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Abstract  - Change occurring across multiple timescales, 

from milliseconds to year-long periods, is inherent to any 
developmental process. Short-time behavioral fluctuations 
on the scale of minutes illustrate flexibility and calibration to 
the environmental context; however, relatively little is known 
about how such behavior unfolds in less controlled 
conditions. The current study investigates how infants' 
manual object sampling movements change within a short, 
spontaneous, free-flowing play session in a laboratory 
setting. 

Nine-month-old infants participated in a free-flowing 
dyadic play session with their caregiver, where they were 
free to move and interact. The analysis focused on how the 
duration of a sampling episode with an interactive object (a 
button-press toy that elicited visual feedback) changed 
during the 5-minute-long task. A subset of infants (n = 51) 
engaged with the object in at least three separate 30-second 
windows. Their sampling episodes were categorized into 
these windows to assess changes in sampling duration over 
time. 

We predicted that infants would sample the object for 
shorter durations over time, reflecting within-task 
movement calibration to better match the object's 
properties. However, contrary to our expectations, a linear 
mixed model indicated no significant differences in sampling 
duration, which was around 1 second across the three 
windows. 

These findings suggest that 9-month-old infants 
maintained a consistent sampling pattern throughout the 
task, with no major changes in duration. One possible 
interpretation is that brief, 1-second-long sampling episodes 
functioned as a behavioral attractor, guided by pre-existing 
movement strategies suited to the object's properties. 

While more research is needed to fully understand how 
infants adapt their actions in real time, the current study is 
an initial step in examining within-task calibration in 
infants' self-initiated manual sampling.  
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I.​ INTRODUCTION 

According to the dynamic systems approach, 
development is a continuous process of change occurring 
across multiple time scales, from moment-to-moment 
fluctuations to long-term developmental transitions [1], 
[2], [3]. Infant behavior is flexible and context-dependent, 
emerging from the interaction of both internal factors 
(e.g., movement goals) and external constraints (e.g., 
objects) [4]. For example, reaching is shaped by motor 
abilities [5], [6], [7], [8], body position [9], [10], and the 
physical properties of objects, such as their size [11], [12], 
shape [13], [14] and texture [15]. Rather than passively 
responding to externally imposed tasks, infants create 
their own learning opportunities, generating a 
self-directed curriculum that aligns with their current 
needs and abilities. Through spontaneous exploration, 
they regulate the timing, duration, and variability of their 
interactions, allowing them to refine movement strategies, 
test different possibilities, and adapt their actions in ways 
that best support their development [16].  

The variability of behaviors is not merely a byproduct 
of exploration; it has been recognized not only as an 
integral part of the learning process [17], [18], [19] but 
also as a key indicator of typical motor development [20], 
[21]. Despite prior long-scale studies on variability in 
domains such as postural control [22], [23] and behavioral 
fluctuations in infant responses [24], little is known about 
how infants' spontaneous object interactions fluctuate 
over short time scales. 

Understanding motor variability is particularly 
important in the study of reaching and object 
manipulation, where most research relies on standardized 
tasks with tightly controlled variation (e.g., [5], [25], [26], 
[27], [28], [29]). In these studies, infants typically do not 
initiate manual sampling freely; instead, objects are 
handed or presented to them to reach and handle for fixed 
durations. This approach stems from the challenge of 
systematically studying infant behavior due to its 
variability, which allows them to adapt to their 
surroundings but also makes research more challenging 
[30]. Experimental studies address this issue by strictly 
controlling the setting and variables. While structured 
environments are crucial for identifying infants' motor 
capabilities, they do not always capture the variability 
observed in everyday life [31]. For example, in home 
settings, infants' movement patterns are highly dynamic - 
they take thousands of steps per hour, frequently change 
direction [32], and engage in object sampling through 
short, time-distributed episodes [33]. While the structured 
approach is an important method in developmental 
research, it needs to be complemented by studies in 
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naturalistic environments [34], where object interactions 
unfold in a more spontaneous and variable manner.  

By building on insights from structured research, we 
can now explore short-term changes in free-flowing 
activities where infants engage in highly variable, 
self-initiated object interactions, providing a more 
comprehensive understanding of their everyday 
behaviors. Our approach balances the control of 
structured tasks with the ecological validity of naturalistic 
observations. While key variables remain controlled, 
infants are free to adopt various body positions, determine 
their own sampling durations, and interact with objects 
with less external constraints, offering a more realistic 
representation of changes in spontaneous behaviors. 

By investigating short-term behavioral calibration, we 
aim to bridge the gap between micro (milliseconds of 
biological responses) and macro (months of development) 
timescales, providing a deeper understanding of 
behavioral variability in object sampling within a 
30-second-long temporal window. We hypothesize that 
infants will not sample objects for a uniform duration 
throughout. Instead, we expect longer sampling durations 
initially, reflecting exploration and familiarization with 
the object, followed by a decrease in duration as the task 
progresses, as infants learn about the toy's features and 
adjust their movements to sample the object more 
efficiently.  
 

 
II.​ METHODS 

A.​ Participants 

This study analyzed data from a longitudinal 
investigation of infant-caregiver interactions (see [35], 
[36], [37]). The sample included N = 80 (34 girls, 46 
boys) typically developing 9-month-old (Mdn = 9, IQR = 
0.43) infants from Polish-speaking, middle-class families 
from a city of over 1.8 million residents. Infants were 
born full-term (except for one infant born at 35 weeks 
with typical development) and had no major health or 
neurodevelopmental concerns reported by their 
caregivers. Each testing session started with explaining 
the study protocol to the parent and obtaining written 
consent. As the parent and infant got familiar with the 
room, they took part in a series of interactive tasks with 
different sets of age-appropriate objects (i.e., rattles, 
puppets, manipulative objects, and books), and the order 
of the tasks was counterbalanced across participants and 
testing sessions. The present analysis was focused on one 
of the tasks - playing with toys that encourage variable 
manual actions such as reaching, holding, pushing, and 
pulling actions to explore manipulative objects. The study 
conformed to the Declaration of Helsinki and received 
approval from the Ethics Committee at the Institute of 
Psychology, Polish  Academy of Sciences. 

 

B.​ Procedure 

Sessions took place in a laboratory playroom equipped 
with remote-controlled cameras. Each caregiver-infant 

dyad engaged in a free-flowing session with four 
manipulative objects placed near them. Refer to Fig. 1 (a) 
for the pictures of the objects. For this analysis, we 
focused on interactions with one toy, shown in Fig. 1 (b), 
that required pressing a button to trigger an action (ball 
spinning). This toy measured 21 × 20 × 17 cm and 
weighed 460 g. Caregivers received no specific 
instructions and were asked to play as they normally 
would at home. The purpose of this task was to capture 
spontaneous interactions with objects within a minimally 
structured and physically constrained environment. The 
session lasted approximately five minutes (Mdn = 5.4, 
IQR = 0.54). The tasks were recorded with three 
remote-controlled High-Definition cameras (Axis, Inc.), 
recording at 25 fps, which were placed in three corners of 
the room. 

 

(a) (b)   

Figure 1. (a) The toys used in the task. In the current paper, only 
manual sampling on the toy on the far left was analyzed. (b) Full view of 
the toy used for the analyses.  
 

C.​ Behavioral annotation 

Video recordings were coded in ELAN (Version 6.7) 
[38]. Following examples from the literature [39], [40], 
manual object contact was coded from the first to the last 
frame of contact between the hand of the infant and the 
object. Right- and left-hand contacts were recorded 
separately. To assess reliability, 12.5% of participants (n = 
10) were double-coded by a second annotator. Cohen's κ, 
calculated using the Iterative Proportional Fitting method 
[41], was 0.72, indicating substantial agreement [42]. 
Further analysis was conducted on sampling episodes 
made on the target object presented in Fig. 1 (b). 

 
Figure 2. Graphical representation of sampling episodes (blue) and 

sampling windows (gray shade). 

D.​ Preprocessing and statistical analysis 

Data from video coding were pre-processed in Python 
(v3.11) using in-house scripts incorporating pandas [43], 
NumPy [44], and SciPy [45] packages. Due to substantial 
variability in infants' sampling counts (M = 23.38, SD = 
21.90, range = 1-115), we grouped episodes into windows 
rather than treating time as a continuous variable based on 
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the time of occurrence. This allowed for comparisons 
across infants regardless of how often they sampled and 
minimized bias from clusters of closely spaced episodes. 
To categorize sampling episodes (i.e., bouts) based on 
their temporal occurrence, they were assigned to sampling 
windows (Fig. 2), which were periods of time spanning 30 
seconds defined dynamically based on the timing of the 
first observed sampling episode. Each window started 
from the first recorded sampling episode and ended after 
30 seconds. The next window's onset was marked with the 
episode occurring after the previous window. Episodes 
were included in a window if they fully fell within its 
duration or extended no more than 7.5 seconds beyond its 
boundary (<1% of episodes exceeded the boundary). 
Participants were included in the analysis if they 
contributed episodes in at least three unique sampling 
windows (n = 51). For further analysis, only three out of 
five consecutive sampling windows were considered, as 
relatively few participants contributed to at least four 
unique windows (n = 37). To improve statistical validity, 
episodes longer than 10 seconds (count = 28, 1.43% of the 
data) were removed. 

To analyze changes in the duration of a sampling episode 
over time, we computed the median duration of a 
sampling episode per participant per sampling window. 
Given that duration data were right-skewed (skewness = 
2.44), a log transformation was applied, yielding a 
skewness value of -0.5. 

We fitted a linear mixed-effects model (LMM) using 
the lmer function from the lme4 package [46] in R 
Statistical Software [47]. LMM is a suitable statistical 
method to handle hierarchical data while accounting for 
individual variability [48]. The model included sampling 
window (1st, 2nd, 3rd) as a fixed effect: 

lmer(MedianDuration_log  ~ SamplingWindow+ (1 | id)) 

Here, MedianDurationLog represents the 
log-transformed median duration of a sampling episode, 
SamplingWindow denotes the grouping variable for when 
sampling occurred, and (1 | id) accounts for 
within-participant variability. 

III.​ RESULTS 

During the task, 51 infants collectively provided 1,254 
(Mdn = 20, IQR = 22.5) manual sampling episodes, 
lasting on the median of 0.55 seconds each (IQR = 1.6). 

The purpose of the analysis was to determine whether 
infants' duration of a sampling episode changed over time. 
Sampling episodes were grouped into sampling windows 
representing the first, second, and third 30-second-long 
windows in which an infant sampled. This ensured a 
controlled comparison, regardless of when individual 
infants began sampling. Fig. 3 presents the distribution of 
durations of sampling episodes per sampling window. 

A linear mixed-effects model revealed that the 
duration of a sampling episode did not change 
significantly between windows (β = 0.02, t(71) = 0.26, p 
= 0.8). The intercept was insignificant as well (β = -0.25, 
t(104.87) = -1.11, p = 0.27). The random intercept for 
infants was low (SD = 0.54). 

During the first 30 seconds of sampling (i.e., first 
sampling window), infants sampled the toy on the median 
of 0.9 seconds (IQR = 1.15) per episode. In the second 
sampling window, this duration decreased to 0.8 seconds 
(IQR = 1.16) before slightly increasing to 0.99 seconds 
(IQR = 1) in the third sampling window. 

 

 
Figure 3. The distribution of the median duration of a sampling episode separated into three sampling windows, each representing a 

separate 30-second-long period during which the infant sampled. All displayed infants (n = 51) contributed data to all three sampling 
windows. Each dot corresponds to a participant. 
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IV.​ DISCUSSION 

This study explored within-task calibration in 
free-flowing manual sampling, specifically examining 
whether the duration of infants' sampling episodes 
changed over time and with repeated contact with the 
object. We hypothesized that sampling durations would 
decrease across consecutive sampling windows as infants 
adjusted their movements to the object's properties and 
became more efficient in their actions. However, our 
results did not support this prediction. Instead, infants 
maintained a consistent sampling duration throughout the 
session. 

Based on the object's properties, we expected a 
decrease in sampling duration over time. The toy 
produced a visually appealing response when a button 
was pressed, which should have encouraged infants to 
sample it for longer durations initially, allowing them to 
explore its properties before transitioning to shorter, more 
goal-directed interactions focused on producing a specific 
effect (i.e., pressing the button) [49].  

Sampling durations remained consistently short (the 
intercept was not significantly different from zero), 
around one second per episode for each window, which is 
considerably shorter than findings from other, more 
naturalistic studies on infant object sampling indicate 
[33]. It is possible that the sampling duration was so low 
that a further decrease would not be physically possible or 
adaptive. However, this raises the question of why the 
episodes were so short to begin with. One possible 
explanation is that 9-month-old infants were producing 
only brief, exploratory movements, and they were not yet 
able to adjust their sampling duration to the object's 
properties, and that such adaptation might only emerge 
with more repeated experience. However, this explanation 
seems unlikely given preliminary unpublished results 
from the same dataset [50]. These findings suggest that 
during free-flowing manual sampling, 9-month-olds tend 
to have significantly shorter sampling durations for toys 
that produce movement or visually appealing reactions 
upon touch (including the target object in this study) 
compared to smaller, lighter objects that do not produce 
any response [50].  

Another explanation, consistent with dynamic systems 
theory, is that infants had already established an optimal 
sampling strategy suited to the object and maintained a 
stable approach from the outset. Given that infants engage 
in extensive manual sampling throughout the day [51], 
they have numerous opportunities to refine their strategies 
based on prior experiences with similar objects. These 
refined behaviors may become well-practiced motor 
patterns, allowing infants to apply efficient and adaptive 
solutions even when encountering a new but familiar type 
of object.  

This interpretation aligns with the broader principle 
that motor learning is a dynamic, self-organizing process 
shaped by both intrinsic movement tendencies and 
external constraints. From a dynamic systems perspective, 
stable yet flexible action patterns, or synergies, emerge as 
infants refine their movements, increasing efficiency 

while maintaining adaptability [52]. Rather than 
displaying a linear decrease in sampling durations over 
time, infants in this study may have been implementing a 
pre-existing movement pattern that was already 
well-matched to the demands of the task. The brief, 
one-second-long sampling episodes observed here may 
have functioned as a behavioral attractor - a stable and 
efficient strategy that infants naturally settled into as they 
interacted with the object [53].  

This study represents one of the first attempts to 
observe gradual calibration within a task, highlighting the 
need for further research to better understand these 
processes. Studying within-task, short-term changes in a 
free-flowing setting is essential for understanding how 
infants adapt their actions in real-time. The ability to 
modify movements in response to environmental demands 
is a key aspect of typical development, while reduced 
flexibility has been associated with neurodevelopmental 
conditions such as cerebral palsy and autism spectrum 
[18], [21]. Furthermore, understanding these processes 
has direct implications for intervention strategies. 
Effective therapeutic approaches rely on the principle that 
structured activities in the present can drive long-term 
developmental change [54]. Recognizing short-term 
calibration as an integral feature of learning can inform 
interventions that support adaptive motor and cognitive 
development in children. 

V.​ LIMITATIONS AND FUTURE DIRECTIONS 

Investigating infants' spontaneous actions in 
free-flowing conditions provides valuable insights into 
their skills and adaptations to contextual demands while 
also raising opportunities for further research.  

Firstly, infants were provided with four toys to 
encourage free play. However, this meant that they could 
switch between objects, potentially leading to long 
intervals between sampling episodes on the object 
analyzed in this study. Nevertheless, this is unlikely to 
have significantly impacted our findings, as object 
switching is a natural aspect of infants' exploration [55]. 
Additionally, by selecting infants who engaged with the 
object across multiple time windows, we ensured 
sufficient interaction to capture meaningful within-task 
calibration. 

Secondly, object sampling was coded as physical 
contact between the toy and the hand. Infants occasionally 
(accounting for only 3% of the data) sampled one toy with 
one hand while holding another toy in the other hand. 
Although unlikely to impact the current results, these 
dual-hand interactions present an interesting avenue for 
future research.   

Additionally, parental involvement was not controlled 
for, as it represents a typical aspect of infant development.  
However, parental influence on play is an important 
avenue for future research, as understanding how 
caregivers guide or respond to infant exploration could 
offer more insights into the social factors shaping early 
object sampling [56]. 
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Finally, we lack detailed information about the 
specific behaviors during each sampling episode - e.g., 
whether shorter episodes reflected goal-directed actions 
and longer ones general exploration. Although our current 
focus was specifically on whether infants changed their 
sampling durations over time, categorizing the nature of 
their actions is an important next step. 

VI.​ CONCLUSION 

In sum, this study represents a first step in examining 
within-task changes in infants' self-initiated manual 
sampling in a free-flowing setting. The results suggest 
that 9-month-old infants engaged with a button-press toy 
in a relatively consistent manner, showing minimal 
change in sampling duration across the task. Although 
this pattern does not align with our initial prediction that 
sampling durations would decrease as infants calibrated to 
the object, the consistency in sampling duration may 
suggest a different strategy. One interpretation is that brief 
interactions could have functioned as a behavioral 
attractor - an efficient and stable way for infants to engage 
with the toy. However, further research on younger infants 
in similar conditions is needed to reach any definite 
conclusions. 

Overall, further investigation into within-task 
calibration in free-flowing settings could provide valuable 
insights into how infants' self-initiated behaviors assemble 
and change. Gaining insight into moment-to-moment 
adaptations may contribute to a more nuanced 
understanding of motor learning and early development.  
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