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Abstract

Background: Asymmetrical load carrying can impair balance and increase fall risk, es-
pecially in older adults. This study compared postural control in 33 older (mean age
72.2 ± 11.0 years) and 27 younger (mean age 33.5 ± 15.8 years) adults. Methods: Partici-
pants performed three 20 s quiet standing trials on a force plate: no load, 3 kg left shoulder
load, and 3 kg right shoulder load. Center-of-pressure (COP) variability, range, mean
velocity, and sample entropy were computed. This was a quasi-experimental study with
a mixed-design ANOVA (Group as between-subjects factor; Load and Plane as within-
subjects factors). Results: Younger adults showed better overall stability than older adults
across conditions. Older adults had larger COP range than younger adults with no load
and with the right-sided load. Notably, no significant difference in COP range was found
between groups with the left-sided load. Key statistical findings included the significant
Load × Group interaction (F(2, 116) = 3.9, p = 0.024, ηp

2 = 0.06) for COP range. Conclusions:
A small asymmetrical load on the left side may be associated with postural control in older
adults, possibly through familiar sensory cues. Conversely, a right-sided load appears to
negatively impact their balance. These findings highlight the differential effects of load
side on postural control in older individuals.

Keywords: older people; younger people; asymmetrical loading; postural control; body
sway

1. Introduction
Posturographic studies play a crucial role in the diagnostic assessment of both static

and dynamic balance. Depending on the population being studied, this assessment can
be geared towards evaluating the efficiency and effectiveness of motor tasks, such as
in sports, or towards fall risk assessment and prevention, a significant societal concern,
particularly among older adults [1]. Mobility is a key prerequisite for the independence
and autonomy of older individuals, underpinning their ability to perform activities of daily
living, including self-care, shopping, and regular walks.

Numerous research teams have focused on the elevated risk of falls in the elderly [2–5].
Falls and their associated complications represent a genuine public health issue and,
importantly, impact the quality of life of older individuals [1]. Consequently, re-
search on balance control in this age group is extensive [4–6]. As highlighted by
Du Pasquier R. A. et al. (2003), understanding postural stability during human involution
is critical for distinguishing between physiological and pathological processes [7]. Ac-
curate diagnosis relies on knowledge of which stabilographic measures, or measures of
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human balance quality, are significantly associated with susceptibility to falls [8,9]. The
widespread use of balance assessments in individuals with well-defined postural strat-
egy deficits holds the greatest potential for improving our understanding of the links
between specific neurophysiological impairments and measured Center of Pressure (COP)
parameters [10,11].

Assessing the effect of external loads on changes in postural stability, especially in
older adults, is complex [12–17]. This is because postural stability—the ability to maintain
the body’s center of mass within its base of support—is not just a simple measure. It is a
dynamic process influenced by multiple factors, including vision, proprioception, and the
vestibular system. When an external load is introduced, the body must make continuous
adjustments to maintain equilibrium [18,19]. The research by Zultovsky and Aruin [13]
underscored this complexity by showing that the magnitude and location of the load and
the size of the support surface all play crucial roles in how a person’s balance is affected.
For older adults, who may already experience age-related declines in these systems, even
small disruptions can significantly increase the risk of falls.

While some studies have looked at external loads, most have focused on symmetrical
loads, such as a backpack or a weighted vest, that distribute weight evenly across the body.
A key research gap is the lack of studies on asymmetrically distributed loads, specifically
those applied to the right and left shoulders. This is a critical oversight because carrying a
bag on one shoulder creates a continuous, off-center pull. This forces the body to make a
series of compensatory movements and muscular adjustments to prevent tipping, which
could be particularly taxing for an aging body. The body may have to shift its weight to the
opposite side, activate different muscles to a greater extent, or even alter the natural gait
pattern to maintain balance [19]. Understanding these specific effects is vital for developing
fall prevention strategies and providing informed guidance to the elderly.

We aimed to test our hypothesis that even small, asymmetrical loads can alter an indi-
vidual’s center of pressure (COP). The hypothesis was based on biomechanical principles
of load magnitude rather than laterality effects. The primary goal of our study was to
compare the static postural control of older adults with a control group when they were
asymmetrically loaded. We anticipated that while the middle-aged group would show
better overall postural performance, the direction of changes in postural strategies under
experimental conditions would be similar for both groups. Additionally, we expected that
loading the right versus the left shoulder would produce similar differences in postural
control for both study groups.

2. Methods
2.1. Participants

This study involved two independent groups: older (OP) and younger adults (YP).
The older adult participants lived in a shared living environment that provided stable,
scheduled meals and consistent access to medical care, rehabilitation services, and physical
exercise programs. The inclusion criterion was over 65 years. Exclusion criteria included
any history of upper or lower limb injuries, presence of dizziness, or any active disease.
The younger participants were professionally active and had gainful employment. The
inclusion criterion for the study was age 25–40 years. Exclusion criteria included any history
of upper or lower limb injuries. Handedness and habitual load-carrying side were not
recorded. Physical activity level, manual dominance, and previous experience with loads
were not systematically assessed. Prior to participation, all individuals were thoroughly
informed about the study’s purpose, methodology, and experimental procedures. Written
informed consent was obtained from each participant. The study received approval from
the local bioethics committee, and all experimental procedures were conducted following
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the principles outlined in the Declaration of Helsinki. Older participants were examined at
their place of residence (the Nursing Home), while younger participants were examined
at the biomechanics workshop of the Faculty of Physical Education and Physiotherapy at
Opole University of Technology.

The study sample comprised thirty-three older adults (mean age = 72.18 years, stan-
dard deviation = 11.01, height = 157.94 ± 6.49, weight = 74.71 ± 15.56) and twenty-seven
younger adults (mean age = 33.5 years, standard deviation = 15.8, height = 175.69 ± 6.15,
weight = 73.96 ± 14.27).

2.2. Postural Balance Assessment

Postural balance was assessed using a Kistler force plate (Winterthur, Switzerland)
sampling at 20 Hz in a quiet room with a firm floor, uniform lighting, and a fixed visual
target at eye level. Participants received the following instructions: “Stand as still as
possible, look at the target, breathe normally, and avoid talking or moving unnecessarily”.
Data were collected over three consecutive 20 s conditions with eyes open, presented in a
randomized order:

• (NL) No Load: Free-standing position without any external load.
• (LL) Left Load: Free-standing position with a 3 kg load (a soft-strap shoulder bag)

asymmetrically distributed on the left arm. The upper limbs were positioned along the
torso in a natural position. The left arm was touching the bag. The bag did not contact
external supports and allowed for natural tactile contact with the shoulder/upper arm.

• (LR) Right Load: Free-standing position with a 3 kg load (a soft-strap shoulder bag)
asymmetrically distributed on the right arm. The upper limbs were positioned along
the torso in a natural position. The right arm was touching the bag. The bag did
not contact external supports and allowed for natural tactile contact with the shoul-
der/upper arm.

A 60 s seated rest was provided between trials to minimize fatigue. All trials were
performed with the participants barefoot. Prior to parameter calculation, the raw COP
data were processed using custom scripts in MATLAB (R2021a, MathWorks, Natick, USA).
Postural balance was quantified using four parameters derived from the center-of-pressure
(COP) time series recorded during each trial: standard deviation (SD), range (RA), mean
velocity (MV), and sample entropy (SE). These parameters were analyzed separately in
both the medial-lateral (ML) and anterior–posterior (AP) directions [20,21]. The standard
deviation quantifies the variability of the COP signal, reflecting the degree of sway and the
participant’s overall steadiness during standing. A higher SD indicates greater fluctuations
in balance, often interpreted as reduced postural control. Range measures the maximum
excursion of the COP in both the medial-lateral and anterior–posterior directions, repre-
senting the limits of sway. A larger range suggests that a participant’s center of mass moves
further from the neutral standing position, which may correspond to decreased control or
increased compensatory movements. Mean velocity computes the average speed at which
the COP shifts throughout the trial. This parameter is sensitive to subtle compensatory
adjustments and overall activity in maintaining balance. Elevated mean velocity is gener-
ally associated with less efficient postural control as it indicates more frequent or larger
corrective movements. Sample entropy is a nonlinear measure that assesses the complexity
and regularity of the COP time series. Higher entropy values imply more unpredictable and
adaptable balance strategies, while lower values may signal stereotyped or rigid postural
adjustments. SE was based on m = 3 and r = 0.1 × SD parameters calculated with MATLAB
function sampen.m available at www.physionet.org.

www.physionet.org


Appl. Sci. 2025, 15, 11983 4 of 10

2.3. Statistical Analysis

Prior to analysis, the data were checked for normality using appropriate tests, revealing
no significant deviations from a normal distribution only for SE. Homogeneity of variances
across the studied groups was also confirmed only for SE. In light of this, a logarithmic
(natural base) transformation was applied to the remaining parameters. To examine the
effects of group, loading condition, and plane of movement on the COP parameters, a
mixed-design analysis of variance (ANOVA) was conducted with Group (older adults,
younger adults) as a between-subjects factor and Test (no load, left load, right load) and
Plane (ML, AP) as within-subjects factors. The assumption of sphericity was assessed using
Mauchly’s test. Post hoc pairwise comparisons between the two groups were performed
using the t-test with Tukey correction. The significance level was set at p < 0.05. All
statistical analyses were performed using STATISTICA 13 software.

3. Results
The data for each trial are presented in Table 1 and Figure 1, with the results divided

into groups according to the loading condition and plane.

Table 1. Group means and confidence intervals of COP parameters.

Parameter|Load|Plane
Group Mean Group 95% Confidence Interval

OP YP OP YP

SD|NL|AP 4.675 2.891 [3.912, 5.439] [2.421, 3.36]

SD|NL|ML 3.672 2.118 [3.143, 4.201] [1.829, 2.407]

SD|LL|AP 4.185 3.316 [3.561, 4.809] [2.794, 3.837]

SD|LL|ML 3.459 2.418 [3.079, 3.838] [1.931, 2.906]

SD|RL|AP 4.973 3.169 [3.813, 6.132] [2.628, 3.711]

SD|RL|ML 4.471 2.369 [3.76, 5.183] [1.934, 2.803]

RA|NL|AP 21.595 13.532 [18.134, 25.056] [11.848, 15.216]

RA|NL|ML 17.706 10.088 [15.024, 20.387] [9.092, 11.084]

RA|LL|AP 20.570 14.329 [16.492, 24.648] [12.489, 16.17]

RA|LL|ML 16.119 11.908 [14.597, 17.641] [9.838, 13.978]

RA|RL|AP 22.915 14.222 [18.662, 27.168] [12.205, 16.239]

RA|RL|ML 21.265 11.214 [18.508, 24.022] [9.5, 12.929]

MV|NL|AP 8.977 6.517 [7.643, 10.312] [5.699, 7.335]

MV|NL|ML 7.176 4.992 [5.303, 9.049] [4.363, 5.622]

MV|LL|AP 8.623 6.648 [7.239, 10.007] [5.749, 7.546]

MV|LL|ML 6.654 5.312 [5.836, 7.471] [4.598, 6.026]

MV|RL|AP 8.823 6.370 [7.746, 9.901] [5.455, 7.286]

MV|RL|ML 6.982 4.938 [6.172, 7.791] [4.227, 5.65]

SE|NL|AP 0.720 0.881 [0.635, 0.804] [0.775, 0.988]

SE|NL|ML 0.601 0.780 [0.531, 0.672] [0.703, 0.858]

SE|LL|AP 0.757 0.783 [0.681, 0.832] [0.68, 0.885]

SE|LL|ML 0.625 0.738 [0.566, 0.685] [0.665, 0.811]

SE|RL|AP 0.721 0.817 [0.632, 0.81] [0.684, 0.95]

SE|RL|ML 0.542 0.703 [0.473, 0.612] [0.625, 0.781]

Annotations: SD and RA in millimeters, MV in millimeters per second, and SE is dimensionless.
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Figure 1. Mean values (±0.95 CI) of the COP parameters.

3.1. Variability SD

Significant main effects were found for Group (F(1, 58) = 43.8, p < 0.001, ηp
2 = 0.43)

and Plane (F(1, 58) = 22.1, p < 0.001, ηp
2 = 0.28). More variability was in the older group

and in the AP plane. There was also a significant interaction between Load and Group,
F(2, 116) = 3.2, p = 0.04, ηp

2 = 0.05.

3.2. Range RA

Significant main effects were found for Group (F(1, 58) = 47.6, p < 0.001, ηp
2 = 0.45) and

Plane (F(1, 58) = 21.8, p < 0.001, ηp
2 = 0.27. The COP range was greater in the older Group

and in the AP plane There was also a significant Load × Group interaction (F(2, 116) = 3.9,
p = 0.024, ηp

2 = 0.06), which is presented in Figure 2. It shows in both planes the significant
inter-group differences between the NL and RL conditions, while the differences in LL
condition were not significant. Very similar was the pattern of results of the interaction
reported above for COP variability.
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Figure 2. Mean values (±0.95 CI) of the COP range across three shoulder loading trials. Comparison
between the younger and older group in the ML and AP planes.

3.3. Mean Velocity MV

There were two main effects: for Group (F(1, 58) = 17.0, p < 0.001, ηp
2 = 0.23) and Plane

(F(1, 58) = 72.2, p < 0.001, ηp
2 = 0.55). As for the two previous COP measures, the COP

mean speed was larger in the older group and in the AP plane.

3.4. Sample Entropy SE

There were two main effects: for Group (F(1, 58) = 9.5, p = 0.003, ηp
2 = 0.14) and Plane

(F(1, 58) = 17.8, p < 0.001, ηp
2 = 0.24). The COP entropy was higher in the younger group

and in the AP plane.

4. Discussion
This study aimed to investigate the potential negative impact of carrying a small (3 kg)

asymmetrical load (on the left or right shoulder) on the postural control of older adults, with
younger adults serving as a comparison group. The findings revealed a nuanced picture.

Consistent with numerous previous studies [22,23], our results demonstrated generally
superior postural control in the younger group compared to the older group. This was
evidenced by significantly lower values of center-of-pressure (COP) variability (SD and
RA) and mean velocity (MV). Furthermore, the higher sample entropy (SE) observed in the
younger adults suggests more adaptable and efficient postural control strategies. Higher
SE values are often interpreted as reflecting greater complexity and irregularity in the COP
signal, indicative of a more flexible and responsive control system capable of adapting to
perturbations [20,24].

However, contrary to our initial hypothesis, the introduction of a small asymmetrical
load did not appear to negatively affect the postural control of the older group. Notably,
the younger group’s postural control remained consistent across all loading conditions.
This suggests a potential resilience to small external loads in both age groups.

Interestingly, the interaction effect illustrated in Figure 1 revealed a more complex
relationship. While no significant inter-group differences were observed when the load
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was placed on the left shoulder, the older adults exhibited poorer postural control com-
pared to the younger adults in the no-load condition and when the load was on the right
shoulder. This suggests that the asymmetrical load on the left side might have triggered a
compensatory mechanism specifically in older adults. Very similar results when carrying
a load with hand were reported in [14] and proposed as a beneficial change in postural
control, and [15], whose authors considered it as a limitation of postural control. In contrast,
our results concerned the COP amplitude, a lower value of which is almost always a
manifestation of better balance and decreased risk of falls [25].

This observed benefit of the left-sided load in the older group could be indicative of
an equilibrium adjustment mechanism that is more readily utilized by older adults than
their younger counterparts. The younger individuals, possessing inherently more robust
postural control, may not need to engage such mechanisms, potentially reflecting a “floor
effect” where their performance is already near optimal [16]. Alternatively, older adults
might rely more on external sensory cues to maintain stability [14,16] as their intrinsic
control mechanisms decline with age.

We speculate that this compensatory mechanism might be facilitated by the additional
sensory information provided by the contact of the load with the left arm and shoulder.
This tactile input could potentially act similarly to “light touch”, a phenomenon repeatedly
shown to improve postural stability by providing supplementary sensory cues that aid in
orientation and balance control [26–28]. The subtle pressure and proprioceptive feedback
from the load might provide older adults with an external reference point, enhancing their
ability to regulate body sway.

The intriguing finding that the small asymmetrical load appeared to benefit postural
control in older adults only when applied to the left shoulder warrants further consideration.
One potential explanation for this asymmetry could be related to the handedness of the
participants. If most of the older adults in our sample were right-handed, they might have
developed a habitual pattern of carrying bags or other loads on their non-dominant (left)
side. This habitual loading could have led to enhanced proprioceptive awareness and
a more refined sensorimotor integration on the left side, potentially facilitating a more
effective compensatory response when a load is introduced there.

Individuals who predominantly use their right hand for manipulation often develop
a greater reliance on the left side for balance and stability during asymmetric tasks [29].
Carrying a bag on the left shoulder becomes a familiar and perhaps even subconsciously
stabilizing action over time. The sensory feedback from this familiar loading pattern might
be more readily processed and integrated into the postural control system of right-handed
older adults compared to an unfamiliar load on the right side. This could explain why
the left-sided load provided a beneficial sensory cue that improved stability, whereas the
right-sided load, being less familiar, did not elicit the same positive effect or might have
even introduced a novel perturbation that the system was less adept at handling.

Future work should include handedness and preferred load-carrying side as explicit
factors for stratified analysis. Stratifying the analysis based on handedness could reveal
whether this left-side benefit is indeed more pronounced in right-handed individuals.
Furthermore, investigating the participants’ history of carrying loads and their preferred
shoulder for carrying bags could provide valuable contextual information.

It is also worth considering potential biomechanical differences between loading
the left versus the right shoulder. Subtle variations in muscle activation patterns, joint
kinematics, or the distribution of the load’s center of mass relative to the body’s center of
mass depending on which shoulder is loaded could contribute to the observed asymmetry.
However, given the small magnitude of the load (3 kg), it is plausible that the dominant
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factor is the familiarity and the resulting enhanced sensory processing associated with the
habitually loaded (typically non-dominant) side in right-handed individuals.

Beyond the potential benefits of a familiar left-sided load, the observed difference in
response when the load was shifted to the right arm could also indicate a potential vulnera-
bility in the older adults’ postural control system when faced with a novel or unexpected
asymmetrical perturbation. For individuals with age-related declines in proprioception,
muscle strength, and reaction time, the introduction of an unfamiliar load on their less ha-
bitually loaded side (potentially the dominant right side for many) might present a greater
challenge to their balance. This novel asymmetry could disrupt established compensatory
strategies and require the engagement of less efficient or less practiced neural pathways
for postural adjustments. The increased postural sway observed with the right-sided
load in the older group might reflect this difficulty in adapting to a new asymmetrical
weight distribution. This suggests that while familiar, consistent asymmetrical loading
(like carrying a bag on the non-dominant side) might be accommodated or even utilized
for stability, a sudden shift or the introduction of an unexpected load on the other side
could pose a greater risk of instability and potentially increase the likelihood of falls in
older adults. Therefore, interventions or daily activities involving asymmetrical loading
should consider the individual’s habits and potentially avoid sudden or unexpected shifts
in weight distribution, especially onto the dominant side.

In summary, the potential influence of handedness and habitual loading patterns
offers a compelling avenue for understanding the observed asymmetry in the effect of the
small load on postural control in older adults. The results suggest that small asymmetrical
loads might not necessarily impair postural stability in older adults when placed on the
left shoulder, though this effect requires confirmation in larger and more controlled studies
considering handedness and habitual load-carrying patterns. Future studies that account
for these factors are crucial for a more comprehensive understanding of how external loads
interact with the aging postural control system.

Several important limitations should be acknowledged when interpreting the findings
of this study. Our study focused specifically on eyes-open conditions to reflect typical daily
activities where visual information is available. We acknowledge that eyes-closed testing
and proprioceptive manipulation (e.g., foam surfaces) would provide additional insights
into sensory integration and could help differentiate the contributions of different sensory
systems. This is also a direction for future research.

Most notably, the collection of only one trial per experimental condition is a significant
methodological constraint that may have affected the reliability and generalizability of our
postural control measurements. While multiple trials are generally preferred to establish
reliable measures and account for trial-to-trial variability, this approach was deliberately
chosen due to the specific characteristics of our older adult population. Community-
dwelling older adults often experience fatigue and decreased motivation during prolonged
testing sessions, which can significantly impact their performance and introduce confound-
ing variables. Given that our participants were required to maintain postural stability
while carrying asymmetric shoulder loads (a potentially challenging and unfamiliar task),
extending the testing protocol to include multiple trials per condition would have likely
resulted in fatigue-related performance decrements that could mask the true effects of the
load manipulation.

The use of only one trial per condition represents a key methodological constraint that
may have affected the reliability of our measurements, particularly for complex variables
such as entropy. While multiple trials are generally preferred, this approach was deliber-
ately chosen to minimize fatigue and maintain motivation in our older adult population
during an already challenging task involving asymmetric shoulder loads. Future studies
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with multiple trials per condition would help establish more robust reliability estimates for
these measures in older adults under asymmetric loading conditions.

Furthermore, our study design was only powered to detect large effect sizes (with
80% power and 5% significance level), which may have resulted in the failure to identify
clinically meaningful but smaller differences in postural control. However, it is reasonable
to assume that only large effect sizes in postural stability measures translate to meaningful
implications for everyday life scenarios in older adults such as maintaining balance during
household tasks, navigating uneven surfaces, or recovering from perturbations during
daily activities.
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