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Variability in the Center of Mass State During Initiation of Accurate Forward Step Aimed at Targets of Different Sizes
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Motor control for forward step initiation begins with anticipatory postural adjustments (APAs). During APAs, the central nervous system controls the center of pressure (CoP) to generate an appropriate center of mass (CoM) position and velocity for various task requirements. In this study, we investigated the effect of required stepping accuracy on the CoM and CoP parameters during APA for a step initiation task. Sixteen healthy young participants stepped forward onto the targets on the ground as soon as and as fast as possible in response to visual stimuli. Two target sizes (small: 2 cm square and large: 10 cm square) and two target distances (short: 20% and long: 40% of the body height) were tested. CoP displacement during the APA and the CoM position, velocity, and extrapolated CoM at the timing of the takeoff of the lead leg were compared among the conditions. In the small condition, comparing with the large condition, the CoM position was set closer to the stance limb side during the APA, which was confirmed by the location of the extrapolated center of mass at the instance of the takeoff of the lead leg [small: 0.09 ± 0.01 m, large: 0.06 ± 0.01 m, mean and standard deviation, F(1, 15) = 96.46, p < 0.001, η2 = 0.87]. The variability in the mediolateral extrapolated center of mass location was smaller in the small target condition than large target condition when the target distance was long [small: 0.010 ± 0.002 m, large: 0.013 ± 0.004 m, t(15) = 3.8, p = 0.002, d = 0.96]. These findings showed that in the step initiation task, the CoM state and its variability were task-relevantly determined during the APA in accordance with the required stepping accuracy.
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INTRODUCTION

When an individual stands at the edge of a pond and tries to step on a small stepping stone in the pond, he or she needs to accurately control his or her posture and foot placement at the same time. The question posed in this study is as follows: how does the central nervous system control the movement to achieve an accurate step? Step initiation or gait initiation is the transition between a static (or quasistatic) standing posture and a dynamic stepping/walking state (Patla et al., 1993; Yiou et al., 2017). The first biomechanical feature of forward step initiation is the transfer of the center of mass (CoM) forward and toward the supporting limb (Crenna and Frigo, 1991; Lyon and Day, 1997; Massot et al., 2019). This weight transfer is accomplished by a shift in the center of pressure (CoP) backward and toward the side of the swing limb, which is often called an anticipatory postural adjustment (APA).

Through APAs, the CoM position and velocity (henceforth, we refer to the CoM position and velocity as the CoM state) must be appropriately set when the leading limb lifts from the ground because once the leading limb is no longer on the ground, the CoM motion is dominated by passive mechanics, and the CoM falls away from the supporting limb like an inverted pendulum (Lyon and Day, 1997; Pai and Patton, 1997; Hof et al., 2007). Thus, the CoM state at the instance of takeoff of the leading limb is task-relevantly controlled depending on various task constraints, such as step length (Brenière et al., 1987; Zettel et al., 2002), temporal pressure (Schlenstedt et al., 2017), step direction (Tateuchi et al., 2011), and the presence of obstacles (Yiou et al., 2016a). For understanding the mechanisms of accurate step initiation, it is essential to investigate how the CoM state and its variability are controlled in an accurate step initiation task.

A few studies have investigated the speed-accuracy tradeoff principles in forward foot-reaching tasks (Duarte and Latash, 2007; Bertucco and Cesari, 2010; Aloraini et al., 2019). In these studies, participants were asked to point to targets at various distances and of various widths with the great toe. The authors reported that the time to complete the foot-reaching task was a function of the index of difficulty: the results were well-explained by Fitts' law. They also analyzed CoP amplitude during APAs, which was scaled by the required accuracy of foot placement. It should be noted that the tasks performed were discrete pointing tasks with one foot, during which the supporting limb stayed at the initial standing posture. In addition, these studies focused on control parameters during APAs, such as CoP displacement or EMG activity. Because the human body is a physically complex system, the CoM state is determined through the complex equations of motion with the CoP parameters and duration of the APA phase. To investigate the motor control for an accurate step initiation, the CoM, which is the important controlled variable of the posture, and its variability should be analyzed as well as the CoP parameters.

The purpose of the present study was to investigate the effect of required accuracy in a forward stepping initiation task on the CoM state and its variability during APAs. We have three hypotheses. First, we expect that the time to complete the forward stepping task would be longer when the target was small. Second, we expected that the CoM would be shifted more toward the stance limb side and the stepping speed would be slow in the small target condition to prevent falling toward the side of the swing leg. Third, we hypothesized that the variability in the CoM state would be smaller when the participants were required to step on smaller targets.



METHODS


Participants

The inclusion criteria as a participant of this study were (1) being healthy young university students, (2) having a normal or corrected-to-normal vision, and (3) being able to understand instruction in Japanese. The exclusion criteria ensured that none of the participants (1) had no history of neurological or musculoskeletal disorders, (2) need the assistance of a wheelchair or cane in daily living, and (3) had symptomatic cardiovascular diseases. Participants were recruited by using a flier. Sixteen healthy young male adults (age: 19.8 ± 1.1 years; height: 171.1 ± 6.5 cm; weight: 60.8 ± 4.9 kg; mean values and standard deviations) volunteered in the study. Note that as only males were recruited, our results did not reflect female-specific features of the behavior. The participants were fully explained about the study and provided written informed consent. The study was conducted in accordance with the Declaration of Helsinki and approved by the local ethics committee at the Graduate School of Integrated Arts and Sciences, Hiroshima University (approval number: 30-19).



Experimental Protocol

A schematic overview of the laboratory setup is illustrated in Figure 1. Initially, the participants stood barefoot on the force platforms in an upright posture with their arms placed alongside their trunk. We instructed the participants to place their feet so that the inner edge of their feet were parallel and the inter-thumb distance was equal to the inter-acromion distance. The participants achieved the initial CoP position, which was located in the middle of the base of support, by using real-time CoP visual feedback on a monitor that was located 3.0 m in front of the participant. For the visual feedback, the CoP signal was smoothed by using 2nd order Buttherworth filter with cutoff frequency of 10 Hz. The visual feedback was programmed in LabVIEW 2017 and the latency and the refresh rate of the monitor was 5 ms, and 60 Hz. Once the initial CoP position was set, the participants were asked to look at two LEDs.


[image: Figure 1]
FIGURE 1. Experimental setup. The participants were asked to step forward “as soon as, as fast as, and as accurate as possible” when one of the LEDs illuminated. The left and right LEDs illuminated at random, and whether the right or left LED was illuminated informed the participants which leg should be the leading leg. We tested two target sizes, small (square 2 cm on a side) and large (10 cm), and two target distance conditions, short (20% of each participant's height) and long (40% of each participant's height). The participants repeated 40 steps for each condition (total 160 trials). The position of the center of pressure (CoP) was visually feedbacked on a monitor in real time so that the participants were able to set the CoP in the middle of the base of support.


Two LEDs were placed on the floor 1.5 m in front of the participant and separated 0.3 m in the mediolateral direction. When one of the two LEDs was illuminated, the participants started the task by stepping forward. If the right LED was illuminated, the right leg was the leading leg and the left leg was the trailing leg, and vice versa if the left LED was illuminated. We instructed the participants to step as soon as, as fast as, and as accurately as possible so that both legs were on the targets marked by the tape on the floor. Note that the task included stepping with both legs, which is different from the foot-pointing tasks performed in previous studies (Duarte and Latash, 2007; Bertucco and Cesari, 2010). Although monetary reward does not necessarily have a positive effect on psychological tasks (Mobbs et al., 2009), in our preliminary experiment where we did not use monetary rewarding, some participants did not perform the task seriously. Therefore, to ensure both speed and accuracy, we told the participants that task performance was evaluated according to both speed and accuracy, and that the top six participants would receive a monetary reward of 1,000 JPY.

We tested two target size conditions and two distance conditions (i.e., four conditions in total). The target size was either small (a square with size measuring 2 cm long) or large (a 10 cm square). The location of the center of the target remained the same across the target size conditions. The target distance was either 20% (short) or 40% (long) of each participant's height. The participants repeated 40 trials for each condition. The left LED was illuminated in 20 trials of the 40, and the right LED was illuminated in the rest of the 20 trials. To prevent the participants predict which leg to step first, the order of the left and right LED illumination was randomized so that the same LED was not illuminated on more than three consecutive trials. Three familiarization trials were allowed before data were collected for each condition. The experimental design was a block design so that 40 trials (20 left and 20 right LED were pseudorandomly presented) were repeated. The order of the four conditions (ShortSmall: SS, ShortLarge: SL, LongSmall: LS, LongLarge: LL) was counterbalanced by using the Latin square. We have four sequences of conditions: SS-SL-LL-LS, SL-LS-SS-LL, LS-LL-SL-SS, and LL-SS-LS-SL. Each sequence was used for four participants. In this way, since every single condition follows every other condition once, we minimized the inter-condition carryover effects on statistical analysis.



Data Collection

We measured three-dimensional stepping kinematics by using an optical motion caption system (Qualisys Track Manager, Qualisys, Göteborg, Sweden) with eight cameras (Qualisys-Miqus M3, Qualisys) at a sampling rate of 250 Hz. Twenty-two infrared reflective markers were placed on 22 anatomical landmarks: the left and right tragi, acromia, anterior superior iliac spines, greater trochanters, medial epicondyles, lateral epicondyles, inner malleoli, lateral malleoli, distal condyles of the second metatarsal bones, heels, and nail plates of the thumbs. The ground reaction forces were acquired using two force plates at a sampling rate of 1,000 Hz (FP4060-10-2000, Bertec, Columbus, U.S.A.). To measure the LED lighting timing, the voltage applied to the LED was also measured at a sampling rate of 1,000 Hz.



Data Analysis

The kinematic data and force plate data were smoothed by using a second-order low-pass Butterworth filter with cut-off frequencies of 10 and 50 Hz, respectively. The timings of the temporal events were determined from biomechanical traces (Figure 2). The time of APA onset was defined as when the CoP moved for the first time in the lateral direction by 5 mm or more from the initial position. The time of takeoff was defined for the leading and trailing legs as when the vertical ground reaction force (GRF) decreased below 30 N. The time of foot contact was the first instant when the vertical position of the toe was <5 mm above the initial position after takeoff. These thresholds for the analyses were chosen based on our preliminary experiment. The time to complete the task was defined as the time interval between the illumination of the LED and the foot contact of the trailing limb.
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FIGURE 2. Definitions of the temporal events. The figure shows a typical example of the LED signals, the mediolateral center of pressure (M-L CoP), the vertical ground reaction force (zGRF), and the vertical position of the toes in the small target short distance condition. In this trial, the right LED was illuminated at t0 (vertical solid line), so that the right leg was the leading leg. The time of APA onset was defined as the instant when the M-L CoP deviated by 5 mm from its baseline value, the time of takeoff (TOleading and TOtrailing) was defined as the instant when the vertical ground reaction force of the leg decreased below 30 N, and the time of foot contact was defined as the first instant when the vertical position of the toe was <5 mm from the initial static posture. These temporal events are shown as vertical dashed lines. TOleading: takeoff of the leading leg; FCleading: foot contact of the leading leg; TOtrailing: takeoff of the trailing leg; FCtrailing: foot contact of the trailing leg.


As Shapiro-Wilk tests revealed no violation of normality on the foot placement data for each participant, variability in the foot placement was quantified by using the standard deviation of the foot placement, which was calculated in the M-L and A-P axes and for the leading and trailing limbs. During the APA, the CoP moved backward and toward the leading leg. The CoP parameters were regarded as the control variables of the APA. The maximum CoP displacement was calculated for the anteroposterior (AP CoP) and mediolateral (ML CoP) axes. In addition to the CoP parameters, we analyzed the CoM state (i.e., the position and velocity of the CoM) at the time of the takeoff of the leading leg, which was regarded as the controlled variable of the APA. We calculated the CoM state based on a seven-segment rigid-body model including the right and left thighs, lower legs, feet, and the head, arms, and trunk were considered one segment (Dempster, 1955). The velocity of the CoM was calculated using three-point numerical differentiation. In addition to the position and velocity of the CoM, we analyzed the extrapolated center of mass (xCoM) based on a study by Hof et al. (2005) using the following equation: xCoM = CoM + velCoM/ω0, where CoM and velCoM are, the position and velocity of the CoM, respectively, and ω0 is the eigenfrequency of the body modeled as an inverted pendulum. This eigenfrequency was calculated as follows: ω0 = √(g/l), where g = 9.81 m/s2 is the gravitational acceleration and l is the radius of gyration which was 1.24 times the trochanteric height (Winter, 1979). The xCoM was regarded as an index of the CoM state that takes both the position and velocity into account.



Statistics

The time to complete the task and variability in the foot placement were compared across conditions by using two-way repeated measures ANOVA (rmANOVA). The target size (small/large) and the target distance (short/long) were regarded as within-subject factors. Note that the side of the LED illumination (i.e., which leg was the lead/trail leg) was not regarded as a factor, and both of the left and right data were cumulated. For checking an assumption for rmANOVAs, we checked that the distributions of the data were approximately normal by using Q-Q plots. We did not explicitly perform normality tests because ANOVA is known to be robust to violation of normality, and multi-stage statistics would be a problem that is similar to multiple comparisons (Pituch and Stevens, 2016). The maximum CoP displacement and the CoM state (i.e., the position, velocity, and xCoM) were considered the control and the controlled parameters of the APA. In addition to the mean values for each condition, the within-condition within-participant standard deviations were also compared as indices of the variability in the APA parameters. Again, we used two-way rmANOVA to assess the APA parameters. The level of statistical significance for the rmANOVA was set to be α = 0.05. Eta squared was used as effect size of the rmANOVAs. Eta squared >0.01, 0.04, or 0.14 is interpreted as small, medium, and large effects, respectively. Post-hoc paired t-tests were carried out with the Bonfferroni-corrected significance level (p < 0.025). The effect size for the post-hoc tests was reported by using Cohen's d. Cohen's d > 0.2, 0.5, or 0.8 is interpreted as a small, medium, and large effects, respectively. All statistical analyses were performed using JASP ver. 0.14.1.0 (Eric-Jan Wagenmakers, Amsterdam, Netherlands).




RESULTS

All the 16 participants completed the study. All the statistical results are shown as a table in a Supplementary Material. Figure 3 shows that the total step time was longer in the small target condition than in the large target condition. The variability in foot placement in the A-P direction was smaller in the small target condition than in the large target condition in both the leading and trailing legs and in both the short and long distance conditions. For the M-L axis, a significant difference was observed between the small and large conditions only for the leading leg in the long condition.


[image: Figure 3]
FIGURE 3. Speed-accuracy tradeoff in the forward stepping task in which participants pointed at targets with their great toes. Between-participant means and standard deviations are shown. The total step time was longer in the small target condition than in the large target condition (A). The foot placement error was smaller in the small target conditions than in the large target conditions in both the anteroposterior axis (B) and mediolateral axis (C). *Significant difference between the small and large target conditions (p < 0.025).


Significant main effects of target size and target distance were observed in the A-P and M-L CoP displacements, whereas the interaction between the target size and distance was not significant (Figure 4). The backward displacement of the CoP was smaller in the small condition than in the large condition [short: t(15) = 6.8, p < 0.001, d = 1.7; long: t(15) = 7.2, p < 0.001, d = 1.8]. The M-L CoP displacement toward the leading leg was larger in the small condition than in the large condition [short: t(15) = 4.9, p < 0.001, d = 1.2; long: t(15) = 2.9, p = 0.012, d = 0.7]. Figure 5 shows the mean CoM state at the time of takeoff of the leading leg. In the small target conditions, the CoM was positioned more posteriorly [short: t(15) = 6.3, p < 0.001, d = 1.6; long: t(15) = 7.0, p < 0.001, d = 1.8] and closer to the standing leg [short: t(15) = 10.1, p < 0.001, d = 2.5; long: t(15) = 9.7, p < 0.001, d = 2.4] than in the large conditions. The forward CoM velocity was smaller in the small condition than in the large condition [short: t(15) = 8.3, p < 0.001, d = 2.1; long: t(15) = 9.2, p < 0.001, d = 2.3]. In the M-L direction, the CoM moved faster toward the standing leg in the small target condition than in the large target condition [short: t(15) = 9.1, p < 0.001, d = 2.3; long: t(15) = 7.0, p < 0.001, d = 1.7].


[image: Figure 4]
FIGURE 4. Maximum CoP displacement during the APA along with the AP (A) and ML (B) axes. Between-participant means and standard deviations are shown. *Indicates a significant difference between the small and large conditions (p < 0.025).



[image: Figure 5]
FIGURE 5. CoM position and velocity at takeoff of the leading leg. (A) CoM position. The locations of the circles indicate the average CoM position for each condition. The error bars indicate the between-participant standard deviations. (B) CoM velocity. The length of the arrows indicates the CoM velocity for each condition, and the size of the head of the arrows indicates the between-participant standard deviations. The starting point of the arrows indicates the CoM position (equivalent to A). *Indicates a significant difference in the CoM velocity (p < 0.025).


The variability in the CoP parameters during the APA and the CoM state at the time of takeoff of the leading leg also differed by the target size and target distance. Figure 6 shows the within-participant standard deviations of the CoP displacement during the APA. No significant interaction between target size and distance was observed in the variabilities in the A-P and M-L CoP displacement [A-P: F(1, 15) = 0.175, p = 0.681, [image: image] = 0.12; M-L: F(1, 15) = 1.137, p = 0.303, [image: image] = 0.07]. No main effect of target size nor target distance was observed for the variability in the A-P CoP displacement. The variability in the M-L CoP displacement was smaller in the small condition than in the large condition [F(1, 15) = 21.25, p < 0.001, [image: image] = 0.59]. The main effect of target distance was not significant on the variability in the M-L CoP displacement. The standard deviations of the CoM state at the time of takeoff of the leading leg are shown in Figure 7. The rmANOVA results revealed a significant interaction between the target size and target distance in A-P xCoM [F(1, 15) = 12.9, p = 0.003, [image: image] = 0.46]. The post-hoc analysis revealed that the standard deviation of the A-P xCoM was significantly smaller in the small target condition than in the large target condition in the long distance condition [t(15) = 3.8, p = 0.002, d = 0.96] but not in the short condition. A similar effect was observed in A-P CoM position variability, M-L xCoM variability and M-L CoM position variability (details are shown in a Supplementary Table 1).


[image: Figure 6]
FIGURE 6. Within-participant standard deviations of the maximum CoP displacement during the APA along the AP (A) and ML (B) axes. The error bars show the between-participant standard deviations of the within-participant variability. *Indicates a significant difference between the small and large target conditions (p < 0.025).
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FIGURE 7. Within-participant variability in the center of mass (CoM) state at the instance of takeoff of the leading leg. The white and black circles show the within-participant standard deviations. The error bars show the between-participant standard deviations of the within-participant variability. The extrapolated center of mass (xCoM, A,B), CoM position (C,D) and CoM velocity (E,F) were analyzed. The left panels (A,C,E) show the CoM state in the anterior-posterior (A-P) axis, and the right panels (B,D,F) show the CoM state in the medial-lateral (M-L) axis. *Significant difference between the small and large target conditions (p < 0.025).




DISCUSSION

The purpose of this study was to investigate the effect of required accuracy in a stepping initiation task on motor control during APAs. Our three hypotheses were supported by the results. First, our findings were in line with the speed-accuracy tradeoff principle applies to the step initiation task as well as the foot-reaching tasks performed in previous studies (Duarte and Latash, 2007; Bertucco and Cesari, 2010). When the target size was small, a longer time to complete the task and the smaller variability in the foot placement were observed. Second, in the small conditions, the APA was performed to prepare for a longer step time. The smaller backward CoP yielded a smaller forward displacement and velocity of the CoM than in the large conditions. For the M-L direction, the larger CoP displacement caused the CoM to be positioned more toward the standing limb. The third hypothesis was also supported: the variability in the CoP parameters during the APA and the CoM state at takeoff of the leading leg were lower in the small condition than in the large condition target condition when the target distance was long.

The total time was longer in the small target conditions than in the large target conditions due to the difference in the duration of the APA and swing phases, which is consistent with the speed-accuracy tradeoff principle. The reaction time was not affected by the target size. It is suggested that the time required for the sensorimotor processing before execution of the postural control and forward stepping was not influenced by the accuracy of the planned movement in our task. The speed-accuracy tradeoff is one of the most fundamental principles in motor control and was demonstrated by Fitts (1954). In the classic experiment, the movement time during a ballistic tapping task was found to be a function of the target size and distance. Because the principle applies to movements lasting for 200–800 ms, the principle is considered to describe the effectiveness of both feedback and feedforward control of human movement (Schmidt and Lee, 2011). Postural control is not an exception to the principle. Similar equations can be established for a foot-reaching task or standing postural control during an arm reaching task (Duarte and Latash, 2007; Bertucco et al., 2013). Our study adds another empirical finding that the movement time might be planned and executed as a function of the target size and distance in a step initiation task.

In stepping tasks such as the foot-pointing task or step initiation task, the CoM state must be appropriately set before the takeoff of the leading leg by controlling the CoP displacement during an APA. Human stepping is modeled as an inverted pendulum, where the whole-body CoM moves around the CoP under the influence of gravity (Winter, 1995; Lyon and Day, 1997; Gage et al., 2004; Manoj and Andy, 2006; Yiou et al., 2016b). In this model, the CoM state during the stepping phase is determined as the time evolution of the initial CoM state (Lyon and Day, 1997; Pai and Patton, 1997). Because of the related dynamics, if an individual wants to have a long swing phase, the CoM must move close to the standing leg to stabilize the CoM (Caderby et al., 2014; Yiou et al., 2016a). The small conditions in the present study, compared with the large conditions, yielded a smaller backward CoP displacement and a larger M-L CoP displacement toward the side of the standing limb, which supports our second hypothesis. These CoP displacements caused the CoM to be positioned more on the side of the standing leg, with a smaller forward velocity, which was also confirmed by our results. These observations support the idea that the motor control for slow stepping that was planned to achieve accurate stepping was started with CoM control during the APA.

The inter-trial variability in the CoM state also suggests task-relevant postural control for accurate stepping, supporting our third hypothesis. Given that the sensorimotor signals are corrupted by noise whose variance increases with the size of the signal (Harris and Wolpert, 1998), reducing the amplitude of APA might lead to the observed smaller variabilities in CoP and CoM parameters during APA. However, the results of the amplitude of the CoP and CoM parameters could not explain the results of the variability of those parameters. We observed smaller variability in the M-L CoP displacement during the APA and in the A-P and M-L CoM and xCoM positions in the long distance condition, but not in the short distance condition. Because passive dynamics dominate the CoM movements during the stepping phase (Bottaro et al., 2005), large variability at the time of takeoff will lead to larger variability at the end of the step, which leads to inaccurate step placement. This effect is larger for steps with longer step lengths. The participants might take these factors into account during the swing phase, leading to accurate control of the CoM state during the APA only in the long conditions. The results of the present study indicate task-relevant control of the CoM during APAs to achieve the required accuracy in stepping.

APAs are a type of predictive control during step initiation and involve both propulsion (Brenière et al., 1987; MacKinnon et al., 2007) and postural stability (Jian et al., 1993; McIlroy and Maki, 1999; Singer et al., 2013; Yiou et al., 2016a). Many studies have indicated that various task requirements are related to APAs. APAs change in response to task requirements such as step length (Brenière et al., 1987; Zettel et al., 2002), gait speed (Caderby et al., 2014), the existence of perturbations (Schlenstedt et al., 2017), step direction (Tateuchi et al., 2011) or obstacles (Yiou et al., 2016a). Duarte and Latash (Duarte and Latash, 2007) reported that the CoP amplitude and its variability are affected by the target size in a forward foot-reaching task. The present study has provided new insight regarding variability in CoP displacement and the CoM state, as well as their mean values, showing that they are task-relevantly regulated during APAs according to the required stepping accuracy.

The results of this study suggest that the motor control for accurate stepping begins before the actual leg movements start. In the fields of sports training, players, coaches, and sports scientists should focus not only on noticeable leg movements but also on the invisible APA. A previous study reported that inconsistent APA was potentially related to the risk of injury and suggested an importance of the systematic tests of APA on high-level athletes such as rugby players (Wang et al., 2018). Another study demonstrated that the CoP displacement and ground reaction forces during APA before forward stepping were affected by psychological pressure (Sasaki and Sekiya, 2018). These studies suggest possibility that APA may be a sensitive indicator that reflects injury risk and sports performance. Importantly, the variability in the APA cannot be assessed by looking at a single trial. Technical assistance for assessing and visualizing the APA parameters and their variability would be useful.

Several limitations should be noted. First, we only recruited healthy male participants that could not reflect a whole of young population. Some studies reported sex differences in the prevalence of posture-related deficit such as back pain (Schneider et al., 2006) and APA parameters tested in laboratory experiments (Bussey et al., 2018). If we want to extend our knowledge to a clinically relevant way, future studies would be needed based on a wider range of subjects. Second, since the task constraints in this study were the target size, the CoM state was not explicitly restricted in the task. For aiming at the target on the floor, the participants might change the CoM position, and/or they might control the position of the foot relative to the CoM. This is not the same situation as stepping onto a small stepping stone on a pond, where one has to accurately control the CoM state to prevent oneself from falling into the water. Third, because this study tested healthy young male participants only, clinical relevance would subject to future studies. Previous studies reported that aging and neuropathological diseases change the characteristics of APAs (Lin et al., 2016; Cohen et al., 2017). Although the variability in the CoM state during step initiation could potentially be related to fall risks or other age-related symptoms, there is no knowledge about this issue. Additional research investigating the variability in CoM control during APAs in elderly people and people with various diseases would be relevant for a better assessment of fall risks.

To summarize, we had three findings. First, stepping onto the small targets took a longer time compared to the large target conditions, which follows the speed-accuracy tradeoff principle. Second, in the small condition, the smaller backward CoP displacement and larger M-L CoP displacement toward the standing limb can be regarded as an appropriate preparatory action for a slower step. Last, not only the mean values but also the variability in the CoP displacement and the variability the CoM state were smaller in the small condition than in the large condition when the target distance was long.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Graduate School of Integrated Arts and Sciences, Hiroshima University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

HY and MS contributed to the design and implementation of the research, the analysis of the results, and the manuscript's writing. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by JSPS KAKENHI Grant Number 17H04750.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fspor.2021.691307/full#supplementary-material



REFERENCES

 Aloraini, S. M., Glazebrook, C. M., Sibley, K. M., Singer, J., and Passmore, S. (2019). Anticipatory postural adjustments during a Fitts' task: comparing young versus older adults and the effects of different foci of attention. Hum. Mov. Sci. 64, 366–377. doi: 10.1016/j.humov.2019.02.019

 Bertucco, M., and Cesari, P. (2010). Does movement planning follow Fitts' law? Scaling anticipatory postural adjustments with movement speed and accuracy. Neuroscience 171, 205–213. doi: 10.1016/j.neuroscience.2010.08.023

 Bertucco, M., Cesari, P., and Latash, M. L. (2013). Fitts' Law in early postural adjustments. Neuroscience 231, 61–69. doi: 10.1016/j.neuroscience.2012.11.043

 Bottaro, A., Casadio, M., Morasso, P. G., and Sanguineti, V. (2005). Body sway during quiet standing: Is it the residual chattering of an intermittent stabilization process? Hum. Mov. Sci. 24, 588–615. doi: 10.1016/J.HUMOV.2005.07.006

 Brenière, Y., Cuong Do, M., and Bouisset, S. (1987). Are dynamic phenomena prior to stepping essential to walking? J. Mot. Behav. 19, 62–76. doi: 10.1080/00222895.1987.10735400

 Bussey, M. D., Castro, M. P., de Aldabe, D., and Shemmell, J. (2018). Sex differences in anticipatory postural adjustments during rapid single leg lift. Hum. Mov. Sci. 57, 417–425. doi: 10.1016/j.humov.2017.10.003

 Caderby, T., Yiou, E., Peyrot, N., Begon, M., and Dalleau, G. (2014). Influence of gait speed on the control of mediolateral dynamic stability during gait initiation. J. Biomech. 47, 417–423. doi: 10.1016/j.jbiomech.2013.11.011

 Cohen, R. G., Nutt, J. G., and Horak, F. B. (2017). Recovery from multiple APAs delays gait initiation in Parkinson's disease. Front. Hum. Neurosci. 11:60. doi: 10.3389/fnhum.2017.00060

 Crenna, P., and Frigo, C. (1991). A motor programme for the initiation of forward-oriented movements in humans. J. Physiol. 437, 635–653. doi: 10.1113/jphysiol.1991.sp018616

 Dempster, W. T. (1955). Space Requirements of the Seated Operator (WADC-TR-55-159). Dayton, OH Wright-Patterson Air Force Base.

 Duarte, M., and Latash, M. L. (2007). Effects of postural task requirements on the speed–accuracy trade-off. Exp. Brain Res. 180, 457–467. doi: 10.1007/s00221-007-0871-x

 Fitts, P. M. (1954). The information capacity of the human motor system in controlling the amplitude of movement. J. Exp. Psychol. 47, 381–391.

 Gage, W. H., Winter, D. A., Frank, J. S., and Adkin, A. L. (2004). Kinematic and kinetic validity of the inverted pendulum model in quiet standing. Gait Post. 19, 124–132. doi: 10.1016/S0966-6362(03)00037-7

 Harris, C. M., and Wolpert, D. M. (1998). Signal-dependent noise determines motor planning. Nature 394, 780–784. doi: 10.1038/29528

 Hof, A. L., Gazendam, M. G. J., and Sinke, W. E. (2005). The condition for dynamic stability. J. Biomech. 38, 1–8. doi: 10.1016/j.jbiomech.2004.03.025

 Hof, A. L., van Bockel, R. M., Schoppen, T., and Postema, K. (2007). Control of lateral balance in walking: experimental findings in normal subjects and above-knee amputees. Gait Post. 25, 250–258. doi: 10.1016/j.gaitpost.2006.04.013

 Jian, Y., Winter, D. A., Ishac, M., and Gilchrist, L. (1993). Trajectory of the body COG and COP during initiation and termination of gait. Gait Post. 1, 9–22.

 Lin, C.-C., Creath, R. A., and Rogers, M. W. (2016). Variability of anticipatory postural adjustments during gait initiation in individuals with Parkinson disease. J. Neurol. Phys. Ther. 40, 40–46. doi: 10.1097/NPT.0000000000000112

 Lyon, I. N., and Day, B. L. (1997). Control of frontal plane body motion in human stepping. Exp. Brain Res. 115, 345–356. doi: 10.1007/PL00005703

 MacKinnon, C. D., Bissig, D., Chiusano, J., Miller, E., Rudnick, L., Jager, C., et al. (2007). Preparation of anticipatory postural adjustments prior to stepping. J. Neurophysiol. 97, 4368–4379. doi: 10.1152/jn.01136.2006

 Manoj, S., and Andy, R. (2006). Computer optimization of a minimal biped model discovers walking and running. Nature 439, 72–75. doi: 10.1038/nature04113

 Massot, C., Simoneau-Buessinger, E., Agnani, O., Donze, C., and Leteneur, S. (2019). Anticipatory postural adjustment during gait initiation in multiple sclerosis patients: a systematic review. Gait Post. 73, 180–188. doi: 10.1016/J.GAITPOST.2019.07.253

 McIlroy, W. E., and Maki, B. E. (1999). The control of lateral stability during rapid stepping reactions evoked by antero-posterior perturbation: does anticipatory control play a role? Gait Post. 9, 190–198.

 Mobbs, D., Hassabis, D., Seymour, B., Marchant, J. L., Weiskopf, N., Dolan, R. J., et al. (2009). Choking on the money: reward-based performance decrements are associated with midbrain activity. Psychol. Sci. 20, 955–62. doi: 10.1111/j.1467-9280.2009.02399.x

 Pai, Y.-C., and Patton, J. (1997). Center of mass velocity-position predictions for balance control. J. Biomech. 30, 347–354.

 Patla, A. E., Frank, J. S., Winter, D. A., Rietdyk, S., Prentice, S., and Prasad, S. (1993). Age-related changes in balance control system: initiation of stepping. Clin. Biomech. 8, 179–184. doi: 10.1016/0268-0033(93)90012-7

 Pituch, K., and Stevens, J. (2016). Applied Multivariate Statistics for the Social Sciences, 6th Edn. New York, NY: Routledge.

 Sasaki, J., and Sekiya, H. (2018). Changes of initial posture and anticipatory postural adjustment in self-paced single forward stepping under psychological pressure. Int. J. Sport Exerc. Psychol. 16, 476–487. doi: 10.1080/1612197X.2016.1259248

 Schlenstedt, C., Mancini, M., Horak, F., and Peterson, D. (2017). Anticipatory postural adjustment during self-initiated, cued, and compensatory stepping in healthy older adults and patients with Parkinson disease. Arch. Phys. Med. Rehabil. 98, 1316–1324. doi: 10.1016/J.APMR.2017.01.023

 Schmidt, R. A., and Lee, T. D. (2011). Motor Control and Learning: A Behavioral Emphasis, 5th Edn. Champaign, IL: Human Kinetics Pub.

 Schneider, S., Randoll, D., and Buchner, M. (2006). Why do women have back pain more than men? A representative prevalence study in the Federal Republic of Germany. Clin. J. Pain 22, 738–747. doi: 10.1097/01.ajp.0000210920.03289.93

 Singer, J. C., Prentice, S. D., and McIlroy, W. E. (2013). Age-related changes in mediolateral dynamic stability control during volitional stepping. Gait Post. 38, 679–683. doi: 10.1016/j.gaitpost.2013.03.003

 Tateuchi, H., Ichihashi, N., Shinya, M., and Oda, S. (2011). Anticipatory postural adjustments during lateral step motion in patients with hip osteoarthritis. J. Appl. Biomech. 27, 32–39. doi: 10.1123/jab.27.1.32

 Wang, D., Mahe, G., Fang, J., Piscione, J., Couvet, S., Retiere, D., et al. (2018). Inconsistent anticipatory postural adjustments (APAs) in rugby players: a source of injuries? Exerc. Med. 4:303. doi: 10.1136/bmjsem-2017-000303

 Winter, D. A. (1979). Biomechanics of Human Movement. New York, NY: John Wiley and Sons, Inc.

 Winter, D. A. (1995). Human balance and posture control during standing and walking. Gait Post. 3, 193–214. doi: 10.1016/0966-6362(96)82849-9

 Yiou, E., Artico, R., Teyssedre, C. A., Labaune, O., and Fourcade, P. (2016a). Anticipatory postural control of stability during gait initiation over obstacles of different height and distance made under reaction-time and self-initiated instructions. Front. Hum. Neurosci. 10:449. doi: 10.3389/fnhum.2016.00449

 Yiou, E., Caderby, T., Delafontaine, A., Fourcade, P., and Honeine, J. L. (2017). Balance control during gait initiation: State-of-the-art and research perspectives. World J. Orthop. 8, 815–828. doi: 10.5312/wjo.v8.i11.815

 Yiou, E., Fourcade, P., Artico, R., and Caderby, T. (2016b). Influence of temporal pressure constraint on the biomechanical organization of gait initiation made with or without an obstacle to clear. Exp. Brain Res. 234, 1363–1375. doi: 10.1007/s00221-015-4319-4

 Zettel, J. L., Mcilroy, W. E., and Maki, B. E. (2002). Environmental constraints on foot trajectory reveal the capacity for modulation of anticipatory postural adjustments during rapid triggered stepping reactions. Exp. Brain Res. 146, 38–47. doi: 10.1007/s00221-002-1150-5

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yamada and Shinya. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fspor-03-691307-g005.gif





OPS/images/fspor-03-691307-g006.gif
O sma

°
—o—
o

.o
o

(@) 400 Tj0 05

3% o

< (W) 40D gv jo QS

greev o

Shot_Long

Shot Long.





OPS/images/fspor-03-691307-g003.gif





OPS/images/fspor-03-691307-g004.gif
AP CoP (mm)

8

it

O sman
® Lo

MLCoP ()

o888

Smat
Logo

Bt Doy

St Lao






OPS/images/inline_2.gif





OPS/images/fspor-03-691307-g007.gif
R R






OPS/images/inline_1.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Variability in the Center of Mass State During Initiation of Accurate Forward Step Aimed at Targets of Different Sizes



		Introduction



		Methods



		Participants



		Experimental Protocol



		Data Collection



		Data Analysis



		Statistics







		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Sports and Active Living

Variability in the Center of Mass
State During Initiation of Accurate
Forward Step Aimed at Targets
of Different Sizes





OPS/images/fspor-03-691307-g001.gif





OPS/images/fspor-03-691307-g002.gif





OPS/images/inline_4.gif





OPS/images/inline_3.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Sports and Active Living





