiments or 
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training sessions under consistent treadmill settings can ensure reliable outcomes, and the settings can be 
modified and adjusted in a controlled manner to provide appropriate perturbations for the various applications.

Previous overground walking studies have demonstrated that a perturbed foot’s slipping dynamics, such as 
speed, duration, and distance affect the likelihood of falling29–31. Therefore, there have been attempts to evaluate 
various perturbation intensities using a single-belt instrumented treadmill. Using feet in a standing position 
and three peak belt speeds, one research group found more falls at 1.8 m/s compared to 0.9–1.2 m/s32. However, 
these findings may not be generalizable to dynamic contexts (i.e., falls caused by different slipping speeds 
during walking). Other studies have investigated whether perturbation-based training using different slipping 
accelerations, durations, and distances modulated by a single-belt instrumented treadmill could lead to fewer 
overground falls14,15,33–35. Although these studies have found that the training group had fewer overground 
falls than the control group without training, they have not quantitatively examined fall rates as a function of 
different slipping accelerations, durations, and distances. More importantly, the previous studies used a single-
belt instrumented treadmill, which caused both feet to slip simultaneously14,15,33–36, rather than a split-belt 
instrumented treadmill.

A split-belt instrumented treadmill allows for independent control of each belt’s speed, enabling perturbations 
that replicate conditions observed in overground studies, where the speeds of the trailing and leading foot can 
differ16,29–31,37. Nevertheless, prior studies using a split-belt instrumented treadmill have primarily employed 
a uniform speed and/or acceleration, and have focused on biomechanical and physiological responses and 
learning effects after induced perturbations such as trips and slips27,28,38. Consequently, a gap in these previous 
studies exists in our knowledge of how different perturbation intensities, modulated by a split-belt instrumented 
treadmill, affect backward slip-falls (i.e., foot slipping forward). It is crucial to precisely determine the perturbation 
intensities during split-belt walking, as excessively high or low perturbation intensities may not adequately 
reflect realistic conditions within the controlled parameters of a split-belt treadmill. Low perturbation intensities 
make it difficult to fully understand biomechanical responses to falls, while high perturbation intensities make 
recovery impossible. Specifically, low perturbation intensities may not sufficiently challenge the body’s balance, 
limiting the ability to fully observe and analyze compensatory biomechanical responses during falls, while 
excessively high perturbation intensities can overwhelm the body’s recovery mechanisms, leading to inevitable 
falls without providing insight into effective recovery strategies. Furthermore, for perturbation-based training 
aimed at reducing falls, low perturbation intensities may reduce training effects, while high perturbation 
intensities may cause fear of falling, resulting in reduced confidence, compromised motor responses, and altered 
posture and gait patterns. Therefore, the purposes of the study were to investigate the effects of different levels 
of the perturbation intensity on the number of falls, fall rates, and maximum loading forces resulting from slips 
induced by a split-belt treadmill.

In this study, to systematically analyze the effects of perturbation intensities on backward slip-falls, we 
refined the previous version of our fall-inducing system and exploited the controllable and unpredictable gait 
perturbation induced by the split-belt treadmill. We selected three speeds and two durations based on the results 
of previous overground and treadmill walking studies29–31, identified falls and non-falls based on conventional 
harness load cell criteria, and evaluated the number of falls, fall rates, and maximum loading forces during falls 
as a function of the six perturbation intensities (i.e., the combination of three speeds and two durations).

Methods
Slip-inducing system and perturbation intensities
The slip-inducing system’s hardware and software were refined and implemented based on our previous fall-
inducing developments27,28. Figure 1 shows the hardware components, consisting of (1) an instrumented split-
belt treadmill equipped with two force plates beneath each belt (Bertec Corporation, Columbus, OH, USA) 
and (2) a load cell (LCCD-250, Omega Engineering Inc., CT, USA) attached between a safety harness and a 
stationary walking rail.

The custom software was developed and implemented using C + + based on our previous studies27,28. Figure 2 
shows the custom software’s flowchart. In real time, the custom software sampled the vertical ground reaction 
forces (GRFs), speeds of the treadmill’s belts, and loading forces from a load cell at a rate of 100 Hz. The raw 
GRFs were low-pass filtered with a 10 Hz cut-off frequency to eliminate high-frequency noise27,28. Using filtered 
GRFs, a gait recognition algorithm detected heel strike and toe-off events based on a pre-specified threshold (i.e., 
2% of GRFs normalized to each participant’s weight)39. Slip perturbation was applied to a randomly selected foot 
(either left or right) and step using one of six perturbation intensities.

The six perturbation intensities were determined by combining three speeds and two durations. These 
parameters were chosen considering the possible effects of participants’ gait speed on recovery from slips40 and 
the range of foot speed and duration during overground slips29–31. In particular, previous overground studies 
have shown that individuals can successfully recover from induced falls when the foot’s slipping speed is less 
than or equivalent to their preferred walking speed (PWS), whereas falls occur when they slip at a speed that 
approximately reaches 2×PWS29–31. Therefore, we chose three speeds of 0.5×PWS (slow), 1×PWS (moderate), 
and 2×PWS (fast).

Previous studies have indicated that the compensatory limb (i.e., the non-perturbed limb) reacts within 
approximately 300 ms after a slip, regardless of whether the recovery is successful or a fall occurs40. This finding 
implies that falls are likely to occur under two scenarios. First, even with a relatively rapid response time (i.e., 
< 300 ms), a fast slipping speed can cause an extended slipping distance, leading to a fall. Second, even at a 
relatively slow or moderate slipping speed, a longer slipping duration can increase the distance and likelihood of 
falling, consistent with findings from previous overground studies16,29–31,37 that reported slip distances ranging 
from 31.80 cm to 55.30 cm, which is equivalent to approximately 318 ms to 553 ms based on a walking speed of 
1 m/s on a split-belt treadmill. Considering these, we chose two distinct durations of 300 ms and 500 ms.
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Although previous overground studies have identified recovery or falls based on individual parameters (e.g., 
slipping speed, duration, or distance)29–31, they have not investigated the combined effects of these parameters. 
In this study, we examined six perturbation intensities, combining three speeds (0.5×PWS, 1×PWS, and 
2×PWS) and two durations (300 ms and 500 ms). For all perturbation intensities, one belt for the selected foot 
was accelerated anteriorly, causing backward loss of balance. The acceleration of one belt was automatically 
calculated and applied based on the three speeds (i.e., 0.5×PWS, 1×PWS, and 2×PWS). We used different values 
of acceleration to achieve the intended belt speed at the heel strike of the selected foot, even with the non-

Fig. 1.  Slip-inducing system and its hardware components.
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zero response time of the system and the short time window between the toe-off and heel strike. Resultantly, 
the average accelerations were 4.54 ± 0.13 m/s2 for 0.5×PWS, 5.87 ± 0.18 m/s2 for 1×PWS, and 7.75 ± 0.25 m/s2 
for 2×PWS, as confirmed by the recorded speed profiles. The corresponding belt acceleration durations were 
0.47 ± 0.09 s for 0.5×PWS, 0.39 ± 0.10 s for 1×PWS, and 0.28 ± 0.11 s for 2×PWS, respectively.

Figure 3 shows a representative belt speed profile. Considering the response time of the treadmill’s control 
system and motor characteristics when abruptly changing the direction of the belt’s speed, we accelerated the belt 
providing the slip perturbation immediately after the perturbed foot’s toe-off just before the perturbation step, 
and the perturbation persisted for 300 ms or 500 ms after the perturbed foot’s heel strike. After the perturbation, 
the two belts stopped when the loading force recorded by the load cell exceeded 30% of body weight41, which 
indicated a fall; otherwise, the belt providing the slip perturbation returned to pre-perturbation speed, which 
indicated a non-fall. For data analysis, the custom software stored GRFs, belt speeds, loading forces at a rate 
of 100 Hz, fall and non-fall events in a binary manner (1 or 0), foot selection (left or right), perturbed step 
(number), and perturbation intensity (from 1 to 6).

Fig. 2.  Custom software’s flowchart.
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Participants
Twenty-four healthy young adults (12 females and 12 males; age: 23.25 ± 2.47 years; height: 170.17 ± 6.78 cm; 
weight: 65.82 ± 10.50  kg) participated. Potential participants were excluded if they had musculoskeletal 
dysfunctions, peripheral sensory diseases, neurological disorders, or surgical histories that impaired balance 
or gait performance. The recruited participants were right-footed, as identified by their self-reported foot 
dominance, and naïve to the purpose of the study. All participants read and signed the informed consent form 
for both study participation and publication of identifying information and images in an online open-access 
publication. The Seoul National University Institutional Review Boards approved the study protocol (IRB No. 
2307/001–001), which was in accordance with the Helsinki Declaration.

Experimental protocols
There were no practice trials with the slip perturbation. All participants received no information about slip 
intensity, perturbation foot, perturbation onset, and recovery. Before an experiment session began, each 
participant’s PWS on the treadmill was determined by the conventional protocol42. Then, each participant wore 
noise-cancelling headphones (QC45, Boss, USA) to mask the noise from the treadmill motors, which might 
possibly enable the participant to anticipate the onset of the perturbation. Each participant also wore a safety 
harness (Fig. 1). To minimize the impact of wearing safety harness and ensure the validity of the load cell criteria, 
the vertical hip height in a seated position while wearing the safety harness was set to 37% of the participant’s 
height41.

The experiment session included 16 randomized trials, consisting of 12 perturbation trials (six perturbation 
intensities applied to both the left and right foot) and four false trials without any perturbation applied to 
either foot. False trials were included to reduce any potential learning effects that could result from repeated 
exposure to slip perturbations. Our previous findings have shown that learning effects emerge after three trials 
of gait perturbation, particularly in response to trip perturbations28. However, when a false trial without a slip 
perturbation was included randomly among the perturbation trials, these learning effects were not observed27. 
Therefore, each false trial was randomly included within the sequence of three consecutive perturbation trials. 
During 12 perturbation trials, the slip perturbation was randomly applied between the 26th and 50th steps to 
minimize the possibility of anticipating a slip occurrence.

Fig. 3.  A representative speed profile of one belt recorded from the treadmill for one participant. The 
participant’s PWS was 0.97 m/s. The perturbation intensity was 0.5×PWS with 300 ms. A positive (+) speed 
indicates anterior belt movement, whereas a negative (-) speed indicates posterior belt movement.
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During all the experimental trials, each participant was instructed to walk as normally as possible while 
keeping their gaze fixed on an “X” mark positioned 3  m ahead at eye level and not to hold onto the safety 
harness. White noise was played through the noise-cancelling headphones to remove ambient noise, such as belt 
running sounds. If a participant fell according to the load cell criteria (i.e., 30% of body weight41), both belts 
were immediately stopped for safety, and the trial was terminated. Otherwise, a participant continued walking 
for 20 steps at the pre-perturbation speed (i.e., PWS) after the perturbation, to ensure enough steps for successful 
recovery and a return to normal walking27,28. Each trial lasted less than 90 s. Consecutive trials were separated 
by 30 s of rest.

Data and statistical analyses
The outcome measures (number of falls and non-falls, their rates, and fall occurrence for the 12 trials and 
maximal loading force for perturbation trials involving falls) were analyzed using SPSS (IBM Corp., Armonk, 
NY, USA). Fall occurrence was a categorical variable (i.e., fall (1) or non-fall (0)), while maximum loading forces 
were continuous variables.

The preliminary analysis was conducted using generalized estimating equations (GEE) to evaluate whether 
specific factors, including gender, the side of the perturbed foot (left or right), and the number of perturbation 
trial repetitions, which were analyzed to assess potential learning effects, had statistically significant effects 
on the two primary outcomes (i.e., fall occurrence and maximum loading forces). This approach enabled the 
evaluation of within-subject variability while accounting for potential interactions between these factors and the 
outcomes. The preliminary analysis indicated no significant effects of gender, the perturbed foot, or the number 
of perturbation trials. Therefore, subsequent GEE analyses focused on examining the main effects of the three 
speeds, two durations, and their interactions. The least significant difference method was employed for multiple 
pairwise comparisons to identify factors influencing the main and interaction effects on the two outcomes. 
Additionally, associations between fall occurrence and perturbation intensities were evaluated by calculating 
odds ratios (OR) with 95% confidence intervals (CI) and relative risk (RR). Specifically, the analysis considered 
each significant pair among the combinations of three perturbation speeds and two perturbation durations. 
These pairwise comparisons were followed by a GEE analysis to account for the correlated nature of repeated 
measures data. Statistical significance for GEE analyses was determined at a two-sided p-value of less than 0.05.

Sample size justification
We used G*Power 3.1 to estimate the sample size based on a preliminary repeated measures analysis of variance 
using data from 10 participants. The preliminary analysis revealed a moderate effect size (Cohen’s f = 0.25) for 
the relationship between perturbation intensities and fall outcomes (i.e., fall occurrence and maximum loading 
forces) across all trials, excluding false trials. Assuming a power level of 0.80, an alpha level of 0.05, and a 
moderate correlation between repeated measures (r = 0.5), the power analysis suggested that a minimum of 22 
participants was required to achieve adequate statistical power. To account for potential dropouts, we recruited 
a total of 24 participants, ensuring sufficient data for robust statistical analysis.

Results
Number of non-falls and falls and their rates
The mean and standard deviation of the PWS across all participants were 1.00 and 0.11 m/s. Table 1 reports the 
number of falls and non-falls and their rates as a function of the three speeds and two durations. The overall fall 
rate was 76%, with a tendency for the fall rate to increase as speed and duration increased. The duration from 
the slip onset to the event of fall was 0.43 ± 0.21 s for 0.5×PWS, 0.36 ± 0.19 s for 1×PWS, and 0.35 ± 0.14 s for 
2×PWS, respectively.

The GEE analysis results indicated that the main effects of the three speeds and the two durations on fall 
occurrence were significant (p < 0.0001 and p = 0.026), but no significant interaction effects (p = 0.407). Figure 4 
shows the fall rate as a function of the three speeds and two durations, including the statistical significance 
of multiple pairwise comparisons. For the 300 ms duration, the results of statistical analyses showed that the 
0.5×PWS had significantly lower fall rates than the 1×PWS (p < 0.0001) and the 2×PWS (p < 0.0001). The OR 
values with 95% CI were 3.50 (95% CI: 1.43, 8.58; RR: 1.52) for the 1×PWS versus the 0.5×PWS and 4.60 (95% 
CI: 1.78, 11.86; RR: 1.60) for the 2×PWS versus the 0.5×PWS, respectively.

For the 500 ms duration, the results of statistical analyses showed that 0.5×PWS had significantly lower fall 
rates than the 1×PWS (p < 0.0001) and the 2×PWS (p < 0.0001), and the 1×PWS had significantly lower fall rates 

Speed Duration Fall (n) Non-fall (n) Total (n) Fall rate (%)

0.5×PWS
300 ms 25 23 48 52.08

500 ms 27 21 48 56.25

1×PWS
300 ms 38 10 48 79.17

500 ms 42 6 48 87.50

2×PWS
300 ms 40 8 48 83.33

500 ms 47 1 48 97.92

Total 219 69 288 76.04

Table 1.  Number of falls and non-falls and their rates as a function of the three speeds and two durations.
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than the 2×PWS (p = 0.041). The OR values with 95% CI were 5.44 (95% CI: 1.95, 15.22; RR: 1.56) for the 1×PWS 
versus the 0.5×PWS, 36.56 (95% CI: 4.65, 287.15; RR: 1.74) for the 2×PWS versus the 0.5×PWS, and 6.71 (95% 
CI: 0.78, 58.08; RR: 1.12) for the 2×PWS versus the 1×PWS, respectively.

Among the three speeds, the 300 ms had significantly lower fall rates than the 500 ms only for the 2×PWS 
(p = 0.008). The OR value with 95% CI was 9.40 (95% CI: 1.23, 78.41; RR: 1.18) for the 500 ms versus the 300 ms.

Maximum loading forces due to falls
The GEE analysis results revealed significant main effects of the three speeds (p < 0.0001), but no significant main 
effects of the two durations (p = 0.810) or interaction effects (p = 0.403) on the maximum loading forces. Figure 5 

Fig. 5.  Maximum loading forces as a function of the three speeds and two durations (*p < 0.05, **p < 0.01, and 
***p < 0.0001). Error bars indicate the standard error of the corresponding mean.

 

Fig. 4.  Fall rate as a function of the three speeds and two durations (*p < 0.05, **p < 0.01, and ***p < 0.0001).
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shows the maximum loading forces as a function of the three speeds and two durations, including the statistical 
significance of multiple pairwise comparisons. For the 300 ms duration, the 2×PWS resulted in significantly 
higher maximum loading forces than the 0.5×PWS (p = 0.002). For the 500 ms duration, the 0.5×PWS resulted 
in significantly lower maximum loading forces than the 1×PWS (p = 0.001) and the 2×PWS (p < 0.0001). 
Additionally, the 1×PWS resulted in significantly lower maximum loading forces than the 2×PWS (p = 0.007).

Discussion
The substantial expenses associated with falls underscore the need to design effective training programs for 
fall prevention and comprehensively understand the biomechanics of falls. One potentially effective strategy to 
improve individuals’ ability to restore balance after perturbation and reduce the risk of falling is to repetitively 
expose them to unexpected gait perturbations in a well-controlled training setting21,22. To implement this scheme, 
it is critical to design and apply gait perturbations with proper intensities. Likewise, to reveal the biomechanics 
of falls comprehensively, it is imperative to perform a well-designed experiment that includes perturbations with 
sufficient intensity. One critical obstacle to achieving these goals is a lack of our knowledge about the adequacy 
of the perturbations; there is uncertainty over the “proper” or “sufficient” levels of the perturbation intensity.

In this study, to contribute to filling this research gap, we investigated the effects of six different perturbation 
intensities on the fall occurrences and rates following slip perturbations by exploiting a split-belt treadmill 
system which can apply perturbation in a precisely controlled manner. We also quantified the maximum loading 
forces resulting from falls. The results showed a significant increase in the rate of falls as the speed of the induced 
slip increased regardless of the duration, except for the 500ms duration at 2xPWS, and a higher occurrence of 
falls with a slip duration of 500 ms compared to 300 ms, when the slipping speed was twice the PWS. Maximum 
loading forces increased as the slipping speed increased, whereas the slip duration had no significant effect 
regardless of the slip speed.

Previous studies have not specifically investigated the effects of different levels of slip intensity during 
treadmill walking on slip outcomes, which makes it difficult to directly compare with the results of this study. 
Nevertheless, our results are consistent with those of previous studies on overground slips, which established 
a correlation between falls and the speed, duration, and distance of the slipping foot16,29–31. In previous 
overground studies16,29–31,37, when participants recovered, the foot slipping speed was 1.43 ± 0.55 m/s, similar to 
the PWS of 1.32 ± 0.22 m/s. In contrast, when participants fell, the foot slipping speed was significantly higher 
at 2.21 ± 0.53 m/s compared to their PWS of 1.34 ± 0.16 m/s, nearly twice their PWS. Additionally, the slipping 
distance of a perturbed foot ranged approximately 15.34 cm to 45.34 cm for recovery and 31.80 cm to 55.30 cm 
for falling, with some overlap between the two ranges. Furthermore, the slipping duration of a perturbed foot 
was nearly identical, being 0.31 ± 0.12 s for recovery and 0.30 ± 0.14 s for falling. However, it is reasonable to infer 
that a slow slipping speed and shorter distance likely resulted in stable recovery steps, whereas a faster slipping 
speed and longer distance led to unstable steps and falls. Taken together, these previous findings support the 
selection of three speeds and two durations assessed in this study. More importantly, this study demonstrates 
that adjusting speed and duration can effectively alter slipping distances, thereby potentially influencing the 
likelihood of falls. The estimated slipping distances, calculated by multiplying the belt speed by the time interval 
between the fall event and the heel strike of the perturbed foot, for each perturbation intensity were: 15 cm 
(range: 13.3 cm to 16.7 cm) for 0.5×PWS at 300 ms, 30 cm (range: 26.7 cm to 33.3 cm) for 1×PWS at 300 ms, 
60 cm (range: 53.4 cm to 66.6 cm) for 2×PWS at 300 ms, 25 cm (range: 22.5 cm to 27.8 cm) for 0.5×PWS at 500 
ms, 50 cm (range: 44.5 cm to 55.5 cm) for 1×PWS at 500 ms, and 100 cm (range: 89.0 cm to 111.0 cm) for 2×PWS 
at 500 ms. Therefore, the six perturbation intensities (i.e., the combination of three speeds and two durations) 
identified and assessed in this study could be appropriate for investigating falls or training recovery responses 
on split-belt instrumented treadmills, which contrasts with the outcomes of previous studies that have mainly 
focused on compensatory responses or learning effects15,27,28,36,38.

The results of the RR analysis showed that fall risk significantly increased as slipping speed increased, ranging 
from 1.12 to 1.78 times regardless of slipping duration. Only the 2×PWS showed a significant increase in fall 
risk when the duration increased from 300 ms to 500 ms, which we attribute to a large difference in slipping 
distances between the duration of 300 ms and 500 ms (i.e., 60 cm vs. 100 cm, compared to 15 cm vs. 25 cm for 
the 0.5×PWS, and 30 cm vs. 50 cm for the 1×PWS).

Consistent with the results of this study’s fall rate analysis for the three speeds and two durations, the 
maximum loading force significantly increased as the slipping speed increased in the trials involving falls as 
shown in Fig. 5. The average maximum loading forces ranged from 42.96 to 50.72% of the participant’s body 
weight. The slip duration had no significant effect on the maximum loading forces for 0.5×PWS, 1×PWS, and 
2×PWS as shown in Fig. 5.

The primary limitation of this study is the lack of comprehensive whole-body kinematic measurements, 
particularly regarding the responses of both the perturbed and unperturbed limbs, such as landing position 
and timing, which can directly impact slip outcomes. Additionally, this study did not explicitly examine the 
compensatory movements of the trailing foot (i.e., the unperturbed foot). Our primary objective was to quantify 
the direct effects of perturbation intensity on fall likelihood and impact loading, rather than analyzing postural 
control mechanisms and kinematic data on reactive stepping strategies. However, we acknowledge that including 
such analyses would provide further insight into the biomechanical mechanisms underlying slip recovery. Other 
limitations include participant homogeneity (i.e., healthy young adults), the absence of speed less than 0.5×PWS, 
the number of duration conditions, and the lack of consideration for the potential impact of white noise (e.g., 
influence on motor performance43). Additionally, the slip perturbation wave (i.e., square-shaped) was designed 
based on overground slip outcome data from previous studies33,35, which may result in different outcomes 
when using a triangle-shaped wave15,38. While this study aimed to replicate overground slip conditions using a 
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split-belt treadmill, it is important to acknowledge the inherent difference between overground and treadmill 
walking44–49.

Future research integrating a kinematic measurement system, such as a full-body motion capture system, 
with our slip- inducing system will allow us to comprehensively evaluate whole-body kinematics after slip 
disturbances with varying intensities, analyze slip outcomes related to the recovery response of the unperturbed 
limb, and explore potential learning effects on kinematic and recovery responses to slip perturbations with 
different intensities. Specifically, quantifying the compensatory stepping responses of the trailing foot will yield 
more comprehensive insights into its biomechanical contributions to fall recovery. We also plan to include 
populations at high risk of falling (e.g., older adults, people with neurological conditions, etc.) and investigate 
the effects of speeds less than 0.5×PWS, diverse durations, and multiple shapes of the perturbation profiles 
including square and triangle on falls and non-falls. Furthermore, we plan to refine the current system to better 
replicate practical slip conditions.

Conclusion
This is the first study to systematically assess the effects of perturbation intensities on backward slip-falls induced 
by a split-belt treadmill. We investigated the effects of six perturbation intensities combining the three speeds 
and two durations on falling and found a positive correlation between the speed of the induced slip perturbation 
and the fall rates. The maximum loading forces during falls also showed a positive correlation with the increase 
in slipping speed but were not affected by the durations.

Our findings provide preliminary insights that may support the development of design criteria for gait 
perturbations using split-belt treadmills. These criteria can be valuable for studying fall biomechanics through 
controlled, fall-inducing perturbations and for designing training protocols with progressively adjusted 
perturbations to facilitate balance recovery. This study suggests that, within a split-belt treadmill environment, 
factors such as perturbation speed and slip distance may influence the likelihood of falls. The methods, protocols, 
and findings of this study may serve as a reference for future investigations on fall mechanisms and prevention 
using controlled split-belt treadmill settings.

Data availability
All datasets generated and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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