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Abstract— Movement patterns in preterm infants can offer
crucial insights into their physiological state including matu-
rational development and sleep. These patterns can also serve
as early indicators for potential deteriorations, such as cerebral
palsy, sepsis, and epilepsy. In this study, we investigated a novel
2-D optical fiber mat system for the automated monitoring of
infant movement, thereby enhancing the efficiency and safety
of neonatal care in both the neonatal intensive care unit (NICU)
and neonatal medium care unit (NMCU). The 20 preterm infants
admitted to both NICU and NMCU were enrolled in the study.
They underwent monitoring for a duration of 2–5 h using both
an optical fiber mat and a camera which provided valuable
movement annotations. The signals from the fiber mat were
quantified, selected, and then integrated into a consolidated
movement signal. This signal was subsequently transformed into
binary states, distinguishing between “movement” and “still”
based on the distribution of the movement signal. The proposed
fiber mat system achieved a mean [standard deviation (SD)] area
under the receiver operating curve (AUC) of 0.91 (0.05), and an
F-score of 0.73 (0.09), when compared with manually annotated
video recordings. This study demonstrates the feasibility of con-
tinuous movement monitoring for preterm infants within hospital
settings. It illustrates the promising potential to evolve into a
predictive tool for monitoring patient deterioration through the
fusion of physiological information in both hospital environments
and within the comfort of homes.
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I. INTRODUCTION

MONITORING movements in infants, particularly
preterm infants, can provide insights into their phys-

iological conditions throughout various aspects of neonatal
care [1], [2]. It plays a vital role in, for example, sleep
assessment [3], developmental maturation tracking [4], and
early disease detection, such as cerebral palsy, sepsis, and
epilepsy [5], [6], [7]. However, the current clinical practice
in neonatal intensive care unit (NICU) and neonatal medium
care unit (NMCU) relies on subjective and intermittent obser-
vations to assess the general movement of preterm infants.
This approach may result in missing clinical events because
of its discontinuity. Therefore, there is a need to develop
continuous and objective approaches for movement monitoring
in these infants to effectively document the infant activity and
reduce the workload of caregivers. In particular, approaches
that are unobtrusive and without direct contact with the skin
of infants are desired, because attached sensors or electrodes
can increase the risk of infection and the possibility of
skin damage [8]. Importantly, these approaches should not
limit or change the movement patterns and behavior of the
infants.

To address this need, different noncontact or unobtru-
sive approaches to quantify movement in infants have been
explored. As summarized in our recent systematic review [2],
video-based motion quantification approaches were most often
investigated as a noncontact and less obtrusive monitoring
technology in infants, showing promising results on movement
and cerebral palsy detection [5], [9]. Specifically, as reported
in [9], an average area under the receiver operating curve
(AUC) of 0.86 was obtained for general movement detection in
preterm infants by using the background substruction method
in video recordings. However, challenges related to occlusion,
light conditions, and privacy concerns remain obstacles to
video-based approaches. An alternative unobtrusive approach
involves quantifying movement artifacts within physiological
signals from patient monitors as indicators of movement in
preterm infants. Zuzarte et al. [4] applied this approach using
photoplethysmogram (PPG) signals from five preterm infants,
achieving an average sensitivity of 0.79 and specificity of
0.81 in detecting general movements. Further exploration,
as reported in our previous study [10], yielded an average
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AUC of 0.90 for detecting larger scale movement. Notably, this
signal-reusing approach does not impose additional burdens on
preterm infants or caregivers but is limited by the placement
locations of the physiological sensors and the presence of
embedded filters within these sensors.

Given these limitations, several researchers have focused on
the development of mat-based solutions with ballistography
(BSG) sensors for movement quantification. BSG is a nonin-
trusive method that measures the mechanical forces generated
by the body, including body movement, breathing motion, and
the mechanical action of the beating heart [also known as
ballistocardiography (BCG)]. Mat-based approaches use BSG
sensors to measure the pressure generated by infants, providing
an unobtrusive solution that can be positioned beneath a
regular patient mattress, thereby mitigating the risk of patient
contact and infection. These BSG-based technologies enable
the simultaneous measurement of body and chest motion
alongside heartbeats, facilitating a comprehensive assessment
of the infant’s condition.

Different types of mats have been investigated for infant
movement monitoring. Joshi et al. [11] used an electrome-
chanical film sensor (EMFi) mat to quantify the movement of
ten preterm infants by extracting the signal instability index
from BSG, achieving an AUC of 0.90 in general motion
detection. However, this film sensor only provides one output,
lacking movement location information and making it more
susceptible to artifacts or noise outside the infant’s lying area.
Aziz et al. [12] applied a two-dimensional (2-D) pressure-
sensitive mat (XSensor Technology Corporation, Calgary, AB,
Canada) to measure BSG signals for infant motion detection.
By quantifying infant movement based on the displacement
of the center of pressure, they achieved remarkable results
with an AUC of 0.97. Nevertheless, their evaluation relied
on discrete movement events of five infants, highlighting
the need for further validation for real-time applications of
movement monitoring in a bigger dataset. In addition, fiber
optic sensors offer distinct advantages: they have no electrical
conductivity, exhibit immunity to electromagnetic interference,
possess multiplexing capabilities, and demonstrate reduced
sensitivity to temperature variations [13]. These properties
are particularly crucial in the intricate and demanding envi-
ronment of the NICU. Furthermore, the design of our mat
featuring a grid of plastic fiber makes it thinner, simpler, and
more cost-effective compared with other fiber optic sensor
configurations [14].

Due to the aforementioned advantages of the optical fiber,
it is promising to quantify the general movement in preterm
infants using a 2-D optical fiber mat. Recognizing the excep-
tionally lightweight of preterm infants, we tailored the design
of this fiber optic mat specifically for this population. To the
best of the author’s knowledge, this study represents the
pioneering use of a fiber optic mat to detect general movement
in preterm infants. In this article, our contributions are as
follows.

1) An introduction of a new unobtrusive 2-D optical fiber
mat for continuous monitoring of infant movement,
which significantly enhances the safety and reliability
of measurements.

2) A novel method for quantifying movement, allowing for
comprehensive measurements in both continuous and
binarized formats.

3) The movement patterns from this measurement can be
associated with the maturation and respiratory conditions
of infants, holding the potential to better understand their
movement behavior and to complement other vital signs
for predictive monitoring in preterm infants.

The subsequent sections will describe the development and
design of our 2-D fiber mat system, the experimental method-
ology Section II and performance evaluation Section III, and a
discussion Section IV of the implementations and applications
based on our findings.

II. METHODS

A. Optical Fiber Mat Specifications

The fiber mat used in this study was developed by van den
Boom et al. [15]. As shown in Fig. 1, the mat comprises a 2-
D grid of polymer optical fibers (POFs), an optoelectronics
module, and a data acquisition and control module. Each
crossing of the POFs functions as a highly sensitive pressure
sensor. Whenever pressure or weight is exerted on a crossing,
the pressure can be quantified by detecting the couple-out
optical power received by the photodiodes. Subsequently, the
measured light signal undergoes conversion and amplification
before being stored in a secure digital card (SD card) or
computer by the microcontroller (Teensy 3.6) within the data
acquisition and control module. Importantly, the light power
coupled out of the transmitting fibers due to the measured exer-
tion is minimal, typically less than 0.01%, and the remaining
light that continues through the transmitting fiber to the next
crossing experiences minimal attenuation. Thus, the sensitivity
of each crossing remains largely unaffected by the pressure
to other crossings, allowing each crossing to independently
measure distinct forces originating from different locations on
the mat. The main novelty of this mat lies in the utilization
of a pressure-sensitive optical coupling mechanism and the
construction of a crossing where the fibers remain in their orig-
inal, unmodified state. In addition, the design of the crossing
exhibits a high degree of tolerance toward alignment errors.
This is achieved by incorporating small patches of flexible and
scattering material, enhancing sensitivity without the necessity
for precise alignment. Varied sensitivity characteristics can be
achieved based on the dimensions of the patches. Using larger
patches yields logarithmic characteristics, thereby expanding
the dynamic range of the system. For more details about this
mat, we refer to our previous work [15].

The dimensions of the fiber mat used in this study were
488 × 316 × 2 mm (0.2-mm outside the nodes), integrating
an 8 × 5 POF grid with a resolution of 5 cm. The pressure on
the 40 nodes is detected at a rate of 50 Hz. The optical receiver
exhibited a sensitivity of 0.4 V/nW with a cladding diameter
of 0.5 mm, while the optical power of the red LEDs coupled
with the transmitting POFs exceeded 1 mW. We tailored the
fiber mat using the silicone rubber patches of 10 × 10 mm2 on
one side and the hard rigid patches of 30 × 30 mm2 on both
sides and tested it specifically for our population, ensuring
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Fig. 1. (a) 1—2-D fiber mat and 2—controller. (b) Block diagram of the
2-D fiber mat.

that the measurement range covers the weight of our infants
(600–3000 g).

B. Data Acquisition

A cohort of 20 preterm infants admitted to the NICU
or NMCU at the Máxima Medical Center, Veldhoven,
The Netherlands, were enrolled in this study. As illustrated
in Fig. 2, the fiber mat was positioned underneath the regular
mattress in the incubator or open bed during each patient’s
recording session. A camera system (UI-3860LE-C-HQ) with
a resolution of 1280 × 720 pixels and a frame rate of
10 frames/s was mounted on the top of the incubator/open bed
to capture the head and upper body of the infant. The BSG
signals of the mat and the video recording stored on the tablet
were manually synchronized at the start of each recording.

All infants were recorded for 2–5 h during daytime hours
to ensure good light conditions for the video recordings.
Table I shows the characteristics of all recorded infants and
their recordings. The median (range) gestational age (GA),
postmenstrual age (PMA), and study weight of the infants
on the day of the study were 29.5 (25.3–36.1) weeks, 33.3
(29.3–37.9) weeks, and 1615 (960–2725) g, respectively. The
13 out of 20 infants received noninvasive respiratory support
during recordings. Routine care was provided to all infants
during recordings. The study protocol received a waiver from
the ethical committee because of its unobtrusive nature in
accordance with the Dutch law on medical research with
humans and written, informed parental consent was obtained
prior to infants’ participation in the study.

C. Annotations for Movements

To validate the feasibility of our proposed algorithm in
detecting infant movement using the fiber mat, we used

Fig. 2. Schematic of data acquisition setup.

manually annotated video recordings as the reference for
comparison. Because of the low luminance conditions and
camera malfunction, one continuous segment lasting roughly
1 h was chosen from the recorded video of each infant to
construct and assess our motion detection algorithm. The three
infants (infant numbers 9, 15, and 19) had to be excluded due
to their excessively dark video recordings, which could not be
properly annotated. As a result, we had a total of 16.2 h of
annotated videos from 17 infants.

For the annotations, similar to our previous work [10],
the selected video recordings were imported into MATLAB’s
Video Labeler tool. A human annotator, who is one of the
authors, performed the annotations according to the following
scheme: 1) the video recording was divided into nonoverlap-
ping epochs of 10 s each; 2) within each epoch, the annotations
were categorized as either still, gross movement (involving
torso or chest movement), or fine movement (isolated move-
ments of the head, hands, arms, fingers, or facial expressions),
unless it was not possible to determine one of these three
main categories; 3) other categories including intervention,
camera motion, and unsuitable view were annotated in parallel
with the three main categories; and 4) subcategories were also
used to annotate specific limb and head movements when
they were visible. For this study, we focused on the three
main annotation categories still, gross movement, and fine
movement. Epochs that could not be distinguished (such as
instances when the infant was out of bed or sometimes during
parental and caregiver interventions) were excluded from the
motion detection analysis. Notably, after the motion detection
algorithm was evaluated by these annotated videos, the full
continuous recordings from the fiber mat of each infant were
examined to assess whether the optimized algorithm could
identify associations between infant ventilator support status
and movement patterns.

D. Movement Quantification

The fiber mat was used to measure the light coupling out
of the fiber caused by the pressure or weight exerted by the
infant on it. This light signal was converted to an electronic
signal as BSG. When there is no movement, the BSG signal
obtained from each node of the mat remains relatively stable,
accompanied by white noise that corresponds to the weight
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TABLE I
INFANT AND RECORDING CHARACTERISTICS

applied to each node. However, when the infant moves,
the stability of the signals is disturbed due to the shifting
pressure, resulting in nonstationary fluctuations. We used these
fluctuations to identify and quantify infant movements.

To accomplish this, we developed an algorithm that uses the
BSG signals from the fiber mat to quantify the movements of
the infant in real time, as illustrated in Fig. 3. First, recognizing
that the BSG signals contain not only movement but also
components related to respiration and heartbeats, we applied
bandpass filtering to each node’s BSG signal within the
frequency range from 0.001 to 0.4 Hz. This filtering process
served to minimize the influence of cardiorespiratory elements.
Next, to highlight the fluctuations generated by movements
and keep the same sample rate, we proceeded to calculate
the dynamic changing range using a moving window of 1 s
with a moving step of one sample (0.02 s). Furthermore, the
nonnegative nature of this changing range enables a more
meaningful interpretation of the quantified movement signal.
Afterward, the utilization of the 2-D outputs of the mat enables
the identification that artifacts or noise typically manifest in
specific nodes rather than uniformly affecting the entire mat.
For instance, when the mat is obstructed by the door of the
incubator, the nodes located at the corners retain elevated
values due to the applied pressure from the door. To eliminate
this noise and consider the fact that signals associated with
movements tend to exhibit higher energy levels and greater
sparsity because of the random occurrence when compared
with signals without any movements, we consequently applied
an evaluation of the energy and sparsity characteristics of
each signal to discern these movement signals. The energy
of each signal was determined by evaluating its SD, which
indicates the signal’s variability. As for the sparsity assess-
ment, we applied the Gini index, as it satisfies the majority
of properties associated with sparsity [16]. By using these
metrics, we were able to effectively identify and prioritize the

signals that exhibited both high energy and sparsity, reflecting
the presence of movements. Specifically, the multiplication of
these two min–max normalized metrics (energy and sparsity)
was used to rank the signals, and the top 20 nodes in the
ranking were subsequently selected for subsequent processing
in movement quantification. Since typically infant movement
is considered to change over several seconds, the selected
20 signals underwent additional smoothing using a third-order
Savitzky–Golay filter [17] to comply with this characteristic
and eliminate noise spicks that could potentially lead to false
detection of movements. Finally, the signals were averaged to
generate a consolidated movement signal.

E. Binarization for Quantified Movement Signal

To further process the (averaged) continuous movement
signal into a binary signal that explicitly indicates infants’
movement status which is often required and easy to interpret
by clinicians, two binarization methods were implemented in
this study. The first method involved setting a threshold based
on the amplitude of the normalized movement signal. For
the second method, an automatic threshold was specialized
for each infant, taking into account the distribution of the
estimated movement signal values from the beginning of the
signal.

For the first method, we empirically established a threshold
of amplitude of 160 based on the evaluation of thresh-
olds observed in the half cohort. This means that once
set, the threshold remained unchanged and applied to deter-
mine the onset and offset of the movements in all infants.
As the baseline may differ across patients, we developed the
second method to automatically determine the threshold for
each infant. Specifically, due to the absence of a theoretical
distribution for movement signals in preterm infants, and to
refrain from making strong assumptions, we applied kernel



PENG et al.: CONTINUOUS MOVEMENT QUANTIFICATION IN PRETERM INFANTS USING FIBER MAT 4003810

Fig. 3. Signal processing workflow for movement quantification.

density estimation (KDE) to estimate this distribution, using
the initial 5-min window of movement signal values from each
infant. The bandwidth for the estimation was automatically
determined using Silverman’s rule [18]. Since movements can
have three distinct distributions, namely, still, fine movement,
and gross movement which have overlapping areas between
each other, we assumed that the distribution of still was
included within the first local minimum of the estimated
distribution. Using this first local minimum, we conducted a
grid search from 0.1 to 1 in increments of 0.1 in the half cohort
to optimize coefficients proportional to the number of local
minima (distributions) for establishing the threshold between
still and movements. In cases where the number of local
minima exceeded three (indicating an estimation of more than
three distributions), we averaged the first two local minima.
This process yielded the following equation to eventually
determine the threshold T :

T =


0.1 ∗ minima1, if n = 1
0.3 ∗ minima1, if n = 2
0.6 ∗ minima1, if n = 3
(minima1 + minima2)/2, if n >= 4

where minima1 and minima2 denote the values of the first
and second local minima in the estimated distribution, and n
indicates the number of local minima present.

F. Evaluation for Quantified Movement Signal

To detect the presence of infant movement, we included
all the 10-s epochs having one of the three main categories
of annotations (still, fine movement, and gross movement)
and further categorized them into either still or movement
by merging fine movement and gross movement for binary
classification. This categorization can assist clinicians in deter-
mining infant movement status related to certain clinical
conditions, for example, quiet sleep and lethargy.

We first used the AUC, a threshold-independent metric,
to evaluate the overall performance of the estimated continuous

movement signal. Subsequently, in line with the annotation
scheme, we segmented the derived binary movement signal
into nonoverlapping epochs of 10 s to assess the performance
of the derived binary movement signals generated by two
thresholding algorithms. A movement epoch was defined as
any duration of derived movements, while a still epoch denoted
the absence of derived movements. We evaluated the derived
binary movements with the annotated binary movements
using various threshold-dependent metrics, including sensi-
tivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), and F-score. These metrics allowed us
to assess and compare the performance of the two thresholding
algorithms generating the binary movement signal. Afterward,
the changes in performance across different study weights of
infants were analyzed to examine the sensing ability of the
fiber mat. Finally, to evaluate the ability of movement location
detection, a visual example of real-time infant movement
location monitoring using the 2-D outputs of the fiber mat
was illustrated.

G. Movement Pattern Analysis on Infant Mature

A potential utilization of this optical fiber mat can be an
examination of the developmental progress of the motion
patterns as infants mature. Inspired by the analysis of
Zuzarte et al. [4], we analyzed the total hourly duration of
movements lasting shorter than 5 s and longer than 30 s of
the recording hours in 20 infants. Pearson’s correlation was
calculated to analyze the relationship between the movement
duration and both the GA and PMA of infants. In addition to
investigate if the noninvasive respiratory support may influence
the infant movement behavior, a Wilcoxon rank-sum test [19]
was used to examine the statistical difference in movement
duration between infants receiving noninvasive respiratory
support and those without.

III. RESULTS

Fig. 4 presents the duration of annotated videos of the three
categories (still, fine movement, and gross movement) with
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Fig. 4. Duration of annotated videos and three main annotations with and
without interventions.

and without caregiver interventions for all infants included in
the movement detection analysis. Upon excluding the indis-
tinguishable epochs (due to the occlusion of the camera view
field), it can be observed that still occupied the majority of
the recorded time with a mean (SD) of 0.61 (0.15) hours per
infant, followed by fine movement with 0.18 (0.11) hours per
infant and gross movement with 0.1 (0.08) hours per infant.
Interventions account for a significant part of each annotation.

Regarding the binary classification between still and move-
ment, Fig. 5 presents the instances using the automatic
threshold derived from the first 5-min movement distribution
of 1–4 local minima, respectively. The red dashed line rep-
resents the first local minima in the estimated distribution,
serving as a baseline to distinguish still from movement. The
adjusted automatic threshold (depicted by the green dotted
line), derived from this local minima, efficiently truncates the
tail of the estimated distribution (representing the category
of still) to discern it from the remaining movement signals.
In Fig. 6, examples of signals spanning 1 h are displayed,
including raw BSG signals from 40 nodes of a fiber mat,
the estimated movement signal derived from the movement
quantification algorithm, the binary movement signal obtained
through the automatic thresholding method, and the simple
thresholding method, and the manual annotation based on
video analysis (serving as reference). It can be seen that the
estimated movement signal highlights the fluctuation in raw
signals, but not all the fluctuations correspond to the movement
in the manual video-based annotation. Table II displays the
evaluation results of infant movement detection using the
fiber mat, including both thresholding methods. The estimated
movement signal had a mean (SD) AUC of 0.91 (0.05) when
compared with the annotations. Notably, on average the binary
movement signal derived through the automatic thresholding
method outperforms its counterpart derived through the simple
thresholding method in terms of performance (indicated by
a larger mean) and robustness (indicated by a smaller SD)
in almost all the metrics (sensitivity, specificity, PPV, NPV,
and F-score). While this automatic method achieves a good
balance between sensitivity and specificity, as well as PPV

Fig. 5. Specialized threshold and distribution of 5-min movement signal
in automatic thresholding method. (a) Estimated distribution with one local
minima. (b) Estimated distribution with two local minima. (c) Estimated
distribution with three local minima. (d) Estimated distribution with four local
minima. The blue line shows the distribution of the KDE. The red dashed
line is the estimated threshold. Background colors represent the estimated
distribution of still and movement based on the first local minima.

Fig. 6. Estimated and binary movement signals. (a) Raw signals from
40 nodes of a fiber mat. (b) Estimated movement signal derived from the
movement quantification algorithm. (c) Binary movement signal based on
automatic thresholding method. (d) Binary movement signal based on a simple
thresholding method. (e) Manual annotation based on the video.

and NPV in the majority of preterm infants, it is noteworthy
that the threshold is excessively high for infants 5 and 6, and
relatively low for infants 16 and 17. Furthermore, the changes
in performance in terms of AUC and F-score over different
weights of infants are shown in Fig. 7. The asterisks denote
the performance obtained from infants in the open bed with a
thicker mattress. It can be seen that the movement detection
performance of the fiber mat has no significant correlation with
the weight of infants (r = −0.28, p = 0.27, and r = 0.33,
p = 0.19 for AUC and F-score, respectively) [20] and the
thickness of mattress has little influence on performance.

Fig. 8 displays a visual example of infant movement loca-
tion monitoring using 2-D outputs of the fiber mat. The left
heat map shows the movement location detected by the specific
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TABLE II
PERFORMANCE OF INFANT MOVEMENT DETECTION USING SIMPLE AND AUTOMATIC THRESHOLDING METHODS

Fig. 7. Performance of F-score and AUC over study weight. Asterisks denote
the performance obtained from infants in open beds.

node in the mat. The right heat map shows the raw signal of
each node, indicating the weight location of the infant. It is
clear that at that measured moment, the head and shoulder of
the infant were moving and the infant was lying on the upper
right corner of the fiber mat.

Fig. 9 represents the interplay among GA, PMA, respiratory
support status, and movement duration of infants. Applying a
Wilcoxon rank-sum test on movement duration in two groups
of respiratory status (with and without support), we observed a
significant difference in infants receiving respiratory support,
specifically regarding the movement durations lasting longer
than 30 s (p < 0.01). However, no significant difference
was found in shorter bursts (less than 5 s) between the
two groups. Furthermore, we can also observe a significant
negative correlation between GA and the longer movement
duration with a correlation coefficient of −0.43 (p < 0.01).
Such correlation with PMA was not significant.

Fig. 8. Visual example of movement and location monitoring using 2-D
outputs of the fiber mat. The left heat map shows the movement detected by
the specific node. The right heat map shows the raw signal of each node.

IV. DISCUSSION

In this study, we have introduced a novel approach for
quantifying movement in preterm infants using a 2-D fiber
mat, aiming to provide safe and robust movement monitoring
for the optimal care of infants in the NICU and NMCU.
As reported in our recent systematic review [2], continuous
and unobtrusive movement monitoring can offer valuable
insights into infants’ movement patterns, which are essential
for assessing their physiological status and developmental
progress. This movement-based vital sign can complement
traditional physiological parameters and enable a more holistic
understanding of the condition of infants, allowing for timely
intervention and early detection of clinical pathologies, such
as sepsis and seizure [6], [7].

One notable advantage provided by our optical fiber mat
compared with other mat-based solutions is that its 2-D
independent output enables node selection based on target
signal properties, enhancing signal reliability. In this study, our
algorithm used energy and sparsity to characterize movement
signals for node selection. These selection criteria can be
tailored to periodic properties in applications such as esti-
mating respiration and heart rate. Furthermore, as shown in
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Fig. 9. Movement duration over GA and PMA. (a) Movement duration lasting
shorter than 5 s over GA of infants with and without respiratory supports.
(b) Movement duration lasting longer than 30 s over GA of infants with and
without respiratory supports. (c) Movement duration lasting shorter than 5 s
over PMA of infants with and without respiratory supports. (d) Movement
duration lasting longer than 30 s over PMA of infants with and without
respiratory supports.

Fig. 8, the movement and its location information captured
by this 2-D mat can provide relevant clinical information
without compromising privacy and have the potential to further
recognize the detailed limb movements which can contribute
to the prediction of neurological and motor impairments of
infants [21], [22]. In addition, the high sensitivity of the
fiber mat makes the measurement unaffected by the weight
of infants (as displayed in Fig. 7). This is particularly useful
for preterm infants because of their extremely light weights.
However the measured signals may easily reach saturation
when the sensitivity of optical receivers is too high, this needs
further investigation in future applications.

Another advantage of our approach is the flexibility it
offers to clinicians in choosing customized thresholds for
movement detection. As presented in Fig. 5, instead of using
the automatic thresholds, the clinicians can also determine
the thresholds based on the specific characteristics of each
infant’s movement distribution to simplify the movement sig-
nal into “movement” and “no movement” states or detect
gross movement from stillness and fine movement accord-
ing to specific clinical applications (e.g., sleep assessment).
Furthermore, the movement distribution itself may also pro-
vide valuable clinical information to clinicians. In addition
to this, regarding the performance of general movement
detection in preterm infants, our approach demonstrates the
competitive performance when compared with the state-of-
the-art approaches using various technologies for the same
objective [4], [9], [10], [12].

The examination of movement patterns in conjunction with
infant maturation and respiratory support status revealed a
statistically significant negative correlation in long bursts over
GA, but no statistically significant correlation was observed
with PMA. This observation may be attributed to the increased
complexity of health issues among younger infants, potentially
leading to discomfort and consequently a greater occurrence

of long bursts. In addition, the results demonstrated a note-
worthy difference in long movement bursts between infants
receiving respiratory support and those without such support.
This difference may be attributed to more intervention of
caregivers and an impact of respiratory support on infant
sleep, thereby resulting in a higher frequency of long move-
ments. Conversely, the long movements may increase with
the maturational increase as reported in other studies [23],
[24]. Nonetheless, further exploration is needed to augment
comprehension of the intricate interplay between respiratory
function and movement patterns.

Several 2-D pressure-sensitive mats with different tech-
nologies have been explored to assess infant physiological
status. Harada et al. [25] used piezoresistive polymer film
sensors, which is also a very interesting technique but
may introduce electrical safety concerns necessitating further
safety testing in NICU environments. The capacitive sensors
(LX100:100.100.05, XSensor Technology Corporation) used
in studies of Kyrollos et al. [26], [29], [30] have higher
sensing resolution but can be susceptible to electromagnetic
interference. Donati et al. [14] developed another fiber mat,
but their sensor points with the LED and detector are placed
on a PCB with a thickness exceeding 7 mm. In contrast, our
fiber mat comprises a grid of plastic fiber, making it thinner
and more straightforward in design. Apart from infant mat-
uration and respiratory status, the 2-D mat-based monitoring
of infant movement can be further applied to cerebral palsy
detection [27], arm movement assessment [28], and posture
classification [14]. Interestingly, the activity score developed
by Harada et al. [25] is also worth to investigate for our
population (preterm infants), although their evaluation relied
solely on visualization in two postterm infants, leaving the
generalizability of their method uncertain. Moreover, within
the realm of advanced infant monitoring, the prospect of
precise movement tracking and pose monitoring using pressure
mats in the NICU is a promising solution. Kyrollos et al. [26]
delved into this area by exploring location mapping between
video and mattress, head localization [29], and infant pose esti-
mation [30], presenting promising outcomes. However, their
validation of infant pose estimation relied on a Mannequin
Lying pose dataset, necessitating further validation using real
preterm infants.

Several limitations of our study must be acknowledged. The
manual annotation of movement events introduces potential
errors such as inaccurate timing of the movement onsets and
offsets. The limited field of view provided by the camera
system might lead to underestimation of certain movements,
particularly those occurring in the legs’ area and under the
blankets. These missing movement events may lead some
detected true positives into false positives, underestimating
the performance of the fiber mat in movement quantification.
In addition, although we included a wide range of patients
in different GA and weights, the relatively small dataset
used for this study might restrict the generalizability of the
findings. Addressing these limitations through larger datasets,
automated annotation methods, and improved camera place-
ment could enhance the robustness and applicability of our
approach.
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This feasibility study yields promising results on move-
ment monitoring using the 2-D fiber mat. Its inherent safety,
cost-effectiveness, and absence of privacy concerns make it
applicable across various clinical applications. Enhancements
in performance can be achieved by incorporating more nodes
and dynamic sensitivity adjustment of optical receivers in
future iterations. Furthermore, upcoming research will explore
additional functionalities, such as respiration and heart rate
estimation, further solidifying the fiber mat’s potential as an
unobtrusive vital sign monitor in preterm infants. Ultimately,
it could evolve into a predictive tool for monitoring patient
deterioration through the fusion of physiological information.
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