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Abstract
Purpose  During walking, the slip velocity relative to the center of mass velocity can be one of the determinants of falls. 
We hypothesized that participants would select their strategy (classified by strategy type and measured by the distance of 
recovery landing or next forward stepping) according to both walking velocity and stance of legs. This study aimed to assess 
the relationship between the walking velocity relative to the slip velocity (maximum 1.6 m/s) and the corrective response 
and evaluated the element of the posture at the moment of slipping associated with the corrective response.
Methods  Ten healthy young adults showed leading leg perturbation in two isolated velocity conditions during over ground 
walking (slow: 0.9 m/s, fast: 1.6 m/s) using a built-in, double-belt treadmill. We defined the corrective response to perturba-
tion as the change in the heel marker distance post-perturbation. We examined the postural parameters affecting the differ-
ence in corrective response.
Results  During fast walking, at a velocity near the maximum slip velocity, all participants overcame slipping and kept 
walking. During slow walking, at a velocity less than the maximum slip velocity, most of the participants took wide steps or 
stepped backwards and stopped walking. During slow walking, the step length (r = 0.84, p < 0.01) and the hip flexion angle 
(r = 0.78, p < 0.01) were strongly correlated with corrective response.
Conclusion  One of the targets of the therapeutic interventions may be expanding the hip’s range of motion to secure a stable 
base of support for elderly people with slow walking velocity.
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1  Introduction

Body balance control during walking is affected by posi-
tion and velocity of the center of mass (CoM) [1, 2]. The 
CoM position and velocity have been characterized as key 
determinants of falls as the dynamic gait stability [3–6]. 
Falling is often caused by a slip perturbation forcing the 
CoM away from the base of support (BoS). Slipping causes 
approximately 40–50% of all fall-related injuries [7]. The 
backward falls are particularly dangerous because they fre-
quently cause hip fractures [8]. If the backward balance is 
lost, able-bodied people usually quickly relocate the BoS 
using different strategies, such as by taking a backward step 
[2]. A fall could occur if a loss of backward balance caused 
by slipping occurs faster than taking a backward step. There-
fore, the slip velocity relative to the CoM velocity can be one 
of the determinants of falls.
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No previous study has revealed the relationship between 
the walking velocity and slip velocity. Experimental studies 
on artificial slipping environments using a movable plat-
form [9], mineral oil [10], and water-detergent mixture [11] 
have not been able to clarify the exact relationship between 
the slip perturbation velocity and CoM velocity. The slip 
velocity of these experiments depends on the bodyweight 
of the subjects. To clarify the relationship, the experimental 
condition must be so set that there is a subtle difference 
between the walking velocity and slip velocity for healthy 
young adults. However, if slip velocity is set close to the 
walking velocity, the healthy young adult may not fall. The 
outcome of slip perturbation cannot be set as falling or not 
falling. Therefore, the present study was set the corrective 
response using evaluating the strategy type and leg move-
ment as a detailed reaction for perturbation.

The main aim of this study was to reveal the relationship 
between the walking velocity relative to the slip velocity and 
the corrective response for overcoming a perturbation, keep 
walking or stop walking. The second aim was to evaluate the 
element of posture associated with the corrective response at 
the moment of slipping. We hypothesized that participants 
would select their strategy (classified by strategy type and 
measured by the distance of recovery landing or next step in 
the forward direction) according to both, the walking veloc-
ity and stance of the legs. To achieve this purpose, we used 
a double-belt treadmill built into the floor. This treadmill can 
independently control the perturbation velocity and timing 
of each belt by a computer program.

2 � Methods

2.1 � Participants and Equipment

Ten healthy young adults (males aged 21.0 ± 1.0 years; 
height, 1.71 ± 0.08 m; leg length, 0.86 ± 0.05 m; weight, 
63.1 ± 6.2 kg) with no history of neural or musculoskeletal 
disorders were recruited. All participants provided written 
informed consent according to the guidelines of the Decla-
ration of Helsinki before the start of the study. This study 
and its protocols were approved by the Saitama Prefectural 
University Ethics Review Committee (No. 28821).

We used a built-in double-belt treadmill (AM 6500, 
1.97 × 1.00 m, 1000 Hz, Bertec, USA, Fig. 1a) with independ-
ent force sensors and motors, recessed into the floor. The walk-
way in this experiment was approximately 10 m long, includ-
ing the treadmill. The participants were exposed to identical 
slip perturbation conditions while walking on the treadmill. 
Customized software by LabVIEW (2016, National Instru-
ments, Austin, USA) controlled the treadmill, as well as the 
synchronized data between the motion capture system and the 
treadmill. The three-dimensional marker data were collected 

using a 17-camera Vicon motion capture system (MX-T series, 
100 Hz, Nexus 2.5, Oxford, UK) with a marker setting of the 
Plug-in-Gait full-body AI model (39 reflective markers).

2.2 � Slip Perturbation Experiment

Participants were instructed to walk along the metronome 
and walk on a treadmill with no prior knowledge of the slip-
ping side. We aimed to prevent the conscious step length 
from interfering with comfortable walking. A previous study 
reported that the self-selected speed may not optimize gait 
stability at perturbation [12]. Therefore, the participants 
were only instructed to walk along the metronome. Moreo-
ver, participants were men of almost the same height.

The participants practiced walking sufficiently to main-
tain a comfortable step length along the metronome before 
the experiments. We set the tempo of the metronome to 
examine two walking conditions referring to a previous 
report [13]. The fast walking condition was 140 bpm, which 
was less than the maximum slip velocity. The slow walking 
condition was 80 bpm, which was equal to or greater than 
the maximum slip velocity. The treadmill was set to reach 
the maximum slip velocity of 1.6 m/s. This slip velocity 
was the same as that noted for when the elderly participants 
slipped in a previous study [14]. We programmed the tread-
mill to incur the perturbation when the step positions satis-
fied both of the following terms. The slipping side belt accel-
erated forward (1) when the slipping side foot stepped onto 
the slipping side belt at a distance greater than 500 mm and 
(2) when the no slipping side foot stepped onto the no slip-
ping side belt at a distance less than 500 mm (Fig. 1b). The 
threshold of the slipping side ground reaction force (GRF) 
was set at 5 N. The forward slip velocity was accelerated to 
1.6 m/s with an acceleration of 5.3 m/s2 during 0.3 s and 
decelerated to 0 m/s with an acceleration of 5.3 m/s2 dur-
ing 0.3 s (Fig. 1c). The perturbation was set to occur only 
under the aforementioned conditions. When the position of 
their steps did not meet the set conditions the participants 
received no perturbation and walked through. To avoid the 
learning effect by repeating occurred same perturbation, we 
randomized the target side (left or right) of perturbation. 
The experiment for each condition was finished when total 
4 perturbations occurred on the right (2 trials) and left (2 
trials) sides. As a result, each participant performed total 
5 to 8 trials including that perturbation was not occurred. 
Therefore, 1 to 4 dummy trials were randomly included.

2.3 � Classification of the Strategy Type 
and Measurement of the Distance of Recovery 
Landing or Next Step in the Forward Direction

During the experiments, we classified the strategy type to 
overcome slip perturbation for each trial as follows: (1) stop 
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walking (taking a wide step or step back) and (2) keep walk-
ing (get over the slip and go through the trial). Moreover, 
we measured the change in the heel marker distance (Fig. 2) 
to more accurately classify how large a step the participant 
took or how easily they overcame the disturbance using 
Eq. 1 (given below). We calculated it as the change from 
the anteroposterior distance between each heel marker when 
the perturbation occurred to that after the perturbation.

 
The change in the heel marker distance was negative 

when the leading leg was set widely in front of the trailing 

Heel marker distance = (Heel marker data for the leading leg) − (Heel marker data for the trailing leg)

(1)
Change in the heel marker distance

=
(Heel marker distance at the time of perturbation) − (Heel marker distance 600 ms after the perturbation)

Heel marker distance at the time of perturbation

leg. Therefore, the participants stopped walking and either 
took a wide step sideways or took a step back. The change 
in the heel marker distance ranges from 0 to 1 when the 
leading leg is set narrowly (at a short distance) in front of 
the trailing leg. The change in the heel markers distance 
was positive and above 1 when the trailing leg was in front 
of the leading leg. Therefore, the participants got over the 
perturbation (Fig. 1d). We used the data from all 80 trials, 

from both slipping sides for both slipping velocity condi-
tions for the 10 participants.

Fig. 1   Schematic of the experi-
mental methods. a Experimen-
tal equipment and environment 
of the experimental room. b 
Overhead view of the built-in 
double belt treadmill showing 
the condition in which perturba-
tion occurred through the use of 
programming software. c Profile 
of the slip perturbation
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2.4 � Definition of Postural Parameters

We defined the calculated parameters related to the walking 
velocity and posture when the perturbation occurred in the 
following manner: (1) Walking velocity, calculated by the 
differential of the CoM displacement in the anteroposterior 
direction before the perturbation; (2) The center of pres-
sure (CoP)–CoM distance, calculated as the anteroposterior 
distance between the CoM and the leading/slipping leg’s 
CoP, normalized by each participant’s leg length [4, 15]. The 
CoP–CoM distance was negative when the CoM was in front 
of the CoP and positive when the CoM was behind the CoP; 
(3) The CoP–CoM angle, defined as the sagittal plane angle 
between the vertical axis of the lab and a vector joining the 
leading/slipping leg’s CoP and CoM [16]. The CoM–CoP 
posterior inclination was negative, and the anterior inclina-
tion was positive; (4) Step length, the heel marker distance 
between the leading and the trailing legs, normalized by 
each participant’s height when the perturbation occurred; (5) 
Hip flexion and extension, knee flexion, and extension, and 
ankle dorsiflexion and plantarflexion angles on the leading/

slipping and trailing/no slipping sides; and (6) Trunk ante-
rior tilting angle.

2.5 � Statistical Analyses

The paired t-test was used to compare the walking velocity 
and maximum belt velocity between the two walking con-
ditions (fast and slow). The non-paired t-test was used to 
compare all parameters between the different strategy types 
(slow: wide step vs. narrow, fast: narrow vs. get over) for 
each walking velocity condition. The Lilliefors’s test was 
preliminarily performed to check the normality distribu-
tion, and Spearman rank correlation coefficients were used 
to examine the associations between the change in the heel 
marker distance and postural parameters. Differences in the 
corrective responses incidence among the subjects were 
assessed with Chi square (X2). The statistical significance 
level for all measured values was set at p < 0.05. All analyses 
were performed using custom-written MATLAB software 
(The MathWorks Inc., US).

Fig. 2   Flow chart for the classification of the strategy type and meas-
urement of the distance of recovery landing or step in the forward 
direction. If the change of heel markers distance is negative, the lead-
ing leg is set widely in front of the trailing leg. In other words, the 
participant stops walking and either takes a wide step or a step back. 

If the change of heel markers distance ranges from 0 to 1, the leading 
leg is set narrowly (a short distance) in front of the trailing leg. If the 
change of heel markers distance is positive (over 1), the trailing leg 
is in front of the leading leg. In other words, the participant gets over 
the perturbation
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3 � Results

The walking velocity showed a significant difference 
between the slow and fast walking conditions (p < 0.05, 
slow: 0.91 ± 0.13 m/s, fast: 1.62 ± 0.29 m/s). The maxi-
mum belt velocity showed no significant differences 
between the conditions (p = 0.79, slow: 1.66 ± 0.03 m/s, 
fast: 1.66 ± 0.03 m/s). For all trials, the change in the heel 
marker distance depended on the walking speed. “Wide 
step or step back” and “narrow” responses were observed 
during slow walking. “Narrow” and “get over” responses 
were observed during fast walking. The incidences of cor-
rective responses were significant different among the sub-
jects on both slow (X2 = 21.25, p < 0.05) and fast (X2 = 30.63, 
p < 0.01) conditions.

Table 1 shows all the parameters for the different strategy 
types (slow: wide step vs. narrow, fast: narrow vs. get over) 
in each walking condition. In both walking conditions, the 
walking velocity, step length, and hip extension and knee 
extension angles on the non-target side were significantly 
different between the different strategy types. Hip flexion 
angle during slow walking and ankle dorsiflexion angle dur-
ing fast walking were significantly different.

The correlation coefficients for the association between 
the change in the heel marker distance and the other param-
eters are shown in Table 2 and Fig. 3. During slow walking, 
the correlation coefficients for the step length and hip flex-
ion angle were high (r = 0.84 and 0.78, respectively), and 
the correlation coefficient for the walking velocity showed a 
moderate value (r = 0.59). During fast walking, the correla-
tion coefficients for the step length, ankle dorsiflexion angle, 
and plantarflexion angles showed moderate values (r = 0.42, 
0.58 and 0.40, respectively).

4 � Discussion

4.1 � Difference in the Strategy Type for the Two 
Walking Conditions

Our results showed the difference in recovery from per-
turbation between both fast and slow walking conditions. 
During fast walking of a velocity almost near the maxi-
mum slip velocity, all participants got over the slip and 
kept walking. Walking stability is the ability to restore or 
maintain the upright posture without replacing the BoS 
while encountering a perturbation [17]. Our results indi-
cated that the fast walking condition was stable than the 
slow walking condition, as the velocity during the fast 
walking condition was close to the speed with which the 
healthy young male adults were comfortable. The previous 
study stated that a faster walking velocity leads to greater 
angular momentum, which makes disturbance of stability 
due to external forces difficult [18]. In the fast walking 
condition, the forward velocity of the CoM may cancel the 
disturbance in the backward velocity of the CoM caused 
by the perturbation. During slow walking at a velocity less 
than the maximum slip velocity, most of the participants 
took wide steps or stepped backwards and stopped walk-
ing. Some participants kept walking. When walking at a 
slower speed, healthy individuals exhibit lower stepping 
stability [19]. For the healthy young male adults, the slow 
walking velocity in the present study was less than the 
velocity with which they were comfortable, thus, leading 
to instability during walking. The walking velocity was 
within the range of the maximum walking velocity of the 
elderly reported by the previous studies [14, 20].

Table 1   Means and standard deviations of the parameters for each walking velocity condition, and p values of differences between corrective 
responses in each condition

*p < 0.05, **p < 0.01

Slow Fast

Wide step or step back Narrow Narrow Get over

Walking velocity 0.87 (0.14) 0.97 (0.11)* 1.36 (0.24) 1.68 (0.28)**
CoM-CoP distance 0.89 (0.31) 0.79 (0.27) 0.55 (0.14) 0.63 (0.24)
CoM-CoP angle 36.50 (9.42) 33.76 (9.10) 25.40 (5.41) 28.06 (8.88)
Step length 0.29 (0.07) 0.37 (0.04)** 0.34 (0.03) 0.39 (0.04)**
Trunk tilting angle 6.79 (2.90) 8.86 (3.43) 9.67 (3.05) 8.05 (2.90)
Hip flexion angle 18.60 (9.73) 27.68 (4.62)** 25.79 (6.67) 27.72 (5.58)
Hip extension angle on the non-target side 8.68 (10.08) 14.16 (3.84)* 16.32 (8.08) 14.90 (4.91)**
Knee flexion angle 8.29 (4.86) 6.91 (2.78) 9.25 (2.81) 9.38 (6.82)
Knee extension angle on the non-target side 22.38 (20.70) 10.62 (4.69)* 11.18 (5.41) 17.34 (9.31)*
Ankle dorsiflexion angle 1.30 (3.69) 0.11 (7.80) 2.86 (4.92) 2.51 (4.48)
Ankle planter flexion angle on the non-target side 6.50 (9.19) 8.44 (2.52) 8.84 (5.18) 4.55 (5.85)
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Table 2   Correlation coefficients 
of the parameters for each 
walking velocity condition

CoM center of mass, CoP center of pressure
*p < 0.05, **p < 0.01

Slow Fast

Wide step or 
step back

Narrow Narrow Get over

Walking velocity 0.59** 0.36*
0.51* 0.63** 0.40 0.51

CoM-CoP distance 0.31 0.08
0.47* − 0.23 − 0.04 0.17

CoM-CoP angle 0.30 0.10
0.44* − 0.23 − 0.04 0.19

Step length 0.84** 0.42
0.86** 0.84* 0.54 0.11

Trunk tilting angle 0.20 − 0.22
− 0.25 0.27 − 0.20 − 0.09

Hip flexion angle 0.78** 0.09
0.81** 0.27 − 0.01 0.05

Hip extension angle on the non-target side 0.39* − 0.08
0.43* 0.01 0.57 0.05

Knee flexion angle − 0.07 − 0.09
− 0.09 0.15 − 0.04 − 0.06

Knee extension angle on the non-target side − 0.28 0.39*
− 0.50* 0.01 − 0.06 0.31

Ankle dorsiflexion angle 0.06 0.58**
− 0.68** 0.11 0.45 0.50**

Ankle plantar flexion angle on the non-target side − 0.06 0.40**
− 0.41* 0.30 0.25 0.30

Fig. 3   Relationships between the change in the heel marker distance 
and postural parameters. Walking velocity (a slow, d fast); step length 
(b slow, e fast); hip flexion angle on the target side (c slow, f fast). 
The differences in the change in the heel marker distance according 

to perturbation are shown as triangles (wide or back step) and filled-
in squares (narrow) in (a–c). The differences in the change in the 
heel marker distance according to perturbation are shown as filled-in 
squares (narrow) and diamonds (over) in (d–f)
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4.2 � Corrective Response and Postural Parameters

We classified the detailed corrective response by measur-
ing the change in the heel marker distance and calculated 
the correlation coefficient for the postural parameters at 
the moment of perturbation. The correlation coefficients 
for the step length (r = 0.84, p < 0.01) and hip flexion angle 
(r = 0.78, p < 0.01) on the target side during slow walking 
were high. Therefore, large step length and the hip flexion 
angle correlated with the degree of corrective response only 
during slow walking. Our results showed that the stability 
during the double-support phase depends on the size of the 
BoS rather than the CoM position and velocity. During slip 
perturbation, the hip on the leading leg provides support and 
maintains the trunk in the upright position, regardless of the 
other factors [21]. During the first half of the double-support 
phase, the hip on the leading leg side contributes the most 
towards providing vertical support to the trunk [22]. Moreo-
ver, a significant torque is created by the region around the 
hip joints to counteract the moment of inertia of the trunk 
segment tilting backwards [17]. The leading leg landing 
forward sufficiently contributes to the prevention of a pos-
terior trunk tilt because landing forward favorably constructs 
a more stable front part of the BoS, thus, making it easier to 
perform flexion torque around the hip joint [23, 24]. Thus, it 
is reasonable that the hip joint angle of the leading/slipping 
leg correlates most with the biomechanical parameters other 
than the step length. Walking has a tradeoff between stability 
and maneuverability. This has been proven by animal [25] 
and human studies [26]. As above mention, fast walking 
has high dynamic stability. On the other hand, slow walking 
decrease stability, but also increase better transition perfor-
mance [19]. Therefore, the small difference in the postural 
parameters affecting the stance affected the large difference 
between the stop walking or keep walking responses.

5 � Limitation

Our study has two main limitations. First, our findings 
are limited in their generalizability to other populations 
because of our study population being restricted to young 
male adult participants. However, we intentionally avoided 
factors of sex, age, and height to achieve our main purpose 
of revealing the pure relationship between walking veloc-
ity relative to the slip velocity and corrective response. 
Second, the participants’ prediction for slip could cause 
proactive corrective response and influence our result. 
However, we randomized the slipping side to avoid a pro-
active corrective response. Moreover, the perturbation 
occurred only when the step positions satisfied the pro-
gramming terms that the participants remained unaware 
of throughout the duration of the study. The participants 

walked 1 to 4 trials with no slip. As a result, these trials 
could act as false trials for each participant, which signifi-
cantly decreases the likelihood of predicting and reacting 
to the perturbation.

6 � Conclusion

Recently, advancements have been noted in the strategies 
for curing disease and disability, as well as increasing 
the life expectancy of elderly people. Physical therapists 
often assess the walking ability of elderly people to guide 
clinical decision-making for interventions to prevent falls 
and future disabilities. By identifying the primary factor 
or a combination of factors that contribute to a greater 
risk of falling, physical therapists can target interventions 
toward the underlying gait characteristics and biomechani-
cal factors. Elderly people inevitably have reduced walk-
ing velocity [20, 27]. Elderly people with balance-related 
problems are significantly slower than their healthier peers 
[28]. Therefore, the unexpected slip perturbation velocity 
is expected to be greater than the walking velocity. Look-
ing relationship between the walking and the slip velocity, 
one of the important points to preventing fall is possible 
to range of motion of the hip joint to secure a stable BoS 
for elderly people. However, experiment of elderly people 
is necessary actually.

Moreover, preventing slip and fall incidents on slippery 
surface (i.e. oil, water, ice, etc.) are necessary for industrial 
rehabilitation. However early research focused mainly on 
tribology, whereas research on gait/biomechanics studies 
are flourish recently [29]. Our results may provide a basi-
cally information to advise on walking and workwear design 
focusing on the hip joint to decrease the risk of falls at work.
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