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Abstract: The purpose of the present study was to investigate the effect of the laterally moving tactile stimuli 

to the sole on the anticipatory postural adjustment (APA) of the gait initiation. Thirteen healthy males 

participated in this study. A sound cue was provided at the beginning of each trial. The moving tactile stimuli 

were delivered to the sole after the start cue. The loci of the tactile stimuli moved from the left to right most 

side of the sole, and then moved from the right to left most side of that in a stimuli cycle. The duration of one 

stimuli cycle was 960 ms, and this cycle repeated 16 times in a trial. The participants made three steps forward 

from quiet stance at the participants' preferred time after the start cue. The APA did not onset at the specific 

direction or phase of the moving tactile stimuli, indicating that they did not use the stimuli as a trigger for 

initiating the gait. The moving tactile stimuli decreased the amplitude and increased the duration of the APA. 

The moving tactile stimuli increased the time between the APA onset and toe-off of the initial support leg, 

indicating that they moved slower when initiating gait during the moving tactile stimuli. Those findings are 

explained by the view that suppression of the APA induced by the moving tactile stimuli to the sole is caused 

by the decrease in the velocity of the gait initiation, and the slower velocity of the gait initiation is caused by 

masking tactile sensation of the sole. 

Keywords: moving tactile stimuli; gait initiation; tactile sensation 

 

1. Introduction 

Several pieces of evidence indicate that moving tactile stimuli induce specific cortical activity. 

For example, the hMT+/V5 and inferior parietal cortex contributed to the perception of the moving 

tactile stimuli [1,2]. Transcranial magnetic stimulation over the primary sensory cortex or V5/hMT+ 

reduced the accuracy of discriminating the direction of the moving tactile stimuli to the fingertip [3]. 

Accordingly, the moving tactile stimuli may influence the motor process differently from the static 

stimulus. Indeed, the body in quiet stance swayed laterally in accordance with the phase of the 

moving tactile stimuli that mimicked the tactile sensation of the sole during gait [4]. Accordingly, the 

moving tactile stimuli influence postural control in quiet stance. 

The center of pressure (COP) moves to the initial swing leg side and backward immediately 

before the gait initiation, called S1 period [5–9]. The COP displacement in the S1 period represents 

anticipatory postural adjustment (APA) of the gait initiation [5–7,9]. The COP displacement in the S1 

period was small in patients with Parkinson’s disease, and has been considered to be one possible 

cause of the freezing of gait [10–12]. Repetitive cutaneous cues over the left hip abductor increased 

the COP displacement in the S1 period [13]. Rhythmic lateral weight shifting, rhythmic auditory cues 

or rhythmic arm swing increased the COP displacement in the S1 period [14]. Those previous 

findings indicate that rhythmic stimuli enhance the APA before the gait initiation. The moving tactile 

stimuli to the sole are a kind of rhythmic stimuli. Therefore, the moving tactile stimuli to the sole may 

enhance the APA before the gait initiation (Hypothesis 1). 

Rhythmic lateral shifting of the body increased the APA amplitude before the gait initiation [14]. 

Rhythmic lateral shifting of the body causes the rhythmic change in the tactile sensation of the sole 
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in the medial-lateral axis. Thus, laterally moving tactile stimuli may mimic the tactile sensation of the 

rhythmic lateral weight shifting over the feet. If this view is true, the moving tactile stimuli must 

enhance the APA as during the rhythmic lateral shifting of the body. If the APA is enhanced by the 

laterally moving tactile stimuli to the sole in healthy humans, it must be evidence suggesting that the 

moving tactile stimuli is potentially useful for improving freezing of gait in patients with Parkinson’s 

disease. 

The COP displacement in the S1 period for the gait initiation in response to a cue was greater 

than that for the initiating gait at their own preferred time [6,12,13]. This means that the APA is 

greater when one initiates gait in response to an external cue. Accordingly, humans may use a 

particular phase of the laterally moving tactile stimuli as a trigger to initiate gait for enhancing the 

APA (Hypothesis 2). If this hypothesis is true, the APA must onset at a specific phase of the moving 

tactile stimuli, and the APA amplitude must be greater when the laterally moving tactile stimuli are 

provided during gait initiation. 

Monaural auditory cue to the ear contralateral to the preferred initial swing leg changed the 

probability of selecting the initial swing leg of gait initiation [15]. One possible explanation for this 

finding is that the selection process of the initial swing leg is influenced by the asymmetrical sensory 

input. Laterally moving tactile stimuli to the sole may also play a role for this asymmetrical sensory 

input. If this view is true, the laterally moving tactile stimuli to the sole influences the selection 

process of the initial swing leg of the gait initiation (Hypothesis 3). We examined those three 

hypotheses in the present study. 

2. Materials and Methods 

2.1. Participants 

Thirteen healthy males aged 36.2 ± 2.5 years participated in this study. The number of the 

participants was determined based on number of the participants in a previous study that found 

significant effect of the moving tactile stimuli (n = 13) [2]. All participants had no history of 

neurological or musculoskeletal diseases. There are gender differences in physical characteristics [16] 

and motor performance [17]. Thus, to exclude variability in motor performance caused by gender 

difference, only males were recruited. According to the Waterloo dominant foot test [18,19], two 

participants were left-footed but the others were the right-footed. The overview of the study was 

explained by a document, and written informed consent was obtained from all participants. The 

methods of the study were in accordance with the Declaration of Helsinki. The experimental design 

was approved by the ethics committee of Osaka Prefecture University. 

2.2. Apparatus 

A moving tactile stimulator (S-20008; Takei Kiki, Tokyo), which provided vibration stimuli to 

the sole, was placed over the ground (Figure 1A). A foot plate was placed under the participant’s 

each foot while the participant maintained quiet stance. Sixteen vibration devices were placed over 

each foot plate. The frequency of the vibration in each vibration device was 100 Hz. Strain gauges 

measuring the COP were placed on a rectangle platform under the foot plates. Each one of the strain 

gauges was placed at each corner of the rectangle platform, and the strain of the platform at each 

corner was measured. Using data from those four strain gauges, the COP was calculated. A walk way 

(width 60 cm, length 90 cm) was placed in front of this stimulator (Figure 1B). 
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Figure 1. Vibration devices, foot plates, and a platform under the feet (A), and a walkway in front of 

the stimulator (B). 

2.3. Procedure 

The participants maintained quiet stance on the foot plates. Each trial lasted for 15 s. A sound 

cue was provided at the beginning of the trial, and the participants initiated gait at their preferred 

time within the time window of each trial, and made three steps forward to the end of the walk-way 

with their preferred velocity. The initial swing leg of the gait initiation was freely chosen by the 

participants in each trial. One of two conditions, gait initiation with (stimulation condition) and 

without stimuli to the sole (non-stimulation condition), was assigned in each trial. In the stimulation 

condition, the moving tactile stimuli were given throughout the time window of the trial. The 

duration of each vibratory stimulus provided by the devices was 60 ms. The cycle duration of the 

moving tactile stimuli was 960 ms mimicking the cycle duration of the gait cycle, which is 

approximately 1 s [20]. The loci of the stimuli moved from the left to right most position of the sole 

and then moved from the right to left most position of that with 960 ms of one stimuli cycle, and this 

cycle was repeated 16 times (Figure 2). Thus, the stimuli lasted for 15 s. The stimuli were not given in 

the no-stimulation condition. Twenty trials were conducted in each condition. Taken together, 40 

trials were conducted. The condition was randomly assigned in each trial. 
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Figure 2. Time course of moving tactile stimuli in a stimuli cycle. 

2.4. Data analysis 

The COP displacement during the gait initiation is composed of three periods (S1, S2 and S3 

periods; [8]; Figure 3B). The S1 period of the COP displacement was considered to be the APA [5–9]. 

The onset of the COP displacement was considered to be the onset of the S1 period. The first peak of 

the COPx displacement was considered to be the offset of the S1 and onset of the S2 period. The 

second peak of the COPy displacement was considered to be the offset of the S2 and onset of the S3 

period. The offset of the COP displacement was considered to be the offset of the S3 period. The 

duration and amplitude of the COP displacement in each period were calculated. The probability of 

the initial swing side of the gait initiation was calculated. 

Time events of the COP are presented in Figure 3A. The duration between the start cue and S1 

period onset (time taken for the S1 onset) was calculated. The time at the toe off of the initial stance 

leg was defined as the moment at which the COPx displacement was ended. The duration between 

the onset of the S1 period and toe off of the initial stance leg (postural-movement time) was 

calculated. 

The mean and standard deviation (SD) of the COP position 0 - 100 ms before the S1 period onset 

was calculated. The SD of the COP represents the amount of the body sway, and mean COP 

represents the body position. The z-score of the mean COP was calculated as following. Mean COP 

averaged across the trials in both conditions (40 trials) was subtracted from mean COP in each trial. 

Then, the subtracted each COP was divided by SD of mean COP across the trials in both conditions 

(40 trials). 

There were 16 phases of the moving tactile stimuli (Figure 2). The moving tactile stimuli from 

the left to right most position of the sole consisted eight phases. The moving tactile stimuli from right 

to left most position of the sole also consisted eight phases. We categorized each trial into one of the 

16 stimuli phases in which the S1 period onset corresponded to the time at the phase. Then, the 

number of the trials categorized in each stimuli phase was counted. 

Paired t-test was conducted to examine the difference in means between the stimulation and 

non-stimulation conditions. Repeated measures two-way ANOVA was conducted to test the main 

effect of the direction and phase of the stimuli on the number of the trials categorized in each phase 

of the stimuli. The result of Greenhouse–Geisser's correction was reported whenever Mauchly's test 

of sphericity was significant. Bonferroni’s test was conducted for post-hoc test. The alpha level was 

0.05. All the statistical analyses were carried out using Excel Tokei ver. 3.20 (Social Survey Research 

Information, Tokyo). All the data in Results were expressed as the mean and standard error of mean. 
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Figure 3. Data analysis. Time event on the COPx is shown in A. The trajectory of the COP 

displacement during the gait initiation is shown in B. Three portions of the trajectory are categorized 

in S1, S2, and S3 periods respectively. 

3. Results 

3.1. COP before S1 onset 

SD of the COP immediately before the S1 period onset is shown in Figure 4A. There was no 

significant difference in SD of the COP between the stimulation and non-stimulation conditions either 

in the anterior-posterior (p = 0.507) or medial-lateral axis (p = 0.210). The z-score of the mean COP is 

shown in Figure 4B. There was no significant difference in mean COP between the conditions either 

in the anterior-posterior (p = 0.071) or medial-lateral axis (p = 0.876). 
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Figure 4. SD (A) and z-score (B) of COP position immediately before APA onset. Bars indicate mean 

and error bars indicate SD of mean. 

3.2. S1 onset 

Time taken for the S1 period onset is shown in Figure 5. There was no significant difference in 

the time taken for the S1 period onset between the two conditions either in the anterior-posterior (p 

= 0.241) or medial-lateral axis (p = 0.246). There was no significant main effect for the direction [F (1, 

12) = 0.823 P = 0.382] or phase [F (7, 84) = 1.135 p = 0.349] of the stimuli on the number of the trials in 

which the S1 period onset categorized in each stimuli phase. There was no significant interaction 

between those two main effects [F (7, 84) = 0.835 p = 0.561]. 
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Figure 5. Time taken for APA onset. Bars indicate mean and error bars indicate SD of mean. 

3.3. COP displacement 

The duration and amplitude of the COP displacement in the S1 period are shown in Figure 6A 

and D. The amplitude of the COP displacement in the stimulation condition was significantly smaller 

than that in the non-stimulation condition either in the anterior-posterior (COPy, p = 0.047) or medial-

lateral axis (COPx, p = 0.030). The duration of the COP displacement in the stimulation condition was 

significantly longer than that in the non-stimulation condition in the medial-lateral axis (p = 0.014), 

but was not significantly different between the two conditions in the anterior-posterior axis (p = 

0.224). 

The duration and amplitude of the COP displacement in the S2 period are shown in Figure 6B 

and E. The amplitude of the COP displacement in the stimulation condition was significantly smaller 

than that in the non-stimulation condition in the medial-lateral axis (COPx, p = 0.004), but that was 

not significantly different between the two conditions in the anterior-posterior axis (COPy, p =  

0.986). The duration of the COP displacement in the stimulation condition was not significantly 

different between the two conditions either in the anterior-posterior (COPy, p = 0.116) or medial-

lateral axis (COPx, p = 0.148). 

The duration and amplitude of the COP displacement in the S3 period is shown in Figure 6C 

and F. The amplitude of the COP displacement in the stimulation condition was not significantly 

different between the two conditions either in the anterior-posterior (COPy, p = 0.317) or medial-

lateral axis (COPx, p = 0.309). The duration of the COP displacement in the stimulation condition was 

not significantly different between the two conditions either in the anterior-posterior (COPy, p = 

0.416) or medial-lateral axis (COPx, p = 0.548). 
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Figure 6. Amplitude and duration of COP displacement in S1, S2, and S3 periods. Upper panels 

indicate amplitude, and lower panels indicate duration. Bars indicate mean and error bars indicate 

SD of mean. Asterisks indicate significant difference (p < 0.05). 

3.4. Postural-movement time 

The postural-movement time is shown in Figure 7. The time in the stimulation condition was 

longer than that in the non-stimulation condition both in the medial-lateral (COPx, p = 0.033) and 

anterior-posterior axes (COPy, p = 0.048). 

 

Figure 7. Postural-movement time. The bars indicate mean and error bars indicate SD of mean. 

Asterisks indicate significant difference (p < 0.05). 

3.5. Selecting initial swing leg 

The participants initiated gait with the right leg in most of the trials both in the left- and right-

footed participants. The participants initiated gait with the left leg with probability of 0.007 ± 0.007 in 

the stimulation condition, and was 0.004 ± 0.004 in the non-stimulation condition. There was no 

significant difference in the probability of the gait initiation with the left leg between the conditions 

(p = 0.690). 
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4. Discussion 

4.1. APA amplitude 

The COP displacement in the S1 was greater when the rhythmic lateral shifting of the body was 

performed before the gait initiation [14]. Rhythmic tactile sensation of the sole occurs during the 

lateral shifting of the body in stance. Thus, one possible explanation for this previous finding is that 

rhythmic tactile sensation of the sole enhances the APA before the gait initiation. Accordingly, we 

hypothesized that the moving tactile stimuli to the sole, that induces the rhythmic tactile sensation of 

the sole, enhance the APA before the gait initiation (Hypothesis 1). In spite of this hypothesis, the 

COP displacement in the S1 period was decreased by the moving tactile stimuli to the sole. Thus, 

Hypothesis 1 was not supported. 

The postural-movement time was extended when the moving tactile stimuli were provided to 

the sole. The prolonged postural-movement time reflects slowing down of the gait initiation. The 

COP displacement in the S1 period increased as the velocity of the gait initiation increased [9,13]. The 

COP displacement in the S1 period was interacted with the step movement of the gait initiation [21]. 

Accordingly, the decrease in the APA amplitude induced by the moving tactile stimuli is likely 

caused by the slowing down of the gait initiation. 

Likely explanation for the slowing down of the gait initiation induced by the moving tactile 

stimuli to the sole is that the moving tactile stimulation to the sole masked the tactile sensation of the 

sole produced by the weight bearing over the feet. On the one hand, the tactile sensation of the sole 

occurs when humans maintain the stance because of weight bearing over the feet. On the other hand, 

the moving tactile stimuli are artificial stimulation, and the spatio-temporal pattern of the stimuli is 

not related to the tactile sensation of the sole produced by the weight bearing over the feet in stance. 

Accordingly, the moving tactile stimuli must have functioned as noise for the tactile sensation of the 

sole produced by the weight bearing over the feet in stance. 

It has been shown that masking tactile sensation of the sole changes the body sway in quiet 

stance. For example, the COP velocity and displacement in quiet stance was increased when the 

tactile sensation of the sole was masked with the ischemic nerve block [22]. Acceleration of the lumber 

deviation in quiet stance was greater in patients with diabetic peripheral neuropathy who had 

impairment of tactile sensation [23]. Masking tactile sensation induced by the static tactile stimulus 

to the sole changed the body sway in quiet stance [24]. The APA occurs at the quiet stance position 

before the gait initiation, and thus, the postural control in stance contributes to the APA before the 

gait initiation. Accordingly, the decrease in the size of the COP displacement in the S1 period and 

slowing down of the gait initiation induced by the moving tactile stimuli to the sole may be explained 

by the view that the moving tactile stimuli masked the tactile sensation of the sole, causing the change 

in the postural control process, leading to the slowing down of the gait initiation and negative impact 

on the APA. 

However, this view must be handled with caution. If the slowing down of the gait initiation is 

caused the masking of the tactile sensation of the sole, the body sway in stance immediately before 

the gait initiation must be influenced by the moving tactile stimuli as occurring during masking tactile 

sensation of the sole in quiet stance in previous studies [22–24]. In the present study, as conflicting 

with the previous findings, the SD of the COP displacement before the S1 period was not significantly 

different between the conditions, as consistent with a previous finding that no significant change in 

the amount of the body sway was induced by the moving tactile stimuli to the sole in quiet stance [4]. 

Accordingly, there is still unresolved question to confirm the view that the decrease in the APA 

amplitude and the slowing down of the gait initiation are mediated by the mechanism underlying 

the effect of the masking tactile sensation of the sole in quiet stance. Further studies are needed to 

determine whether the decrease in the APA amplitude and slowing down of the gait initiation 

induced by the moving tactile stimuli is caused by masking tactile sensation of the sole. 
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4.2. S2 period 

The medial-lateral displacement of the COP in the S2 period was decreased by the moving tactile 

stimuli. The S2 period is the moment where the body weight shifts from the initial swing leg to the 

initial stance leg [8]. The COP displacement in the S1 period is for shifting the body to the initial 

stance leg, which corresponds to the COP displacement in the S2 period [25,26]. Thus, the present 

finding is explained by the view that the decrease in the COP displacement in the S2 period is due to 

insufficient preparation of the weight shifting represented by the small COP displacement in the S1 

period. 

4.3. Trigger of gait initiation 

The COP displacement in the S1 period when initiating gait in response to a cue was greater 

than that when initiating gait at their own preferred time [6,12,13]. This means that the APA is greater 

when humans initiate gait in response to an external cue. Accordingly, we hypothesized that humans 

may use a particular phase of the laterally moving tactile stimuli as a trigger to initiate gait 

(Hypothesis 2). If this hypothesis is true, the COP displacement in the S1 period must onset at a 

particular phase of the laterally moving tactile stimuli, and the APA must be greater when the moving 

tactile stimuli are provided. The onset of the S1 period was not specific to a particular phase or 

direction of the laterally moving tactile stimuli, and the S1 amplitude was not significantly different 

between the two conditions. Thus, Hypothesis 2 was not supported. The moving tactile stimuli were 

continuously provided throughout a trial. Thus, the negative finding may be explained by the view 

that the participants did not perceive the stimuli at each stimuli phase, but perceived the moving 

stimuli as a sequence of the stimuli across the phases. 

4.4. Selecting initial swing leg 

Monaural auditory cue changed the probability of selecting the initial swing leg of gait initiation 

[15]. This indicates that the selection process of the initial swing side is influenced by the 

asymmetrical sensory input. Accordingly, laterally moving tactile stimuli to the sole in the present 

study may play a role for this asymmetrical sensory input. Based on this view, we hypothesized that 

the laterally moving tactile stimuli to the sole influence the selection of the initial swing leg side of 

the gait initiation (Hypothesis 3). The laterally moving tactile stimuli to the sole did not affect the 

selection of the initial swing leg. This means that laterally moving tactile sensation does not influence 

the selection process of the leg during gait initiation; Hypothesis 3 was not supported. 

5. Conclusions 

The moving tactile stimuli to the sole decreased the APA amplitude before the gait initiation, 

and made slower gait initiation. Those findings are explained by the view that the laterally moving 

tactile stimuli to the sole slows down the gait initiation due to masking tactile sensation of the sole, 

and this reduces the amplitude of the APA. 
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