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Abstract: This pilot study examines the relationship between pain intensity and trunk
sitting postural control in 10 office workers with chronic spinal pain, using field-based
real-time inertial sensors. Pain intensity was assessed with the Numeric Pain Rating Scale
(NPRS) before and after work across three non-consecutive workdays, while postural
control was evaluated through estimated center of pressure (COP) displacements. Linear
and nonlinear metrics, including sway range, velocity, the Hurst exponent, and sample
entropy, were derived from the estimated COP time series. Pearson correlation coefficients
(r) and corresponding p-values were used to analyze the relationship between pain intensity
and postural control. Significant correlations, though limited to specific metrics, were found
(r=—0.860 to 0.855; p < 0.05), suggesting that higher pain intensity may be correlated
with reduced postural variability. These findings provide preliminary insights into the
potential link between pain intensity and postural control. Understanding trunk posture
dynamics could inform the development of targeted ergonomic interventions to reduce
musculoskeletal stress and improve sitting comfort in office environments.

Keywords: musculoskeletal disorders; chronic pain; pain intensity; postural control;
variability; inertial sensors

1. Introduction

Musculoskeletal disorders (MSDs), particularly chronic spinal conditions such as neck
and lower back pain, represent a significant global occupational health challenge. By 2050,
low back pain is projected to affect 843 million people, up from 619 million in 2020 [1],
while neck pain, which impacted 203 million in 2020, is expected to rise to 269 million [2].
The increasing prevalence of sedentary office work, combined with aging populations and
obesity rates, is expected to exacerbate this problem [1,3,4]. Office workers are especially
vulnerable due to prolonged sitting, highlighting the urgent need for ergonomic strategies
to mitigate the impacts of MSDs [5-8].
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Addressing this issue requires innovative approaches, such as those proposed within
the framework of Industry 4.0 and 5.0. These paradigms introduce opportunities to improve
workplace health through technology integration and human-centered design. While
Industry 4.0 emphasizes automation and digital transformation, Industry 5.0 prioritizes
worker well-being and sustainable ergonomics [9-11]. In this context, addressing the health
risks of prolonged sitting is essential. For example, nearly 40% of EU workers report sitting
for excessive durations [5], prompting the EU-OSHA to recommend limiting sitting to less
than half of the workday [5].

Movement variability and variation in posture represent complementary ergonomic
principles that are particularly relevant in this regard. Movement variability refers to
the natural, inherent fluctuations in motor performance across task repetitions [12]. This
intrinsic property of biological systems [12,13] facilitates the redistribution of muscle
activity, reducing localized fatigue, and improving activation patterns [14]. In contrast,
variation in posture and movement involves intentional changes in body position, such
as alternating between sitting and standing [15]. These postural adjustments are linked to
enhancing comfort and productivity by up to 6.5% [16].

Recent reviews reinforce the benefits of these principles in workplace settings. Stand-
ing interventions have been shown to effectively reduce sedentary behavior without com-
promising productivity [17], while active breaks incorporating postural changes can alle-
viate pain and discomfort [18]. Advances in technologies, such as inertial measurement
units (IMUs), further support ergonomic interventions by enabling the detailed analysis of
movement and postural behaviors [19-23]. Together, these findings highlight the critical
importance of movement variability as a central component of strategies to reduce back
pain and improve workplace well-being.

Despite this growing recognition of the role of movement variability in reducing
musculoskeletal discomfort, there remains a limited understanding of how specific aspects,
such as trunk posture variability, influence pain intensity. Inconsistencies in kinematic
data and a lack of focused studies hinder a comprehensive understanding of the role of
movement in the management of chronic spinal pain [24,25].

This study aims to address these gaps by investigating the relationship between motor
variability—measured through linear and nonlinear postural sway metrics derived from
the estimated center of pressure (COP) time series—and pain intensity in office workers
with chronic spinal pain, particularly those in tax authorities engaged in computer-based
tasks while seated. By utilizing IMUs integrated into smartphones, this research seeks
to advance our understanding of motor patterns and contribute to the development of
interventions and digital health solutions tailored to this population. Based on the existing
literature, the following is hypothesized:

1. Higher pain intensity is associated with reduced variability and complexity in
trunk sway (e.g., lower entropy), reflecting increased trunk stiffness and a shift towards
a more rigid and predictable postural control strategy. These adaptations likely serve as
a compensatory mechanism to minimize movement-related stress and protect the spine
during prolonged sitting [26-29].

2. Work-related activities modulate postural control and pain perception, leading to
increased pain intensity and reduced movement variability in the post-work period (PM)
compared to the pre-work period (AM). This effect may be attributed to cumulative biome-
chanical strain and fatigue associated with sustained "static" postures during prolonged
occupational sitting [28,30].
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2. Materials and Methods
2.1. Study Design

This cross-sectional study, part of the PrevOccupAl Project (Prevention of Occupational
Disorders in Public Administrations using Artificial Intelligence), was conducted at offices
of the Portuguese Tax and Customs Authority (AT) located in the Lisbon Metropolitan
Area. A multidisciplinary team accomplished risk assessments for randomly selected tax
enforcement professionals from the AT’s Human Resources department. As an incentive
to participate in this study, evidence-based recommendations were developed to improve
resilience and address occupational health challenges, informed by sources such as the
ILO [31], the EU-OSHA [5], and Slater et al. [32]. Ethical approval was granted by NOVA
University Lisbon (No. CE/FCT/005/2022) in accordance with the Declaration of Helsinki
and GDPR. Informed consent was obtained from all participants.

2.2. Participants

A total of 10 workers were eligible to participate in this study. All participants were
adults aged 18 years or older, with no history of neurological, orthopedic, rheumatic,
oncological, or cardiorespiratory conditions; pregnant women were excluded. To meet the
eligibility criteria, participants were required to have a history of non-specific spinal pain
lasting at least three months, as defined by the International Association for the Study of
Pain (IASP) and the International Classification of Diseases, 11th Revision (ICD-11) [33].

2.3. Procedures

A standardized data collection protocol was implemented using a dedicated cross-
platform application developed within the PrevOccupAl project. This application enabled
the acquisition of multimodal biosignals and self-reported questionnaire responses via
smartphone and computer interfaces. Data collection spanned one workweek, adhering
to protocols established in prior studies [34]. Each workday began with participants re-
porting to a designated workplace room for device setup. They first completed a daily
pain questionnaire before the recording schedule was configured in the PrevOccupAl
application. A smartphone, securely positioned on the chest, continuously recorded iner-
tial sensor data and ambient noise throughout the workday, ensuring the uninterrupted
monitoring of postural sway and movement patterns in a real-world occupational setting.
Participants engaged in their regular work tasks while the smartphone passively captured
movement-related data. At the end of the workday, participants returned for device re-
moval and disinfection, followed by a second pain questionnaire to assess changes in pain
perception. This methodology facilitated a comprehensive, ecologically valid evaluation
of postural sway dynamics, leveraging smartphone-based sensing for continuous and
unobtrusive monitoring.

2.3.1. Demographics

Demographic data, including age, gender, height, and body mass, were captured using
an integrated questionnaire module. The Body Mass Index (BMI) was calculated based on
the standard formula BMI = mass (kg) / height (m)?. Data regarding work (years of work
experience, weekly work schedule in hours) were also collected. Subjective assessments
were conducted using validated instruments to assess physical activity levels, psychosocial
risks, and chronic pain experiences.
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2.3.2. Pain Experience

In 2020, the IASP [35] revised its definition of pain to include both physical and
emotional dimensions. Accordingly, pain perception was evaluated along three dimensions:
intensity, distress, and interference [33].

Pain intensity was assessed daily using the Numerical Pain Rating Scale (NPRS), where
participants reported their pain levels at the beginning and end of each workday, ranging
from 0 (“no pain”) to 10 (“worst pain imaginable”). Pain-related distress, representing the
emotional impact of persistent or recurrent pain, was measured weekly on an 11-point
numerical scale, with 0 indicating “no distress” and 10 indicating “extreme pain-related
distress”. Pain-related interference, quantifying the extent to which pain disrupted daily
activities, was self-reported on a scale from 0 (no interference) to 10 (complete inability to
perform activities) [33].

To optimize pain assessment, this project’s app integrated a body map tool, which
allowed participants to precisely localize pain and quantify symptom distribution (Figure 1).
Unmarked regions were assigned a pain intensity value of 0, ensuring a comprehensive
and personalized representation of pain across anatomical regions.

Figure 1. Interface for assessing pain location and intensity.

2.3.3. Physical Activity Levels

The European Portuguese version of the Short-Form International Physical Activity
Questionnaire (IPAQ-SF) assessed physical activity, categorizing participants’ weekly ac-
tivity as low, moderate, or high based on metabolic equivalents. This tool, validated for
adults aged 18-65, captures vigorous, moderate, walking, and sitting activities over a past
week [36].

2.3.4. Psychosocial Risks

Workplace psychosocial risks were evaluated using the Portuguese version of the
Copenhagen Psychosocial Questionnaire II (COPSOQ II) [37], covering multimodal do-
mains such as work demands, interpersonal relations, and health and well-being [38]. This
tool includes 76 items rated on a 5-point Likert scale. Results were grouped into their
domains, expressed as percentages, and used to descriptively characterize the sample
population, with input from occupational health stakeholders, management, and worker
representatives [37].

2.3.5. Data Collection and Analysis

Data acquisition was performed using a Xiaomi Redmi Note 9 smartphone, which
captured signals from the accelerometer (ACC), gyroscope (GYR), magnetometer (MAG),
and rotation vector (RV). Sampling rates were constrained by the Android OS, with the
ACC, GYR, and RV recorded at 100 Hz and MAG at 50 Hz. Motor biosignals were collected
using these integrated sensors within the smartphone, which was securely fixed on the
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sternum with straps. The COP displacement time series represented an estimated COP
derived from smartphone inertial sensor data. The collected data were represented in
the orthogonal components of the anteroposterior (AP) and mediolateral (ML) directions,
reflecting forward-backward (AP) and side-to-side (ML) trunk sway (see Figure 2). This
approach provides a reliable method for quantifying postural sway, as supported by
previous studies using force plates and smartphone-based inertial sensors to assess postural
stability with demonstrated accuracy and consistency [39-44].

Figure 2. Illustration of COP sway during seated posture.

Linear measures of postural sway were computed from the COP time series. Key
metrics included mean acceleration (in m/s?), standard deviation (SD) (in m/s?), sway
range (in mm), sway area (in mm), sway path (in mm), and sway velocity (in mm/s). Sway
range and area represent the maximum COP displacement in the resultant (overall) or AP
and ML directions, sway path reflects the total COP distance traveled, and sway velocity
indicates the rate of COP movement, offering insights into postural adjustment speed and
variability [45-47]. These measures are indicators of centrality, describing magnitude and
variability around a central point, and thus characterize movement quantity in data [48,49].

Nonlinear metrics, including Sample Entropy (SaEn) and Multifractal Detrended
Fluctuation Analysis (MF-DFA), were used to assess postural control complexity (i.e.,
to describe the structure within the time series) [47]. SaEn quantifies sway regularity,
where higher values indicate more complex and adaptable movement strategies. It also
reflects how physiological health influences postural regulation by identifying signals under
stationary conditions, such as reduced variability in less adaptable postural states. The
Hurst exponent, derived from DFA, measures the long-term persistence and fractality of
sway behavior. DFA analyzes time series by removing short-term fluctuations (detrending)
to reveal long-term correlations, highlighting complex patterns in postural sway. DFA is
assessed across different g-orders, which provide varying levels of detail: higher g-orders
focus on fine-grained fluctuations, while lower g-orders capture broader trends. This
multiscale analysis offers deeper insights into the dynamics and adaptability of postural
control across different time scales [47,50-53].

The combination of these features was selected due to their widespread use in studies
on seated posture, particularly in ergonomic and occupational contexts [54-57].

2.3.6. Data Processing

All acquired signals were synchronized using timestamp alignment and resampled to
a uniform frequency of 100 Hz to ensure consistency across modalities. The preprocessing
pipeline for the ACC and RV data followed validated methodologies from previous stud-
ies [58]. The ACC data underwent a multi-step processing approach to remove noise and
extract movement-related features. A low-pass filter with a 10 Hz cutoff was applied to
suppress high-frequency noise and sensor artifacts. The gravitational acceleration compo-
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nent was then removed using an adaptive filtering technique to isolate dynamic movement.
Systematic biases were corrected through detrending by subtracting the mean acceleration
value from each sample, and a 150-sample moving average filter was used to smooth signal
fluctuations. Similarly, RV signals were processed using a 5-sample moving average filter
to minimize transient sensor noise and improve orientation stability. Given the extended
duration of data collection (approximately 5 h per day), segmentation was performed using
a 15-minute windowing approach to facilitate analysis. Data segments were classified into
morning (AM1-AMXx), lunch, and afternoon (PM1-PMx) periods.

To ensure that only seated postural sway data were analyzed, an algorithm was imple-
mented to detect and exclude non-seated intervals based on acceleration magnitude thresh-

olds. The magnitude of acceleration (mag) was computed as mag = /X2 + y2.. + 22,
with a threshold of 2 m/s? derived from biomechanical analyses and metabolic equivalent
(MET) calculations [59,60]. This threshold effectively distinguished seated from non-seated
activities, ensuring that only relevant data were retained.

Postural sway was quantified by estimating the COP displacement from inertial
sensor data. The RV signal was converted into quaternions and transformed into Euler
angles to derive COP projections in the AP and ML directions. To ensure alignment across
participants, the median of each Euler angle was subtracted to establish a reference position
at the origin (0,0). The chest-mounted smartphone’s orientation was used to project Euler
angles into the xz-plane, mapping postural movements throughout the workday (Figure 3).
To standardize postural sway analysis, an elliptical boundary was applied based on prior
research [61], with an AP radius of 25 mm and an ML radius of 18 mm. Data outside this
predefined region were excluded to maintain consistency in postural sway assessment [58].

Y

Figure 3. Coordinate system for smartphone-assisted postural analysis.

2.4. Previous Reporting on This Dataset

Previous analyses utilizing this dataset have examined how chronic spinal pain influ-
ences trunk movement patterns and postural dynamics in office settings. Ref. [58] applied
a mixed ANOVA to analyze trunk sway, revealing that pain-free participants displayed
distinct trunk movement characteristics in certain features compared to those with chronic
spinal pain, particularly regarding fine motor adjustments. In another analysis, ref. [62]
assessed postural variability among 40 office workers throughout the workday without
segmenting by pain status or utilizing nonlinear metrics. The results indicated increased
posture variability from morning to afternoon, with a notable rise in positional adjustments
later in the day. This paper presents novel analyses focused on the relationship between
postural dynamics and pain intensity, specifically within the cohort experiencing chronic
spinal pain.
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2.5. Statistical Analysis

Descriptive and inferential statistics were performed using SPSS 29. Sample demo-
graphics and questionnaire scores were used to characterize the participants. For con-
tinuous variables, normally distributed data were summarized with the mean and SD,
while non-normally distributed data were described using the median and interquartile
range (IQR). Categorical variables were reported as counts and proportions. Parametric
assumptions were verified for normality using the Shapiro-Wilk test. To examine changes
in pain intensity over time, Friedman’s Related-Samples Two-Way Analysis of Variance was
applied. For correlations, Pearson’s (r) correlation coefficients were calculated to explore
associations between sitting postural control dynamics (trunk displacement features in the
AP and ML directions, along with resultant trunk sway time series) and perceived pain
intensity (NPRS Sum of neck, upper back, and lower back pain). As Pearson’s r represents
both the correlation coefficient and the effect size, it allows for a direct interpretation of
the strength of relationships between variables. NPRS scores were summed across spinal
regions to create an NPRS index. Summed pain intensity scores were analyzed for each
day (Day 1: Monday; Day 3: Wednesday; Day 5: Friday) and period (AM: pre-work; PM:
post-work). A significance threshold of & = 0.05 was applied.

3. Results

The study sample consisted of 10 participants, 80% of whom identified as female.
Physical activity levels, as assessed by the IPAQ-SF, indicated that 30% of participants
engaged in low physical activity, 40% in moderate activity, and 30% in high activity lev-
els. The mean age of the participants was 54 years (SD = 6.5). The average BMI was
26.75 kg/m? (SD = 6.14), with participants having an average of 18.2 years of work experi-
ence (SD = 14.06) and a typical weekly work schedule of approximately 40 h (SD = 4). On
average, participants reported spending 9.4 h per day sitting (SD = 3.44), with a reduced
average of 4.18 h of sitting on weekends (SD = 1.78). The characteristics of the participants
are summarized in Table 1.

Table 1. Sample characterization.

Variable Outcome

Gender 80% Female (8 Females, 2 Males)
Physical Activity Levels Low: 30%; Moderate: 40%; High: 30%
Mean Age (years) 54 £6.5

Mean BMI (kg/m?) 26.75 + 6.14

Work Experience (years) 18.2 +14.06

Weekly Work (h) 40+ 4

Daily Sitting Time (h) 94 + 344

Weekend Sitting Time (h) 418 £1.78

The COPSOQ II results indicated moderate job demands (67.5; SD = 2.7) and neutral
perceptions of health and well-being (50.0; SD = 6.1). No offensive behavior was reported
(0.0; IQR: 0-10). Social relations and leadership scored moderately (38.1; SD = 3.5), as
did values’ alignment within the workplace (31.3; SD = 4.8) and the work-individual
interface (42.6; SD = 11.8). Work organization and job content (41.7; SD = 4.6) also received
moderate ratings.

3.1. Pain Experience

The distribution of reported pain locations among participants revealed that three
(30.0%) experienced isolated neck pain, five (50.0%) reported a combination of neck and
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lower back pain, one (10.0%) had upper back pain, and one (10.0%) experienced pain in
both the neck and upper back regions.

The disability levels, assessed using the 11-point NPRS, revealed the following median
scores: neck disability, 2.00 IQR: 0-4); upper back disability, 0.90 (IQR: 0-5); and lower
back disability, 0.80 (IQR: 0-5). In terms of classification, 20% of participants reported no
disability, 50% reported mild disability, and 30% reported moderate disability for neck
pain. For upper back disability, 80% reported no disability, while 20% reported moderate
disability. Regarding lower back disability, 70% reported no disability, 10% reported mild
disability, and 20% reported moderate disability.

Regarding pain-related distress, also assessed using the NPRS, the median distress
scores were as follows: neck distress, 2.50 (IQR: 0-6); upper back distress, 1.10 (IQR: 0-6);
and lower back distress, 1.20 (IQR: 0-5). For neck distress, 10% of participants reported
no distress, 70% reported mild distress, and 20% reported moderate distress. For upper
back distress, 80% reported no distress, and 20% reported moderate distress. For lower
back distress, 60% of participants reported no distress, 30% reported mild distress, and 10%
reported moderate distress.

Regarding pain intensity, which was assessed both before and after work each day, a
detailed description can be found in Table 2. No statistically significant differences were
found across days, periods, and pain locations (p > 0.05).

Table 2. Pain intensity scores based on the NPRS.

AM PM

Variable

Median IQR 95% CI Median IQR 95% CI
Day 1
Neck 0.00 4 (—0.26, 3.06) 0.00 2 (—0.61, 3.01)
Upper Back 0.00 1 (—0.47,2.27) 0.00 1 (—0.55,2.35)
Lower Back 0.00 5 (0.12, 3.88) 0.00 4 (—0.29, 3.09)
Day 3
Neck 0.00 3 (—0.27,2.47) 0.00 3 (—0.22,2.62)
Upper Back 0.00 0 (—0.63,1.63) 0.00 1 (—0.55, 2.35)
Lower Back 0.00 0 (0.00, 0.00) 0.00 4 (—0.29, 3.09)
Day 5
Neck 0.00 3 (—0.23,2.43) 0.00 3 (—0.30, 2.70)
Upper Back 0.00 1 (—0.37,1.77) 0.00 5 (—0.02,3.82)
Lower Back 0.00 3 (—0.17,2.17) 0.00 4 (—0.09, 3.49)
NPRS Sum
Day 1 4.0 9 (1.10, 7.50) 2.5 6 (0.54, 6.46)
Day 3 0.0 3 (—0.72, 3.92) 35 5 (0.76, 6.24)
Day 5 0.0 6 (—0.32,5.92) 3.5 8 (0.51,9.09)

AM: pre-work; PM: post-work; NPRS: Numeric Pain Rating Scale; IQR: interquartile range; CI: Confi-

dence Interval.

3.2. Correlations

Daily pain intensity (NPRS Sum) analysis across six assessment points (Day 1 AM/PM,
Day 3 AM/PM, Day 5 AM/PM) revealed occasional correlations with postural sway metrics.
While most correlations did not reach statistical significance (p > 0.05), several moderate-
to-strong correlations were observed, indicating potential relationships that merit further
investigation. A summary of significant correlations between the NPRS and trunk sway
metrics is provided in Table 3, with comprehensive correlation matrices for both linear and
nonlinear sway features available in Appendix A.

For linear measurements (Tables A1-A6), significant correlations with the NPRS Sum
were observed at different time points. On Day 1 in the morning, the NPRS Sum had a
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significant negative correlation with overall sway range (r = —0.688; p < 0.05). In contrast,
on Day 1 in the afternoon, the NPRS Sum exhibited a positive correlation with overall
sway range (r = 0.750; p < 0.05) and with range in the AP direction (r = 0.855; p < 0.01).
Additionally, on Day 5 in the morning, a strong negative correlation between the NPRS Sum
and the standard deviation in the AP direction (SD AP) was noted (r = —0.719; p < 0.05).

Nonlinear sway parameters showed varied correlations with the NPRS Sum across
time points (Tables A7-A12). On Day 3 in the AM, several strong correlations were
observed. The Hurst exponents at the scale H(0) in both the AP (r = —0.812; p < 0.01)
and ML (r = —0.860; p < 0.01) directions, as well as at the scale H(4.5) in the AP
(r = —0.786; p < 0.01) and ML (r = —0.780; p < 0.01) directions, were significantly nega-
tively correlated with the NPRS Sum. SaEn in the ML direction also exhibited a significant
negative correlation with the NPRS Sum (r = —0.703; p < 0.05). On Day 3 in the PM,
no significant correlations were found between the NPRS Sum and the nonlinear sway
parameters. However, on Day 5 in the PM, the NPRS Sum showed a negative correlation
with the Hurst exponent at the scale H(2) in the AP direction (r = —0.722; p < 0.05).

Table 3. Significant correlations between NPRS Sum and linear/nonlinear metrics.

Day Period Metric Direction Correlation
1 AM Overall range Negative —0.688 *
1 PM AP range Positive 0.855 **
1 PM Overall range Positive 0.750 *
3 AM H(0) AP Negative —0.812 **
3 AM H(0) ML Negative —0.860 **
NPRS vs. 3 AM H(4.5) AP Negative —0.786 **
3 AM H(4.5) ML Negative —0.780 **
3 AM SaEn ML Negative —0.703 *
5 AM SD AP Negative —0.719 *
5 PM H(Q2) Negative —0.722*

Abbreviations: NPRS: Numeric Pain Rating Scale; SD: standard deviation; AP: anteroposterior; ML: mediolateral;
H: Hurst exponent. Significance levels: * p < 0.05; ** p < 0.01.

Furthermore, moderate to strong positive intercorrelations were found among both
linear and nonlinear postural sway parameters (Appendix A).

4. Discussion

This study investigated the relationship between pain intensity, measured using the
NPRS Sum for neck, upper, and lower back pain, and postural sway characteristics in
office workers with chronic spinal pain. IMUs were employed for real-time, field-based
posture assessment. Both linear and nonlinear sway metrics were analyzed during pre-
and post-work periods on Days 1 (Monday), 3 (Wednesday), and 5 (Friday) to assess their
potential as objective indicators of pain intensity within occupational settings.

The findings revealed limited and variable correlations between pain intensity and
postural sway metrics across different time points, illustrating the intrinsic intricacy of
postural control systems in the context of chronic pain.

4.1. Interpretation of Results

Linear metrics, including range (in mm), mean acceleration (in m/ s?), SD (in m/s?),
velocity (in mm/s), sway path length (in mm), and sway path area (in mm?), were used
to assess postural control. Nonlinear techniques, MF-DFA and SaEn, were applied to
capture the postural control complexity, reflecting subtle changes that linear metrics might
have missed.

Variations in correlations among linear metrics highlighted the nuances of seated
postural dynamics. On Day 1, reduced morning sway variability (negative correlation
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with overall sway range) indicated more rigid postural control, while increased afternoon
fluctuations (positive correlations with overall sway range and AP range) suggested com-
pensatory adjustments. By Day 5, greater AP sway variability (negative correlation with
SD) was linked to higher pain intensity. These findings are consistent with previous studies.
For instance, Sondergaard et al. [54], reported positive correlations between discomfort and
the standard deviations of COP displacement in both the AP and ML directions, alongside
negative correlations with SaEn. This suggests that increased sway variability and reduced
postural control complexity during seated tasks can be associated with greater perceived
discomfort. Similarly, Madeleine et al. [63] observed that prolonged sitting led to a greater
SD and lower SaEn in COP signals, reflecting decreased postural complexity and increased
discomfort. Overall, these findings highlight the link between postural variability degrada-
tion and increased discomfort, reflecting the interplay between adaptive posture control
and pain perception.

Correlations between nonlinear metrics and pain intensity varied notably across time
points. No significant correlations were observed on Day 1 (AM and PM), Day 3 in the
PM, or Day 5 in the AM. However, on Day 3 in the AM, strong negative correlations were
observed for H(0) (AP and ML), H(4.5) (AP and ML), and SaEn (ML), suggesting a decline
in postural sway complexity. On Day 5 in the PM, a significant negative correlation was
also found for H(2) in the AP direction, indicating reduced postural adaptability. This
reduction in variability aligns with the concept of a more periodic, less adaptive postural
strategy, characterized by the loss of multiscale fractal complexity under pathological
conditions [12,64]. These findings suggest that higher pain intensity is correlated with
diminished variability at both micro-scale fluctuations (H(0)) and larger sway deviations
(H(4.5)), as well as reduced entropy (SaEn), which reflect a shift toward more rigid, less
flexible postural control [12]. The absence of consistent correlations across other periods
underscores the dynamic and context-dependent nature of postural regulation in response
to pain, consistent with theories of adaptive control in motor behavior [27].

Although most postural sway parameters showed weak correlations with the NPRS
Sum, specific linear and nonlinear metrics demonstrated moderate to strong correlations
at particular time points, indicating pain-related changes in postural stability. Hypothesis
2, predicting stronger evening (PM) correlations, was not supported. Overall, our results
suggest a weak link between pain intensity and postural sway dynamics, likely due to
the multifactorial nature of chronic pain, influenced by biopsychosocial factors [26,65,66].
Furthermore, variability in sitting habits and postural adjustments also contributes to
inconsistent sway patterns (e.g., “breakers” vs. “prolongers”) [56].

Our findings highlight the potential for the development of personalized ergonomic
interventions aimed at protecting office workers from prolonged exposure to postural stress
and pain. By understanding trunk posture dynamics, tailored strategies can help reduce
MSDs and improve comfort, as optimal postures vary between individuals [32].

4.2. Limitations and Future Research

Several limitations should be considered. Data were collected from an adult population
with an average age of 54 years (SD = 6.5), while previous studies emphasize age-related
differences in variability [49,67], particularly in office workers [55]. Thus, the kinematic
measurements in this study may not reflect those of other age groups or occupations. The
use of smartphone IMUs, while practical, introduced limitations, as placement variability
and daily reapplication increased the risk of random errors in postural sway measurements
due to inconsistent placement [68], despite the use of standardized straps and consistent
researcher handling.
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As this study was conducted in a field setting, variations in cognitive load (e.g.,
focused computer work) may have influenced postural sway. Prior research suggests
that cognitive dual-tasking can reduce postural sway in chronic low back pain, though
effects are more pronounced in complex balance tasks [69]. Similar effects were observed in
healthy adults, where cognitive demands altered postural complexity without significantly
affecting displacement measures [70]. Cognitive task difficulty has also been linked to
changes in postural variability, particularly in children and older adults, who demonstrate
increased sway area and complexity under more challenging conditions [71]. Future
studies should integrate controlled cognitive-load assessments to better isolate the effects
of attentional demands on postural control, such as using EEG [72].

Customer service roles in public administration and finance face substantial psychoso-
cial risks. For example, 31% of EU workers report suppressing emotions due to customer
anger and abuse [73]. In tax offices, depression has been linked to high trait anxiety,
workplace conflicts, and low job satisfaction, making tax workers particularly vulnerable
to MSDs [74-77]. These psychosocial hazards limit the applicability of the findings to
other office roles, such as programmers and call center staff. However, the non-alarming
COPSOQ II results in this study suggest a lower psychosocial risk in the analyzed sample.

While our findings suggest a weak correlation between pain intensity and postural
sway metrics, they underscore the complexity of chronic pain management. This highlights
the need for individualized, multidimensional approaches to postural assessment and
ergonomic interventions, where pain intensity is considered alongside other psychosocial
and physical factors. Future interventions may benefit from a combination of sensor data
and self-reported measures to provide more accurate assessments of pain and postural
dynamics, guiding more effective ergonomic strategies in the workplace.

Although a one-week observation period was chosen to align with this study’s pri-
mary objectives, future research could benefit from longer observation durations to capture
greater variability in postural dynamics and explore potential long-term trends. Addition-
ally, while the small sample size limits the generalizability of the findings, future studies
with larger, more diverse samples will offer more robust and conclusive insights. Given
the multiple comparisons conducted in this study, the potential for Type I errors must be
considered. Future research should apply corrections to account for multiple tests, thereby
enhancing the robustness of the findings.

5. Conclusions

Although postural sway parameters showed weak correlations with pain intensity,
specific metrics revealed stronger correlations, suggesting potential links between pain
and postural stability. These findings highlight the need for more research on motor
variability and pain intensity to inform ergonomic interventions. While our findings were
not strongly significant, they contribute to assessing postural sway in real-world settings
and provide exploratory insights into how movement-based metrics may inform pain
assessment, ergonomic interventions, and future rehabilitation strategies for individuals
with chronic spinal pain.

Hypothesis 1 was partially supported, with pain intensity correlated with the reduced
complexity of postural sway at specific points, although the effects were inconsistent. Hy-
pothesis 2 was not supported, as work activities did not consistently increase post-work
pain or reduce variability, suggesting that other factors may influence postural control and
pain intensity. Future research should involve larger sample sizes, longitudinal designs,
randomized controlled trials, and consider pain location to better explore these relation-
ships. Furthermore, utilizing a full range of digital health resources, including wearable
sensors, could provide valuable information on postural dynamics and pain management.
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Appendix A

The following tables present the correlation matrices for various sway metrics and
pain intensity. Tables A1-A6 summarize the linear correlations between sway metrics and
pain intensity across different days and time periods. Tables A7—-A12 provide the nonlinear
correlation matrices for the same metrics and conditions.

Table A1l. Correlation Matrix of Linear Measurements on Day 1 During the AM Period and NPRS
Sum (Day 1 AM).

Mean SD Range Area Path Velocity
AP ML AP ML AP ML Overall

NPRS Sum —0.064 —0.348 0.351 0.041 —-0592 —-0461 —0.688*  —0.552 —0.594 —0.593
Mean AP 0.449 —0.174 —-0.013 —-0.119 —-0424 —0.253 —0.226 —0.070 —0.073
Mean ML —0.662*  —0.099 0339  —0.112 0.221 0.071 0.057 0.033
SD AP 0.662*  —0457  0.257 —0.241 —0.529 —0.383 —0.371
SD ML —0.328 0241 —-0.168  —0.651*  —0.580 —0.582
Range AP 0.173 0.904 ** 0.612 0.547 0.547
Range ML 0.571 0.475 0.552 0.545
Range Overall 0.706 * 0.700 * 0.698 *
Area 0.956 ** 0.954 **
Path 0.999 **

AM: Pre-work; NPRS: Numeric Pain Rating Scale; SD: Standard Deviation; AP: Anteroposterior; ML: Mediolateral;
* p < 0.05;**: p < 0.01.
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Table A2. Correlation Matrix of Linear Measurements on Day 1 During the PM Period and NPRS

Sum (Day 1 PM).

Mean SD Range Area Path Velocity
AP ML AP ML AP ML Overall
NPRS Sum 0.007 0.199 —0.196 —0.600 0.855 ** 0.143 0.750 * 0.345 0.378 0.393
Mean AP —0.245 0.152 —0.040 —0.061 —0.138 —0.108 —0.318 —0.304 —0.306
Mean ML 0.322 —0.387 —0.026 —0.688* —0.234 0.014 —0.106 —0.053
SD AP 0.247 0.032 —0.220 —0.055 —0.118 —0.212 —0.196
SD ML —0.341 0.377 —0.174 0.150 0.169 0.171
Range AP 0.467 0.965 ** 0.582 0.596 0.594
Range ML 0.678 * 0.628 0.718 * 0.678 *
Range Overall 0.660 * 0.698 * 0.685 *
Area 0.984 ** 0.987 **
Path 0.997 **
PM: Post-work; NPRS: Numeric Pain Rating Scale; SD: Standard Deviation; AP: Anteroposterior; ML: Mediolateral;
* p < 0.05;*: p < 0.01.
Table A3. Correlation Matrix of Linear Measurements on Day 3 During the AM Period and NPRS
Sum (Day 3 AM).
Mean SD Range Area Path Velocity
AP ML AP ML AP ML Overall
NPRS Sum 0.148 0.456 0.095 —0.127 —0.006 —0.368 —0.163 —0.047 0.085 0.059
Mean AP —0.278 —0.447 —0.449 0.039 —0.068 —0.008 —0.306 —0.074 —0.077
Mean ML 0.375 —0.066 —0.072 —0.497 —0.256 0.211 0.009 —0.017
SD AP 0.765 ** —-0.377 —0.382 —0.403 —0.136 —0.305 —0.310
SD ML —0.333  —0.082 —0.240 —0.170 —0.323 —0.313
Range AP 0.695 * 0.947 ** 0.743 * 0.914 ** 0.915 **
Range ML 0.888 ** 0.550 0.720 * 0.732 %
Range Overall 0.721* 0.905 ** 0.911 **
Area 0.887 ** 0.889 **
Path 0.999 **
AM: Pre-work; NPRS: Numeric Pain Rating Scale; SD: Standard Deviation; AP: Anteroposterior; ML: Mediolateral;
* p < 0.05;*: p < 0.01.
Table A4. Correlation Matrix of Linear Measurements on Day 3 During the PM Period and NPRS
Sum (Day 3 PM).
Mean SD Range Area Path Velocity
AP ML AP ML AP ML Overall
NPRS Sum 0.505 —0.366 —0.011 —0.370 0.573 0.210 0.478 0.214 0.297 0.269
Mean AP —0.504 0.049 0.031 —0.194 —0.193 —0.236 —0.180 —0.291 —0.279
Mean ML 0.316 0.164 0.067 0.200 0.164 —0.199 —0.088 —0.101
SD AP 0.495 —0.223 0.298 0.026 —0.417 —0.362 —0.373
SD ML —0.282 0.491 0.024 —0.128 —0.188 —0.139
Range AP 0.588 0.926 ** 0.674 * 0.842 ** 0.829 **
Range ML 0.843 ** 0.433 0.556 0.580
Range Overall 0.591 0.777 ** 0.734 **
Area 0.969 ** 0.974 **
Path 0.996 **

PM: Post-work; NPRS: Numeric Pain Rating Scale; SD: Standard Deviation; AP: Anteroposterior; ML: Mediolateral;

* p < 0.05;**: p < 0.01.
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Table A5. Correlation Matrix of Linear Measurements on Day 5 During the AM Period and NPRS

Sum (Day 5 AM).
Mean SD Range Area Path Velocity
AP ML AP ML AP ML Overall
NPRS Sum 0.288 —0.085 —0.719* —-0.054 —-0.134 -0.082 —-0.112 —0.247 —0.165 —0.173
Mean AP —0.286  —0.467 —0.115 0.096  —0.218 0.025 0.086 —0.190 —0.191
Mean ML 0.217 —0449 0295 —-0367 —0.351 —0.291 —0.230 —0.219
SD AP 0.506 0.457 0.363 0.435 0.378 0.393 0.410
SD ML 0.546 0.687 * 0.642 * 0.507 0.568 0.579
Range AP 0.637*  0.957 ** 0.855 ** 0.743 * 0.748 *
Range ML 0.826 ** 0.730 * 0.907 ** 0.908 **
Range Overall 0.912 ** 0.878 ** 0.883 **
Area 0.879 ** 0.885 **
Path 0.999 **
AM: Pre-work; NPRS: Numeric Pain Rating Scale; SD: Standard Deviation; AP: Anteroposterior; ML: Mediolateral;
* p < 0.05;*: p < 0.01.
Table A6. Correlation Matrix of Linear Measurements on Day 5 During the PM Period and NPRS
Sum (Day 5 PM).
Mean SD Range Area Path Velocity
AP ML AP ML AP ML Overall
NPRS Sum —-0.229 -0501 -0379 —0.391 0.367 0.493 0.429 0.211 0.201 0.182
Mean AP 0.416 0.233 —0.090 —0.254 0.067 —0.162 —0.060 —0.180 —0.197
Mean ML 0.327 0.405 —-0.691* —0.677* —0717% —0.489 —0.501 —0.497
SD AP —0.116 0.250 0.024 0.182 0.417 0.377 0.397
SD ML —0.669* —0.642* —0.680* —0.664% —0.539 —0.532
Range AP 0.842 ** 0.983 ** 0.951 ** 0.944 ** 0.943 **
Range ML 0.926 ** 0.759 * 0.806 ** 0.775 **
Range Overall 0.918 ** 0.929 ** 0.916 **
Area 0.941 ** 0.944 **
Path 0.996 **
PM: Post-work; NPRS: Numeric Pain Rating Scale; H: Hurst Exponent; SaEn: Sample Entropy; AP: Anteroposterior;
ML: Mediolateral; *: p < 0.05; **: p < 0.01.
Table A7. Correlation Matrix of Nonlinear Measurements on Day 1 During the AM Period and NPRS
Sum (Day 1 AM).
H(-5) H(0) H(2) H(4.5) SaEn
AP ML AP ML AP ML AP ML AP ML
NPRS Sum 0.255 —0.100 0.212 —-0.107 —-0.300 —0.403 0.098 —0.273 0.263 0.378
H(-5) AP —0.079 0.221 0.116 0.058  —0.218 0.460 —0.120 —0.061 0.057
H(-5) ML 0.462 0.615 0.712* 0.486 0.220 0.261 0.211 0.016
H(0) AP 0.231 0.625 0.057 0.555 —0.084 —0.388 —0.065
H(0) ML 0.654 * 0516 2 0.335 0.787 ** —0.029 —0.486
H(2) AP 0.655 * 0.718 * 0.391 —0.487 —0.513
H(2) ML 0.212 0.864 ** —0.260 —0.750 *
H(4.5) AP 0.072 —0.606 —0.397
H(4.5) ML —0.083 —0.752 %
SaEn AP 0.671*

AM: Pre-work; NPRS: Numeric Pain Rating Scale; H: Hurst Exponent; SaEn: Sample Entropy; AP: Anteroposterior;

ML: Mediolateral; *: p < 0.05; **: p < 0.01.
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Table A8. Correlation Matrix of Nonlinear Measurements on Day 1 During the PM Period and NPRS
Sum (Day 1 PM).

H(-5) H(0) H(2) H(4.5) SaEn
AP ML AP ML AP ML AP ML AP ML
NPRS Sum —0.075 0.278 —0.257 0.153 —0.112 —-0.236 —0.366 —0.100 —0.372 —0.437
H(-5) AP 0.462 0.533 0.524 0.671* —0.044 0.648 * —0.090 0.146 —0.201
H(-5) ML 0.338 0.733 * 0.252 0.204 0.463 0.241 —0.068 —0.462
H(0) AP 0.745* 0.639 * 0.278 0.568 —0.069 0.100 —-0.177
H(0) ML 0.420 0.030 0.329 0.169 —0.272 —0.589
H(2) AP 0.320 0.674 * 0.032 0.480 0.134
H(2) ML 0.599 0.281 0.688 * 0.573
H(4.5) AP —0.063 0.601 0.321
H(4.5) ML 0.348 0.189
SaEn AP 0.856 **
PM: Post-work; NPRS: Numeric Pain Rating Scale; H: Hurst Exponent; SaEn: Sample Entropy; AP: Anteroposterior;
ML: Mediolateral; *: p < 0.05; **: p < 0.01.
Table A9. Correlation Matrix of Nonlinear Measurements on Day 3 During the AM Period and NPRS
Sum (Day 3 AM).
H(-5) H(0) H(?2) H@4.5) SaEn
AP ML AP ML AP ML AP ML AP ML
NPRS Sum —0.631 —0.587 —0.812 ** —0.860 ** —0.330 —0.455 —0.786 ** —0.780 ** —0.451 —0.703 *
H(-5) AP 0.932 ** 0.708 * 0.728 * 0.005 0.255 0.542 0.627 0.542 0.613
H(-5) ML 0.569 0.714* —0.060 0.409 0.575 0.661* 0.513 0.490
H(0) AP 0.893 ** 0.384 0.451 0.765 ** 0.764 * 0.342 0.557
H(0) ML 0.281 0.553 0.770 ** 0.885 ** 0.454 0.500
H(2) AP 0.522 0.613 0.271 —0.454 0.137
H(2) ML 0.667 * 0.633* 0.075 0.170
H(4.5) AP 0.778 ** 0.072 0.475
H(4.5) ML 0.565 0.462
SaEn AP 0.608
AM: Pre-work; NPRS: Numeric Pain Rating Scale; H: Hurst Exponent; SaEn: Sample Entropy; AP: Anteroposterior;
ML: Mediolateral; *: p < 0.05; **: p < 0.01.
Table A10. Correlation Matrix of Nonlinear Measurements on Day 3 During the PM Period and
NPRS Sum (Day 3 PM).
H(-5) H(0) H(2) H(@4.5) SaEn
AP ML AP ML AP ML AP ML AP ML
NPRS Sum —0.195 0.008 —0.207 —0.019 —0.404 0.060 —0.190 0.368 0.260 0.103
H(-5) AP —0.163 0.923 ** —0.002 0.528 —0.579 0.811 ** —0.207 —0.058 0.365
H(-5) ML 0.099 0.793 ** —0.302 0.179 —0.151 0.530 —0.308 —0.038
H(0) AP 0.219 0.593 —0.562 0.860 ** —0.046 —0.127 0.455
H(0) ML 0.078 0.273 —0.006 0.601 —0.712 % —0.275
H(2) AP —0.022 0.780 ** 0.014 —0.369 0.285
H(2) ML —0.257 0.478 —0.331 —0.149
H(4.5) AP —0.074 —0.012 0.674 *
H(4.5) ML —0.539 0.023
SaEn AP 0.325

PM: Post-work; NPRS: Numeric Pain Rating Scale; H: Hurst Exponent; SaEn: Sample Entropy; AP: Anteroposterior;
ML: Mediolateral; *: p < 0.05; **: p < 0.01.
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Table A11. Correlation Matrix of Nonlinear Measurements on Day 5 During the AM Period and

NPRS Sum (Day 5 AM).
H(-5) H(0) H(2) H(4.5) SaEN
AP ML AP ML AP ML AP ML AP ML

NPRS Sum —0.012 —-0.046 0.129 —0.130 0.129 —0.415 —0.064 —0.308 0.240 0.457
H(-5) AP 0.738 * 0.846 ** 0.724 * 0.589 —0.448 0.685 * 0.532 0.350 0.623
H(-5) ML 0.878 ** 0.969 ** 0.504 0.077 0.848 ** 0.755 * 0.176 0.632
H(0) AP 0.888 ** 0.550 —0.197 0.856 ** 0.728 * 0.388 0.753 *
H(0) ML 0.406 0.085 0.810 ** 0.819 ** 0.223 0.593
H(2) AP 0.042 0.750 * 0.542 —0.021 0.314
H(2) ML 0.229 0.345 —0.418 —0.442
H(4.5) AP 0.801 ** 0.071 0.457
H(4.5) ML 0.283 0.436
SaEn AP 0.769 **

AM: Pre-work; NPRS: Numeric Pain Rating Scale; H: Hurst Exponent; SaEn: Sample Entropy; AP: Anteroposterior;

ML: Mediolateral; *: p < 0.05; **: p < 0.01.

Table A12. Correlation Matrix of Nonlinear Measurements on Day 5 During the PM Period and

NPRS Sum (Day 5 PM).

H(-5) H(0) H(2) H(4.5) SaEN
AP ML AP ML AP ML AP ML AP ML

NPRS Sum —0.276 —0.280 —0.215 —0.349 —0.722* —0.562 —0.317 —0.506 —0.071 —0.309
H(-5) AP 0.995 ** 0.742 % 0.542 0.034 0.136 —0.507 0.132 —0.587 0.005
H(-5) ML 0.745 * 0.596 0.070 0.173 —0.530 0.144 —0.592 —0.017
H(0) AP 0.696 * —0.004 0.445 —0.453 —0.027 —0.318 0.303
H(0) ML 0.326 0.663 * —0.426 0.352 —0.333 0.161
H(2) AP 0.649 * 0.309 0.721* 0.387 0.096
H(2) ML —0.025 0.530 0.404 0.500
H(4.5) AP —0.001 0.392 0.502
H(4.5) ML 0.330 —0.069
SaEn AP 0.245

PM: Post-work; NPRS: Numeric Pain Rating Scale; H: Hurst Exponent; SaEn: Sample Entropy; AP: Anteroposterior;

ML: Mediolateral; *: p < 0.05; **: p < 0.01.

References
1. Ferreira, M.L.; De Luca, K.; Haile, LM.; Steinmetz, ].D.; Culbreth, G.T.; Cross, M.; Kopec, J.A.; Ferreira, PH.; Blyth, EM,;

Buchbinder, R.; et al. Global, regional, and national burden of low back pain, 1990-2020, its attributable risk factors, and
projections to 2050: A systematic analysis of the Global Burden of Disease Study 2021. Lancet Rheumatol. 2023, 5, e316—329.
[CrossRef]

2. Wu, AM,; Cross, M,; Elliott, ]. M.; Culbreth, G.T.; Haile, L.M.; Steinmetz, ].D.; Hagins, H.; Kopec, ].A.; Brooks, PM.; Woolf, A.D.;
et al. Global, regional, and national burden of neck pain, 1990-2020, and projections to 2050: A systematic analysis of the Global
Burden of Disease Study 2021. Lancet Rheumatol. 2024, 6, e142—e155. [CrossRef]

3. Zhang, C.; Zi, S.; Chen, Q.; Zhang, S. The burden, trends, and projections of low back pain attributable to high body mass
index globally: An analysis of the global burden of disease study from 1990 to 2021 and projections to 2050. Front. Med. 2024,
11, 1469298. [CrossRef] [PubMed]

4. GBD 2019 Ageing Collaborators. Global, regional, and national burden of diseases and injuries for adults 70 years and older:
Systematic analysis for the Global Burden of Disease 2019 Study. BMJ 2022, 376, e068208. [CrossRef]

5. Peereboom, K.; Langen, N.; Copsey, S. Prolonged Static Sitting at Work: Health Effects and Good Practice Advice; European Agency
for Safety and Health at Work: Bilbao, Spain, 2021. [CrossRef]

6. Nunes, A; Espanha, M,; Teles, J.; Petersen, K.; Arendt-Nielsen, L.; Carnide, F. Neck pain prevalence and associated occupational
factors in Portuguese office workers. Int. J. Ind. Ergon. 2021, 85, 103172. [CrossRef]

7. Mathiassen, S.E. Diversity and variation in biomechanical exposure: What is it, and why would we like to know? Appl. Ergon.
2006, 37, 419-427. [CrossRef] [PubMed]

8. Wang, Z.; Sato, K.; Nawrin, S.S.; Widatalla, N.S.; Kimura, Y.; Nagatomi, R. Low back pain exacerbation is predictable through

motif identification in center of pressure time series recorded during dynamic sitting. Front. Physiol. 2021, 12, 696077. [CrossRef]


http://doi.org/10.1016/S2665-9913(23)00098-X
http://dx.doi.org/10.1016/S2665-9913(23)00321-1
http://dx.doi.org/10.3389/fmed.2024.1469298
http://www.ncbi.nlm.nih.gov/pubmed/39507709
http://dx.doi.org/10.1136/bmj-2021-068208
http://dx.doi.org/10.2802/172637
http://dx.doi.org/10.1016/j.ergon.2021.103172
http://dx.doi.org/10.1016/j.apergo.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16764816
http://dx.doi.org/10.3389/fphys.2021.696077

Sensors 2025, 25, 1583 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bakator, M.; Cockalo, D.; Makitan, V; Stanisavljev, S.; Nikoli¢, M. The three pillars of tomorrow: How Marketing 5.0 builds on
Industry 5.0 and impacts Society 5.0? Heliyon 2024, 10, e36543. [CrossRef]

Duggal, A.S.; Malik, PK.; Gehlot, A; Singh, R.; Gaba, G.S.; Masud, M.; Al-Amri, J.F. A sequential roadmap to Industry 6.0:
Exploring future manufacturing trends. let Commun. 2022, 16, 521-531. [CrossRef]

Kadir, B.A.; Broberg, O.; da Concei¢do, C.S. Current research and future perspectives on human factors and ergonomics in
Industry 4.0. Comput. Ind. Eng. 2019, 137, 106004. [CrossRef]

Stergiou, N.; Decker, L.M. Human movement variability, nonlinear dynamics, and pathology: is there a connection? Hum. Mov.
Sci. 2011, 30, 869-888. [CrossRef] [PubMed]

Stergiou, N.; Harbourne, R.T.; Cavanaugh, ].T. Optimal movement variability: a new theoretical perspective for neurologic
physical therapy. J. Neurol. Phys. Ther. 2006, 30, 120-129. [CrossRef]

Heredia-Rizo, A.M.; Madeleine, P; Szeto, G.P. Pain mechanisms in computer and smartphone users. In Features and Assessments of
Pain, Anaesthesia, and Analgesia; Academic Press: Cambridge, MA, USA, 2022; pp. 291-301. [CrossRef]

Toomingas, A.; Forsman, M.; Mathiassen, S.E.; Heiden, M.; Nilsson, T. Variation between seated and standing/walking postures
among male and female call centre operators. BMC Public Health 2012, 12, 154. [CrossRef]

Wang, H.; Yu, D.; Zeng, Y.; Zhou, T.; Wang, W.; Liu, X,; Pei, Z,; Yu, Y.; Wang, C.; Deng, Y.; et al. Quantifying the impacts of posture
changes on office worker productivity: An exploratory study using effective computer interactions as a real-time indicator. BMIC
Public Health 2023, 23, 2198. [CrossRef] [PubMed]

Sui, W.; Smith, S.T.; Fagan, M.].; Rollo, S.; Prapavessis, H. The effects of sedentary behaviour interventions on work-related
productivity and performance outcomes in real and simulated office work: A systematic review. Appl. Ergon. 2019, 75, 27-73.
[CrossRef]

Waongenngarm, P.; Areerak, K.; Janwantanakul, P. The effects of breaks on low back pain, discomfort, and work productivity
in office workers: A systematic review of randomized and non-randomized controlled trials. Appl. Ergon. 2018, 68, 230-239.
[CrossRef] [PubMed]

Antonaci, EG,; Olivetti, E.C.; Marcolin, E; Castiblanco Jimenez, I.A.; Eynard, B.; Vezzetti, E.; Moos, S. Workplace Well-Being in
Industry 5.0: A Worker-Centered Systematic Review. Sensors 2024, 24, 5473. [CrossRef]

Lim, S.; D’Souza, C. A narrative review on contemporary and emerging uses of inertial sensing in occupational ergonomics. Int.
J. Ind. Ergon. 2020, 76, 102937. [CrossRef]

Jun, D.; Johnston, V.; McPhail, S.M.; O’Leary, S. Are measures of postural behavior using motion sensors in seated office workers
reliable? Hum. Factors 2019, 61, 1141-1161. [CrossRef]

Patel, V.; Chesmore, A.; Legner, C.M.; Pandey, S. Trends in workplace wearable technologies and connected-worker solutions for
next-generation occupational safety, health, and productivity. Adv. Intell. Syst. 2022, 4, 2100099. [CrossRef]

Lind, C.M.; Abtahi, F; Forsman, M. Wearable motion capture devices for the prevention of work-related musculoskeletal
disorders in ergonomics—An overview of current applications, challenges, and future opportunities. Sensors 2023, 23, 4259.
[CrossRef] [PubMed]

Knox, M.E; Chipchase, L.S.; Schabrun, S.M.; Romero, R.J.; Marshall, PW. Anticipatory and compensatory postural adjustments in
people with low back pain: A systematic review and meta-analysis. Spine J. 2018, 18, 1934-1949. [CrossRef] [PubMed]
Alsubaie, A.M.; Mazaheri, M.; Martinez-Valdes, E.; Falla, D. Is movement variability altered in people with chronic non-specific
low back pain? A systematic review. PloS ONE 2023, 18, e0287029. [CrossRef] [PubMed]

Bontrup, C.; Taylor, W.R; Fliesser, M.; Visscher, R.; Green, T.; Wippert, PM.; Zemp, R. Low back pain and its relationship with
sitting behaviour among sedentary office workers. Appl. Ergon. 2019, 81, 102894. [CrossRef]

Hodges, PW.; Tucker, K. Moving differently in pain: a new theory to explain the adaptation to pain. Pain 2011, 152, S90-S98.
[CrossRef]

Zemp, R.; Fliesser, M.; Wippert, PM.; Taylor, W.R.; Lorenzetti, S. Occupational sitting behaviour and its relationship with back
pain—A pilot study. Appl. Ergon. 2016, 56, 84-91. [CrossRef]

Asgari, M.; Sanjari, M.A.; Mokhtarinia, H.R.; Sedeh, S.M.; Khalaf, K.; Parnianpour, M. The effects of movement speed on
kinematic variability and dynamic stability of the trunk in healthy individuals and low back pain patients. Clin. Biomech. 2015,
30, 682-688. [CrossRef]

Mingels, S.; Dankaerts, W.; van Etten, L.; Bruckers, L.; Granitzer, M. Lower spinal postural variability during laptop-work in
subjects with cervicogenic headache compared to healthy controls. Sci. Rep. 2021, 11, 5159. [CrossRef]

International Labour Office. Stress Prevention at Work Checkpoints: Practical Improvements for Stress Prevention in the Workplace,
13.04.5; International Labour Office: Geneva, Switzerland, 2012; Volume 1.

Slater, D.; Korakakis, V.; O’Sullivan, P.; Nolan, D.; O’Sullivan, K. “Sit up straight”: Time to Re-evaluate. J. Orthop. Sport. Phys.
Ther. 2019, 49, 562-564. [CrossRef]


http://dx.doi.org/10.1016/j.heliyon.2024.e36543
http://dx.doi.org/10.1049/cmu2.12284
http://dx.doi.org/10.1016/j.cie.2019.106004
http://dx.doi.org/10.1016/j.humov.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21802756
http://dx.doi.org/10.1097/01.NPT.0000281949.48193.d9
http://dx.doi.org/10.1016/B978-0-12-818988-7.00021-2
http://dx.doi.org/10.1186/1471-2458-12-154
http://dx.doi.org/10.1186/s12889-023-17100-w
http://www.ncbi.nlm.nih.gov/pubmed/37940902
http://dx.doi.org/10.1016/j.apergo.2018.09.002
http://dx.doi.org/10.1016/j.apergo.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29409639
http://dx.doi.org/10.3390/s24175473
http://dx.doi.org/10.1016/j.ergon.2020.102937
http://dx.doi.org/10.1177/0018720818821273
http://dx.doi.org/10.1002/aisy.202100099
http://dx.doi.org/10.3390/s23094259
http://www.ncbi.nlm.nih.gov/pubmed/37177463
http://dx.doi.org/10.1016/j.spinee.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29906616
http://dx.doi.org/10.1371/journal.pone.0287029
http://www.ncbi.nlm.nih.gov/pubmed/37315096
http://dx.doi.org/10.1016/j.apergo.2019.102894
http://dx.doi.org/10.1016/j.pain.2010.10.020
http://dx.doi.org/10.1016/j.apergo.2016.03.007
http://dx.doi.org/10.1016/j.clinbiomech.2015.05.005
http://dx.doi.org/10.1038/s41598-021-84457-6
http://dx.doi.org/10.2519/jospt.2019.0610

Sensors 2025, 25, 1583 18 of 19

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

Treede, R.D.; Rief, W.; Barke, A.; Aziz, Q.; Bennett, M.L; Benoliel, R.; Cohen, M.; Evers, S.; Finnerup, N.B.; First, M.B.; et al.
Chronic pain as a symptom or a disease: the IASP Classification of Chronic Pain for the International Classification of Diseases
(ICD-11). Pain 2019, 160, 19-27. [CrossRef]

Oliosi, E.; Probst, P.; Rodrigues, J.; Silva, L.; Zagalo, D.; Cepeda, C.; Gamboa, H. Week-long Multimodal Data Acquisition of
Occupational Risk Factors in Public Administration Workers. In Proceedings of the 2023 19th International Conference on
Intelligent Environments (IE), Uniciti, Mauritius, 29-30 June 2023; pp. 1-8. [CrossRef]

International Association for the Study of Pain (IASP). IASP Announces Revised Definition of Pain. 2020. Available online:
https:/ /www.iasp-pain.org/resources/terminology /#pain (accessed on 11 November 2024).

Craig, C.L.; Marshall, A.L,; Sjostrém, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.; Yngve, A,; Sallis, ].F;
et al. International physical activity questionnaire: 12-country reliability and validity. Med. Sci. Sports Exerc. 2003, 35, 1381-1395.
[CrossRef] [PubMed]

Rosario, S.; Azevedo, L.F,; Fonseca, J.A.; Nienhaus, A.; Niibling, M.; da Costa, ].T. The Portuguese long version of the Copenhagen
Psychosocial Questionnaire II (COPSOQ II)—A validation study. J. Occup. Med. Toxicol. 2017, 12, 24. [CrossRef]

Pejtersen, ].H.; Kristensen, T.S.; Borg, V.; Bjorner, ].B. The second version of the Copenhagen Psychosocial Questionnaire. Scand. J.
Public Health 2010, 38, 8-24. [CrossRef] [PubMed]

Barbado, D.; Irles-Vidal, B.; Prat-Luri, A.; Garcia-Vaquero, M.P.; Vera-Garcia, EJ. Training intensity quantification of core stability
exercises based on a smartphone accelerometer. PLoS ONE 2018, 13, e0208262. [CrossRef] [PubMed]

Chung, C.C.; Soangra, R.; Lockhart, T.E. Recurrence quantitative analysis of postural sway using force plate and smartphone.
In Proceedings of the Human Factors and Ergonomics Society Annual Meeting, Lisbon, Portugal, 1 September 2014; SAGE
Publications Sage CA: Los Angeles, CA, USA, 2014; Volume 58, pp. 1271-1275. [CrossRef]

Karlinsky, K.T.; Netz, Y.; Jacobs, ].M.; Ayalon, M.; Yekutieli, Z. Static balance digital endpoints with Mon4t: Smartphone sensors
vs. Force plate. Sensors 2022, 22, 4139. [CrossRef]

Zhou, J.; Yu, W.; Zhu, H,; Lo, O.Y.; Gouskova, N.; Travison, T.; Lipsitz, L.A.; Pascual-Leone, A.; Manor, B. A novel smartphone
App-based assessment of standing postural control: Demonstration of reliability and sensitivity to aging and task constraints.
In Proceedings of the 2020 IEEE International Conference on E-health Networking, Application & Services (HEALTHCOM),
Shenzhen, China, 1-2 March 2021; pp. 1-6. [CrossRef]

Huang, R.; Kaminishi, K.; Hasegawa, T.; Yozu, A.; Chiba, R; Ota, J. Estimation of center of pressure information by smartphone
sensors for postural control training. In Proceedings of the 2023 45th Annual International Conference of the IEEE Engineering in
Medicine & Biology Society (EMBC), Sydney, Australia, 24-27 July 2023; pp. 1-4. [CrossRef]

Onuma, R.; Hoshi, F; Tozawa, R.; Soutome, Y.; Sakai, T.; Jinno, T. Reliability and validity of quantitative evaluation of anticipatory
postural adjustments using smartphones. J. Phys. Ther. Sci. 2023, 35, 553-558. [CrossRef]

Prieto, T.E.; Myklebust, ].B.; Hoffmann, R.G.; Lovett, E.G.; Myklebust, B.M. Measures of postural steadiness: differences between
healthy young and elderly adults. IEEE Trans. Biomed. Eng. 1996, 43, 956-966. [CrossRef]

Saito, H.; Watanabe, Y.; Kutsuna, T.; Futohashi, T.; Kusumoto, Y.; Chiba, H.; Kubo, M.; Takasaki, H. Spinal movement variability
associated with low back pain: A scoping review. PLoS ONE 2021, 16, €0252141. [CrossRef]

Harbourne, R.T; Stergiou, N. Movement variability and the use of nonlinear tools: principles to guide physical therapist practice.
Phys. Ther. 2009, 89, 267-282. [CrossRef]

Deffeyes, J.E.; Harbourne, R.T.; Kyvelidou, A.; Stuberg, W.A.; Stergiou, N. Nonlinear analysis of sitting postural sway indicates
developmental delay in infants. Clin. Biomech. 2009, 24, 564-570. [CrossRef]

Stergiou, N.; Kent, J.A.; McGrath, D. Human movement variability and aging. Kinesiol. Rev. 2016, 5, 15-22. [CrossRef]
Carpena, P.; Gémez-Extremera, M.; Bernaola-Galvédn, P.A. On the validity of detrended fluctuation analysis at short scales.
Entropy 2021, 24, 61. [CrossRef] [PubMed]

Kantelhardt, ] W.; Zschiegner, S.A.; Koscielny-Bunde, E.; Havlin, S.; Bunde, A.; Stanley, H.E. Multifractal detrended fluctuation
analysis of nonstationary time series. Phys. Stat. Mech. Its Appl. 2002, 316, 87-114. [CrossRef]

Richman, J.S.; Moorman, J.R. Physiological time-series analysis using approximate entropy and sample entropy. Am. J. Physiol.
Heart Circ. Physiol. 2000, 278, H2039-H2049. [CrossRef]

van Dieén, ].H.; Koppes, L.L.; Twisk, ].W. Postural sway parameters in seated balancing; their reliability and relationship with
balancing performance. Gait Posture 2010, 31, 42—46. [CrossRef]

Sendergaard, K.H.; Olesen, C.G.; Sendergaard, E.K.; De Zee, M.; Madeleine, P. The variability and complexity of sitting postural
control are associated with discomfort. J. Biomech. 2010, 43, 1997-2001. [CrossRef]

Madeleine, P.; Marandi, R.Z.; Norheim, K.L.; Andersen, J.B.; Samani, A. Sitting dynamics during computer work are age-
dependent. Appl. Ergon. 2021, 93, 103391. [CrossRef]

Arippa, E; Nguyen, A.; Pau, M.; Harris-Adamson, C. Postural strategies among office workers during a prolonged sitting bout.
Appl. Ergon. 2022, 102, 103723. [CrossRef]


http://dx.doi.org/10.1097/j.pain.0000000000001384
http://dx.doi.org/10.1109/IE57519.2023.10179099
https://www.iasp-pain.org/resources/terminology/#pain
http://dx.doi.org/10.1249/01.MSS.0000078924.61453.FB
http://www.ncbi.nlm.nih.gov/pubmed/12900694
http://dx.doi.org/10.1186/s12995-017-0170-9
http://dx.doi.org/10.1177/1403494809349858
http://www.ncbi.nlm.nih.gov/pubmed/21172767
http://dx.doi.org/10.1371/journal.pone.0208262
http://www.ncbi.nlm.nih.gov/pubmed/30517171
http://dx.doi.org/10.1177/1541931214581265
http://dx.doi.org/10.3390/s22114139
http://dx.doi.org/10.1109/HEALTHCOM49281.2021.9398972
http://dx.doi.org/10.1109/EMBC40787.2023.10340771
http://dx.doi.org/10.1589/jpts.35.553
http://dx.doi.org/10.1109/10.532130
http://dx.doi.org/10.1371/journal.pone.0252141
http://dx.doi.org/10.2522/ptj.20080130
http://dx.doi.org/10.1016/j.clinbiomech.2009.05.004
http://dx.doi.org/10.1123/kr.2015-0048
http://dx.doi.org/10.3390/e24010061
http://www.ncbi.nlm.nih.gov/pubmed/35052087
http://dx.doi.org/10.1016/S0378-4371(02)01383-3
http://dx.doi.org/10.1152/ajpheart.2000.278.6.H2039
http://dx.doi.org/10.1016/j.gaitpost.2009.08.242
http://dx.doi.org/10.1016/j.jbiomech.2010.03.009
http://dx.doi.org/10.1016/j.apergo.2021.103391
http://dx.doi.org/10.1016/j.apergo.2022.103723

Sensors 2025, 25, 1583 19 of 19

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Hermann, S. Exploring sitting posture and discomfort using nonlinear analysis methods. IEEE Trans. Inf. Technol. Biomed. 2005,
9, 392-401. [CrossRef]

Oliosi, E.; Julio, A.; Probst, P.; Silva, L.; Vilas-Boas, J.P.; Pinheiro, A.R.; Gamboa, H. Exploring the Real-Time Variability and
Complexity of Sitting Patterns in Office Workers with Non-Specific Chronic Spinal Pain and Pain-Free Individuals. Sensors 2024,
24, 4750. [CrossRef]

Ainsworth, B.E.; Haskell, W.L.; Whitt, M.C.; Irwin, M.L.; Swartz, A.M.; Strath, S.J.; O Brien, W.L.; Bassett, D.R.; Schmitz, K.H.;
Emplaincourt, P.O.; et al. Compendium of physical activities: An update of activity codes and MET intensities. Med. Sci. Sports
Exerc. 2000, 32, S498-S504. [CrossRef]

Mortazavi, B.; Alsharufa, N.; Lee, S.I.; Lan, M.; Sarrafzadeh, M.; Chronley, M.; Roberts, C.K. MET calculations from on-body
accelerometers for exergaming movements. In Proceedings of the 2013 IEEE International Conference on Body Sensor Networks,
Cambridge, MA, USA, 6-9 May 2013; pp. 1-6. [CrossRef]

Ohlendorf, D.; Pflaum, J.; Wischnewski, C.; Schamberger, S.; Erbe, C.; Wanke, E.M.; Holzgreve, F.; Groneberg, D.A. Standard
reference values of the postural control in healthy female adults aged between 31 and 40 years in Germany: an observational
study. J. Physiol. Anthropol. 2020, 39, 27. [CrossRef] [PubMed]

Mendes, E; Probst, P.; Oliosi, E.; Silva, L.; Cepeda, C.; Gamboa, H. Analysis of Postural Variability of Office Workers Using
Inertial Sensors. In Proceedings of the BIOSIGNALS, Lisbon, Portugal, 16-18 February 2023; pp. 273-280. [CrossRef]
Madeleine, P. Dynamics of seated computer work before and after prolonged constrained sitting. . Appl. Biomech. 2012,
28,297-303. [CrossRef] [PubMed]

Goldberger, A.L. Fractal variability versus pathologic periodicity: complexity loss and stereotypy in disease. Perspect. Biol. Med.
1997, 40, 543-561. [CrossRef] [PubMed]

Gatchel, R].; Peng, Y.B.; Peters, M.L.; Fuchs, P.N.; Turk, D.C. The biopsychosocial approach to chronic pain: scientific advances
and future directions. Psychol. Bull. 2007, 133, 581. [CrossRef]

O’Sullivan, K.; O’Sullivan, P.; O’Keeffe, M.; O’Sullivan, L.; Dankaerts, W. The effect of dynamic sitting on trunk muscle activation:
A systematic review. Appl. Ergon. 2013, 44, 628-635. [CrossRef]

van Emmerik, R.E.; van Wegen, E.E. On variability and stability in human movement. ]. Appl. Biomech. 2000, 16, 394-406.
[CrossRef]

Davidson, ].M.; Callaghan, ].P. A week-long field study of seated pelvis and lumbar spine kinematics during office work. Appl.
Ergon. 2025, 122, 104374. [CrossRef]

Van Daele, U.; Hagman, E; Truijen, S.; Vorlat, P.; Van Gheluwe, B.; Vaes, P. Decrease in postural sway and trunk stiffness during
cognitive dual-task in nonspecific chronic low back pain patients, performance compared to healthy control subjects. Spine 2010,
35, 583-589. [CrossRef]

Cavanaugh, J.T.; Mercer, V.S,; Stergiou, N. Approximate entropy detects the effect of a secondary cognitive task on postural
control in healthy young adults: A methodological report. J. Neuroeng. Rehabil. 2007, 4, 42. [CrossRef]

Shafizadeh, M.; Parvinpour, S.; Balali, M.; Shabani, M. Effects of age and task difficulty on postural sway, variability and
complexity. Adapt. Behav. 2021, 29, 617-625. [CrossRef]

Bibbo, D.; Conforto, S.; Schmid, M.; Battisti, F. The Influence of Different Levels of Cognitive Engagement on the Seated Postural
Sway. Electronics 2020, 9, 601. [CrossRef]

Mockatto, Z. Stress-Inducing Customer Behaviors and Wellbeing in Tax Administration Workers: What Is the Role of Emotional
Labor? In Emotional Labor in Work with Patients and Clients; CRC Press: Boca Raton, FL, USA, 2020; pp. 7-28.

Issever, H.; Ozdilli, K.; Altunkaynak, O.; Onen, L.; Disci, R. Depression in tax office workers in Istanbul and its affecting factors.
Indoor Built Environ. 2008, 17, 414-420. [CrossRef]

Nieminen, L.K,; Pyysalo, L.M.; Kankaanpad, M.]. Prognostic factors for pain chronicity in low back pain: A systematic review.
Pain Rep. 2021, 6, €919. [CrossRef]

Timmers, I.; Quaedflieg, C.W.; Hsu, C.; Heathcote, L.C.; Rovnaghi, C.R.; Simons, L.E. The interaction between stress and chronic
pain through the lens of threat learning. Neurosci. Biobehav. Rev. 2019, 107, 641-655. [CrossRef]

Wainwright, E.; Bevan, S.; Blyth, EM.; Khalatbari-Soltani, S.; Sullivan, M.].; Walker-Bone, K.; Eccleston, C. Pain, work, and the
workplace: A topical review. Pain 2022, 163, 408—414. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/TITB.2005.854513
http://dx.doi.org/10.3390/s24144750
http://dx.doi.org/10.1097/00005768-200009001-00009
http://dx.doi.org/10.1109/BSN.2013.6575520
http://dx.doi.org/10.1186/s40101-020-00229-7
http://www.ncbi.nlm.nih.gov/pubmed/32907627
http://dx.doi.org/10.5220/0011688500003414
http://dx.doi.org/10.1123/jab.28.3.297
http://www.ncbi.nlm.nih.gov/pubmed/21908893
http://dx.doi.org/10.1353/pbm.1997.0063
http://www.ncbi.nlm.nih.gov/pubmed/9269744
http://dx.doi.org/10.1037/0033-2909.133.4.581
http://dx.doi.org/10.1016/j.apergo.2012.12.006
http://dx.doi.org/10.1123/jab.16.4.394
http://dx.doi.org/10.1016/j.apergo.2024.104374
http://dx.doi.org/10.1097/BRS.0b013e3181b4fe4d
http://dx.doi.org/10.1186/1743-0003-4-42
http://dx.doi.org/10.1177/1059712320963974
http://dx.doi.org/10.3390/electronics9040601
http://dx.doi.org/10.1177/1420326X08096609
http://dx.doi.org/10.1097/PR9.0000000000000919
http://dx.doi.org/10.1016/j.neubiorev.2019.10.007
http://dx.doi.org/10.1097/j.pain.0000000000002413

	Introduction 
	Materials and Methods
	Study Design
	Participants
	Procedures
	Demographics
	Pain Experience
	Physical Activity Levels
	Psychosocial Risks
	Data Collection and Analysis
	Data Processing

	Previous Reporting on This Dataset
	Statistical Analysis

	Results
	Pain Experience
	Correlations

	Discussion
	Interpretation of Results
	Limitations and Future Research

	Conclusions
	Appendix A
	References

