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A B S T R A C T   

Conventionally, hitting movements in response to different advanced kinematic information have 
been investigated from the perspective of chronometric analysis, such as measuring the timing of 
movements. This is the first study to investigate the effect of manipulating advanced kinematic 
information on the hitting movement pattern organization based on both kinematics and kinetic 
analyses in addition to the conventional chronometric analysis. Specifically, the hitting move-
ment of experienced batters in response to visual stimuli consisting of different pitching move-
ment speeds with the same ball trajectory information was measured by an optical motion capture 
camera system and a foot force sensor inside the shoes. The occurrence timings of specific events 
(e.g., movement initiation), some kinematic parameters (e.g., maximum rotate angle of the 
shoulder and hip), and the balance of the ground reaction force between the ball of the big and 
small toes of both feet were compared between experimental conditions. This was done to test the 
hypothesis that the hitting movement is coupled with the visual information given to batters 
based on an expert anticipatory model. The results indicated that for a faster pitching speed, the 
batter tended to react with a significantly smaller preparatory movement (e.g., smaller weight 
shift and shoulder rotate angle during backswing) and put significantly larger weight on the rear 
foot during the swing execution phase. The situation was exactly reverse in the case of a slower 
pitching movement. These results suggest for the first time that manipulating advanced kinematic 
information not only affects the timing of the movement, but also the whole-body kinematics and 
lower body kinetics. The results also indicate that the hitting movement pattern of experienced 
batters is highly dependent on the advanced kinematic information.   

1. Introduction 

In bat-and-ball sports, such as baseball, cricket, and softball, the duration from the time the ball is released by the opponent pitcher 
until bat–ball contact (impact) is less than 0.5 s (Adair, 2002). Within this very short duration, the batter must perform the hitting 
movement, which is a complex movement involving the whole body with a large inertia from the bat (Koenig, Mitchell, Hannigan, & 
Clutter, 2004). Further, it requires the muscles to release an extremely large output to increase the signal-dependent noise (Harris & 
Wolpert, 1998). Hence, ensuring precise impact with a spatio-temporal accuracy of several centimeters (Higuchi et al., 2016) and 
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milliseconds (Kidokoro, Matsuzaki, & Akagi, 2019) is increasingly difficult because of the strict temporal constraints and character-
istics of the hitting movement. 

Previous studies have shown that it is also important for the batter to predict the ball trajectory before the ball is released by the 
opponent pitcher based on the opponent's kinematic information. This includes the pitching movement in addition to the adjustment of 
the swing trajectory for the pitched ball (e.g., Brenton, Müller, & Mansingh, 2016; Müller, Abernethy, & Farrow, 2006) to succeed in 
the hitting movement under strict temporal constraints. Based on this prediction, experienced batters organize preparatory movements 
such as weight shift forward and backswing (e.g., Müller, Lalović, Dempsey, Rosalie, & Harbaugh, 2014; Ranganathan & Carlton, 
2007). Based on a review of previous studies, Müller and Abernethy (2012) suggested a preliminary model for expert anticipatory skills 
in striking sports. According to their model, as more information is gathered (level of event specification) with the progress of the 
opponent's movement or the approaching released ball, the phases of the hitting movement also progress from global body positioning 
(e.g., adjustment of weight transfer) to precise spatio-temporal interception (e.g., adjustment of bat swing). Hence, the series of hitting 
movements from the initiation of the preparatory movement to the impact is coupled with visual information picked up from the 
environment, such as opponent kinematics and ball trajectory. This suggests that utilizing advanced kinematic information can 
contribute to a successful hitting movement. Advanced kinematic information is defined as the key visual information of the pitcher's 
kinematics that is picked up by the batters for facilitating and organizing the patterns of the hitting movement (Müller & Abernethy, 
2012). 

Therefore, it is believed that expert batters can not only use ball trajectory information, but also advanced kinematic information, 
such as the pitching movement of the opponent, to overcome strict temporal constraints and achieve a successful hitting movement 
(Connor, Renshaw, & Farrow, 2020). However, because the advanced kinematic information of the opponent's pitching movement is 
utilized, a divergence in the opponent's kinematics may lead to different hitting movement patterns. For example, hitting movements 
with different advanced kinematic information, such as the mechanical movement of ball projection machines and live pitcher ki-
nematics, have been previously compared (Cork, Justham, & West, 2010; Pinder, Davids, Renshaw, & Araújo, 2011; Pinder, Renshaw, 
& Davids, 2009; Renshaw, Oldham, Golds, & Davids, 2007). These studies indicated that different advanced kinematic information 
result in different preparatory movement patterns, such as the height of the backswing and step length; these differences originate from 
the differences in the information picked up from the environment to perform a hitting movement. 

Thus, there is a need to investigate two aspects to understand the perceptual-motor system in the hitting movement under strict 

Fig. 1. Different hitting movement patterns organized based on different advanced kinematic information as per the model presented by Müller and 
Abernethy (2012). Fast, Normal, and Slow represent the experimental conditions with different pitching movement speeds. The horizontal axis 
represents the time reference to the pitcher's ball release, and the vertical axis represents the level of information obtained from the environment. 
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temporal constraints: (1) the type of information the batter picks up from opponent kinematics for making predictions and performing 
the preparatory movements (i.e., information resources) and (2) how the batter organizes their hitting movement (i.e., movement 
pattern organization). The former has been investigated using a temporal or spatial occlusion paradigm (Brenton et al., 2016; Müller 
et al., 2006). However, few studies have investigated the latter and they have primarily focused on measuring the chronometric 
parameters such as the timing of movements (e.g., timing of weight shift initiation). Hence, there is limited information on the or-
ganization of the hitting movement patterns based on advanced kinematic information from the perspective of kinematic and kinetic 
analyses (Müller & Abernethy, 2012). 

This study investigated the effects of manipulating advanced kinematic information on the hitting movement pattern by analyzing 
the kinematics and kinetics of the hitting movement in addition to the conventional chronometric analysis. Specifically, the pitching 
movement speed of the softball pitcher—which is the key advanced kinematic information, as previously suggested by Takamido, 
Yokoyama, and Yamamoto (2020)—was experimentally manipulated and its effect on the hitting movement pattern evaluated. 

Takamido et al. (2020) revealed that manipulating the pitching movement speed of a softball pitcher affects the batter's perception, 
prediction of the ball speed, and impact timing. The visual stimuli they used consisted of different advanced kinematic information and 
the same ball trajectory information; specifically, they used fast, normal, and slow conditions in descending order for the pitching 
movement speed. Hence, by comparing the hitting movement in response to those visual stimuli, the effects of experimental 
manipulation of the advanced kinematic information can be verified, but not those of the ball trajectory. 

Fig. 1 shows schematic images of the differences in the hitting movement patterns between conditions based on the model 

Fig. 2. Differences in pitching movement between the three experimental conditions (fast, normal, and slow). The pitching movement events before 
the ball release ((a)–(d)) presented at a time closer to the ball release (e) as the movement becomes faster, whereas the time when the released ball 
reaches the impact point (f) is constant regardless of pitching movement speed. However, the ball speed perceived by the batter differs (Takamido 
et al., 2020). 
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presented by Müller and Abernethy (2012). Based on the model, the following three hypotheses were made in this study. 
Hypothesis (1): From the conventional chronometric analysis perspective, the timing of the batter's movements against the 

opponent pitcher and pitched ball changes in response to the change in the pitcher's movement speed (Fig. 1). The batter's movements 
are assumed to be coupled with advanced kinematic information, i.e., the batter's preparatory movement will occur later as the 
pitcher's movement speed increases. As the pitcher's movement speed increases, there is a delay (close to the ball release) in the batter's 
perception of the same pitcher's movement (e.g., rising throwing arm) (Fig. 2). In contrast, the timing of the main movements (e.g., 
downswing initiation), which is assumed to be coupled with ball trajectory information, is assumed to be perceived earlier in the order 
of fast, normal, and slow conditions. Takamido et al. (2020) revealed that the batter perceives a faster ball as the pitching movement 
speed increases because of the prediction bias caused by the contradiction between the actual ball speed and its prediction. Therefore, 
if the batter performs a swing movement while coupling to the “biased ball,” the occurrence timing changes corresponding with the 
perceived speed. Takamido et al. (2020) examined this proposition exclusively using the timing error of the impact, not the overall 
hitting movements including preparatory movements. We verify this hypothesis in Analysis 1 by performing chronometric analysis to 
identify the timing of the batter's movements and compare it among conditions. 

Hypothesis (2): If there are differences in the chronometric parameters, it can be assumed that there are also differences in the 
hitting movement kinematics to achieve it. We assume that the difference in pitching movement speed affects the preparatory 
movement patterns such as weight shift and/or backswing. If differences are observed in the timing of the movement event, this means 
that there are differences in the duration of movements, and differences in the movement duration can be achieved by changing 
movement patterns such as step length against the pitcher. Further, differences in the pitching movement between conditions are 
larger in earlier phases when the batter performs preparatory movements than in later phases when they perform swing movements 
(Fig. 2). Hence, if a series of hitting movements is coupled with advanced kinematic information and ball trajectory information, the 
differences in the movement duration between these conditions are assumed to be larger in the early preparatory phases. Differences in 
the preparatory movement patterns caused by the different advanced kinematic information have been reported in previous studies in 
which the hitting movement in response to a ball machine was compared to that in response to a live pitcher (e.g., Renshaw et al., 
2007); however, those studies used qualitatively different advanced kinematic information, such as the mechanical movement of the 
ball machine and human kinematics of the live pitcher. We verify this hypothesis in Analysis 2 by performing kinematic analysis based 
on the position data of the optical motion capture system. 

Hypothesis (3): The differences in the kinematics of the hitting movement are reflected in the differences in kinetics, such as the 
ground reaction force, to drive lower-limb movement. Hence, in this study, we perform kinetic analysis based on ground reaction force 
data as Analysis 3. Previous studies that measured the ground reaction force in the hitting movement for different ball speeds, such as 
fast ball and change-up ball, revealed the importance of front (pitcher side) foot kinetics to adapt to changes in ball speed (e.g., 
Fortenbaugh, Fleisig, Onar-Thomas, & Asfour, 2011; Katsumata, 2007). In contrast, in this study, we hypothesized that there would be 
a difference in the usage of the rear (catcher side) foot in the hitting movement for different advanced kinematic information. As most 
batters would have already started the stepping movement by taking the front leg off the ground before ball release (Takamido, 
Yokoyama, & Yamamoto, 2019), the adjustment of the preparatory movement for different pitching movements would need to be 
achieved by rear foot kinetics. In addition, while previous studies measured the resultant force of the whole foot (Fortenbaugh et al., 
2011; Katsumata, 2007; Messier & Owen, 1985, 1986; Welch, Banks, Cook, & Draovitch, 1995), we measured the ground reaction 
forces of the area of the ball of the big and small toes separately by embedding a force sensor inside the shoes. Measuring the foot force 
by dividing it into separate areas provided us with significant insights, which cannot be obtained by measuring the resultant force only 
(e.g., Femery, Moretto, Renaut, Thévenon, & Lensel, 2002; Zhu, Wertsch, Harris, Loftsgaarden, & Price, 1991). Hence, through this 
analysis, we evaluated the lower-limb kinetics in the hitting movement in more detail compared to previous studies. 

Through these three analyses, we verified how different advanced kinematic information, such as pitching movement speed, help 
batters organize different hitting movement patterns under strict temporal constraints from the perspective of the chronometric 
(Analysis 1), kinematic (Analysis 2), and kinetic (Analysis 3) analyses. If the series of hitting movements from the initiation of pre-
paratory movement to impact is coupled with visual information picked up from opponent kinematics and ball trajectory, then the 
initiation timing of the preparatory movement would be earlier in the slow condition than in the fast condition. Conversely, if the fast 
pitching movement leads to the perception of a fast ball compared to the slow condition, the impact timing in the fast condition would 
be earlier than in the slow condition. During the preparatory movement, the dominant foot is the rear foot, and during the swing 
movement, the dominant foot is the front foot. These three types of analyses—chronometric, kinematic, and kinetic—could clarify the 
effect of the different advanced kinematic information on the hitting movement in detail. 

2. Method 

2.1. Participants 

A total of 15 male softball players (13 right-handed and 2 left-handed batters) aged 19–28 years participated in the experiment 
(height: 1.74 ± 0.05 m, weight: 63.0 ± 9.3 kg, BMI: 21.2 ± 2.4 (kg/m2)). The standards set for the recruitment of the participants for 
the study was ≥5 years of experience in bat-and-ball sports, including ≥3 years of softball experience. The average years of experience 
of with bat-and-ball sports was 10.3 ± 4.7 years and playing softball was 4.6 ± 2.1 years. Four participants played in amateur softball 
teams, five participants played in a college softball club, while five participants played in a recreational softball team. 

It has been previously shown that approximately five years of experience enables players to change their movement pattern in 
response to the difference in task constraints provided to them (Humberto Almeida, Paulo Ferreira, & Volossovitch, 2012; Pinder et al., 

R. Takamido et al.                                                                                                                                                                                                     



Human Movement Science 81 (2022) 102908

5

2009). All participants had normal or corrected-to-normal vision. This study was approved by the university's Institutional Review 
Board for Human Subjects Research and conforms with the principles of the Declaration of Helsinki. All participants involved in this 
study provided informed written consent. 

2.2. Visual stimuli 

To create visual stimuli, we recorded the pitching movements of a skilled pitcher (female, 25-years-old, 12 years of experience) and 
the pitched ball trajectory using a 60-fps video camera (Sony HDR-XR550), which was positioned behind a clear acrylic plate. The 
distance from the pitcher to the video camera was 13.11 m, which mirrors the distance from the pitching plate to the home plate in a 
real softball game. When presenting visual stimuli to the participants, a visual angle of 7.2◦, which is normally experienced in softball, 
was maintained. The visual angle was calculated based on the height of the pitcher (1.61 m) and the distance (13.11 m) between the 
pitcher and batter in game situations (Baird, 2013). 

Similar to the experimental conditions of the earlier study by Takamido et al. (2020), we set fast, normal, and slow conditions to 
indicate an increase in the pitcher's movement speed (video playback speed) and compared the hitting movement of the experienced 
batters under these conditions. Fig. 2 shows schematic images of the conditions. Using a video editing software EDIUS (Neo version 
2.5, Grass Valley Co. Ltd.), we changed the playback speed of the pitching movement of the video (Figs. 2(a)–(e)) while keeping the 
ball movement (Figs. 2(e)–(f)) constant to create three types of experimental visual stimuli: fast, normal, and slow. The pitching 
movement of the fast condition was 600 ms faster (shorter) than the original, while that of the slow condition was 600 ms slower 
(longer). Normal is a reference stimulus that involved no changes to the original video. The ball travel time of each condition was set to 
500 ms. The visual stimuli used in this study are detailed in the supporting information of Takamido et al. (2020). 

2.3. Apparatus and procedure 

The experimental task required the participants to perform the hitting movement in response to the presented visual stimuli. We 
defined the center of the front part of the home plate as the impact point, and the participants performed the hitting movement such 
that the bat passed the impact point as close to 0.50 s as possible after the ball was released (Fig. 2(f)). When the participants performed 
the hitting movement, the position data of the reflective markers attached to the body were measured at 500 Hz using an optical 
motion capture camera system (OQUS, Qualysis Inc.); the ground reaction forces of the area of the ball of the big and small toes of both 
feet (FB: front big, FS: front small, RB: rear big, and RS: rear small) were measured at 1000 Hz using four force sensors (USL06-H5- 
100N, Tec Gihan, Uji, Japan) set inside the shoes. Reflective markers were attached to the bat tip, bat knob, regio parietalis (head), 
both sides of the acromion (shoulder), lateral epicondyle of the humerus (elbow), radial styloid process (hand), greater trochanter of 
femur (hip), lateral condyle of femur (knee), heel, and the top of the shoes. Fig. 3 shows the position of the reflective markers. 

The experimental procedure was as follows: The participants received explanations about the experiment, and warmed up with 
stretching exercises and practice swings, followed by practice trials. The practice trials were only conducted under normal conditions, 
and bandwidth feedback on the impact timing was provided based on 500 ± 33 ms (too early, correct, and too late). Participants could 
only proceed to the test trials after completing at least 10 practice trials, including three consecutive correct responses. In the test trials, 
the experimental conditions were set such that the number of the fast and slow conditions were set for 12 trials, and the normal 

Fig. 3. Position of the reflective markers.  
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condition was set for 60 trials (total of 84 trials). These unbalanced trial numbers were used to examine the effecting of manipulating 
conditions after adapting to the normal condition. To exclude the contextual effects in the normal condition, we analyzed 36 normal 
condition trials for which the previous trial was the normal condition (N–N sequence) set as “Normal.” Bandwidth feedback was 
provided for the participants in the test trials. 

2.4. Data analysis 

We defined the left-hand coordinates in the perpendicular direction from the center of the home base to the screen (pitcher) as the 
positive x-axis direction. The coordinate origin is defined as the impact point, and in the case of a left-handed batter, the right-handed 
coordinate system was applied. Based on previous research (Welch et al., 1995), the position data of the reflective marker was filtered 
with a cutoff frequency of 13.3 Hz using a fourth-order Butterworth filter, and the force data were filtered with a cutoff frequency of 10 
Hz using a second-order Butterworth filter (Katsumata, 2007) to smooth the data. 

Further, we performed power analysis to calculate the smallest possible effect size that could be detected with our sample (15 
participants) using G power software (Faul, Erdfelder, Lang, & Buchner, 2007). We decided that an alpha error probability would 
determine a statistical significance less than 0.05, and the power was set to greater than 0.80. The results indicated that the smallest 
possible effect size for each analysis was 0.78. 

Fig. 4. Flowchart of the data collection and processing procedures.  
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The subsequent data analysis consisted of three analyses to verify the three hypotheses. Fig. 4 shows the flowchart of the data 
collection and processing procedures. 

2.4.1. Analysis 1: Chronometric analysis 
In Analysis 1, we performed chronometric analysis to verify if the timing of the batter's movements changes in response to different 

advanced kinematic information. Based on the position data of the reflective markers, we identified the timing of three preparatory 
movement events—movement initiation, back swing, and weight shift initiation—that ordinarily occur before ball release; we also 
identified one main movement event—swing initiation—that occurs after ball release. We compared these variables between the 
conditions. 

The definition of each movement is provided below. We initially measured “impact,” while the other events were measured based 
on the preceding event. That is, we measured movements in the order of “impact,” “swing initiation,” “weight shift initiation,” 
“backswing,” and “movement initiation.” 

1. “Movement initiation” represents the time when the batter starts to move their weight to the rear foot in preparation for starting 
to shift the weight forward (Fig. 5(1)). Previous studies have not focused on this movement; however, we measured these movements 
to examine the differences that result in the preparatory movement in more detail. In particular, it was defined as the time when the 
first zero cross was created by tracing the time series from the maximum negative velocity of the batter's head in the x-direction 
(“backswing”). 

2. “Backswing” represents the time when the batter's head is most accelerated in the negative direction of the x-axis. At this time, 
the body of the batter has the highest speed in the opposite direction to the pitcher, and a large load is applied on the rear foot. This was 
defined as the time when the head had a maximum negative velocity (Fig. 5(2)) before the start of the weight shift initiation. 

3. The “weight shift initiation” movement represents the time when the velocity of the head changes from negative to positive 
(Fig. 5(3)) by tracing back the time series from the “swing initiation.” At this time, the batter starts the weight shift forward movement 
as a preparatory movement for a later swing movement. 

4. The “swing initiation” movement represents the time when the acceleration in the positive x-axis direction of the bat knob 
exceeds 5% of the maximum value for the first time after ball release (Fig. 5(4)). Here, the batter starts the swing movement for the 
perceived ball. 

5. “Impact” represents the time when the line connecting the bat tip and knob first passes the impact point (the center of the front 
part of the home plate) after the pitcher releases the ball. These data have already been published (Takamido et al., 2020). 

We measured the occurrence timing of the above four events in each experimental trial with the ball release as a reference (0 s); the 
mean value for each participant was calculated. 

2.4.2. Analysis 2: Kinematic analysis 
In Analysis 2, we performed a kinematic analysis to verify how the difference in pitching movement speed affects the kinematic 

pattern of the hitting movement. We measured the following kinematic parameters based on the position data of each joint. 
First, we calculated the difference between the minimum and maximum head positions of the x-coordinate and maximum head 

velocity in the x-coordinate forward direction during movement initiation to impact. We assumed that these head movement pa-
rameters represent the quality of the weight shift (Nakata, Miura, Yoshie, & Kudo, 2012). 

To examine the effect of the difference in advanced kinematic information on trunk rotation, which is considered to play an 
important role in an effective swing (Escamilla et al., 2009; Inkster, Murphy, Bower, & Watsford, 2010; Nakata, Miura, Yoshie, 

Fig. 5. Definition of movement events. (a) Head velocity in the x-direction. (b) Bat knob acceleration in the x-direction. The horizontal axis shows 
the time with reference to the pitcher's ball release (0 s). The figure shows the data of one trial of one participant as a typical example. 
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Higuchi, & Kudo, 2014), we calculated the maximum rotate angle and maximum angular velocity of the shoulder and hip during the 
bat swing (counterclockwise rotation in right-handed batters), and the maximum rotate angle during the backswing (clockwise 
rotation in right-handed batters). The rotate angle was defined by calculating the angle formed by the direction vector from the left 
shoulder (left hip) to the right (right hip) of the right-handed batter, and the negative x-axis direction vector. A positive angle rep-
resents a counterclockwise rotation, and a negative angle represents the clockwise rotations of the right-handed batter (e.g., π/ 2 rad 
indicates that the batter's body is facing the opponent's pitcher). 

In addition to these kinematic parameters, we calculated the velocity of the bat head and the horizontal rotate angle of the bat at 
impact. The bat rotate angle of the bat is defined as being equal to the trunk rotate angle. It is assumed to affect the hit direction, 
opposite to the same direction (Mcintyre & Pfautsch, 1982). 

2.4.3. Analysis 3: Kinetic analysis 
In Analysis 3, we performed kinetic analysis to verify the effects of the difference in the pitching movement on the lower-limb 

function of the hitting movement. We standardized the ground reaction force data with respect to the timing of each event 
measured in Analysis 1. Then, we defined the four movement phases of the hitting movement between events including impact: from 
movement initiation to backswing, from backswing to weight shift initiation, from weight shift initiation to swing initiation, and from 
swing initiation to impact. The ground force data were divided by the body weight of each participant and expressed as the “% body 
weight”. Then, we calculated the mean ground reaction force of each area (FS, FB, RB, and RS) during each movement phase of each 
experimental condition for each participant. This was followed by calculating the mean value between participants. 

2.5. Statistical analysis 

The procedures of the statistical analysis were the same for all the analyses. First, we performed a one-way MANOVA considering 
the conditions as independent variables and the parameters measured in each analysis as dependent variable. Mean timings for the 
movements event, mean kinematic parameters, and mean ground reaction forces, if all foot areas were analyzed, are shown in Analysis 
1, 2, and 3, respectively. If the conditions were significant, a separate one-way repeated measure ANOVAs was conducted and a post- 
hoc (Holm-Bonferroni) pairwise comparison was used to determine whether the conditions resulted in significant effects. Trials that 
showed three standard deviations above or below the mean were excluded from analyses. These analyses were conducted using the R 
Statistical Software (R Development Core Team, 2016), and the significance was set at 0.05. The effect sizes were assessed using the 
eta-squared (η2) for MANOVA, Cohen's d, and its 95% confidence interval (Grissom & Kim, 2012) for post-hoc pairwise comparisons 
using G power. 

3. Results 

3.1. Analysis 1: Chronometric analysis 

Table 1 and Fig. 6 show the mean and standard deviation of the timing of the movements measured in Analysis 1. Fig. 6(5) shows 
the results of impact timing for each experimental condition based on the data of the earlier study by Takamido et al. (2020). The 
MANOVA analysis revealed that the effect of the conditions on the timing of the movements was significant (F(2, 42) = 5.51, p < .01, 
Wilks λ = 0.09, η2 = 0.70), and the subsequent ANOVAs revealed significant differences between the timings of each movement (p <
.01). Post-hoc (Holm–Bonferroni) pairwise comparisons revealed that the participants perform the preparatory movement signifi-
cantly early in the fast condition, and a significantly delay is observed in the slow condition (Table 2). Furthermore, corresponding to 
hypothesis 1, opposite trends were shown in the timing results of swing initiation, namely the batters tend to initiate the swing 
movement significantly early in the fast condition, and delay it in the slow condition. These results suggest that different advanced 
kinematic information result in different hitting movement patterns. 

3.2. Analysis 2: Kinematic analysis 

Table 3 summarizes the kinematic parameters measured in Analysis 2. MANOVA showed a significant effect of conditions on the 
kinematic parameters (F(2, 42) = 6.23, p < .01, Wilks λ = 0.04, η2 = 0.80) and the subsequent ANOVAs revealed significant differences 
in the minimum and maximum head positions of the x-coordinate, maximum head velocity, maximum shoulder rotate angle during the 
backswing, and horizontal rotate angle of the bat at impact (p < .01). Post-hoc (Holm–Bonferroni) revealed that the difference between 

Table 1 
Mean timings of movements measured in Analysis 1.  

Movement events Timing of movements (s) 

Fast Normal Slow 

Movement initiation − 0.79 ± 0.22 − 0.90 ± 0.22 − 1.06 ± 0.24 
Backswing − 0.43 ± 0.16 − 0.54 ± 0.19 − 0.69 ± 0.21 
Weight shift initiation − 0.12 ± 0.13 − 0.19 ± 0.15 − 0.31 ± 0.17 
Swing initiation 0.24 ± 0.05 0.25 ± 0.06 0.29 ± 0.05  

R. Takamido et al.                                                                                                                                                                                                     



Human Movement Science 81 (2022) 102908

9

the minimum and maximum head position of the x-coordinate and the maximum head velocity of the x-coordinate in the fast condition 
is significantly smaller than that in the normal and slow conditions; in the slow condition, these parameters were significantly larger 
(Table 4). Fig. 7 shows a typical example of the differences observed in the head movement for each condition. In addition, there was a 
significant difference between the conditions in the maximum shoulder rotate angle during the backswing. It was significantly smaller 
in the fast condition than in the normal condition, and significantly larger in the slow condition. Consistent with our hypothesis, these 
results show that the batter tends to change their kinematic movement patterns, such as weight shift and backswing, in response to the 
pitching movement speed. 

In addition to these differences in the preparatory movement, there was a significant difference between the conditions in the 

Fig. 6. Effect of difference in advanced kinematic information on the timing of movements (**: p < .01).  

Table 2 
Results of post-hoc comparisons for timings of movements between conditions.  

Pairs for multiple comparisons Movement events t(14) p d 95% CI of d 

Fast vs Normal Movement initiation 4.63 <0.01 1.12 [0.35, 1.89] 
Backswing 5.45 <0.01 1.45 [0.64, 1.89] 
Weight shift initiation 4.94 <0.01 1.18 [0.40, 1.96] 

Fast vs Slow Movement initiation 8.14 <0.01 2.18 [1.26, 3.10] 
Backswing 9.06 <0.01 2.42 [1.46, 3.40] 
Weight shift initiation 8.75 <0.01 2.34 [1.40, 3.28] 
Swing initiation 4.64 <0.01 1.24 [0.45, 2.02] 

Normal vs Slow Movement initiation 7.06 <0.01 1.95 [1.07, 2.83] 
Backswing 7.74 <0.01 2.08 [1.18, 2.98] 
Weight shift initiation 7.25 <0.01 2.04 [1.15, 2.93] 
Swing initiation 4.86 <0.01 1.45 [0.63, 2.26]  

Table 3 
Kinematic parameters measured in Analysis 2.   

Kinematic parameters Value of kinematic parameters 

Fast Normal Slow 

Head movement Difference of min-max head position of x-coordinate (m) 0.16 ± 0.07 0.20 ± 0.09 0.25 ± 0.10 
Maximum head velocity of x-coordinate (m/s) 0.62 ± 0.21 0.69 ± 0.22 0.73 ± 0.22 

Trunk rotation Maximum shoulder rotate angle during backswing (rad) − 0.57 ± 0.17 − 0.59 ± 0.16 − 0.61 ± 0.16 
Maximum shoulder rotate angle during bat swing (rad) 1.51 ± 0.30 1.50 ± 0.29 1.51 ± 0.27 
Maximum shoulder rotation angle velocity during bat swing (rad/s) 16.6 ± 2.33 16.5 ± 2.43 16.5 ± 2.62 
Maximum hip rotate angle during backswing (rad) − 0.41 ± 0.17 − 0.41 ± 0.16 − 0.41 ± 0.16 
Maximum hip rotate angle during bat swing (rad) 1.15 ± 0.21 1.15 ± 0.21 1.16 ± 0.22 
Maximum hip rotate angle velocity during bat swing(rad/s) 8.90 ± 1.41 8.87 ± 1.49 8.80 ± 1.45 

Bat kinematics at impact Swing velocity (m/s) 28.1 ± 2.45 28.2 ± 2.81 28.0 ± 3.04 
Horizontal rotate angle (rad) 1.61 ± 0.17 1.56 ± 0.16 1.52 ± 0.17  
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horizontal rotate angle of the bat impact (Table 4). The bat passes the impact point with a significantly larger rotate angle in the fast 
condition, and a significantly smaller rotate angle in the slow condition. This suggests that the differences in pitching movement speed 
affect the direction of the hit ball (same or opposite field) in addition to the impact timing. Differences in the bat rotate angle are 
considered to reflect the differences in the weight shift. In the fast condition, the batter's body is relatively rearward at impact; hence, 
they need to rotate the bat at a larger angle, and vice versa in the slow condition. 

3.3. Analysis 3: Kinetic analysis 

Fig. 8 shows the plots of the mean ground reaction force for each condition during each movement phase. Fig. 9 shows the plots of 
the mean ground reaction force of each area of the pooled participants on the time series standardized for the movement event. Table 5 
summarizes the mean ground reaction force of both areas of both feet. The difference in the pitching movement speed has a significant 
effect on the ground reaction force. The MANOVA analysis indicated a significant effect of the conditions on lower body kinetics (F(2, 
42) = 2.75, p < .01, Wilks λ = 0.05, η2 = 0.77), and the subsequent ANOVAs revealed significant differences in the ground reaction 
force of the FB, RB, and RS in the movement phase from weight shift initiation to swing initiation, and those of the FS and RS in the 
movement phase from swing initiation to impact (p < .01). 

For the kinetics of the front foot, the post-hoc comparisons revealed that the mean ground reaction force of the FS in the movement 
phase from the swing initiation to the impact (Fig. 8(d) FS) was significantly smaller in the fast condition (Table 6), and the same 
tendency is also seen in the FB (Fig. 8(d) FB); the ground reaction force in the fast condition was significantly smaller than in the 
normal condition. However, its effect size was smaller than the criteria (d = 0.78). In the movement phase from the weight shift 
initiation to the swing initiation (Fig. 8(c) FB), the mean ground reaction force was significantly larger in the slow condition. These 
results can be explained by the differences in weight shift between conditions. In the fast condition, the participants tended to swing 
with their head set behind. As a result, smaller weight was transferred to the front foot than that in the other conditions, and vice versa 
in the slow condition. 

More remarkable differences were observed in the use of the rear foot that corresponded to our hypothesis. First, in the RB case, a 

Table 4 
Results of post-hoc comparisons for kinematic parameters between conditions.  

Pairs Kinematic parameters t(14) p d 95%CI of d 

Fast vs Normal Difference of min-max head position of x-coordinate (m) 6.61 <0.01 1.57 [0.74, 2.40] 
Maximum head velocity of x-coordinate (m/s) 7.18 <0.01 1.86 [0.99, 2.72] 
Maximum shoulder rotate angle during backswing (rad) 4.71 <0.01 1.04 [0.27, 1.81] 
Horizontal rotate angle (rad) 8.49 <0.01 1.97 [1.09, 2.85] 

Fast vs Slow Difference of min-max head position of x-coordinate (m) 8.69 <0.01 3.08 [2.00, 4.16] 
Maximum head velocity of x-coordinate (m/s) 5.88 <0.01 1.52 [0.70, 2.34] 
Maximum shoulder rotate angle during backswing (rad) 5.72 <0.01 1.48 [0.66, 2.30] 
Horizontal rotate angle (rad) 8.71 <0.01 2.25 [1.32, 3.18] 

Normal vs Slow Difference of min-max head position of x-coordinate (m) 8.08 <0.01 2.33 [1.39, 3.27] 
Maximum head velocity of x-coordinate (m/s) 3.89 <0.01 0.9 [0.15, 1.65] 
Maximum shoulder rotate angle during backswing (rad) 3.15 <0.01 0.81 [0.06, 1.56] 
Horizontal rotate angle (rad) 5.26 <0.01 1.58 [0.75, 2.41]  

Fig. 7. Differences in head movement between conditions. (a) Head position of the x-coordinate and (b) head velocity of the x-coordinate. The plot 
shows the mean value of one subject as a typical example. 
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significantly larger ground reaction force was measured in the slow condition (Fig. 8(c) RB). The results of the RS were opposite. In the 
fast condition, a significantly larger ground reaction force was measured in the phase from weight transfer initiation to swing initiation 
(Fig. 8(c) RS), and from swing initiation to impact (Fig. 8(d) RS). In the slow condition, a smaller ground reaction force was measured 
in the same phases. These results suggest that kinematic differences in the preparatory movement, such as weight shift, are achieved by 
adjusting the rear foot kinetics; in particular, by adjusting the balance of the forces on the pitcher side (RB: big toe) and catcher side 
(RS: small toe) of the rear foot from weight shift initiation to impact. Thus, the rear foot kinetics may contribute to organizing the 
forward movement of the hitting movement rather than the backward movement. 

4. Discussion 

In this study, we investigated the effect of advanced kinematic information of pitching movement speed on the timing of the 

Fig. 8. Mean ground reaction forces of FS, FB, RB, and RS in the phases of (a) from movement initiation to backswing, (b) from backswing to weight 
shift initiation, (c) from weight shift initiation to swing initiation, and (d) from swing initiation to impact. F, N, and S denote the fast, normal, and 
slow conditions, respectively (**: p < .01, *: p < .05). 
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movements (Analysis 1) and the kinematic (Analysis 2) and kinetic (Analysis 3) parameters of the hitting movement. The results of this 
study demonstrate how different advanced kinematic information can result in different hitting movement patterns. In Analysis 1, we 
performed chronometric analysis to verify our hypothesis based on the Müller and Abernethy (2012) model. The results showed that 
the timing of the movement changes between experimental conditions in response to the pitching movement speed (Fig. 6), which 
suggests that the batters organized their hitting movement pattern. In particular, the preparatory movement pattern is adjusted by 
coupling the hitting movement with the advanced kinematic information of the opponent pitcher (Fig. 1). 

Research suggests that sports experts use advanced kinematic information more efficiently than novices to overcome the limitation 
of the flying ball information under strict temporal constraints (Brenton et al., 2016; Müller et al., 2014). Hence, these differences in 

Fig. 9. Differences in ground reaction force between conditions: (a) front foot and (b) rear foot. The horizontal axis represents the time standardized 
based on the result of Analysis 1. The occurrence timing of each movement event (movement initiation, backswing, weight shift initiation, swing 
initiation, and impact) are standardized as 0, 26, 51, 82, and 100%, respectively. The vertical axis represents the mean ground reaction force (% 
body weight) between subjects. 

Table 5 
Mean ground reaction force of both feet areas. The values show the percentage ratio of the ground reaction force to body weight (% body weight).    

Mean ground reaction force (% body weight) 

Movement phase Foot area Fast Normal Slow 
Movement initiation–Backswing FS 4.29 ± 2.72 4.33 ± 2.67 4.26 ± 2.67 

FB 9.56 ± 7.72 9.82 ± 7.72 9.69 ± 7.46 
RB 5.73 ± 1.93 5.80 ± 1.90 5.92 ± 1.94 
RS 3.73 ± 2.18 3.67 ± 2.09 3.72 ± 2.18 

Backswing–Weight shift initiation FS 1.73 ± 1.42 1.69 ± 1.35 1.58 ± 1.22 
FB 8.09 ± 6.51 8.59 ± 7.12 8.06 ± 5.77 
RB 7.08 ± 2.75 7.29 ± 2.57 7.36 ± 2.80 
RS 5.89 ± 2.84 5.91 ± 2.69 6.01 ± 2.82 

Weight shift initiation–Swing initiation FS 0.52 ± 0.98 0.29 ± 0.57 0.31 ± 0.68 
FB 1.00 ± 1.23 1.04 ± 1.20 1.35 ± 1.46 
RB 6.67 ± 2.57 9.63 ± 3.14 12.39 ± 4.26 
RS 12.28 ± 3.80 9.63 ± 3.21 6.37 ± 3.43 

Swing initiation–Impact FS 6.92 ± 3.70 7.89 ± 4.34 8.33 ± 4.67 
FB 7.19 ± 4.39 8.21 ± 5.00 8.52 ± 5.37 
RB 10.41 ± 5.01 11.31 ± 4.87 11.34 ± 4.41 
RS 3.71 ± 2.62 2.21 ± 2.00 1.27 ± 1.53  
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hitting movement patterns were considered to originate from adapting to the strict temporal constraints in bat-and-ball sports. 
Although this study did not compare the hitting movement between experts and novices, it appeared that the differences in hitting 
movement patterns between conditions may be larger in experts who can utilize the advanced kinematic information more effectively 
than novices. 

In addition to the above chronometric analysis, we performed kinematic analysis to investigate how the differences in the timing of 
movements are achieved by adjusting the hitting movement kinematics. The results showed that the differences in advanced kinematic 
information affect the preparatory movement pattern such as weight shift (head movement) and backswing (trunk rotation). 

Previous studies primarily focused on measuring the perceptual parameters, such as the correct answer ratio of the anticipation, or 
performing chronometric analysis as in Analysis 1, and lacked a detailed analysis from the perspective of kinematics and kinetics 
(Müller & Abernethy, 2012). We investigated and clarified how the differences in the advanced kinematic information affect the 
kinematic and kinetic parameters, contributing toward bridging this knowledge gap. 

Finally, in Analysis 3, we investigated the adjustment mechanism effects of lower-limb kinetics on the differences in advanced 
kinematic information based on the ground reaction force data of both feet. The results showed that the batter changes their rear foot 
kinetics; in particular, the balance of the ground reaction force between the big and small toe areas corresponded with the differences 
in the opponent's pitching movement speed (Figs. 8 and 9). These roles of rear foot kinetics in the hitting movement have never been 
reported; previous studies mainly focused on the role of front foot kinetics corresponding to changes in the ball speed (Katsumata, 
2007). Furthermore, to the best of our knowledge, this is the first study to separately measure the ground reaction force of both the area 
of the ball of the big toe (catcher side) and small toe (pitcher side). Based on this novel approach, we investigated the effects of 
advanced kinematic information on lower-limb kinetics, such as weight distribution on each foot, in further detail and clarified that the 
experienced batter differently regulated the balancing of the rear foot. Hence, the method employed in this study enabled us to verify 
hitting movement kinetics from a novel perspective as compared to conventional studies. 

Several studies have measured the ground reaction force during the hitting movement (Fortenbaugh et al., 2011; Katsumata, 2007; 
Messier & Owen, 1985, 1986; Welch et al., 1995), whereas the relationship between the changes in advanced kinematic information 
and the changes in the ground reaction force has not been investigated. However, in actual games, the advanced kinematic information 
often changes with the pitch (intra-personal differences of the pitcher) and the pitcher (inter-personal differences of the pitcher). 
Hence, the effects of advanced kinematic information on lower-limb positioning may be observed in actual game situations. 

Overall, the results of this study showed that differences in advanced kinematic information significantly change the hitting 
movement patterns, especially the preparatory movement. This suggests that it is necessary to consider the type of information given to 
the batter when analyzing hitting movement kinematics. The hitting movement of experienced batters cannot be uniquely determined 
because of the degree of freedom in whole-body coordination. However, this information can be ascertained based on the interaction 
with the opponent's kinematics and perceived ball trajectory information, which indicate the most applicable hitting movement based 
on physical references, such as ball machines, toss-up balls, and live pitchers. This may be especially true for the hitting movement 
under stricter temporal constraints, which would depend on advanced kinematic information (Marinovic, Plooy, & Tresilian, 2010). 

On the other hand, the results suggest that there is a risk in utilizing the advanced kinematic information for hitting movements 
under strict temporal constraints. Although using advanced kinematic information facilitates successful hitting, excessive dependence 
on this information may lead to failure when there is contradiction between the predictive information and actual ball flight, as in our 
experimental situation. It has been argued that in actual game situations, the batter may also use contextual information, such as ball 
count (Gray, 2002a, 2002b) and previous pitch information (Gray & Cañal-Bruland, 2018). 

There are some limitations to our study. First, the years of experience of the participants is lower than those in previous studies; 
hence, “experts” or “professional” players who have more experience may exhibit different results. Experienced players use different 
strategies to avoid excessive dependence on the movement of the opponents by adapting different strategies that may include using 
both contextual information and advanced kinematic information. Further, a 2D video was used in this study, and it is possible that the 
scenario is different in actual games. The visual information of the virtual environment may lack depth information, such as binocular 
cues or motion parallax (Gerig et al., 2018; Harris, Buckingham, Wilson, & Vine, 2019). In addition, it has been reported that there are 

Table 6 
Results of post-hoc comparisons for ground reaction forces between experimental conditions.  

Movement phase Pairs for multiple comparisons Foot area t(14) p d 95%CI of d 

Weight shift initiation–Swing initiation Fast vs Normal RB 5.54 <0.01 1.45 [0.64, 2.26] 
RS 4.46 <0.01 1.16 [0.39, 1.95] 

Fast vs Slow FB 2.77 0.02 0.72 [− 0.03, 1.45] 
RB 5.86 <0.01 1.51 [0.70, 2.33] 
RS 7.29 <0.01 1.88 [1.01, 2.75] 

Normal vs Slow FB 3.15 <0.01 0.88 [0.13, 1.63] 
RB 5.15 <0.01 1.39 [0.58, 2.19] 
RS 7.47 <0.01 1.92 [1.05, 2.80] 

Swing initiation–Impact Fast vs Normal FS 3.70 <0.01 0.96 [0.20, 1.71] 
FB 2.63 0.02 0.67 [− 0.06, 1.41] 
RS 5.29 <0.01 1.5 [0.69, 2.32] 

Fast vs Slow FS 3.70 <0.01 0.96 [0.20, 1.71] 
RS 6.19 <0.01 1.59 [0.77, 2.43] 

Normal vs Slow RS 4.89 <0.01 1.33 [0.54, 2.13]  
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differences in hitting movement timing and kinematics between virtual images and a “live” pitcher (e.g., Pinder et al., 2009; Renshaw 
et al., 2007). Further, we set the impact point as a fixed point; however, the batter can move it in the front-back direction during a 
“live” ball (Kidokoro et al., 2019). Hence, the level of the “representative task design” (Brunswik, 1955; Vilar, Araújo, Davids, & 
Renshaw, 2012) of our study needs to be carefully discussed. Finally, we focused solely on the movement, and not on perceptual 
parameters such as prediction accuracy. Therefore, to understand the perceptual-motor control mechanism more accurately in hitting 
movements under strict temporal constraints, a framework for simultaneously evaluating movement and perceptual parameters is still 
required. 

5. Conclusion 

This study revealed that hitting movement patterns are organized based on advanced kinematic information. The different types of 
advanced kinematic information, which can be obtained by consulting an experienced player, not only influence the timing of batter 
movements, but also the position of each specific body part. The anticipation of the experienced players based on advanced kinematic 
information affects movement pattern generation. Hence, it is necessary to use the advanced kinematic information of the opponent's 
movement for a successful hitting movement. However, only amateur athletes were involved in this study and the “experts” or 
“professional” players may use different strategies such as using both contextual information and advanced kinematic information, to 
avoid excessive dependence on the opponent's movements. Thus, further investigations are required ed. in future. 
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